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Course Introduction

Overview of Course

Course Description

This training course 1s a 50-hour correspondence course about ambient air quality monitoring,.
This course mntroduces terms used in air monitoring and presents practical information about the
monitoring process. Theoretical monitoring concepts are also described. Course topics include
the following: '

¢ ambient air monitoring objectives

e ambient air sampling train design

* basic gas properties

s air movers and air measuring devices

¢ statistical techniques pertaining to air monitoring
ambient sampling of particulate matter

manual sampling of ambient gaseous pollutants
calibration gas preparation

reference methods and reference measurement principles for the criteria pollutants
continuous air quality monitors

e air quality monitoring network design.

Course Goal

To familiarize you with general information about the reference methods and reference method
principles for the criteria pollutants, continuous air quality monitors, air quality monitoring
network design. and statistical techniques pertaining to ambient air monitoring. This course will
also familiarize you with detailed information concerning basic gas properties, particulate matter
sampling, manual sampling of ambient gaseous pollutants, and calibration of air quality
monitors.
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Course Objectives

Upon completion of th's course, you should be able to

1.

10.

1.

12.

14.

15.
16.

1dentify at least six objectives of ambient air quality monitoring.

describe and correct for the effects of temperature and pressure on measured air volumes.
recognize at least seven air movers and at least 13 air measuring devices used in -
atmospheric sampling.

identify at least six inertial collection devices, optimum inertial sampling conditions, at
least five inertial sampling sources of error, and two applications of the inertial sampling
of particulate matter.

identify considerations for the operation, maintenance, and calibration of high volume

samplers and identify and describe how to minimize potential sources of error in high

volume sampling.

describe how at least four filtration mechanisms are affected by filter and sampling
conditions and identify the advantages and disadvantages of cellulose, glass fiber, and
membrane filters.

describe the principles and relevant equipment for PM o and PM; 5 sampling.

recognize and describe the effects of at least five sampling conditions on the collection
efficiencies of liquid abscrbers.

identify and describe the effects of at least four sampling conditions on the adsorption of
gaseous pollutants.

identify optimum conditinns for preparing calibration gases using bags, permeation tubes,
single dilution systems, and double dilution systems and calculate the concentrations of
these gases.

recall advantages and disadvantages of at least six absorbents used in the preparation of
zero air or the removal of water vapor from a gas stream.

identify the reference methods and reference measurement principles for the criteria
pollutants.

. recall advantages and disadvantages of coulometric, amperometric, second derivative

spectroscopic, flame photometric, fluorescence, chemiluminescence, ultraviolet
photometric, and nondispersive infrared air quality monitors. _
identify major considerations in designing the sensor and data systems of an ambient air
quality monitoring network. .

recall requirements unique to PM monitoring within network design and site selection.
interpret and construct statistical graphs for analyzing ambient air monitoring data.



Sequence, Lesson Titles, and Trainee Involvement Time

Lesson number

Part A
A-1

A-2
A3
A4

Lesson title

Introduction to Atmospheric Sampling and
Basic Properties of Gases

Air Movers and Air Measuring Instruments
Particulate Matter Sampling

Introduction to Pertinent Statistical
Techniques for Air Monitoring

Manual Sampling of Gaseous Pollutants
Preparation of Calibration Gases
Introduction to the Reference Methods and
Reference Measurement Principles for the
Cniteria Pollutants, Continuous Air Quality
Monitors, and Design of Air Quality
Monitoring Networks

Requirements for Successful Completion of this Course

Trainee involvement
time (hours)

7

oo~

-1

In order to receive 5.0 Continuing Education Units (CEUs) and a certificate of course

completion, you must achieve a final course grade of 70 (out of 100).
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Use of Course Materials

Necessary Materials

s APTI Correspondence Course 434 Introduction to Ambient Air Monitoring Guidebook
Second Edition

* EPA 450/2-80-004, APTI Course 435 Atmospheric Sampling: Student Manual, Third
Edition '

» pencil or pen

o calculator (recommended)

Use of this Guidebook

Relationship Between Guidebook and Assigned Reading Materials

This guidebook directs your progress through the reference text APTI Course 435 Atmospheric
Sampling: Student Manual, Third Edition.

Description of Guidebook Sections
This guidebook contains reading assignment sections which correspond to lessons of the course.

Each section contains the following:

e reading assignment

¢ reading assignment topics

» section's learning goal and objectives
* reading guidance

* review exercise

Please do nor write in this guidebook.
Instructions for Completing the Quizzes and Examinations

* You should have received, along with this guidebook, a separate sealed envelope
containing two quizzes and an examination.

¢ You must arrange to have someone serve as vour test supervisor.

¢ You must give the sealed envelope containing the quizzes and examination to your test
supervisor.

* Atdesignated times during the course, under the supervision of your test supervisor,
complete the quizzes and the final exam.

Vil



o After you have completed each quiz or exam, your test supervisor must sign a statement
on the quiz/exam answer sheet certifying that the quiz/exam was administered in
accordance with the specified test instructions.

o After signing the quiz/exam answer sheet, your test supervisor must mail the quiz/exam
and its answer sheet to the following address:

Air Pollution Training Institute
Education and Qutreach Group
MD17

Research Triangle Park, NC 27711

e After completing a quiz, continue with the course. Do not wait for quiz results.

¢ Quiz/exam and course grade results will be mailed to you.

If you have questions, contact:

Air Pollution Training Institute
Education and Qutreach Group
MD 17

Research Tnangle Park, NC 27711
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Section A-1

Introduction to Atmospheric Sampling

and Basic Properties of Gases

Reading Assignment

Pages 1-1 through 2-34 of EPA 450/2-80-004 APTI Course 435 Atmospheric
Sampling: Student Manual.

Reading Assignment Topics

Objectives of air monitoring

Sampling train design

Temperature and pressure measurement
Ideal Gas Law

Gas density and viscosity

Units of measurement

Air monitoring terminology

Learning Goal and Objectives

Leaining Goal

The purpose of this section is to familiarize you with objectives of air monitoring,
air monitoring terminology, sampling train design, and basic properties of gases.

Learning Objectives

At the end of this section, you should be able to:

1.

~1 o

state the purposes of primary and secondary National Ambient Air Quality
Standards (NAAQS) and idenufy the pollutants for which NAAQS have
been established. '

identify at least six objectives of ambient air quality monitoring.

. identify the locations of sampling train components in a typical sampling

train. :

identify four temperature scales used in atmospheric sampling and convert
temperatures from one scale to another.

define pressure terms used in atmospheric sampling.

describe pressure measuring devices used in ambient air quality monitoring.
explain the effects of temperature and pressure on sampled air volumes.
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10.

11.

correct sampled air volumes to EPA’s Standard Temperature and Pressure
(STP) conditions for ambient air monitoring.

. define the following gas characteristics: density, viscosity, molar volume,
specific gravity, and Reynold's number.

report values commonly measured in ambient air sampling using their
appropriate reporting units.

convert between pollutant concentrations expressed in parts per million
(ppm) and those expressed in micrograms per cubic meter (ug/m?).

Reading Guidance

*

Refer often to the equ itions, example calculations, and figures of the assigned
reading material as you progress through the assignment.

When you have finished the reading assignment, complete the review exercise
for Section A-1. It begins on the following page.

After you have answered the review exercise questions, check your answers.
The correct answers are listed on the page immediately following the review
exercise.

For any review exercise questions that you answered incorrectly, review the
page(s) of the reading assignment indicated on the answers page.

After you have reviewed your incorrect answers (if any), proceed to Section A-2
of this guidebook.
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Review Exercise

Now that you've completed the assignment for Section A-1, please answer the
following questions. These will help you determine whether or not you are mas-
tering the material. Please do not write in this guidebook.

1. National Ambient Air Quality Standards (NAAQS) have been established for
which of the following? '
a. sulfur dioxide

. total suspended particulate matter

mercury

both a and c, above

both a and b, above

oo

i

2. Which of the following has no NAAQS?
a. nitric oxide
b. nitrogen dioxide
¢c. lead
d. ozone

3. Primary NAAQS are established to protect public _ @
a. health :
b. welfare
c. health and welfare
d. none of the above

4. Secondary NAAQS are established to protect public _®
a. health
b. welfare
¢. health and welfare
d. none of the above

5. True or Falser State implementation plans {SIPs) are air pollution control
strategies used by the States to attain and maintain the NAAQS.

6. Which of the following is not a possible objective of ambient air quality
monitoring?

determine attainmment of NAAQS

evaluate progress in achieving/maintaining NAAQS

develop or revise SIPs

. Teview air qualitv impacts of new sources of air pollution

determine emission rates of pollutants from stacks

TR0 oW
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7. Which of the following is a{are) possible objective(s) of ambient air quality

monitoring?

a. establish baseline air quality levels for preventing the significant deteriora-
tion of air quality

b. provide dara for the development/validation of air pollution dispersion
models .

c. provide data for the development/validation of in-situ stack emission
monitors - _ -

d. both a and b, above

e. all of the above

8. In the typical sampling train depicted below, a, b, ¢, and d are the
respectively.
a. flow measuring device, sample collection device, air mover, and contami-
nant detector '

b. sample collection device, contaminant detector, atr mover, and flow
measuring device

c. air mover, sample collection device, sample manifold, and contaminant

detector
d. sample collection device, sample manifold, air mover, and flow measuring
device
b .
AlL I et a C Alr out

Al .
|

|

L

———

- d - —

9. In air sampling trains, air movers and flow measuring devices should be placed

sample collection devices to avoid contamination of the sample air
stream.

a. downstream of
b. upstream of
c. at the same location as

Al-4



10.

11,

12.

13.

14,

In an air sampling train, inert materials should be used _ D ofthe
sample collection device to avoid contamination/loss of the pollutant being
sampled.

a. downstream

b. upstream

¢. upstream and downstream

True or False? Use of long sampling lines should be avoided because they
enhance the possible sampling line wall loss of sample pollutant.

True or False? Components of air sampling trains must be protected from
damage caused by sampled air and products of the measurement system.

In the figure below, a, b, ¢, and d are the — o temperature scales
respectively.

a. Fahrenheit, Celsius, Rankine, and kelvin

b. Celsius, Fahrenheit, kelvin, and Rankine

c. kelvin, Fahrenheit, Celsius, and Rankine

d. Rankine, Fahrenheit, kelvin, and Celsius

Boiling point —=| 212°4 | ————671.6°4
of HyO at
1 atm

pressure

100°

373

IATEETEEND

TN

Freezing point
of H,O at ——» 32°
1 atm pressure

0o 491 ,6°

— 273

0

L e o 2
[ e S IR ANEE

Absolute o | 459.6°{(@ y— ~ 273 DO——O"
2ero

a C d

o

68 degrees Fahrenheit equals & degrees Celsius.
a. 38

b. 6
c. 20
d. 25
. 10 degrees Celsius equals I 3 B degrees Fahrenheit.
a. 50
b. —14
c. 32
d. 65
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16.

17.

18.

19.

20.

21.

22.

25 degrees Celsius equals ) Xelvin.
a. 248
b. 273
c. 298
d. 312

25 degrees Fahrenheit equals R G I degrees Rankine.
a. 460
b. 435
c. 550
d. 485

The temperature at which a gas, if it did not condense, wouid theoretically
have a velume of zero i1s called

a. critical temperature
b. dew point temperature
c. absolute zero

Absolute zero is equal to @ degrees Celsius and @ degrees
Fahrenheit.

a. 273, 460
b. —-273, -460
c. —460, —273
d. 460, 273

Pressure is expressed as L per unit #....
a. force, area

b. force, volume

¢. area, force

d. volume, force

Pressure is equal in _ () directions at a point within a volume of fluid
and acts ___ ("} 10 a surface.

a. some, perpendicular

b. all, horizontal

c. all, perpendicular

d. some, horizontal

The height of the mercury column in a Fortin barometer is measured from the
of the ivory index point to the __ (O of the mercury column.

middle, top

tip, top

tip, middle

middle, middle

an o
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23. Before measuring barometric pressure using a Fortin barometer, the mercury
level in the barometer's cistern is adjusted until the ivory index point
the surface of the mercury.
a. is completzly under
b. is halfwe below
. Jjust pricks

24. The barometer scale depicted below indicates a barometric pressure of
cm of mercury.

a. 29.94
b. 76.50 ;
c. 76.00 Inches Centimeters
d. 76.05 —— gu
31— =
10 E
—1— =78 :
- <= Adjustable
— vernier scale
JE )
— 77
50—
2 76
Bottom: of .~
vernier scale Mercury
| column
25. Aneroid barometers are usually @ as(than) Torrcelli-type
barometers.

a. not as accurate
b. as accurate
¢. rore accurate

26. For a barometric pressure of 760 mm of mercury, systems having internal
pressures of 770 mm and 750 mm of mercury would have gage pressures of

and () - mm of mercury respectively.
a. 770, 750
b. 10, - 10
c. —10,10

27. True or False? The total pressure of a gas mixture is the sum of its partial
pressures. ’

Al-7



28.

29.

30.

31.

32.

33.

At constant temperature, the volume of a gas __®
exerted on it

a. decreases, increases

b. decreases, decreases

C. increases, Incréases

as the pressure

At constant Fressure, the volume of a gas — @ asthe temperature of

the gas

a. decreases, increases
b. increases, decreases
C. increases, increases

EPA’s standard temperature and pressure (STP) conditions for ambient air
monitoring are degrees Celsius and
a. 20, 760
b. 25, 760
c. 25, 700
d. 20, 700

Molar volume at EPA’s STP conditions is ____(?)
a. 22.41
b. 24.46
c. 20.08
d. 26.35

The density of sulfur dioxide (molecular weight: 64 g/gemol) at EPA’s STP
conditions is () g/t

a. 2.6
b. 1.0
c. 16.3
d. 46.2

mm of mercury.

liters.

Which of the following equations is used to correct air volumes sampled to
EPA's STP conditions?

e
P, '

V,; = corrected volurne of air at P, and Ty, {
V, =imtial volume of air at P, and T,, ¢
T, =initial temperature of air, K

T,=298 K

P, =initial pressure of air, mm Hg

P, =760 mm Hg
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34. The viscosity of a gas _ ) asthe temperature of the gas SR G

a.
b.

C.

Increases, INCreases
increases, decreases .
decreases, Increases

85. The ___(?) __ cthe Reynold’s number, the _® is the effect of viscous
forces.

36.

a.
b.

C.

smaller, smaller
larger, smaller
larger, larger

Which of the following should be considered when reporting measured pollu-
tant concentrations?

a.
b.

C.

d.

Ideally, units reported should be the same as units measured.

Should avoid muitiplying measured values by larger numbers for extra-
polation purposes.

When air volumes are sampled, sampling temperature and pressure should
be reported.

all of the above

For each of questions 37 through 42, select the preferred reporting unit for each of
the following parameters.

37.
38.
39.
40.
41.
42,

43,

44.

particulate pollutant.concentration a. pg/m? at EPA's STP
: b. ppm/ppb

gaseous pollutant concentration ¢. degrees Fahrenheit
temperature d. degrees Celsius
time e. inches of mercury

f. mm of mercury
pressure g. 12:00 am to 12:00 pm
air sampling rate h. 0000 to 2400

1. m?*/min

J. ft*/min

0.48? ppm of SO, (molecular weight: 64 g/g*mol) at EPA’s STP is equal to

a.
b.
c.
d.

pg/m? of SO,.
1,400
1.28
187
1,280

640 yg/m:‘ of SO, (molecular weight: 64 g/g+mol) at EPA’s STP is equal to

a.
b.
C.
d.

ppm of 50;.
0.245
245
1.67
16.7

Al-9



For each of questions 45 through 57, match the term with its definition.

45.
46.
47.

48.
49.
50.
51.
52.

53.
54.

55.

57.

59,

60.

pressure a. resistance to flow
absolute pressure. b. fnass per volux.'ne . )

c. unit compressive stress in a fluid
pressure-head d. the sum of barometric pressure and gauge
partial pressure pressure

, e. pressure exerted by one component of a gas
density mixture -
viscosity f. the height of a column of fluid required to
laminar flow produce a given pressure at its base
rurbulent flow g. ix?ertial force of a flu‘id
. ‘ viscous force of a fluid
specific gravity : h. parallel movement of fluid layers
Reynold's number
_ i. attained performance
standard barometric absolute performance
pressure
j. haphazard movement of fluid
. molar volume
i k. density of a substance
efficiency : y
’ density of a reference substance
1. the average atmospheric pressure at sea level,
45° north latitude, and 35 degrees Fahrenheit;
equivalent to a pressure of 1033.23 grams-force
per cm? exerted at the base of 2 column of
mercury having a height of 760 mm
m. the volume of one mole of a gas at a specified
temperature and pressure
. A barograph is the combination of a(n) () and a(n) (%) .
a. aneroid barometer, Fortin barometer
b. aneroid barometer, automatic recording dewvice
c. Fortin barometer, automnatic recording device
Ideal gases are gases whose molecules ____ ) __ one another and which
occupy
a. do not attract, no space
b. do not attract, space
C. attract, no space
d. attract, space
A mole of a substance is the substance’s S £ expressed in mass units.
a. density |
b. atomic number
c. molecular weight
d. viscosity
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Chapter 1

An Introduction
to Atmospheric Sampling

Objectives of Air Monitoring

National Ambient Air Quality Standards (NAAQS) for sulfur dioxide, total
suspended particulate marter (TSP), carbon monoxide, ozone, nitrogen dioxide,
and lead are in effect under the authority of the Clean Air Act (as amended
August, 1977). There are two types of ambient air quality standards— primary
standards and secondary standards. As stated in Section 109 of the Clean Air Act,
primary standards are those, “the attainment and maintenance of which are
requisite to protect the public health.” The section further defines a secondary
ambient air quality standard as, “a level of air quality attainment and maintenance
of which is requisite to protect the public welfare from any known or anticipated
-adverse effects associated with the presence of such air pollutants in the ambient
air.” '

These primary and secondary ambient air quality standards must be achieved
throughout the United States and its possessions. In order to meet the standards,
states are required to develop and implement air pollution control strategies
through the mechanism of State Implementation Plans (SIPs). The implementation
plans may contain control strategies such as industrial and urban zoning, the
development or expansion of mass transit systemns and vehicle inspection and
maintenance programs, and the establishment of stationary source emissions stan-
dards for specific industrial categories. Ambient air monitoring plays a vital role in
the development and evaluation of these control strategies. During the development
phase, air quality data is used to determine if an area is artaining or not atraining
the air quality standards. This determination is critical for the proper designing of
control strategies for the area in question because attainment areas usually require
less stringent control measures than nonattainment areas. Furthermore, air quality
data may be used to generate or validate computer models of air pollution disper-
sion which are then used in the development of control strategies. After the
implementation plans containing their various contro} strategies have been put into
force, further ambient air quality monitoring is required in both attainment and
nonattaiment arecas. For areas that have achieved attainment, further monitoring is
Accessary to assure that artainment is maintained. Additional monitoring is
required in nonattainment areas for evaluating progress toward reaching
attainment.

In addition to the requirement that the primary and secondary National
Ambient Air Quality' Standards be achieved and maintained throughout the
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country, the Clean Air Act also stipulates that no significant deterioration of
existing air quality will be allowed in any portion of any state. In order to comply
with this provision, it is necessary to determine the impact on the existing air qual-
ity of an area by a planned new emissions source. The estimated ‘emissions con-
tributed by the new source must be compared to the existing air quality to ascer-
tain whether the new source would significantly deteriorate the present air quality.
Ambient air quality monitoring data is used to establish the preexisting air quality
of the area in question.

It should be recognized that the overall goal of an air quality monitoring net-
work is the protection of human health and welfare. The aforementioned moni-
toring objectives should assure the attainment of this goal under ordinary cir-
cumstances. However, rarely occurring meteorological conditionssuch as
temperature inversions, which cause poor air pollutant dispersion, may result in the
formation of pollutant levels that could cause significant harm to public health.
These significant harm levels are listed in Table 1-1. Air pollution emergency
episode plans are utilized to prevent pollutant levels from reaching concentrations
which would cause significant harm to the health of persons. The plans specify
incremental reductions of source emissions based on up-to-date ambient air
monitoring data.

Table 1-1. Significant harm levels established by the Environmental Protecdon Agency.

Pollutant Concentration Averaging time
50, 2620 ug/m* 24 hr.
1.0 ppm :
Particulate marter (TSP) 1000 xg/m® 24 hr.
(SO,) (particulatr matter) | 490 x 10* (ug/m*) 24 hr.
co ' 57.5 mg/m*’ - 8 hr.
50 ppm
86.3 mg/m? ' 4 hr.
75 ppm
144 mg/m* 1 hr.
125 ppm
Ozone 1200 pg/m?® 1 hr.
0.6 ppm
NO, 3750 xg/m’ . 1 hr.
2.0 ppm
938 kg/m® 24 hr.
0.5 ppm
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Sampling Train Design

Most atmospheric sampling techniques make usc of a sampling train similar to the
biock diagram in Figure 1-1. Air containing the pollutant of interest enters the
sampling train and passes through a sample collection device. This device either
physically or chemically removes the pollutant from the air stream, hoids the
polluted air for later analysis, or allows the pollutant to be analyzed simultaneously
with the collection. Ideally, only the pollutant of interest is collected. This is
seldom the case, however; hence, interferences must be considered when
measurements are made.

Many sampling techniques use collection devices that remove the pollutant from
the air for later analysis. Wet chemical methods, such as the pararosaniline method
for sulfur dioxide (SO;), remove the pollutant from the air and hold the pollutant
by means of a chemical reaction for later analysis.-In the pararosaniline method,
the sample collection device is a bubbler containing an absorbing reagent. The
High Volume method for total suspended particulate matter (TSP) uses a filter as
the sample collection device. In either case, the poiluctant is held by the collector
for analysis by a contaminant detector. [The contaminant detector in the
pararosaniline method is a spectrophotometer; for TSP High Volume sampling, it
is a gravimetric balance.]

Contaminant
r detector
o Sample
AIr 1N ecuaies collection Air mover —ala L

device e A

{

' l

} } t

: |

l Flow ;

- MEASUTIng - -

device

Figure 1-1. Typical sampling train.
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Instrumental methods such as chemiluminescence for nitroger dioxide (NO,) and
ozone (O,) combine the sample collector and the contaminant detector into one
device.

Some methods of air sampling are used that collect a2 volume of polluted air for
later analysis. These methods usually make use of grab or integrated sampling
using containers made of stainless steel, glass, or pliable plastic, or by using simple
hypodermic syringes. Many factors are important in considering what marerial
should be used when grab sampling; many uses have been found for plastic bags.
In this type of sampling, the plastic bag, syringe, stainless steel or glass container is
the sample collection device. Contaminant detecrion is usually accomplished by
instrumental analysis.

Mechanisms used to move air through the sample collection device and measure
the quantity of air are integral parts of sampling trains. Air movers are usually
motor-driven pumps. When motor-driven pumps are not practical, ejectors,
displacement methods, and evacuated flasks can be used. Some typical flow
measuring (or controlling) devices for sampling are rotamecrers, mass flow meters,
and critcal and subcritical orifices. It is often necessary to determine how long an
air mover has pulled a certain flow rate to determine the volume sampled
(volume = flow rate X time); therefore, the sampling time is recorded. Placement of
the flow measuring device is dependent on what device is used. Air movers and
flow measuring devices are usually placed after sample collection devices to avoid
contamination of the air stream.

Materials used in a sampling train (at least to as far as the collector) must be
sufficiently inert to the pollutant of interest so as not to interfere with collection. If
the air mover and flow measuring device must be placed before the collection step,
then parts of those devices contacting the air stream must be inert. Glass, Teflon®,
and stainiess steel are generally considered to be nonreactive. Hence, these
materials have been used extensively in sampling train construction. However, the
materials listed as being generally nonreactive can betome reactive if used to sam-
ple the wrong environment. For instance, glass could not be used if a sampling
train were being bailt ro moniter hydrofluoric acid. Even if a material is con-
sidered nonreactive, significant wall loss can occur if sampling lines are too long.

Interference with the measurement of an air pollutant is not the only considera-
tion irnportant to the selection of sampling train materials. Care must be taken to
protect sampling train components from damage caused by the sampled air or
products of the measurement system. If a rubber diaphragm pump is to be used in
conjunction with an analyzer that measures nitrogen oxides by the reaction of nitric
oxide (NO) with ozone (O,), then a charcoal filter must be used before the pump

.. to remove excess ozone. If ozone is allowed to contact the rubber diaphragm of the

pump, the rubber will deteriorate. Other sampling train components that usually
need protection are rotameters and small orifice meters. In this case, a filter and

moisture trap are placed in front of the orifice or rotameter to prevent them from
becoming clogged.
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Chapter 2

Basic Gas Properties and
Mathematical Manipulations

Temperature

The Fahrenheit and Celstus Scales

The range of units on the Fahrenheit scale between the freezing and boiling point
of water at one atmosphere (atm) pressure is 180 (212 °F —32°F = 180°F); on the
Celsius scale, the range is 100 (100°C—0°C = 100°C). Therefore, each Celsius
degree is equal to 9/5 or 1.8 Fahrenheit degrees. To be able to convert from one
systemn to the other, the following equations can be used:

(Eq. 2-1) °F=1.8°C+ 82
(°F — 82)
. 2-2 °C='—u—T
(Eq. 2-2) T8
Where: OF == degrees Fahrenheit

°C = degrees Celsius.

Absolute Temperature

Experiments in which a gas volume is determined as a function of temperature (at
a constant pressure) yield results similar to the data presented in Figure 2-1(a). The
solid portion of each line represents the gaseous state. If each line is extrapolated
(dashed portion of line) to a volume of zero, they all intersect at a common
temperature (— 278.15°C or —459.67°F). This is the temperature at which a gas,
if it did not condense, would theoretically have a volume of zero. This temperature
(—273.15°C or — 4598.67°F) is called absolute zero. Another temperature scale,
developed by and named after English physicist Lord Kelvin, begins at absolute
zero and has temperature intervals equal to Celsius units. This absolute tempera-
ture scale is in units of degrees Keluin (K). A similar scale was developed to parallel
the Fahrenheit scale and is called the Rankmne scale (°R). The following formulas
can be used to convert temperatures to their respective absolute scales.

(Eq. 2-3) K=°C+273.16

(Eq. 24) °R = °F + 459.67
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Figure 2-1(a). Temperatare relationships.
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Figure 2-1(b). Reladonships of the zbsolute temperarure systems.

Relationships of the absolute temperature systems are shown graphically in
Figure 2-1(b). The symbol “T" will be used throughout this manual to denote
absolute temperatures, and the “t” will be used to incicate Fahrenheit or Celsius
degrees. The absolute temperatures are always in volume calculations involving
temperature and prcss'.urc. '
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Pressure

Definition of Pressure

A body may be subject to three kinds of stress: shear, compression, and tension.
Fluids are unable to withstand tensile stress; hence, they are subject to shear and
compression only. Unit compressive stress in a fluid is termed pressure and is
expressed as force per unit area.

Pressure

Merric English

gm,/ cm? 1b,/in.* (psi)

Pressure is equal in all directions at a point within a volume of fluid and acts
perpendicular to a surface.

Barometric Pressure

Barometric pressure and atmospheric pressure are synonymous. These pressures are
measured with a barometer and are usually expressed as inches or millimeters of
mercury. Standard barometric pressure s the average atmospheric pressure at sea
level, 45° north latitude at 35°F and is equtvalent to a pressure of 14.696 pounds-
force per square inch exerted at the base of a column of mercury 29.921 inches
high (in the English System). In the metric system, standard barometric pressure is
equsualent to a pressure of 1033.23 grams-force per square centimeter exerted at
the base of a column of mercury 760 mm high. Weather and altitude are responsi-
ble for barometric pressure variations.

Torricelli Barometer

The Torricelli, or mercurial, barometer was first used by one of Galileo’s students,
Torricelli, in 1643. A mercurial barometer is made by sealing a tube, about 32
inches long. at one end. The tube is filled with mercury. It is then mverted and
placed into a container that is partially filled with mercury. The mercury in the
tube will fall until the weight of the mercury in the tube is equal to the force of the
air pressure on the mercury in the container. As shown in Figure 2-2, the
manometer and the mercurial barometer work on the same principle —armospheric
pressure being measured with reference to a vacuum.
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Vacuum

¥
Air | B bl Air
presaure § pressure

Manometer Barometer
A B

Figure 2-2, The manometer and mercurial barometer.

Fortun Barometef

Since the mercurial barometer is the most accurate measurement (calibration
uncertainty of 0.001 to 0.08% of reading) of armospheric pressure, it is still in wide
use today. The most common modified version of the mercurial barometer is the
Fortin type shown in Figure 2-5. :

Height of ___ o, | Adjustable
mercury vernier scale

Adjustment for
vernier scale

H

! Reservoir level
adjustment screw

Figure 2-8. Fortin barometer.
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The height of the mercury column in a Fortin barometer is measured from the
tip of the ivory index point (see the enlargement in Figure 2-4) to the top of the
mercury column. The mercury level in the glass cylinder (ambient-vented cistern) is
adjusted until the ivory index point just pricks the surface of the mercury. This is
done by turning the datum-adjusting screw. Then the vernier scale is adjusted until
the bottom of it is even with the top of the mercury meniscus. After the vernier
scale is adjusted, the height of the mercury column is read.

3
.
-
a —
) -

X ror g
- | A
Glass cylinder \\\\pﬂi‘ Ivory index
ambient-vented i point
cistern
3 Leather bag
= )
=
3

|
AW

Dartum-adjusting
screw

e peean
2t Paduid
g

Figure 2-4. Blow-up of Fortin barometer.
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A typical vernier scale is shown in Figure 2-5. The barometric pressure indicated
in the figure is determined in the following way:
The bottom of the vernier scale indicates not only the integer
component of the barometric pressure, but also the tenths
components—in this case, 29.9. The hundredths component is
indicated by the match between the outer scale and the vernier—in
this case, 0.04. The readings are totaled to determine the barometric
pressure: 29.9 + 0.04 = 29.94 in. Hg. The equivalent metric reading is
76.05 cm.

Inches Centimeters

L}
ot

—3=10
- Adjustable
- - vernier scale
Scales march ——__"___:
g Scales match
0™

Bottom of /

vernier scale Mercury

column

Figure 2-5. Blow-up of vernier scale.

Aneroid Barometer

The aneroid barometer is usually not as accurate as a2 Torricelli barometer.
However, aneroid barometers are more widely used because they are smaller, more
portable, less expensive, and easier to adapt to recording instrumentation than are
Torricelli barometers.

The aneroid barometer usually consists of a metal chamber, bellows, or sylphon
(accordian-like) cell that is partially evacuated. A spring is used to keep the metal
chamber from collapsing (see Figure 2-6). The width of the chamber is determined
by the balance between the spring and the force exerted by the armosphere. The
width of the chamber is indicated by a pointer and scale that can be calibrated to
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read directly in units of pressure (i.e., millimeters or inches of mercury, etc.). The
pointer movement can be amplified by using levers. Read-out systems can vary
from visual scales to recording devices. The combination of an aneroid barometer
and an automatic recording device is called a barograph.

Spring to prevenr
collapse of diaphragm

Figure 2-6. Aneroid barometer.

Pressure Transducers

A transducer is a device that is activated by power from one system and supplies
power in some other form to a second system. Conventional pressure transducers
use an elastic element that converts the energy from a pressure differential into a
displacement of a mechanical device. An example of 2 mechanical pressure
transducer is shown in Figure 2-7. Other pressure transducers convert the
mechanical displacement into an electrical signal. An example of an electrical
transducer is shown in Figure 2-8. Electrical pressure transducers have become very
popular because the signal is easy to measure, control, amplify, transmit, and
record.
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Figure 2-7. Mechanical pressure transducer.

Pressure :
Moving
* contact
Resistance
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Figure 2.8. Elecrical presure transducer.
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Gauge Pressure

Gauges indicate the pressure of the system of which they are a part relative to
ambient barometric pressure. If the pressure of the system is greater than the
pressure prevailing in the atmosphere, the gauge pressure is expressed as a positive
value; if smaller, the gauge pressure is expressed as a negative. The term “vacuum”
designates a negative gauge pressure. :

The abbreviation *g” is used to specify a gauge pressure. For example, psig
means pounds-force per square inch gauge pressure.

:4 bsolute Pressure

Because gauge pressure (which may be either positive or negartive] is the pressure
relative to the prevailing ammospheric pressure, the gauge pressure, added
algebraically to the prevailing armospheric pressure (which is always positive), pro-
vides a value that is called “absolute pressure.” The mathemaucal expression is:

(Eq. 2-8) P=P,+p,
Where: P=absolute pressure
P, = atmospheric pressure
fe=gauge pressure.

Note: P, P,, and p, must be in the same units of pressure before they can be added
(i.e., all must be in inches of mercury, mm of mercury, etc.).

‘The abbreviation “a” is sometimes used to indicate that the pressure is absolute.
For exampie, psia means pounds per square inch absolute pressure.

Equation 2-3 allows conversion of one pressure system to the other. The reiation-
ship of the two pressure systems is shown graphically in Figure 2-9 using two typical
gauge readings, 1 and 2. Gauge reading 1 is above the prevailing atmospheric
pressure and, hence, is expressed as a positive value. Gauge reading 2 is below the
prevailing armospheric pressure and, therefore, is expressed as a negative value.
Gauge reading 3 has both sides open to the atmosphere; hence, the gauge pressure
is zero.
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Gaugre reading 3

('T‘L_E:-——— Open 1o aanosphere

+ Py

-t - -

g Gauge pressure=0
} ~ P
Gauge reading 1 Gauge reading 2

o Vacuum
- @ - F - & v o

Open 10 aomosphere Open to ammosphere

Aunospheric pressure

P

Figure 2-9. Absolute-atmospheric-gauge pressure relationship.

Example Problems

Problem 1:

The primary pressure gauge of a regulator attached to a compressed nitrogen
cylinder indicates a reading of 2000 psig. An aneroid barometer mounted on the
wall indicates that the armospheric pressure is 14.2 psi. What is the absolute
pressure inside the tank?

Solution: P=P,+ p,=14.2 + 2000
P=2014.2 psia.

Problem 2:

A water manometer is used to measure the pressure inside an evacuated flask. The
water manometer indicates that the evacuated flask has a vacuum of 26 inches of
water. A ncarby Fortin barometer indicates that atmospheric pressure is 752.6 mm
Hg. What is the absolute pressure inside the flask?

Solurion: _
Before p, and P, can be added to give P, both must be in the same unit of
pressure. It is most common for g, to be converted to the same units as P, since P,
is in much larger units.

Since 1 inch of Hg= 13 inches H,O (Hg is 13 times denser than water),

. 1 inch Hg 25.4 mm\ _
(26 inches H,O) (13 —hes H,O)( Toch ) = 50.8 mm Hg.

2-10



Now p, and P, can be added. g, is negative because the evacuated flask is at a
vacuum, or below atmospheric pressure.

P=P,+ p,=752.6 mm Hg+(~50.8 mm Hg)
P=701.8 mm Hg

"The Concept of Pressure-head

Pressure-head is the height of a column of fiuid required to produce a given
pressure at its base. o
The relationship between pressure and pressure-head is:

(Eq. 2-4) p=oh (—5—)
Where: p = pressure, force/area
or=density of fluid, mass/volume
g =local acceleration due to grauvity, length/time?
g = dimenstonal constant
h = pressure-head in terms of g, length.

Pressure-head may be expressed in terms of any fluid that is convenieni—e.g.,
Hg or H,O. :

Dalton’s Law of Partial Pressure

When gases or vapors (having no chemical interaction) are present as a mixture in
a given space, the pressure exerted by a component of the gas-mixture at a given
temperature is the same as would be exerted if the gas-mixture filled the whole
space alone. The pressure exerted by one component of a gas-mixture ts called its
partial pressure. The total pressure of the gas-mixture is the sum of the partial
pressures.

Expressed mathemarically:

Plﬂ-f = EPI

Where: Popeai = total pressure exerted by the sy:teﬁ
p:= pressure of each component of the system

Lp=pr+pe+... +pa

(L: means “sum of").
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The Ideal Gas Laws

Ideal gases are gases whose molecules do not attract onc another and which occupy
no part of the whole volume. Although there are no gases which have these proper-
ties, real gases, which deviate very slighdy from ideal gas behavior under ordinary
temperature and pressure conditions, may be considered to be ideal gases.

Boyle's Law

Boyle's Law states: when the temperature (T) is held constant, the volume (V) of 2.
given mass of an ideal gas of a given composition varies inversely as the absolute

pressure, i.c.: -

Va-‘%’-— (at constant T)

Where: o = proportional to.

One can see that, as the pressure on a gas system increases, the volume of the
gas systern will decrease and vice versa.

Charles’ Law

Charles’ Law states: when the pressure (P) is held constant, the volume (V) of a
given mass of an ideal gas of a given composition varies directly as the absolute
temperature (T), i.e..:

VaT (at constant P).

In other words, as the temperature of a gas system increases, the volume will also
increase and vice versa.

The Law for Ideal Gases

Both Boyle's and Charles’ Law are satisfied in the foliowing equation:
(Eq. 2-5) PV=nRT

Where: P=absolute pressure
V = wolume of a gas
T =absolute temperature
R = unsversal gas-constant
n =number of moles of a gas.
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A mole of 2 substance is the substance’s molecular weight, expressed in mass
units, where the substance's molecular weight is the sum of the atomic weights of
the atoms which compose the substance.

We know that

n= —

Where: m = mass of a gas
M= molecular weight of a gas

therefore: . PV=nRT= i-’;— RT.

The units of R depend upon the units of measurement used in the equation.
Some useful values are:

(1) R=0.082 (£) (atm) (K)'(g-mole)™
(2) R =62.4 (f)(mm Hg) (K)(g-mole)”
Where the units are: V)

m(g)

M(g/g-mole)

T(K)

Pfatm for (1) or
mm Hg for (2)].

Different values of R can be obtained by utilizing the appropriatc conversion
factors.

Molar Volume (V)

One mole of any gas at 278 K and 760 mm Hg will occupy 22.414 liters. This cons-
tant is obtained from the ideal gas law. From Equation 2-5:
1f: P=760 mm Hg

n= 1 mole

R =624 (f) (mm Hg) (g-mole)(K)™

T=273 K

V="V (molar volume)

then: PxV=nXxRxT
(760 mm Hg) (V)= (1 g-maole) (52.4 i;‘E—H-E) (278 K)
g-mole K

_ (1)(62.4)(278) ,
760

vV

V=22.414f= V.
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Therefore, one mole of an ideal gas at 273 K and 760 mm Hg occupies 22.4141.
In other words, the molar volume (V) of an ideal gas at 273 K and 760 mm Hg is
22.414 ¢/ mole.

At EPA standard conditions (760 mm Hg, 298 K), one mole of any gas will
occupy 24.46¢. The volume per mole constant for any gas at a given pressure and
temperature is called the molar volume and is symbolized by V.

Gas Density

Gas density can be determined by rearranging Equation 2-5 and letting density
e=m/V.

4. 26 PV=nRT= 2 RT
M
vV RT
Where: e = density

P=absolute pressure

M =molecular weight

T =absolute temperature
R = untversal gas constant

Another method of determining density is by utilizing the faCt that there are
24.46 liters per g-mole at 298 K and 760 mm Hg.

In the relationship, p=m/¥: if ¥ is in terms of molar volume, ¥ ({/g-mole of a
gas at STP), then m must be in terms of molecular weight, M (g/g-mole). So
e =M/V at a given temperature and pressure.

298 P
= .__I.ﬂ. , corrected to standard temperature
24 .46 and pressure conditions (STP)
Where: @ =gas density (g/F)

M = molecular weight (g/g-mole)

24.46 = molar volume ({/g-mole) at standard conditions
- 298 = temperature (K) at standard condstions

T = temperature (K) at actual conditions

760 = pressure (mm HEg) at standard conditions

P= pressure (mm Hg) at actual conditions.
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Standard Conditions for Atmospheric Sampling

To be able to compare gas sampling data collected by various agencies and other
organizations, all gas volumes must be corrected to a set of predetermined (“stan-
dard”) conditions. For aunospheric or ambient sampling, these conditions are:

25°C or 298 K, and 760 mm Hg.
The equation used to correct volumes sampled to standard conditions is:

o))

vy P, 298 K
=) (760mmHg)( T, )

P,

¥r=(V,X0.39) (?)

1

Where: V= volume of gas at 2nd conditions or at Py and Ty, §
V= wlume of gas at Ist conditions of P, and Ty, {
T, = tnitial temperature of gas, K
T, = final temperature of gas, i this case=298 K
P, = snitial pressure of gas, mm Hg
P, = final pressure of gas, tn this case =760 mm Hg
298

0.89= 238
760

The term “standard conditions for temperature and pressure” is abbreviated
STP.

Origin and Definition of Viscosity
Viscosity is the result of two phenomena: (a) intermolecular cohesive forces and
(b) momentum transfer between flowing strata caused by molecular agitation
perpendicular to the direction of motion. Between adjacent strata of a flowing
fluid a shearing stress results that is directly proportional to the velocity gradient.
(Figure 2-10). Viscosity is often defined as resistance to flow.

The relationship of these forces is shown in Equation 2-8.

{Eq. 2-8) T=p—
Eq gT=ra
Where: &- = dimensional constant
T = unit shearing stress between adjacent layers of fluid
dv . uelocity gradient
u = proportionality constant (viscosity).
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Figure 2-10. Velocity gradient.

The proportionality constant, . is called the coefficient of viscosity, or merely,
viscosity. It should be noted that the pressure does not appear in Equation 2-8,
indicating that the shear (T) and the viscosity () are independent of pressure.
(Viscosity actually increases very slightly with pressure, but this variation is
negligible in most engineering problems.) '

Kinematic Viscosity
Kinematic viscosity is defined according to the following relationship:

(Eq- 2-9) v=£
Q

Where: v = kinematic ﬁkcosity
u = uiscosity of the gas
0 = density of the gas (note the absence of dimensions of force).

Liquid Viscosity Versus Gas Viscosity

Liquid Viscosity
In a liquid, transfer of momentum between strata having different velocities is
small, compared to the cohesive forces berween the molecules. Hence, shear stress
(T) is predominantly the result of intermolecular cohesion. Because forces of
cohesion decrease with an increase in temperature, the shear stress decreases with
an increase in temperature. Equation 2-8 shows that shear stress is directly propor-

tional to the viscosity. Therefore, liquid viscosity decreases when the temperature
increases.

[
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Gas Viscosity

In a gas, the molecules are too far apart for intermolecular cohesion to be effec-
tive. Thus, shear stress is predominantly the result of an exchange of momentum
between flowing strata caused by molecular activity. Because moilecular activity
increases with temperature increases, the shear stress increases with a rise in the
temperature. Therefore, gas viscosity is increased when the temperature increases.

Determination of Viscosity of Gases

The viscosity of a gas may be found accurately from the following formula:

_ T .
(Eq. 2-10) Lol n

: u° ( 278.1 )
Where: p=uviscostty at temperature T (K)

g °=uiscosity at 0°C and prevatling pressure
T = absolute prevasiing temperature (K)
n =an emprrical exponent (n=0.768 for air).
The viscosity of air and other gases at various temperatures and at a pressure of
1 atmosphere can be determined from the nomograph in Figures 2-11 and 2-12, or
from Equation 2-10. The unit of the viscosity coefficient is the poise:
1 poise =gm/cm sec. A centipoise (cp) is equal to 107 poise.

Reynold’s Number

Definition

Typical inertial force per unit volume of fluid:
ev!
gL

Typical viscous force per unit volume of fluid:
L
gL’

The first expression divided by the second provides the dimensionless ratio known
as Reynold's Number:

(Eq. 2-11) Na. = Lvg _ mertial force
* M wuscous force
Where: o = density of the fluid (mass/volume)

» = velocity of the fluid
g = dimenstonal constant
L =a lnear dimension

g =viscosity of the fluid
Np.= Reynold’s Number.
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The larger the Reynold’s Number, the smaller is the effect of viscous forces; the
smaller the Reynold's Number, the greater the effect of the viscous forces.

The linear dimension, L, for flow through tubes and ducts is a length
characteristic of the flow system. It is equal to four times the mean hydraulic
radius, which is the cross-sectional area divided by the wetted perimeter. Thus for
a circular pipe, L = diameter of the pipe; for a particle settling in a fluid medium,
L = diameter of the paricle; for a rectangular duct, L =twice the length times the
width divided by the sum; and for an annulus such as a rotameter system,

L = puter diameter minus the inner diameter. '

Viscosity of air at 1 acmosphere®

Temperature Viscosity
Degrees Celsius Degrees Fahrenheit centipoises
- 100 0.1
0.09
- 100 0.08
0.07
0.06
D .
0 0.05
100 E 0.0¢
) 3
100 200
— 0.0%
300 3
200 400 s
- 0.02
500 -
300-3_ 600 [
700 s
400 800 !
900 L
300°F_ 1000 - 0.01
600 —— 1100 - 0.009
~— 1200 L 0.008
700 —— 1300 .
qE 1400 - 0.007
800 —$— 1500 .06
= 1600 .
900 ——
= 1700 E
1000 = 1800 0.005
(0 —E=—| 208010y 2.09(10)™ 6.72(10)
1)centipoise cm e
( po — Tb,— sec slug Ib.
(10) poise i rp— fo—sec

*Perty, ]J- H. Chemgcal Engineer's Handbook. McGraw-Hill Book Co.. New York (1950).

Figure 2-11. Viscosity nomograph for air.
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Viscosity, ¢p
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0.018
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0.014

0.012

0.010

0.008

0.006

0.004

0.002
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Figure 2-12. Viscosity nomograph of various gases at 1 atmosphere.
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Laminar and Turbulent Flow
Laminar Flow

In laminar flow, the fluid is constrained to motion in layers (or laminae) by the
action of viscosity. The layers of fluid move in parallel paths that remain distinct
from one another; any agitation is of a molecular nature only. Laminar flow occurs
when Reynold's Number is less than 0.1 for particles settling in 2 fluid medium.

Turbulent Flow

In turbulent flow, the fluid is not restricted to parallel paths but moves forward in
a haphazard manner. Fully turbulent flow occurs when Reynold's Number is
greater than 1000 for settling particles having diameters greater than 40 pm in air
with a2 60% RH at 20°C.

Summary of Useful Equations

Temperature
°C = (°F—3%2)/1.8
°F=1.8°C+32
K=°C+278
Where: °F = degrees Fahrenheit

°C = degrees Celstus
K = degrees Kelvin.

Pressure

P=P,+p,

P= Q,(-E-) h
8-
Qb = @ haa
1 std atm=29.92 in. Hg
m 760 mm Hg

Where: P=absolute pressure
o = density
h = pressure-head or height
. g = grauitational acceleration
g = dimensional constant
Subscn'eu
£ = gauge
f=fluid

b = barometric or atmospheric
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Ideal Gas Low

PV=nRT

pv=2RT
M

_ 0.08205 (liters)(atm)
(g-mole)}(K)

_ 624 (liters)(mm Hg)
(g-mole)(K)

R

1 g-mole = 22.414 liters at 273 K and 760 mm Hg (molar volume)

Where: P=gabsolute pressure
V=volume
m = mass
M = molecular weight
R =gas constant
T =absolute temperature
n=number of g-moles of a gas.
Gas Density
0= PM
RT
Where: o = density
P=absolute pressure
R = gas constant
T = absolute temperature
M = molecular wesght.
Viscosity, u
1 cpm6.72x 107 ——
fresec
1 potse=1 —£&
cmesec

1 ¢p= 10" poise
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Reynold’s Number
Lvo _ snertial force

N Re ™ "
I wscous force

Where: ¢ = density of the fluid (mass/volume)
v=uvelocity of the fluid
&. = dimensional constant
L =ga linear dimension
p= viscosity of the fluid
Npx.= Reynold’s Number.

Units of Measurement

Recommended Units

At the present time, air pollution personnel are confronted with a multitude of
confusing and conflicting units of expression. A search through the literature has
shown a wide variation in the methods of reporting daca. Many of the units of
expression are carry-overs from other fields, such as water pollution studies and
industrial hygiene surveys. While these methods of expression are correct, their
application to air pollution studies is often misleading. This section of the manual
covers the units presently being used and those recommended for the more com-
monly measured air pollution parameters.

The recommended units were selected so that the reported values would be small
whole numbers in the metric systemn. If possible, the reported units should be the .
same as those that are actually measured. For example, weight should be reported
in grams or milligrams, and volume in cubic meters. The measured value should
never be multiplied by large numbers to extrapolate to extremely large areas or
volumes. If this is done, the resulting values are misleading. For example: To
report particulate fallout on a weight per square mile basis, the area actually
sampled, which is about 1 square foot, would have to be extrapolated to a square
miie by multiplying the measured results by almost 28,000,000. Reporting the
results on the basis of a square mile is misleading, because we are saying that the
1 square foot that we sampled is representative of a square mile surrounding this
sampling site. This we know, in most cases, is not true.

When reporting results, the type of sampling instrument should be described.
and when volumes of air are sampled, the temperarure and pressure at the time of
the sampling should be reported.
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Table 2-1. Meusurement unin.

Unit Typical
Parameter Units in nse recommended moge
Particle fallout Tons per square mile per month mg/cm?/mo (or yr} | 0.5 10 135 mg/cm?/mo
Tons per square mile per year

Pounds per acre per month

Pounds per acre per year

Pounds per thousand square feet
per month

Ounces per square foot per month

Grams per square foot per month

- Grams per square meter per month

Kilograms. per square kilometer
per month

Grams per month per 4-inch or
6-inch jar

Milligrams per square inch per month

Milligramns per square centimeter per
gme interval

Jutdoor airborne
particulate matter

Milligrams per cubic meter
Parus per million by weight
Grams per cubic foot

Grams per cubic meter
Micrograms per cubic meter
Micrograms per cubic foot
Pounds per thousand cubic feet

ug/m* (md)

10 to 5000 pg/m*

>aseous materials

Milligrams per cubic merer
Micrograms per cubic meter
Micrograms per liter

Pars per million by volume
Parts per hundred million
Parts per billion by volume
Parts per million by volume
Ounces per cubic foot
Pounds per cubic foot
Grams per cubic foot
Pounds per thousand cubic feet

ppm or ppb
by volume

Pants per trillion to
parts per million

itandard conditions for

reporting gas volumes

760 millimeters Hg pressure and 20°C
760 millimeters Hg pressure and 0°C
760 millimeters Hg pressure and 65°F
760 millimeters Hg pressure and 25°C
700 millimeters Hg pressure and 0°C
700 millimeters Hg pressure and 20°C
30 inches of mercury pressure and 65°F

760 mm Hg and
25°C

Particie counting

Patucle count in sedi-

mentation devices

(horizontal and vertical)

Number per cubic meter of gas
Number per liter of gas .
Number per cubic centimerer of gas
Number per cubic foot of gas

Number of paracles/
m? of gas

Number of parncles/
cm?!/mo (or y1)

10 million angd above
particles/m*

[emperature Degrees Celsius °C -
D_eErecl Fahrenheit
Tiune 0000 o 2400 -

12:00 a.m. to 12:00 p.m., 0000 0 2400

{militarv timne)
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Table £-1. Measurement units, continued.

Unit Typical

Parameter Unin in use recommended range

Amnospheric pressure mm Hg -
Ammospheres
Millimeters of mercury
Inches of mercury

Sampling pressure
Millimeters of mercury
Inches of mercury
Millimeters of water
Inches of water

Sampling rates Cubic meters per second ~ m*/min, f/min to $ m’/min

Cubic meters per minute lirers per minute
Cubic feet per second

Cubic feet per minute

Liters per second

Lirers per minute

Cubic centimeters per second
Cubic cenrimeters per minute

Visibility

Miles and fractions of a mile km —_——
Kilometers and fractions of a kilometer

Conversion Problems
Sample Particulate Macter Problem

Convert 89.0 tons per square mile to the recommended units (milligrams per
square centimeter).

Soiution:
t 2000 1b  455.6 x10° it t in? 8.2
89.0 — x x T e X e X R X - = —f
mi? ton Ib (5280)*t*  (12)%in® (2.54)cm? cn?
Sample Gas Problem
Discusston:

The expression pars per million is without dimensions, i.e., no units of weight or
volume are specifically designed. Using the format of other units, the expression
may be written: :
parts _
million parts

“Parts” arc not defined. If cubic centimeters replace parts, we obtain:

cubic centimeters
million cubic centimeters
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Similarly, we might write pounds per million pounds, tons per million tons, or
liters per million liters. In each expression, identical units of weighr or volume

appear in both the numerator and denominator and may be cancelled out, leaving
a dimensionless term.

An analog of parts per million is the more familiar term “percent.” Percent can
be written:

parts _
hundred parts
To convert from parts per million by volume, ppm, (uf/f), it is necessary to know

the molar volume art the given temperature and pressure and the molecular weight
of the pollutant. -

At 25°C and 760 mm Hg, one mole of any gas occupies 24.46 liters.
Convent the following:
2.5 ppm by volume of SO; was reported as the atmospheric concentration.

a. What is this concentration in micrograms (ug) per cubic meter (m?®) at 25°C
and 760 mm Hg?

b. What is the concentration in gg/m?® at 37°C and 752 mm Hg?
Solution:

Let parts per million equal uf/{, then 2.5 ppm = 2.54/f. The molar volume at 25°
and 760 mm Hg is 24.46¢, and the molecular weight of SO, is 64.1 g/mole.

2.5 1 le® 64.1 1000 ¢
(a) 2o Lpmole” 641ug =6.5x10* 28 4 STP
4 24 .46 puf gxmole m? m?
S10K 760 mm Hg
b) (24.46 . =25.7%
B "n(zgsx) 752 mm Hg o

2.5 ub 3 gmole x 64.1 ug x 1000 ¢
¢ 25.78 uf gmole m?’

=6.2x 10* £E at $7°C, 752 mm Hg
m

This sample problem also points out the need for reporting temperature and
pressure when the results are presented on a weight-to-volume basis.

*Since, at STP, 1 mole of a gas occupies 24.46 liters, 1- umole = 24.46 pl.
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Problems

1. Convert the following:
a. 6B°F— °C (answer 20°C)
b. 28°C—K (answer 301 K)
c. 29.08 in. Hg—mm Hg (answer 787.8 mm Hg)

2. An ideal gas occupies a volume of 2000 mf at 700 mm Hg and 20°C. What is
the volume of the gas at STP? {answer 1874 m!)

S. I a concentration of carbon monoxide (CO) is noted as 10 ppm, what is this
concentration in terms of ug/m?* at STP? (CO=28 g/mole)
(answer 11,440 pg/m*, 11.4 mg/m*)

4. Ambient air was sampled at a rate of 2.25 liters per minute for a period of
%.25 hours at 19°C, 748 mm Hg. What volume of air was sampled at STP?
(answer 441 f)

5. Convert 1000 pg/m?* SO; at STP to ppm. (50, = 64 g/mole)
(answer 0.38 ppm)

Tables to use in this task appear in Appendix A3 of this manual.
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Aijr at EPA Standard
Conditions
Air Pollunon

Arrester
Aspirator

Artmosphere, The

Atmosphere, An

Breathing Zone

Chimney Effect

Collecrion Efficiency

Coliector

Cloud

Condensate

Condensation

Condensoid
Contaminant
Count Median Size

Definitions
Air at 25°C and 760 mm Hg (29.92 in. Hg).

The presence of unwanted material in the air. The
termn “unwanted material” here refers to material con-
centrations present for a sufficient time and under cir-
cumstances to interfere significantly with comfort,
health, or welfare of persons, or with the full use and
enjoyment of property.

A term for an air cleaning device.

Any apparatus, such as a squeeze bulb-fan, pump, or
venturi, that produces a movement of a fluid by
suction.

The whole mass of air surrounding the earth and being
composed largely of oxygen and nitrogen.

A specific gaseous mass, occurring either naturally or
artificially, containing any number of constitutents and
in any proportion. '

That location in the atmosphere at which persons
breathe.

A phenomenon consisting of a vertical movement of a
localized mass of air or other gases due to temperature
differences.

The percentage of a specified substance retained by a
gas cleaning or sampling device.

A device for removing and retaining contaminants
from air or other gases. Usually this term is applied to
¢leaning devices in exhaust systems.

A visible dispersion occupying a discrete portion of
space, with apparent boundaries.

Liquid or solid matter formed by condensation from
the vapor phase. In sampling, the term is applied to
the components of an atmosphere that have been
isolated by simple cooling.

The process of converting a‘material in the gaseous
phase to a liquid or solid state by decreasing
temperature, by increasing pressure, or both. Usually
in air sampling only cooling is used.

The particles of a dispersion formed by condensation.
Unwanted marerial.

A measurement of particle size for samples of par-
ticulate matter, consisting of that diameter of particle
such that one half of the number of particles is larger
and half is smaller.
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Density
Diffusion, Molecular
Dispersion

Dispersoid
Diurnal

Dust Fall
Dust Loading

Droplet
Efficiency
Efficiency, Fractional

Ejecior

Emissions
Emission Mixture

Flocculation
Flowmeter

The mass per unit volume of substance.

A process of spontaneous intermixing of different
substances, attributable to molecular motion and
tending to produce uniformity of concentration.

The most general term for a system consisting of par-
ticulate marter suspended in air or other gases.

The particles of a dispersion.

The term means recurring daily. Applied to (variations
in concentration of) air contaminants, diurnal indicates
variations following a distinctive pattern and recurring
from day to day. -

A loose term applied to solid particles predominantly
larger than colloidal and capable of temporary suspen-
sion in air or other gases. Dusts do not tend to floc-
culate except under electrostatic forces; they do not dif-
fuse but settle under the influence of gravity. Deriva-
tion from larger masses through the application of
physical force is usually implied.

See Particle Fall.

Arn engineering term for “dust concentration,” usually
applied to the contents of collection ducts and the
emission from stacks.

A gmall liquid particle of such size and density as to
fall under still conditions, but which may remain
suspended under turbulent conditions.

The ratio of attained performance to absolute perfor-
mance, commonly expressed in percent.

The mean collection efficiency for specific size fractions
of a contaminant. Commonly this term has been
applied to the performance of air cleaning equipment
toward particulate matter in various size ranges.

A device that uses a fluid under pressure, such as
steam, air, or water, to move another fluid by develop-
ing suction. Suction is developed by discharging the
fluid under pressure through a ventun.

The total of substances discharged into the air from a
stack vent, or other discrete source.

The total mixture in the outside atmosphere of emis-
sion from all sources.

Synonymous with agglomeration.

An instrument for measuring the rate of flow of a fluid
moving through a pipe or duct system. The instrument
is calibrated to give volume or mass rate of flow.
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Fly Ash

Fog

“Freezing Out
Fume

Grab Sample
Impaction

Impactor

Impingement

Impingement, Dry

Impingement, Wet

Impinger

The finely divided particles of ash entrained in flue
gases arising from the combustion of fuel. The particles
of ash may contain incompletely burned fuel. The term
has been applied predominantly to the gas-born ash
from boilers with spreader stoker, underfeed stoker,
and pulverized fuel (coal) firing.

A loose term applied to visible aerosols in which the
dispersed phase is liquid. Formation by condensation is
usually implied; in meteorology, a dispersion of water or
ice. :

See Sampling, Condensation.

Properly, the solid particles generated by condensarion
from the gaseous state, generally after volatilization
from melted substances, and often accompanied by a
chemical reaction such as oxidation. Fumes flocculate
and sometimes coalesce. Popularly, the term is used in
reference to any of all types of contaminant, and in
many laws or regulations, with the added qualification
that the contaminant have some unwanted action.

One of the three states of aggregation of marter,
having neither independent shape nor volume and
tending to expand indefinitely.

See Sampling, Instantaneous.

A forcible contact of particies of matter, a term often
used synonymously with impingement.

A sampling device that employs the principle of impac-
tion (impingement). The “cascade impactor” refers to a
specific instrument employing several impactions in
series to collect successively smaller sizes of particles.
The act of bringing matter forcibly in contact. As used
in air sampling, impingement refers to a process for the
collection of particulate matter in which the gas being
sampled is directed forcibly against a surface.

The process of impingement carried out so that par-
ticulate matter carried in the gas stream is retained
upon the surface against which the stream is directed.
The collecting surface may be treated with a film of
adhesive.

The process of impingement carried out within a body
of liquid, the latter serving to retain the particulate
matter.

Broadly, a sampling instrument employing impinge-
ment for the collection of particulate matter. Com-
monly, this term is applied to specific instruments, the
“midget” and “standard” impinger.
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Impinger, Midget

Impinger, Standard

Isokinetic

Mass Concentration

Mass Median Size

Mist

Month
QOdor
Odor Conccmrﬁtion

Odor Unit
Odorant
Orifice Meter

Parucle

A specific instrument employing wet impingement,
using a liquid volume of 10 ml and a gas flow of

0.1 cu. ft. per min.

(Note: See J. R. Littlefield, E. L. Feicht, and H. H.
Schrenk, “Midget Impinger for Dust Sampling,” U.S.
Bureau of Mines. Report of Investigations 3360 (1937).)
A specific instrument employing wet impingement,
using a liquid volume of 75 ml and a gas flow of

1 cu. ft. per min.

(Note: See L. Greenburg and G. W. Smith, “A New
Instrument for Sampling Aerial Dust,” U.S. Bureau of
Mines, Report of Investigations 2592 (1922). See also
T. Hatch, H. Warren,-and P.- Drinker, Journal
Industrial Hygiene, No. 14, p. 301 (1932).)

A term describing a condition of sampling in which the
flow of gas into the sampling device (at the opening or
face of the inlet) has the same flow rate and direction
as the gas streamn being sampled.

Concentration expressed in terms of mass of substance
per unit volume of gas or liquid.

A measurement of particle size for samples of par-

- ticulate matter, consisting of that diameter such that

the mass of all larger particles is equal to the mass of
all smaller particles.

A loose term applied to dispersions of liquid particles,
the dispersion being of low concentration and the par-
ticles of large size. In meteorology, a light dispersion of
water droplets of sufficient size to be falling.

For reporting analyses of outdoor air on a monthly
rate, results are calculated to a base of 30 days.

That property of a substance affecting the sense of
smell; any smell; scent; perfume.

The number of unit volumes that a unit volume of
sample will occupy when diluted to the odor threshold.
Unit volume of air at the odor threshold.

Odorous substance.

A flowmeter, employing as the measure of flow rate the
difference between the pressures measured on the
upstream and downstream sides of the orifice (that 1s,
the pressure differential across the orifice) in the con-
veying pipe or duct.

A small discrete mass of solid or liquid matter.
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Particle Concentration

Particle Fall

Particle Size
Particle Size Distribution

Precipitauon, Electrostatic

Precipitation,
Meteorological

. Precipitation, Thermal

Precipitation, Ultrasonic

Precipitator, Electrostatic

Precision

Pressure Stauc

Concentration expressed in terms of number of par-
ticles per unit volume of air or other gas.

(Note: On expressing particle concentration, the
method of determining the concentration shouid be
stated.)

A measurement of air contamination consisting of the
mass rate at which solid particles deposit from the
aunosphere. A term used in the same sense as the older
terms Dust Fall and Soot Fall but without any implica-
tion as to nature and source of the particles.

An expression for the size of liquid or solid particles
expressed as the average or equivalent-diameter.

The relative percentage by weight or number of each
of the different size fractions of particulate matter.

A process consisting of the separation of particulate
matter from air or other gases under the influence of
an electrostatic field.

The precipitation of water from the ammosphere in the
form of hail, mist, rain, sleet, and snow. Deposits of
dew, fog, and frost are excluded.

A process consisting of the separation of particulate
matter from air and other gases under the influence of
a relatively large temperature gradient extending over a2
short distance. In the “Thermal Precipitator” (a
sampling instrument), the air or gas is drawn through a
narrow chamber across which extends a heared wire,
particulate matter being deposited upon the adjacen:
collecting surface.

A process consisting of the separation of particulate
matter from air and other gases following agglomera-
tion induced by an ultrasonic field.

Apparatus employing electrostatic precipitation for the
separation of particles from a gas stream. The
apparatus may be designed cither for samplmg or for
cleaning large volumes of gas.

The degree of agreement of -repeated measurements of
the same property, expressed in terms of dispersion of
test results about the mean result obtained by repetitive
testing of a homogenous sample under specified condi-
tions. The precision of a method is expressed quan-
titatively as the standard deviation computed from the
results of a series of controlled determinations.

The pressure of a fiuid at rest, or in motion, exerted
perpendicularly to the direction of flow.
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Pressure, Velocity

Pressure, Total

Pressure, Gauge

Probe

Rotameter

Sampie, Integrated

Sample, Continuous -

Sampling

Samphng, (_?.ondcnsation

That pressure caused by and related to the velocity of
the flow of fluid; a measure of the kinetic energy of the
fluid.

The pressure representing the sum of static pressure
and velocity pressure at the point of measurement.
The difference in pressure existing within a system and
that of the acmosphere. Zero gauge pressure is equal to
atmospheric pressure.

A tube used for sampiing or for measuring pressures at
a distance from the actual collecton or measuring
apparatus. It is commonly used for reaching inside
stacks and ducts. -

A device, based on the principle of Stoke's Law, for
measuring rate of fluid flow. It consists of a tapered
vertical tube having a circular cross-secrion, and con-
taining a float that is free to move in a vertical path to
a height dependent upon the rate of fluid flow upward
through the tube.

A sample obtained over a period of time with (1) the
collected atmosphere being retained in a single vessel,
or (2) with a separated component accumulating into a
single whole. Examples are dust sampling in which all
the dust separated from the air is accurnulated in one
mass of fluid; the absorption of acid gas in an alkaline
solution; and collection of air in a plastic bag or
gasometer. Such a sample does not reflect variations in
concentration during the period of sampling.
Withdrawal of a portion of the atmosphere over a
period of time with continuous analysis or with separa-
tion of the desired material continuously and in a
“linear” form. Examples are continuous withdrawal of
the atmosphere accompanied by absorption of a2 com-
ponent in a flowing stream of absorbent or by filtration
on a moving strip or paper. Such a sample may be
obtained with a considerable concentration of the con-
taminant, but it still indicates fluctuactions in concen-
tration that occur during the period of sampling.

A process consisting of the withdrawal or isolation of a
fractional part of a whole. In air or gas analysis, the
separation of a portion of an ambient atmosphere with
or without the simultaneous isolation of selected
components.

A process consisting of the collection of one or several
components of a gaseous mixture by simple cooling of
the gas stream in a device that retains the condensate.
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Sampling, Continuous

Sampling, Instantaneous

Sampling, Intermittent

Series Collection

Settling Velocity

Smog

Smoke

Soot

Sorbent
Sorption

Specific Gravity

Temperature, Absolute

Sampling without interruptions throughout an opera-
tion or for a predetermined time.

Obtaining a sample of an atmosphere in a very short
period of time such that this sampling time is insignifi-
cant in comparison with the duration of the operation
or the period being studied.

Sampling successively for limited periods of time
throughout an operation or for a predetermined period
of time. The duration of sampling periods and of the
intervals between are not necessarily regular and are
not ified.

An operation involving the use of two-er more collec-
tors joined in a series.

The terminal rate of fall of a particie through a fluid
as induced by gravity or other external force; the rate
at which frictional drag balances the acceleraung force
(or the external force).

A term derived from smoke and fog, applied to exten-
sive atmospheric contamination by aerosols which arise
partly through natural processes and partly from the
activities of human subjects. Now sometimes used
loosely for any contamination of air.

Small gas-borne particles resulting from incomplete
combustion, consisting predominantly of carbon and

- other combustible material, and present in sufficient

quantity to be observable independently of the presence
of other solids.

" Agglomerations of particles of carbon impregnated

with “tar,” formed in the incomplete combustion of
carbonaceous material.

A liquid or solid medium in or upon which materials .
are retained by absorption or adsorption.

A process consisting of either absorption or adsorption
or both.

The ratio of the density of the substance in question to
the density of a reference substance at specified condi-
tions of temperature and pressure.

(2) Temperature measured on the thermodynamic
scale, designated as degrees Kelvin (K). (b) Tempera-
ture measured from absolute zero (—273.15°C or

— 459.67°F). The numerical values are the same for
both the Kelvin scale and the ideal gas scale.
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Vapor The gaseous phase of matter which normally exists in a
‘ liquid or solid state.
Volume Concentration Concentration expressed in terms of gaseous volume of
substance per unit volume of air or other gas, usually
expressed in percent or parts per million.

Week For reporting analyses of outdoor air on a weekly rate,
' results are calculated to a base of 7 consecutive 24-hour
days.
Year For reporting analyses of outdoor air on a ycarly rate,

twelve $30-day months are to be used.
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Section A-2

Air Movers and
Air Measuring Instruments

Reading Assignment
Pages 3-1 through 3-52 of EPA 450/2-80-004 APTI Course 435 Atmospheric Sampling:
Student Manual.

Reading Assignment Topics
* Air Movers

+ Air Measuring Instruments

Learning Goals and Objectives

Learning Goal

The purpose of this section is to familiarize you with air movers and air measuring
Instruments. ' '

Learning Objectives
At the end of this section, you should be able to

. recall at least six considerations in selecting an air mover for atmospheric
sampling.

2. recall at least three evaluation criteria for determining the ease of maintenance

of an ailr mover. .

identify piston, diaphragm, and centrifugal pumps from their diagrams.

4. recall the effects of sample flow rate and pressure drop on the performance of
air sampling pumps.

5. describe the thirteen air measuring devices discussed in this section and
classify them according to air measuring device category and standard meter
class.

6. name at least four air movers that are used in atrnospheric sampling.

7. recognize equations used to correct measured flow rates and air volumes to
EPA’s Standard Temperature and Pressure (STP) conditions.

8. recall that gas density has an effect on flow rate measurements made by
rotameters.

[



9. recall the effects of gas temperature, pressure, and thermal properties on flow
rate measurements made by mass flow meters.

10. name at least two advantages of a dry test meter over a wet test meter.

11. identify at least four sources of pressure drop in a typical sampling train.

12. identify at least four flowmeters used for PMa 5 sampler calibration.

Reading Guidance

1.

Refer often to the equations, example calculations, and figures of the assigned reading
material as you progress through the assignment.

When you have finished the reading assignment, complete the review exercise for
Section A-2. It begins on the following page.

After you have answered the review exercise questions, check your answers. The
correct answers are listed on the page immediately following the review exercise.

For any review exercise questions that you answered incorrectly, review the page(s)
of the reading assignment indicated on the answers page.

After you have reviewed your incorrect answers (if any), proceed to Section A-3 of
this guidebook.
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Review Exercise

Now that you've completed the assignment for Section A-2, please answer the following
questions. These will help you determine whether or not you are mastering the material.

1. Which of the following is NOT a consideration in selecting an air mover for
atmospheric sampling?

sampling flow rate

physical/chemical nature of the air to be sampled
cost of the air mover

noise of the air mover

an o

2. Which of the following should be considered in evaluating the ease of maintenance of

an air mover”?

a.  accessibility of repair parts
b.  type of calibration equipment necessary
¢.  cost of repair parts :
d. both aand ¢
3. In general, preventive maintenance activities air mover malfunctions.
a. increasing / increases
b.  decreasing / decreases
c. increasing / decreases
4. Piston and diaphragm pumps are pumps.
a.  centrifugal
b.  radial flow
c.  axial flow
d.  positive displacement



For each of questions 5 through 7, match the pump with its appropriate diagram.

S. pistonpump .___

Suction

impeller
6. diaphragm pump ___

Vaolute

7. centrifugal pump ___ Impelier eye

Discharge
nozzle

-+——————— Discharge valve

Piston

Diaphragm

é -———— Suction
valve

Suction
valve

Discharge
valve

Piston

L— Chamber
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10.

11.

The total suction pressure required for a pump to operate (its head) is the total
pressure drop between the intake of the sample collection device and the pump’s
intake.

a. equal to
b.  greater than
c.  lessthan

Which of the following are atr movers used in atmospheric sampling?

a.  evacuated flask, liquid displacer, ejector, precipitator
b.  liquid displacer, precipitator, centrifugal pump, ejector
¢.  centrifugal pump, ejector. evacuated flask, plastic bag
d.  centrifugal pump, ejector, plastic bag, precipitator
Generally, air mover flow rate as the sampling train’s resistance to flow
a. Increases, Increases
b. decreases, increases
C. decreases, decreases

True or False? The collection efficiency of an air sampling device may be affected by
fluctuations in sampling flow rate.

a. True
b. False

. Which of the following is a source of pressure drop in a typical sampling train?

pump

noise reduction linings
flow exhaust

friction in connecting lines

ec o



13. Which of the following equations is appropriate for calculating the volume of air
sampled?

a vy
t
b V= L
Q
¢ V = 9 Q
t
d V=0Q){)
Where: V = volume of air sampled
@ = sampled flow rate
t = sampling time
14. meters measure the total of gas passed through them over some

specified time period.

a. Volume, volume
b.  Rate, rate
¢.  Velocity, velocity
15. _____ meters measure the time of flow through them.
a. Volume, volume
b. Rate, rate
c.  Velocity, velocity

16. True or False? Measurement of sampling flow rate and sampling time affects the
determination of the volume of air sampled.

a. True
b. False

A2-6



17. Which of the following is(are) NOT (a) type(s) of standard meters used to calibrate
air measuring devices?

a.  prnimary standard meters
b.  secondary standard meters
c.  tertiary standard meters
d.  all of the above
18. standard meters are those whose volumes can be determined by measurement
of internal physical dimensions alone. Accuracies better than + 0.30% can be
achieved.

a.  Primary
b.  Secondary
c.  Tertiary

19. Which of the following flowmeters are used for PM» 5 sampling?

a.  bubble flowmeter, piston flowmeter, mass flowmeter, laminar flow
element

b.  bubble flowmeter, piston flowmeter, laminar flow element, spirometer

c.  bubble flowmeter, piston flowmeter, spirometer, pitot tube

d.  bubble flowmeter, spiromete., pitot tube, laminar flow element
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For each of questions 20 through 23, match the air measuring device with its appropriate
diagram.
a.

To vacuum source <—~—l
20. Spirometer

@
=]
=
(9]
L
5]
=

21. Displacement bottle technique
Inverted buret ——-

22. Moving bubble meter ~+— Moving bubble

23. Mercury-sealed piston ___ r - . I

HEEEER

Seoap solution

Volume
graduations

Glass

Gas inlet cylinder

l Manometer

M. \ ‘#'Iq— Movable proximity coil
— ™

Poiyvinyl chioride
piston

Thermometer —#

ol T

[TTI 11

Stationary proximity coil

-
L1

Solenoid /

valve

— = Gas Outlet

&

Leveling screws
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Counter
weights

Thermometer

—E

W

2-liter Class A
volumetric flask

A2-9

Floating
bell

Pointer

|

Vertical
-— displacement
scale

—— Inlet or outlet fixture

Water




For each of questions 24 through 36, match the air measuring device with its appropriate
description.

Air Measuring Devices

24. Mass flow meter ____

25. Spirometer ____

26. Displacement bottle technique
27. Moving bubble rne}er -
28. Mercury-sealed piston ___
29. Wet test meter ___

30. Roots meter

31. Dry test meter ___

32. Orifice meter

33. Ventun meter ____
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34. Rotameter __

35. Standard pitot tube __

36. S-type pitot tube __

aq

Descriptions (for use with questions 24-36)

This device works on the principle that as a gas passes over a heated surface, heat
is transferred from the surface to the gas. The amount of current required to keep
the surface at a constant temperature is a measure of the velocity of the gas.

This device consists of two identical tubes mounted back to back. The sampling
ends of the tubes are oval with the openings parallel to each other. In use, one
oval opening should point directly upstream, the other directly downstream.

This device consists of a vertically graduated glass tube, slightly tapered in bore,
with the diameter decreasing from top to bottom, containing a float of the
appropriate material and shape. The fluid to be measured passes upward through
the conical tube, which is inserted in the flow circuit.

This device consists of a short cylindrical inlet, an entrance cone, a short
cylindrical throat, and finally a diffuser cone. Two pressure taps, one in the
cylindrical inlet and one in the throat, serve to measure the pressure drop.

‘This device can consist of a thin plate having one circular hole coaxial with the
pipe into which it is inserted. Two pressure taps, one upstream and one
downstream of the orifice, serve as a means of measuring the pressure drop,
which can be correlated to the time rate of flow.

This device consists of two concentric tubes. The center tube measures the impact

pressure while the static pressure is measured by the holes located on the side of
the outer tube.

The interior of this device contains two or more movable partitions,-or
diaphragms, attached to the case by a flexible material so that each partition may
have a reciprocating motion. The gas flow alternately inflates and deflates each
bellows chamber, simultaneously actuating a set of slide valves that shunt the -
incoming flow at the end of each stroke. The inflation of the successive chambers
also actuates, through a crank, a set of dials that registers the volume of gas
passed through the device.

This device consists of a series of inverted buckets or traps mounted radially
around a shaft and partially immersed in water. The location of the entry and exit
gas ports is such that the entering gas fills a bucket, displacing the water and
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causing the shaft to rotate due to the lifting action of the bucket full of air. The
entrapped air is released at the upper portion of the rotation and the bucket again
fills with water. In turning, the drum rotates index pointers that register the
volume of gas passed through the meter.

This device consists of a cylinder of known volume, closed at one end, with the
open end submerged in a circular tank of fiuid. The cylinder can be opened or
closed to the atmosphere by a valve. As the cylinder is lowered into the water, the
water displaces the air and causes it to be discharged from the cylinder, the rate of
discharge can be regulated.

This device consists basically of two oppositely rotating impellers of two-lobe or
“figure 8" contour, operating within a rigid casing. The casing is arranged with
inlet and outlet gas connections on opposite sides.

This device consists of a precision-bored, borosilicate glass cylinder with a close-
fitting polyviny! chioride piston. The piston and cylinder wall are sealed with a
ring of mercury that stays in place because of its high viscosity and the closeness
of the fit between the cylinder and piston.

This device consists of a bottle filled with a liquid and a tube through which air
can enter the bottle. As the liquid in the bottle is drained or siphoned out, air is
drawn in, to take the place of the volume of liquid lost. The volume of gas
sampled is equal to the volume of liquid displaced. The volume of displaced
liquid can be measured with a Class A volumetric flask.

This device consists of a cylindrical glass tube with graduated markings. Either a
vacuum at the top or slight positive pressure at the bottom of the tube moves a
soap bubble up the tube. By timing this movement and noting the volume
traversed by the bubble over the measured time span, volumetric flow rate can be
calculated.
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For each of questions 37 through 41, match the air measuring device with its appropriate
standard meter classification.

Air Measuring vevices Standard Meter Classifications

37. Onfice meter a. primary

. b. secondary
38. Venturi meter -

39, Rotameter

40. Standard pitot tube ___

41. S-type pitot tube ___



42. Which of the following equations is used to correct air volumes measured by soap
bubble meters and wet test meters to dry conditions?

P +P
— b W
a Vr - me{l,\'
. Pb
Ph
b V{' = meay P P
b + w
P -P
c _ b .
V[' - Vrneas P :
b
- P,
d. VC = Vﬂ‘lfﬂJ b
p-P
[ w
Where: V. = corrected volume
Vieas = measured volume
Py = atmospheric pressure
P.. = vapor pressure of water at the room's temperature

during measurement

43. Which of the following is an(are) advantage(s) of a dry test meter over a wet test
meter? :

a.  Measured air volumes do not have to be corrected to dry conditions when
using a dry test meter.

b.  Dry test meters are lighter and easier to use.

both a and b, above

d.  none of the above

2]
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44. Which of the following equations is used to correct air volumes measured by volume
meters to EPA’s STP conditions?

P YT
a. V, = (V)| = || =2
e HE
P, (T,
b V., =(V,)| = .
e
P YT
c V, =(V )] L || =+
S
P,
d. v.=(v) 2|l B
» T, | T,

Where: V> = corrected volume of air at EPA’s STP conditions

V) = measured volume of air at Py and T,
T) = measured temperature of gas, K
T,=2958K

P, = measured pressure of gas, mm Hg
P, = 760 mm Hg

45. True or False? Variable pressure meters are those in which a stream of fluid creates a
significant pressure difference that can be measured and correlated with the time rate

of flow.
a. True
b.  False
46. The pressure drop across a variable area meter as the flow rate through the

variable area meter changes.

a. ncreases
b. decreases
C. remains constant

47. True or False? A critical orifice is an orifice meter having a pressure drop such that
any further decrease in its downstream pressure or increase in its upstream pressure
will not change the gas flow rate through it.

T A True
b. False _



48. True or False? Plastic bags can usually be used to collect fairly large sample volumes.

a. True
b. False

49. True or False? Under typical sampling conditions, gas temperature and pressure affect
flow rate measurements made by mass flow meters.

a. True
b. False

50. Using the following information, calculate the total volume of air sampled:

Sampling time = 24 hours
Sampled flow rate = 16.7 L/min
Temperature = 25°C

Pressure = 715 mm Hg

a. 24048 L
b. 0.193L
c. 86.22 L
d.  8292L
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Section A-2

Review Exercise Answers

Page(s) of Page(s) of
Atmospheric Atmospheric
Sampling: Sampling:
Student Manual Student Manual
looco 3-2,3-3,3-4 26,1 3-21
20 d. 3-3 27.M 3-22
3. 33 28. Ko 3-25
4. d.. 3-4 29 h oo 3-27
S, c 3-6,3-7 300 3-31
6. b 3-9 3lg 3-33
T, 3-1 through 3-17 320 3-36
B @i 3-3 33.d . 3-37
9 c. 3-2, 3-15, 3-16 4o 3-38
10.b 3-16 35.f 3-42
Iloa. o 3-17 36.b . 3-44
12.d o, 3-18 C37.b O 3-36
13.d . 3-18 3. b . 3-37
id.a.. 3-17 39.b 3-38
15.b o 3-18 40.a ... 3-42
16.a. .o 3-18, 3-19 41.b 3-44
17.¢ oo 3-18, 3-19 42.C i 3-24
18 a. ... 3-18, 3-19 43¢ 3-27,3-33
19.a ... 3-49, 3-50 4d.a . 3-20
200C i 3-19 45,8 3-36
21.d e 3-21 | 46.C . ooienreei 3-36
2208 3-22 478 i 3-36
23 b 3-25 48.b . 3-14
24 a 3-45 49.b 3-45
2500 3-19 500a . 3-20
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Chapter 3

Air Measuring Instruments

Introduction to Air Movers

The primary purpose of an air mover in the sampling process is to create a flow of air that will
allow the contaminant in the air to be analyzed directly or to be captured by a collection device
for subsequent analysis. Collection devices include filters. impingers. and impactors. Air movers
range in capacity from a few cubic centimeters per minute {cm’/min) of air up to tens of cubic
meters per minute (m’/min). In operational complexity, air movers range from a squeeze bulb to
a multistage pump.

Relationship of Air Movers to Other Sampling System Components

Air movers are vital components of sampling trains used for the sampling and analysis of air for
its pollutant content (see Figure 3-1). Several of the considerations governing the selection of an
air mover for a particular application will be mentioned in this discussion.

Contaminant
l- detector
~ Sample
Air jn  — collection . Air mover PP Air out
| |
| * |
| |
: Flow :
==  measuring po -
device

Figure 3-1. A sampling train.

Air Mover Classification

There are many parameters by which air movers can be evaluated and classified. Classification of
air movers can be made according to their function, capacity, "driving" force, and principle of
operation. among other parameters. The classification scheme often depends to a great extent on
the classifier. The actual types of air movers to be discussed in this text are pumps, ejectors,
liquid displacers. and air displacers. '



Air Mover Selection Criteria

Since there 1s no one "typical” air sampling train, equipment selection is an important aspect of
any airborne sampling scheme. meaning that air mover selection must be made along with the
selection of other sampling train components. Here are some of the many factors to be
considered before selection is discussed. The itemizing of the considerations is not necessarily in
order of their importance.

Pollutant Concentration and Sampling Time

The required flow rate of the air mover is often determined by the sensitivity of the analysis -
method. which in turn sets the minimum quantity of the contaminant required for analysis. For
example, if the analysis procedure required 10 pg of material to obtain the desired precision. and
if the air contains 1 pg/m” of that material. a sample size of 10 m" would be required. assuming
100% collection efficiency. The required flow rate of the air mover can be calculated by
determining the available sampling time and the sample volume required. For example, if the
above-mentioned 10 m” of air had to be moved (sampled) in a period of 10 hours. an air mover of
} m'/hr capacity could be used. In many instances it is more feasible to sample for longer periods
of time. and sometimes at higher rates, than those required. As long as the sample size is greater
than the minimum detectable and less than the concentration that theoretically saturates the
collection medium, this may be of no consequence.

Sampling Rate Required

In some instances it may be necessary to sample at some required flow rate to ensure efficient
sample collection. An example is the collection of a sample by using a chemical reaction. The
reaction kinetics may depend on the length of time the contaminant is in the presence of the
reacting substance, and the length of contact time is dependent on the sampling rate. Other
examples include the collection of particulate matter by use of i impinger or impactors. For
example. collection of a sample at a low flow rate should increase the time that the air is in
contact with the reagent and may also decrease the size of the bubbles, thus increasing the
surface area of air in contact with the reagent. The particle size collected will be dependent on the
approach velocities, and these in tumn are dependent on the sampling rates.

Physical and Chemical Nature of Air to be Sampled

The operation of the air mover selected must be compatible with the physical and chemical
characteristics of the air and contaminant to be sampled. Air of a corrosive or abrasive nature can
create problems with the air mover unless the internal parts are nonreactive with the sample air.

In instances where sampling 1s to be done in an environment of a potentially explosive
nature. approved explosion-proof air movers or explosion-sealed air movers should be selected.
A completely sealed electric motor for a pump. in conjunction with non-sparking metal parts. is
an example of an explosion-sealed air mover.

Portability of Air Mover



Air sampling is often performed at temporary sampling sites. When sampling trains must be
moved from location to location, it is important that each component be as portable and
lightweight as possible. At permanent sampling locations. air mover portability is not such an
important consideration.

The power source for the air mover may be the limiting factor in its portability, especially
when the power source must be AC line voltage. '

Air Mover Noise

Since air sampling may be required in areas having noise restrictions. the noise produced by an
air mover must be considered. Also. the suppression of air mover noise has aesthetic values.
Noise levels may be considered in relation to the length of the sampling period; that is. for short
periods high noise levels may be acceptable. Many commercially available air movers have
special sound-adsorbing liners. vibration-reducing cushioning material. or mufflers as noise-
reducing components of the mover itself.

Air Mover Maintenance

It 1s an established fact that manmade equipment, whether air sampler components or computers.
will not be maintenance-free. Maintenance considerations are of special importance for
equipment to be used in the field, because valuable time can be lost in transit between the repair

~shop and the sampling location. There are three particular points to consider about air mover

-maintenance: (a) air mover parts that might need repairing should be easily accessible; (b) the
complete repair should not be very time consuming; and {c¢) air mover parts should not be overly
expensive. In general, increasing preventive maintenance activities decreases air mover
malfunctions.

Resistance

Flow resistance considerations may dictate the selection of an air mover of a particular type (see
Figure 3-2). The sample collection device will offer some resistance to the flow of air through it;
therefore, the air mover must be able to overcome this resistance so that efficient sample
collection can be accomplished.

. Pressume lose through sampling lines due to friction
. Pressume drop acroee filer

Pressure incresse through pump

. Pressure drop through meter
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Figure 3-2. Pressure profile for basic sampling apparatus.

Constant Flow Rate

It 1s often desirable to collect a sample at a constant flow rate. Vanation in sample conditions or
other external influences can make this difficult. For example. the resistance of a filter can be
expected to increase with sample "buildup.” thereby decreasing the flow rate through the sampie
apparatus. Poor voltage regulation can result in variable motor speeds, leading to variable
sampling rates. However. some commercially available air movers feature constant flow rates
despite varving sampling conditions; others require flow regulation devices in order to have
constant flow rates. Some flow regulation mechanisms will be discussed later in the chapter.
Another factor of importance in some applications is the ability to vary the flow rate of the air
mover and then to maintain constancy at the selected rate. This topic will also be discussed 1n
more detail later.

Pumps

Pumps have been defined as devices that raise or transfer fluids. Since air is a fluid. a pump that
moves air either raises it to another level or transfers it to another location. In air sample
collection. the air is transferred from one location through. or into, a sample collection device.

Classification of Pumps

Categorization of pumps is a difficult task because of the many variables. This section will
discuss pumps in terms of two broad classes based on flow variation with pressure. These two
major classes will be subdivided into categories according to specific principles of operation: (a)
positive displacement pumps and (b) centrifugal pumps.

Positive Displacement Pumps

Positive displacement pumps are often characterized by a linear relationship between the suction
pressure and pump capacity (see Figure 3-3). This indicates that AQ/Ap (AQ is the change in
flow rate: Ap is the pressure drop across the pump) is a constant value. Figures 3-3 and 3-5 are
representative of characteristic curves of pumps to be discussed later.
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Figure 3-3. Positive displacement pump.

The name positive displacement arises from the fact that the inner parts of these pumps are
movable and tight-fitting. and the air is displaced through them by the movement (displacement)
of these tight parts. Figure 3-4 indicates a further subdivision of positive displacement pumps,
this division being made according to the principle of operation. Reciprocating pumps are
characterized by fixed casings containing movable pistons that work only forward-and-backward
or up-and-down and by the pressure of suction and discharge valves.

Principie of Opseration Type of FUmp
Reciprocating Pizton
, P lunger
D isphrgm

Rcotary (nat discussed in Qe
this manual) Lobe
ane
Screms
- Rotans plunger

Figure 3-4. Classification of positive displacement pumps.

The operation of some of the specific types of reciprocating pumps will be discussed later in
this section.

Centrifugal Pumps

Centrifugal pumps are representative of pumps other than positve displacement pumps.
Centrifugal pumps ‘do not have a straight line relationship between suction pressure and capacity;
thus. AQ/Ap is not constant (see Figure 3-3).
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Figure 3-5. Centrifugal pump.

A centrifugal pump moves fluids by a centrifugal force created by a wheel. called an
impeller, revolving in a tight casing. Some additional exampies of pumps other than positive
displacement pumps are: (a) turbine pumps, (b) propelier pumps. and (c) screw drag pumps. Each
of these exhibit the same general pressure-capacity relationship as the centrifugal pump.

Positive Displacement Pump Operation

Some of the positive displacement pumps previously classified will now be discussed.

Piston Pump (Reciprocating)

The principle of operation of a piston pump is that air is drawn into a chamber or grinder on the
suction stroke of a piston, then pushed out on the discharge stroke, as illustrated in Figure 3-6.
On the suction stroke, the suction valve is open, allowing air to flow in; on the discharge stroke,
the suction valve closes and the discharge valve opens, allowing air to flow out. An internal
combustion engine is an example of a piston pump. Piston pumps vary in complexity of
operation from manually operated ones to models with many working parts.
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Figure 3-6. Piston pump.

Diaphragm Pumps (Reciprocating)

In principle. the operation of a diaphragm pump is very similar to a piston pump. The piston
(plunger) in a diaphragm pump does not move in a tightly fitted chamber as in the piston pump.
but is attached to the center of a circular diaphragm. the outer edge of which is bolted to a flange
on the pump casing. The diaphragm may be made of metal or some soft material such as Teflon®
or neoprene. The most important characteristics of the diaphragm material are its flexibility and
resistance 1o reaction with the air being moved. The up-and-down motion of the plunger is
permitted by diaphragm flexibility without the rubbing of one part on another (see Figure 3-7).
On upward movement of the plunger, air flows into the pump through a suction valve.
Downward movement of the plunger closes the suction valve and the air is forced through a
discharge valve, perhaps located in the plunger itself. An automobile fuel pump is an example of _
a diaphragm pump.
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Figure 3-7. Diaphragm pump.

Centrifugal Pump Operation

Centrifugal pumps (or fans) employ centrifugal force to move air. The simplest form of this type
of pump consists of an impeller routing in a volute (“snail's shell”) casing (see Figure 3-8). The
rotation of the impeller creates a decreasing pressure at the impeller “eye.” causing air to be
drawn into the pump. Air drawn into the center of the impeller.is "picked up" by the vanes and
accelerated to a high velocity by rotation of the impeller. It is then discharged by centrifugal

force into the casing and out the discharge nozzle.
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Figure 3-8. Centrifugal pump operation.



Centrifugal pumps encountered in air sampling can be divided primarily into three
categories: (a) radial flow, (b) axial flow, and (c) mixed flow. Centrifugal pumps may also be
classified into single-stage or multistage. Single-stage indicates a pump in which the total head 1s
developed by one impeller; multistage indicates a pump having two or more impellers acting in
series In one casing.

"Driving Forces" for Pumps

All pumps have at least one common characteristic - they have movable parts. The movement of
the parts is the basis for the transfer of the particular fluid of interest. For the parts to move there
must be a "driving force." Driving forces for pumps can be categorized as: (a) manual and (b)
motors.

Some air movers in the general category of pumps can be operated manually. A
hand-operated hypodermic syringe (piston pump) and a tire pump using a foot petal are
examples. The hand-operated. portable MSA Midget Impinger Sampler has seen much use. It is
operated by a hand-cranked. 4-cvlinder pump that draws air through a small glass nozzle at a
relatively high velocity. A relatively constant flow rate can be obtained by use of this sampler.
Two obvious disadvantages of manually-operated pumps are that only small sample volumes can
be collected. and that sampling time is limited because of personnel requirements,

Electric motors operated by commercial power. motor-generation sets. or batteries are all
used for driving air sampling pumps. When batteries are to be used as the driving force. several
factors should be considered, among which are the motor power requirements and the required
length of sampling. The length of the sample time is important in relation to the life of the
battery. -

In instances where constant flow is required, it is important that the driving force for the
pump be constant and not be affected by environmental factors. If the driving force is variable,
measures may have to be taken to try to regulate it. For example, a voltage regulator may be
required in conjunction with an electric motor that is driving an air pump where variable voliage
power sources arc encountered.

Characteristic Curves

Pumps perform differently under different conditions; therefore, "characteristic curves,” showing
the relationships between the various conditions affecting their performance. are usually supplied
by the manufacturer. The characteristic curves of most interest in air sampling are those
indicating the pressure-flow relationship (see Figures 3-9 and 3-10).
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Figure 3-10. Characteristic curve for a centrifugal pump.

The quantity of flow is usually expressed in terms of a flow rate - e.g., cubic feet per minute
(cfm), liters per minute (Ipm), and cubit¢ feet per hour (cfh). The pressure represents the amount
of suction that must be available to overcome the resistance of the air to movement through the
sampling train. Pressure can be expressed in pounds per square inch gauge (psig) or in inches of
an equivalent height of a fluid. The suction pressure at which a pump is required to operate is
often referred to as its head. The total head is equal to the total pressure drop between intake of
the sample collection device and the pump intake. Other parameters such as efficiency,
horsepower. and speed are indicated in the characteristic curves for certain pumps. Empirical
equations relating various parameters are also available. It should be noted from Figures 3-9 and
3-10 that different types of pumps possess different characteristics. As flow increases for a rotary
pump. the efficiency increases: for a centrifugal pump. the efficiency increases and then
decreases as flow increases.



Selecting a Pump

It is evident that often a choice must be made between pumps. The selection may be limited to
certain categories of air movers due to the sampling rate required. On the other hand. if flow rate
is not critical. a wide variety of air movers may be applicable. necessitating a more involved
evaluation and choice. A comparison of some of the advantages and disadvantages of certain
types of pumps is contained in Figure 3-11. A comparison of this type, although it 1s not
necessarily complete in all considerations, shouid be of value in responsible pump selection.

i

Pump type

Advantages

Disadvantages

[

Piston pump

(reciprocating} -

| 5]

Can operate at high suction
pressure

Can be metered

|25

[P%)

Small capacity

Seal required between piston &
piston chamber

Working parts such as check
valves and piston rings may
cause difficulties

: 4. Pulsating flow
f Moderate maintenance
| Diaphragm pump 1. Wide range of capacities 1. Limited materials of
(reciprocating) 2. No seal required construction
3. Good in continuous operation | 2+ Operation at limited suction
. pressures
3. Pulsating flow
4. Periodic diaphragm replacement
5.  Moderate maintenance
Centrifugal pump I. Large range of capacities 1. No small capacities
2. No close clearance 2. Turbulence
Can obtain high suction heads 3. Operational noise
by multistages
4. Light maintenance

Figure 3-11. Pump comparison.

There are many features of commercially available pumps that may or may not warrant
consideration. Some features may have direct applicability for certain uses: others may provide
flexibility. making the pumps more generally usable. In this discussion, only gauges and
continuous operation capability will be considered.
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Pump Gauges

Many pumps have inlet vacuum gauges and/or outlet pressure gauges. These gauges, upon
proper calibration, can be used to determine the approximate flow rate through the pump. The
flow rate determination can be made by use of the pump's characteristic curve for the
pressure-flow relationship (see Figure 3-12). or by direct reading if the gauge is calibrated in

terms of cfm on its dial.
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Figure 3-12. Pressure-flow relationship for metal bellows pumps for vacuum.

Continuous Operation Capability

Pumps are often required to operate continuously for long periods of time (hours to days) at high
vacuum. Some pumps such as rotary or diaphragm pumps used in ambient air monitors are
capable of continuous operations at high vacuum. while others would tend to "burn" themselves
out. The importance of this capability would be dependent on the sampling time required.



Ejectors

Another classification of air movers is known as ejectors. Ejectors are also referred to as
aspirators.

Principle of Operation

As depicted in Figure 3-13, ejectors operate according to the jet principle. At the nozzle, the
pressure head of the driving force is converted into a high velocity stream. The passage of the
high velocity stream through the suction chamber creates a decreased pressure (vacuum). thus
drawing air into the chamber itself. The incoming air is mixed with the high velocity driving -
force mixture and can be ejected against moderate pressure through the diffuser.

Suwction chamber

Drriving
foice

driving foroe

Airin

Figure 3-13. Ejector operation.

Driving Forces

The pressurized fluid that is converted into a high velocity jet streamAn an ejector may be of
several types. Some examples of fluids used are water, steam, compressed air or CQ,, and other
gases such as freon.

Sampling Use of Ejectors

Using ejectors as samplers. air moved is adequate for lower sampling rates. The sampling rates
vary from a few liters per minute up to several cubic feet per minute. The flow rate through an
ejector can be regulated to some extent by adjusting the nozzle opening. A limitation to the use
of ejectors Is that the pressurized driving force may have a time limit on its available
effectiveness (1.e.. if pressurized gas cylinder is used. 1t may last only for a limited amount of
time).



Liquid Displacers

Ailr'movers that operate according to the principle of liquid displacement incorporate two
sampling train components into one entity. In this case. the liquid displacement unit serves as the
sample collection device and the air mover together. or it may provide the air moving capability
for a second device which may act as the sample collection device.

Principle of Operation

Gravity flow of liquid from a container creates a vacuum within the container. thus drawing air
into the container to fill the displaced volume (see Figure 3-14).
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Figure 3-14. Liquid displacement.

Sampling by Use of Liquid Displacement

Liquid displacement 1s usually used only for grab sampling. The sample volume capacity is
limited to the size of the liquid container. Some examples of liquids used are water. mercury
(Hg). and organic solvents.
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Air Displacers

AlIr displacement operates by the simple displacement of atr or creation of a vacuum in a closed
container.

Evacuated Flask

Principle of Operation

_A flask is evacuated by a vacuum pump to a very low pressure that must be determined. The
~flask 1s sealed and transported to the sampling location. When a valve is opened on the flask. the
surrounding air moves into the flask because of the pressure differential. On closing the valve.

the sample i1s confined for subsequent analysis.

Sampling by Use of Evacuated Flasks

Evacuated flasks are usually used only for grab sampling: consequently. only relatively small
sample volumes can be collected. Careful consideration should also be given to the possibility of
flask "implosion" when glass containers are used. and appropriate protective means should be
undertaken.

- Plastic Bag

Air moving by use of a plastic bag is another exafnple of an air displacer.

Principle of Operation

A plastic bag is either mounted within a rigid, airtight outer container and filled by creating a
slight vacuum in the space around the bag, or, if there 1s no rigid outside container, air is pumped
directly into the plastic bag. o

Sampling by Use of Plastic Bags
Plastic bags are usually used only for grab sampling; consequently, only relatively small sample
volumes can be collected.

Flow Rate Control

Control by Diversion

The principle of flow diversion is simply that the air moved by the air mover is not all passed
through the sample collection device. As depicted in Figure 3-15. a "bieed" valve control in the
sampling train allows the variation of the actual flow through the sample collection device. The
position of the fiow measuring device is such that it measures only the flow passing through the
sample collection device.
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Figure 3-15. Flow rate control by diversion.

Resistance Control

In most air-moving devices. the flow rate decreases as the resistance it must overcome Increases.
Examples of this are depicted in Figures 3-9 and 3-10, which show sample characteristic curves
for several pumps. The flow rate of the air mover can, therefore. be regulated by controlling the
resistance it must overcome. A common method of control is to partially close a valve in the
intake line, thus creating a greater resistance. Reproducible flow control can be accomplished by
using needle valves with resettable marking.

Driving Force Control

It may be possible to control the air mover driving force, thereby controlling the rate of air flow.
Adjustment of the nozzle opening on an ejector can be considered as a driving force control
because 1t affects the velocity of the pressunzed gas stream. The velocity of the gas stream, in
turn, affects the suction pressure.

Another example of driving force control is electric motor speed regulation. This can be
accomplished on some pump motors by use of a variable transformer, which controls the amount
of power sent to the motor. These variable transformers are known by several names, such as
variacs and powerstats.

Flow Rate for Sampling

Afier a particular flow rate has been selected for sampling, and after it has been set for the
sampling train. it is usually necessary to maintain the flow at exactly that rate.

Need for Control

A variation of the desired flow rate can be caused by a variation in the air mover driving force or
a variation in the resistance to air flow. The resistance to air flow is equivalent to the head the
pump must overcome, (suction head). Some sampling conditions affecting flow variation have



been mentioned above. Flow variation during sampling may affect more than the determination
of the volume of air sampled; it may also affect the performance of the sample collection device.
For example, the absorption rate of a bubbier may be altered by a variation of the flow rate
through it.

Control Mechanisms

Many flow rate control mechanisms operate by keeping at a constant value the effective
Tesistance that the pump must overcome. In other words. as depicted in Figure 3-16. the pressure
drop (Ap) from the environment being sampled to the pump ntake is held constant.
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Figure 3-16. Flow rate control mechanism.

Sources of pressure drop in a system of this type include:

« the pressure drop across the sample collection device (Ap,),
« the pressure drop across the flow measuring device (Ap,),

« the pressure drop across the flow regulator (Ap,), and

» the pressure drop due to friction in connecting lines (Ap,}.

Friction losses and flow measuring losses are usually considered as being constant.

-~

The resulting relationship can be shown in Equations 3-1, 3-2. 3-3, 3-4.

(Eq. 3-1) Ap = Ap, + Ap, +Ap; + ZAp,
(Eg. 3-2) Ap. + ZAp, = constant

+{Eq. 3-3) Ap - Ap, -ZAp, = Ap adjusted
(Eq. 3-4) Ap adjusted = Ap, + Ap;

Initially in the sample collection. the sample collection device resistance (Ap,) 1s low:
therefore. the regulator would have to offer a higher resistance (Ap;). As sampling proceeds. the
sample collector resistance (Ap,} increases. thus automatically lowering the flow regulator



resistance (Ap,) and keeping Apadj at a constant value. The regulator resistance control may be
actuated by several mechanisms. usually a pressure drop directly related to time rate.

Another type of control mechanism accomplishes control by varying the pump motor speed.
As the pressure drop across the sample collection device increases. a switching arrangement
increases the pump motor speed - thus drawing a constant air flow.

Summary

The air mover in a sampling train is certainly an important component. There are many factors
for consideration involved in the selection of an air mover. Air movers can be classified
according to their principle of operation: pumps. ejectors, liquid displacement, and evacuated
flasks being some of the categories. There also may be further subdivisions of the general
categories of air movers. In many instances. the ability to change the flow rate of the air mover
and then to keep 1t constant at that rate is important.

Air Measuring Instruments

Introduction

The accuracy and precision of a given method for the determination of the concentration of an air
pollutant are based on two factors:

« the accuracy and precision of the sampling method, and

» the accuracy and precision of the analytical method.

Examine the following term:

(Eq. 3-5) HE ( Mass of Pollutant )

M* \ Volume of air sampled

You can see that the "ug" (mass of pollutant) term is a result of the analytical process, while
the "M3" (volume of air sampled) term 1s a result of the sampling process. Not only is the mass
of pollutant important in the final calculation of g/M3, but the volume of air sampled is also
important. We will concentrate in this section on the measurement of the volume of air sampled.

The accuracy and precision of the sampling method depend on these factors:
the environmental conditions during sampling,
the collection efficiency of the sampling method.
the accuracy and precision of the flow rate measurement. and

« anyv interferences.

The determination of the volume of air sampled. ', generally involves a measurement of
flow rate. 0. and sampling time. 1.

(Eq. 3-6) J'=Qxt



The flow rate during atmospheric sampling can be measured by a variety of air measuring
devices. These devices and their calibrations wiil be discussed in this chapter.

Types of Air Measuring Devices

Air measuring devices can be broadly classified into three categories:

« volume meters,

» rate meters, and

« velocity meters.

Volume meters measure the total volume. I of gas passed through the meter over some

_specified time period. If the time period. 1. is measured with a timing device. flow rate can be
calculated by:
I

(Eq. 3-7) 0= N

Rate meters measure the time rate of flow through them. Flow rate is measured through
some property of the gas.

Felocity meters measure the linear velocity, &, of a gas in a duct. Volumetric flow rate can
then be calculated by measuring the cross-sectional area, 4. of the duct through which the gas 1s
flowing. by: :

(Eq. 3-8) Q=Axu

Calibration

Air that is to be sampled often is moved at a known rate over a known time period. The
determinative process used to establish this known flow rate and known time period is a form of
calibration. Remember that ¥= Q x 1, or that volume sampled, V, is the product of flow rate, O
and time 7. The calibration process applied to both the flow rate and time allows the accurate
determination of volume.
The frequency with which calibration occurs depends on a number of conditions. Some of
these are:
« instrument use—What are the conditions under which the instrument is used?
« instrument users—How many different people use the instrument? What are the
qualifications of the people?
« instrument characteristics—How often does the instrument require calibration under
controlled laboratory conditions? How sensitive is the instrument?
The basic equipment required for calibrating air flow measuring instruments includes a
standard meter. an air mover. and often a source of constant power.
Standard meters are of two types:
» primary standards.
» secondary standards.
Primary standard meters are those whose volumes can be determined by measurement of
internal physical dimensions alone. The measured internal dimensions are regular. and accuracies



better than + 0.30% can be achieved. Secondary standards are those calibrated against primary or
intermediate standards under known conditions of gas type, temperature. and pressure.
Accuracies less than 5% are achievable,

Volume Meters

Volume meters measure the volume of gas passing through the meter. When coupled with a
timing device (like a calibrated stopwatch). flow rate (volume/time) can be calculated. There are
seven volume meters commonly used in air sampling and analysis.

The Spirometer (or "Bell Prover")—Primary Standard

The spirometer consists of a cvlinder of known volume. closed at one end. with the open end
submerged in a circular tank of fluid (Figure 3-17). The cvlinder can be opened or closed to the
atmosphere by a valve. As the cvlinder is lowered into the water. the water displaces the air and
causes It 1o be discharged from the cylinder. the rate of discharge can be regulated.
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Figure 3-17. Spirometer.

The volume of the cylinder is determined from its dimensions. A counterweight and cvcloid
counterpoise allow pressure differentials across the spirometer as fow as 0.02 inches of water
(Figure 3-18).
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Figure 3-18. Orthographic and cross-sectional views of a 5-ft’ spirometer.

The volume of air passed through a spirometer is given by the following formula:

(Eq. 3-9) y =Tk
_ 4
Where: V= volume of air passed through spirometer

m=a constant = 3.14
d = diameter of bell
h = vertical displacement of bell

The fluid in the spirometer should be at the same temperature as the room. This is to ensure
that the fluid and the air will be in thermal equilibrium and thereby minimize spirometer fluid
evaporating into the air. This thermal equilibrium also simplifies volume corrections since
temperature is constant during the calibration procedure. This is true for water, but some
spirometers use oil. The real importance of thermal equilibrium is that the air displaced from the
bell must be at the same temperature as the room for volume calculations. The pressure inside the
bell is also brought into equilibrium with room conditions.

Once the volume of air is determined using room conditions a conversion to standard
conditions must be made to determine the true volume of air that has passed through the
spirometer. This conversion to standard conditions is made using the following formula (see
Equation 2-7):

Loy P 298K
(Eq. 3-10) . T\ 760mmHe | T,

Lt
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Where: = volume of gas at 2nd conditions or ar P-and T,. 1

hoad
ot
Il

a volume of gas ar 15! conditions of P, and T . |
initial temperature of gas, K

, = final temperature of gas. in this case = 298 K
P, = initial pressure of gas. mm Hg
P, = final pressure of gas, in this case = 760 mm Hg

N
i

The spirometer is calibrated by the manufacturer against a National Bureau of Standards
(NBS) "cubic-foot" bottle. If an owner suspects that his spirometer is in error, he can check the
calibration with an NBS-certified "cubic-foot™ bottle or by a "strapping” procedure.

The "strapping” procedure involves the measurement of the dimensions of the bell with a
steel tape and subsequent calculation of the volume. Experienced personnel routinely obtain
accuracies of = 0.2% when calibrating a spirometer by the "strapping” procedure. Nelson (1972)
gives a very detailed procedure for performing the "strapping” procedure. Manufacturers of
spirometers include example caiculations in the literature accompanying their instruments.

Flow rates can be measured by timing the volume of air passing to or from the spirometer
and determining the rate of flow. The spirometer is simple. inexpensive, dependable and is used
almost solely as a primary standard for calibration of other types of flow- and volume-measuring
devices. Because the spirometer can be produced in large sizes. it has typically been used to
calibrate Roots meters, which are positive displacement meters.

Displacement Bottle Technique-Primary Standard

The displacement bottle consists of a bottle filled with water (or some other liquid) and a tube
through which air can enter the bottle (Figure 3-19). As the liquid in the bottle 15 drained or
siphoned out, air is drawn in to take the place of the volume of liquid lost. The volume of gas

2-liter Class A



sampled is equal to the volume of liquid displaced.
Figure 3-19. Displacement bottle technique.

The fluid in the displacement bottle should be in thermal equilibrium with the room
temperature. This equilibrium will ensure no liquid evaporation from the bottle water to the air.
and simplify volume corrections for 7 and P. The volume of displaced liquid can be measured
with a graduated cylinder or Class A volumetric flask. depending on how accurately the volume
needs to be measured. Accuracy can range from 1 to 5%. depending on what measuring device is
used.

Again. once the volume of air has been determined at room conditions. it should be
tonverted to the volume at standard conditions. This conversion uses the relationship previously

-stated 1n Equation 3-10.

Frictionless Pistons-Primary Standards

The soap-bubble meter and the mercury-sealed piston are two frictionless pistons that will be
discussed in this section. Accurate and convenient measurement of flows between | and 1000
mL/min can be made with a soap-bubble meter. Mercury-sealed pistons are available that can
accurately measure flows from 100 cm’/min to 24,000 cm’/min.

Moving-bubble Meter

A bubble meter consists simply of a cylindrical glass tube with graduated markings, usually in
milliliters. Inverted burets are often used as soap-bubble meters (Figure 3-20); however, burets
cannot be used with anything other than a vacuum source. Simple bubble meters (Figure 3-21)
can be purchased, although lhe basic design can be made conveniently by a competent glass
blower.
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Figure 3-20. Moving-bubble meter.
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| Figure 3-21. Moving bubble meters. (a) ene with bubble breaker and capability of
handling vacuum at (2) or pressure at (1); (b) one capable of handling only pressure at (3).

The moving-bubble meter is one of the simplest of primary standards. The inside walls of
the tube are wetted with a soap solution. A bubble is formed by touching the tip of the buret to
the soap solution. as in Figure 3-20, or by squeezing the rubber bulb unti! the soap solution 15
raised above the gas iniet (Figure 3-21). '

Either a vacuum at the top or slight positive pressure at the bottom of the tube moves the
bubble (a frictionless piston) up the tube. By timing this movement and noting the volume
traversed by the bubble over the measured time span, volumetric flow rate can be calculated.



The volume measured by a moving bubble meter must be corrected for two conditions. First.
if the room temperature and pressure are different from standard atmospheric conditions. the
volume must be corrected by the relationship previousty stated (Equation 3-10):

(Eg. 3-11) T P, 298K ‘
o 760mmHg | T,
Where. V., = volume of gas at 2 conditions or ar P, and T, |

I, = a volume of gas at 15! conditions of P, and T, {
T, = initial temperature of gas. K

T. = final temperature of gas. in this case = 298 K
P, = initial pressure of gas. mm Hg

P. = final pressure of gas. in this case = 760 mm Hg

Second. the measured volume can be slightly larger than the volume because water from the
bubble evaporates into the gas behind the bubble. If the gas behind the bubble has a relatve
humidity greater than 50%, the error is small. If the gas is dry. the error can be large and must be
corrected by the following formula:

(Eq. 3-12) v oo (P_-{]
[ meas Ph
Where: Ve = corrected volume
Vineas = measured volume
Pp = armospheric pressure, mm Hg
Py = vapor pressure of water at the room temperature, mm Hg.

Note that P, and P, must have the same units.

Table 3-1. Vapor pressure table.

TEMPERATURE (C°) VAPOR PRESSURE
(TORR)
15°C 12.8
16°C 13.6
17°C 14.5
18°C 15.5
19° C 16.5
20° C 17.6
21°C 18.7
220 ¢ 19.8
230 C 21.1
24°C 224
25°C 23.8
26° C 252
27°C 26.8
28°C 28.4
29° C 30.1
30°C 31.9




Moving-bubble meters can be calibrated by measuring the dimensions of the tube; however.
poor control on glass dimensions in manufacturing make this inaccurate. The bubble meter is
usually calibrated by filling the tube with a liquid (water or mercury for example). then draining
the hiquid from the top graduation to the bottom graduation. The volume or weight of the
collected liquid can be measured. With proper corrections for temperature. this calibration is
accurate. The moving-bubble meter should only be used to measure volumes between
graduations that have been calibrated.

The bubble meter is used almost exclusively in laboratory situations for calibration of other
alr-measuring instruments. In average laboratory conditions, the moving-bubble meter is accurate
10 about * 1%. depending on how accurately it is calibrated. Accuracy decreases for flows below
1 mL/min and above 1 L/min mainly because of gas permeation through the bubble. A detailed
description of the calibration and use of bubble meters has been published by Levy {1964).
Increased accuracies have been reported for bubble meters fitted with automatic sensing devices
that start and stop a timer.

Mercury-sealed Piston

[f a bubble meter is unsuitable, an electronically actuated mercury-sealed piston may meet the
need. Although the mercury-sealed piston is expensive, its accuracy { + 0.2% for time intervals
greater than 30 seconds) and simple operation make it an extremely useful tool.

The mercury-sealed piston consists of a precision-bored. borosilicate glass cylinder with a
close-fitting polyvinyl chloride piston (Figure 3-22). The piston and cylinder wall are sealed with
a ring of mercury that stays in place because of its high viscosity and the closeness of the fit
between the cylinder and piston. Gas entering the solenoid valve is vented until the measurement
cycle is actuated. When the measurement cycle is started, the solenoid valve closes the vent,
allowing gas to enter the cylinder.
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Figure 3-22. Mercury-sealed piston volume meter.



A timer is started and stopped as the mercury seal passes the lower and upper proximity
coils (metal detectors). The volume displaced can be set by adjusting the upper proximity coil.
The volume is corrected to standard conditions using the pressure drop across the piston (usually
< 3 inches of water). The measured time and the corrected volume can be used to calculate
volumetric flow. The system shown in Figure 3-23 has a reported accuracy of + 0.2%.

Calibration of the mercurv-sealed piston volume meter is usually performed by the
manufacturer. The borosilicate glass cylinder is bored to a precise diameter. The inside diameter
is air-gauged at least every inch to check for consistency. Before the instrument 1s sent out it 1s
compared to a standard-mercury-sealed piston volume meter that is traceable to NBS. If a multi-
cylinder unit is purchased. then the cylinders must be aligned. One cylinder is chosen to be
correct and all others are aligned with the set screw located on top of the piston (Figure 3-24),
which changes the displaced voiume slightly.

The mercury seal can be broken by erratic movement of the instrument. For this reason the
mercury-sealed piston instrument is used as a primary standard in laboratory settings. Mercury-
sealed piston volume meters are available for accurate flow measurement over a wide range
(100 cm/min to 24.000 cm’/min).
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Contrcl
panel

Figure 3-23. Calibrator console, front view (Brooks model 1051). (Courtesy Brooks
Instrument Division, Emerson Electric Co.)
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Figure 3-24. PVC piston for mercury-sealed piston volume meter.

~ Wet Test Meter (WTM) - Secondary Standard

The wet test meter consists of a series of inverted buckets or traps mounted radially around a
shaft and partially immersed in water (Figure 3-25a). The location of the entry and exit gas ports
is such that the entering gas fills a bucket, displacing the water and causing the shaft to rotate due
to the lifting action of the bucket full of air. The entrapped air is released at the upper portion of

- the rotation and the bucket again fills with water. In turning, the drum rotates index pointers that
register the volume of gas passed through the meter (Figure 3-25b).

After the meter is leveled, the proper water level is achieved by using the filling funnel, fill
cock, and drain cock (Figure 3-25c¢) to bring the meniscus of the water in touch with the tip of the
calibration index point. The calibration gas should be passed through the meter for one hour to
saturate the water with the gas. The water in the meter should be at the same temperature as the
surrounding atmosphere. If any water is added, sufficient time must be allowed for complete
equilibration. '
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Figure 3-25. Wet test meter.
Once the water level is set and the meter is equilibrated, the wet test meter is ready for

calibration (or use if it is already calibrated). An accurate calibration of a wet test meter can be
done with a spirometer (Figure 3-26). -
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Figure 3-26. Setup for calibrating a wet test meter against a spirometer.



The wet test meter can also be calibrated against a mercury-sealed piston. as shown in Figure
‘!_’,7
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Figure 3-27. Calibration of a wet test meter against a mercury-sealed piston,

Enough gas is drawn through either system (Figure 3-26 or 3-27) to turn the wet test meter at
least three revolutions and to significantly move the spirometer drum or piston. The
measurement is made several times. Atmospheric pressure and temperature, and the temperature
and pressure differential for both the wet test meter and calibrating device, are needed to correct
the volume to standard conditions (taking pressure differentials into consideration). Since both
the calibration device and the wet test meter are measuring a dry gas stream, a significant error is
introduced if the measured volume is not corrected to dry conditions. This correction is the same
as for the soap-bubble meter correction: :

(Eq. 3-13) ooy | Boh
< meas Ph
Where: I'c = corrected volume
Vmeas = measured volume
Pp = atmospheric pressure. mm Hg

Py = vapor pressure of water at the room temperature. mm Hg.



A simple calibration check can be performed using a displacement bottle. as shown in Figure
3-28. After all the water is thermally equilibrated. the wet test meter is properly set up. the drain
tube of the displacement bottle is filled. and the pinch clamp is opened. allowing two liters of
water to drain into a 2-liter Class A volumetric flask. The corresponding wet test meter readings
are taken. This is repeated several times (usually four).

D eplacement
otk

Z-lter Class A
volumetric lask

Figure 3-28. Calibration of wet test meter with displacement bottle.

The calibration data can be used to:

Option 1: Draw a multipoint calibration curve for flow for Figures 3-26 and 3-27 setups.

Option 2: Adjust the calibration index point so that the meter volume 1s correct.

Option 3: Calculate a correction factor for the wet test meter.

Wet test meters should check within = 0.5 % if option 2 is used.

All volumes measured by a wet test meter should be corrected to standard conditions by
Equation 3-10.

Wet test meters are used as transfer standards because of their high accuracy (less than
+ 1%). Because of their bulk. weight. and equilibration requirements. they are seldom used
outside a laboratory setting. Wet test meters are useful for laboratories that need an accurate
standard vet do not have the funds or space for a spirometer or mercury-sealed piston. Wet test
meters can be used to measure flow rates up to 3 rev/min. at which point the meter begins to act
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as a limiting orifice and obstructs the flow. Typical ranges of wet test meters are 1. 3, and 10
Lirev.
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Roots Meter—Secondary Standard

The Roots meter is a positive displacement. rotary-type meter for measuring volume flow. It is
suitable for handling most types of clean. common gases. It is not suitable for handling hquids.
and its operation can be impeded by excessive particulate matter carried in the gas stream.

Roots meters consist basically of two oppositely rotating impellers of two-lobe or “figure 8~
contour, operating within a rigid casing (Figure 3-29). The casing is arranged with inlet and
outlet gas connections on opposite sides. Impeller contours are mathematically developed and
accurately produced. and are of such form that a continuous seal without contact can be
maintained between the impellers at all positions during rotation. To accomplish this. the correct
relative impeller positions are established and maintained by precision-grade timing gears.
Similar seals exist between the tips of the impeller lobes and the two semicircular parts of the
meter casing. As a result of this design. the gas inlet side of the meter is always effectively
isolated from the gas at the outlet side of the impellers. Consequently. the impellers can be
caused to rotate bv a verv small pressure drop across the meter.

The rotation of the impellers is in the direction indicated in Figure 3-29, and as each impeller
reaches a vertical portion (twice in each revolution). it traps a known specific volume of gas
between itself and the adjacent semicircular portion of the meter casing at A and B (Figure 3-29,
Position 2). Thus, in one complete revolution. the meter will measure and pass four similar gas
volumes, and this total volume is the displacement of the meter per revolution.

The displacement of volume of the Roots meter is precisely determined by the manufacturer.
both by calculation and by testing it using a known volume of air or other gas. Roots meters are
usually calibrated against large spirometers prior to shipment. Users do not usually have a way to
calibrate Roots meters and must depend on the supplied calibration data. Volumetric accuracy of
the Roots meter is permanent and nonadjustable (except for linkage adjustment), because its
measuring characteristics are established by the dimensions and machined contours of
nonwearing fixed and rotating parts.
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Figure 3-29. Principle of gas flow through the Roots meter.



The revolutions of the impellers are indexed with the meter reading calibrated in a volume
unit (i.e.. ft’ or m’). Units are sold that have temperature compensation devices. but corrections to
standard temperature and pressure conditions are easily made with the previous!y mentioned
formula given in Equation 3-10 (pressure drop across the Roots meters should be taken into
consideration).

(Eg. 3-14) K, =T, A 298K
i 760 mm Hg T,

Where: I, = volume of gas at 2" conditions or ar P, and T,. [

I

a volume of gas at 15! conditions of P, and T . [
= initial temperature of gas. K

final temperature of gas. in this case = 298 K
initial pressure of gas. mm Hg

= final pressure of gas, in this case = 760 mm Hg

If

F
T,
TJ
Pl
P,

The symbol P,. in this instance, is the atmospheric room pressure (P,. in mm Hg) minus the
pressure drop across the Roots meter Ap, in mm Hg.

(Eq. 3-15) P,=P,-Ap "

The metering unit is magnetically coupled to the impellers. The entire counting unit s
enclosed in a plastic cover. The cover also holds an oil that lubricates the metering device. The
proper oil level is set by the inscribed oil level lines on the ends of the plastic covers. The user of
a Roots meter must be careful not to severely tilt the meter when oil is in the plastic cover. as this
can force oil into the impeller casing. If the oil gets into the impeller casing. flushing with
kerosene can remove the oil.

Although Roots meters are widely used in industrial applications. they have been used
almost exclusively as the standard for high-volume sampler flow rate in atmospheric sampling
applications.

Dry Test Meter—Secondary Standard

Dry test meters are an improvement over the more common dry gas meters (Figure 3-30). Dry
gas meters (a secondary standard) are most commonly used in residential and industrial settings
io measure gas flow (e.g., natural gas). The dry rest meter (a secondary standard) works on the
same principle as the dry gas meter (a secondary standard), but a different indexing method
(read-out) makes 1t more accurate (usually * 1 to 2% when new). The dry test meter shown in
Figure 3-31 shows the new read-out mechanism.



Figure 3-30. Dry gas meter.
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The interior of the dry test meter contains two or more movable partitions. or diaphragms.
attached to the case by a flexible material so that each partition may have a reciprocating motion
(Figure 3-32). The gas flow alternately inflates and deflates each bellows chamber.
simultaneous!y actuating a set of slide valves that shunt the incoming flow at the end of each
stroke. The inflation of the successive chambers also actuates. through a crank. a set of dials that
register the volume of gas passed through the meter.

Goe —fm
Eiding
) ) valves 1is now .
1 is emptying. 2 : :ull smey
2 is filling. Bellons 3 fillirg, and
‘ i fillirg, a
3is empty. and Chambers 4 is emptying.

4 hae just filled.
Czse

1 iz filiing. . .

2 is emptying. 1 ie nowcompietely filled.
3 hae filled, and 2is errpty_'

4 has emptied. 3is emptying. and

4 is filling.

Figure 3-32. Working mechanism of dry test meter.

The dry test meter is calibrated against a spirometer, mercury-sealed piston, or displacement
bottle similar to the wet test meter. One big advantage of the dry test meter over the wet test
meter is that no correction for water vapor is needed. If the dry test meter is off calibration by
more than 2%, it can be corrected by adjustment of the meter linkage. If linkage adjustment
cannot correct the problem, then the dry test meter must be returned to the manufacturer for
Tepailrs.

Dry test meters are used in the field as well as 1n laboratory calibrations. Since the dry test
meter does not contain water. it is lighter and easier to use than the wet test meter. Also, the drv
test meter is more rugged than the wet test meter. Accuracy of the dry test meter does. however.
worsen with age. '

Rate Meters

Rate meters measure. indirectly. the time rate of the fluid flow through them. Their response
depends on some property of the fluid related to the time rate of the flow.



Variable-Pressure Meters—Head Meters

Head meters are those in which the stream of fluid creates a significant pressure difference that
can be measured and correlated with the time rate of flow. The pressure difference is produced
by a constriction in the stream of flow causing local increase in velocity.

Orifice Meter— Noncritical— Secondary Standard

An orifice meter can consist of a thin plate having one circular hole coaxial with the pipe into

which it s inserted (Figure 3-33). Two pressure taps, one upstream and one downstream of the
_orifice, serve as a means of measuring the pressure drop. which can be correlated to the time rate
-of flow. Watch jewels, small bore tubing, and specially manufactured plates or tubes with small

holes have been used as orifice meters. The pressure drop across the orifice can be measured with
4 manometer, magnehelic. or pressure gauge.

AlT L

LT e et g et |

[ i g d g Sy sage ke i

Q3% in Gas out

Pressure taps

Figure 3-33. Orifice meter.

Flow rates for an orifice meter can be calculated using Poiseuille’s Law; however, this 1s not
done for practical use. Instead, the orifice meter is usually calibrated with either a wet or dry test
meter. or a soap-bubble meter. A typical calibration curve is shown in Figure 3-34.
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Figure 3-34. Typical orifice meter calibration curve.

Calibration curves for orifice meters are nonlinear in the upper and lower flow rate regions
and are usually linear in the middle flow rate region.

Orifice meters can be made by laboratories with a minimum of equipment. They are used in
many sampling trains to control the flow. Care must be exercised to avoid plugging the orifice
with particles. A filter placed upstream of the orifice can eliminate this problem. Orifice meters
have long been used to measure and control flows from a few mL/min to 50 L/min.

Orifice Meter—Critical—Secondary Standard

If the pressure drop across the orifice (Figure 3-33) is increased until the downstream pressure is
equal to approximately 0.53 times the upstream pressure (for air and some other gases). the
velocity of the gas in the constriction will become acoustic. or sonic. Orifices used in this manner
are called critical orifices. The constant 0.33 is purely a theoretical value and may vary. Any
further decrease in the downstream or increase in the upstream pressure will not affect the rate of
flow. As long as the 0.33 pressure relationship exists. the flow rate remains constant for a given
upstream pressure and temperature, regardless of the value of the pressure drop (Figure 3-34).
The probable error of an orifice meter is in the neighborhood of 2%.

Only one calibration point is needed for a critical orifice. The critical flow is usually
measured with a moving-bubble meter, or a wet or dry test meter. Corrections for temperature
and pressure differences in calibration and use are made with the following formula:

%
P xT,

(Eq. 3-16) 0, Q{Pz - TIJ
Where: @ =flow

P = pressure

T =temperature in K
1 = initial conditions
2 = final conditions

The same formula can be used to correct orifice meter flows to standard conditions by
substituting P, = 760 mm Hg and T, = 298 K. Note the square root function of 7" and P. Any time
that rate meters are corrected for T and P, this square root function is needed

Critical orifices are used in the same types of situations as noncritical orifices. Care must
also be taken not to plug the orifice.

Venturi Meter- Secondary Standard

The venturi meter consists of a short cvlindrical inlet. an entrance cone. a short cylindrical throat.
and finally a diffuser cone (Figure 3-33). Two pressure taps. one in the cylindrical inlet and one
in the throat. serve to measure the pressure drop. There is no abrupt change of cross section as
with an orifice; thus the flow is guided both upstream and downstream, eliminating turbulence
and reducing energy losses. Venturi meters are. of course. more difficult to fabricate. The
probable error of a venturi is 1%.
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Figure 3-35. Venturi meter.

The venturi meter is calibrated in the same manner as the orifice meter. The calibration
curve generated plots pressure drop across the venturi versus flow rates determined by the
standard meter.

Variable-Area Meters

The variable area meter differs from the fixed orifice; the pressure drop across it remains
constant while the cross-sectional area of the constriction (annulus) changes with the rate of flow.
A rotameter is an example of a variable area meter.

The Rotameter—Secondary Standard

The rotameter consists of a vertically graduated glass tube, slightly tapered in bore with the
diameter decreasing from top to bottom, containing a float of the appropriate material and shape
(Figure 3-36). The fluid to be measured passes upward through the conical tube, which is
nserted in the flow circuit.

Bection A A

Annulys Float

Secton B B
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Figure 3-36. Rotameter.

A specially shaped float, with a diameter slightly greater than the minimum bore of the
conical tube. is carried upward by the passage of the fluid until it reaches a position in the tube
where its weight is balanced by the upward forces due to the fluid flowing past it. A variable ring
or annulus 1s created between the outer diameter of the float and the inner wall of the tube. As the
float moves upward in the tube. the area of the annulus increases. The float will continue to move
upward until a pressure drop across the float. which is unique for each rotameter. is reached. This
pressure drop across the float is constant regardless of the flow rate. A measure of the flow is
noted by the float position on a vertical scale compared with a calibration chart.

The flow rate through a rotameter can be calculated from the tube diameters. float
dimensions. float composition. and gas characteristics; this is not commonly done for calibration
purposes. A detailed development of the flow equations for rotameters is contained in the
appendix of this manual. Manufacturers generally provide accurate calibration curves for
rotameters; it is advisable. however. to calibrate a rotameter under its operating conditions.

Most rotameters are used and calibrated at room temperature with the downstream side at
atmospheric pressure. Corrections for pressure and temperature variations can be made using the
previously mentioned formula:

1/
’ P xT, -
(Eq. 3-17) 0. =9, [ > T}]
Where: O = flow
P = pressure
T =temperature in K
! = initial conditions
2 = final conditions

If a gas 1s measured with a different deﬁsity from the calibration gas. the flow rate can be
corrected using the following formula:

q A
(Eq. 3-18) 0 = Qz(-i}

Where: Q] = flow rate with gas 1
Q> = flow rate with gas 2
g> = density of gas 2
g) = densiry of gas 1

Because corrections of this type are cumbersome and add inaccuracies, rotameters are
usually calibrated under normal operating conditions against a primary standard.

Rotameters are the most.-widelv used laboratory and field method for measuring gas or liquid
flow. Their ease of use makes them excellent for spot flow checks. Many atmospheric sampling
instruments use rotameters to indicate the sample flow rate. With proper calibration. the
rotameter’ s probabie error is 2 to 3%.
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Velocity Meters

Velocity meters measure the linear velocity or some property that is proportional to the velocity
of a gas. Several instruments exist for measuring the velocity of a gas: we will discuss only the

pitot tube and the mass flow meter. Volumetric flow information can be cbtained from velocity
data. if the cross-sectional area of the duct is known. using the following formula:

(Eq. 3-19) 0= Av

Where. Q = volumetric flow rate. m*/min

-

= average velocify, m/min
A = cross sectional area. m”

Pitot Tube-Primary Velocity Standard

The pitot tube is a simple pressure-sensing device used to measure the velocity of fluid flowing
in an open channel. The complexity of the underlying fluid-flow principles involved in a pitot
tube gas-velocity measurement is not apparent in the simple operation of this device. The pitot
tube should. however. be considered and treated as a sophisticated instrument.

The pitot tube actually measures the velocity pressure (Ap) of a gas stream. Gas streamlines
approaching a round object placed in a duct flow around the object except at point "P.." where
the gas stagnates and the stagnation pressure (P.) is found (Figure 3-37 and Figure 3-38a).

The static pressure in a gas stream is defined as the pressure that would be indicated by a
pressure gauge if it were moving along with the stream so as to be at rest, or relatively "static,”
with respect to the fluid. The static pressure can be measured as shown in Figure 3-38b.

The difference between the stagnation pressure (P.) and the static pressure (P,) is the
velocity pressure differential (Ap). This is shown in Figure 3-38c.
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Figure 3-37. Gas stagnation against an object.
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Figure 3-38. Pitot tube pressure components.

Bemoulli's Theorem relates pitot tube velocity pressure (Ap) to gas velocity in the following
equation:

Tap \%
(Eq. 3-20) v= K,,c,{ 5 j,j ]

Where. v = velocity of the gas stream. ft/sec
T = absolute temperature, R (°F+460)
P = absolute pressure, in. Hg
M = molecular weight of the gas, 1b/lb-mole

Ap = velocity pressure, in. H,O

(Ib/1b+ mole)(in. Hg)
(in. H,0)("R)
Cp = pitot tube coefficient. dimensionless.

K, =85.49 ﬁ/sec\/

Pitot tubes are used extensively in ventilation work to measure air flow in ducts. Literature
sources describe pitot tubes in detail. The standard and S-tvpe pitot tubes are the most commonly
used.



Standard Pitot Tube—Secondary Velocity Standard

The standard pitot tube (Figure 3-39) consists of two concentric tubes. The center tube measures
the stagnation or impact pressure. and the static pressure is measured by the holes located on the
side of the outer tube. The pitot tube must be placed in the flowing air stream so that it is parallel
with the streamliines. The velocity pressure differential (Ap) can be measured with a U-tube
manometer. inclined manometer. or any suitable pressure-sensing device. Only velocities greater
than 2500 ft/min can be measured with a U-tube manometer, but flows as low as 600 ft/min can
be measured with a carefully adjusted inclined manometer. Standard pitot tube velocity pressures
are typically 0.14 inches of water at 1500 fi/min and 0.56 inches of water at 3000 ft/min.
The standard pitot tube was first calibrated against an orifice melter using Bernoulli's

“Theorem. Repeated calibrations proved that different standard pitot tubes have the same
characteristic flow calibration. If the static pressure holes are six outer tube diameters from the
hemispherical tip and eight outer tube diameters from the bend (Figure 3-39). then the C, value
in the previously mentioned formula is 1.

4
(Eq. 3-21) v = K,,Cp(@)
PM
Where: v = velocity of the gas stream, ft/sec

. T = absolute temperature, R (°F+460)

= absolute pressure, in. Hg

molecular weight of the gas, 1b/lb-mele
= velocity pressure, in. H,0

SI
It

K, =85.49 fifsec (Ib/1b«mole)(in. Hg)
(in. H,0)CR)

Cp = pitot tube coefficient, dimensionless.

Standard pitot tubes can be used to measure linear velocity in almost any situation except in
particle-laden gas streams. The particulate matter will foul the carefully machined tip and
orifices. The velocity of gas streams with high particulate matter concentrations can be measured
better with an S-type pitot tube.
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Figure 3-39. Standard pitot tube.



S-type Pitot Tube-Secondary Velocity Standard

The S-type pitot tube consists of two identical tubes mounted back to back (Figure 3-40). The
sampling ends of the tubes are oval with the openings parallel to each other. In use. one oval
opening should point directly upstream. the other directly downstream. The tubes should be
made of stainless steel or quartz if they are used in high temperature gas streams. The alignments
shown in Figure 3-40 should be checked before use or calibration, as this may cause variations in
the calibration coefficient (Cp).

PJ. = PE-
1050 5= P51.050

Stainkss J

B steel tubing "\
b
Tubing f ] ______ __.(:__>,..__. -

Pipe coupling o

Figure 3-40. S-type pitot tube.

Calibration of the S-type pitot tube is performed by comparing it to a standard pitot tube.
Both the standard and S-type pitot tubes are placed alternately into a constant air flow. Pressure
readings are taken for the standard pitot tube and for leg A of the S-type tube. facing the direction
of flow. and leg B, facing the direction of the flow (Figure 3-40). The pitot tube coefficient (C,)
1s calculated using the following formula:

%
(Eq. 3-22) Cosr = Cp(.rrm(%%j
Where: Cpis) = S-Type Pitot tube coefficient
C(STD) = Standard pitot tube coefficient
ApsTD= velocity pressure of Standard pitor tube, in H,0
Aps = velocity pressure of S-Type pitot tube, in H,0

The average C, is calculated from several readings and should have a value of approximately
0.84. The C, for leg A and leg B should differ by less than 0.01. The C; value can then be used to
calculate velocity by the previously mentioned formula.

7
(Eg. 3-23) =K Cﬂ[@g\



Where: = velocity of the gas stream, f/sec
absolute temperature, R (°F+460)
= absolute pressure, in. Hg

= molecular weight of the gas. Ib/lb-mole

T o~
[

Ap = velociry pressure, in. H,0

(Ib/1b« mole)(in. Hg)
(in. H,0)(R)
C p = pitot tube coefficient. dimensionless.

Kp =85.49 ﬂ/secJ

The S-type pitot tube maintains calibration in abusive environments. The large sensing
orifices minirnize the chance of plugging with particulates. The S-tvpe pitot tube also gives a
high manometer reading for a given gas velocity pressure. which can be heipful at low gas
velocities. These feature make the S-type pitot tube the most frequently used instrument to
measure stack gas velocity.

Mass Flow Meter—Secondary Velocity Standard

Mass flow meters work on the principle that when a gas passes over a heated surface, heat is
transferred from this surface to the gas. The amount of current required to keep the surface at a
constant temperature is a measure of the velocity of the gas. Since the amount of heat transferred
-depends on the mass and velocity of the gas, these meters measure mass flow rate.

Atmospheric sampling applications of the mass flow meter are usuaily limited to the
measurement of volumetric flow. Since these devices measure mass flow directly. they should be
calibrated against a primary or secondary volumetric standard. The standard meter flow is
corrected to standard conditions and compared to the mass flow rate measured. No corrections
for temperature and pressure need to be made to the mass flow meter readings. Calibration must
be done with the same gas as will be measured in use, because different gases have different
thermal properties.

Mass flow meters are most often used for flow measurement or as calibration transfer
devices in the field and laboratory. Their insensitivity to temperature and pressure makes them a
useful tool for standard conditions measurement.

Summary

The calibration and use of flow measuring devices are basic to the measurement of air pollutants.
Most atmospheric measurements require the accurate knowledge of either the total volume of air
or the flow rate. Many devices exist to aid in the measurement of volume and flow rate. Three
types are most commonly used in atmospheric sampling—volume, rate. and velocity meters.
Standard devices exist at the primary and secondary levels.



Sample Problems

Problem 1. Volume Conversion to Standard Conditions

A volume of 20 m* was drawn from a spirometer at 20°C and 700 mm Hg. What was the
standard volume drawn?
T,
1. =T itk
VNG

Where: IS = volume at condition 2

I'y = volume at condition 1 =20 m’

P, = pressure ar condition 1 = 700 mm Hg

P, = pressure ar condition 2 = 760 mm Hg

T\ = temperature ai condition § = 20°C + 273 =293 K

T, = temperature at condition 2 = 25°C + 273 = 298K
v, =(20m3 700 mm Hg [2981()
i 760 mm Hg 1\ 293K

V,=18.7m’

Problem 2. Orifice Conversion When Used at Other Calibration Conditions

An orifice was calibrated at 21°C and 760 mm Hg. It is to be used to calibrate a sampler at
conditions of 25°C and 700 mm Hg. The flow at field conditions is 0.85 m*/min (30 CFM): (a)
What 1s the flow rate at calibration conditions? (b) What is the flow rate at standard conditions?

b
0.-0, {E]
i P] Tl
Where:

Parta Part b
O. = Flow 2 _ (cal condt.) _ (STD cond.)
0O, = Flow 1 0.85 m’/min U, inParta
P, = Press. 2 760 mm Hg 760 mm Hg
P, = Press. 1 700 mm Hg 760 mm Hg
T.=Temp. 2 21°+273° =204 K 208 K
Ty =Temp. 1 23°+273° =298 K 204 K



{a)

(bj

The flow rate at calibration conditions:

/

17
700 mm Hg x294 K } -
760 mm Hg x 298 K

0, =(0.85 m-“/min)(

O, =0.81m /min

The flow at standard conditions (using orifice data at calibration conditions and the flow
derived in part a):

_ol _Bx298K V-
=7 TN 760 mmHg » T,

%
0. = 0.8] 760 mm Hg x 298 K
i 760 mm Hg x 294 K

0 = 0.82 m*/min.

Problem 3. Conversion for Different Gas Used with a Rotameter

A rotameter was calibrated with air at 0°C and 760 mm Hg. The rotameter is now to be used to
add helium as a carrier gas at 0°C and 760 mm Hg. If the flow reading at point X on the
rotameter corresponded to 28.3 liters/min (1 ft'/min) when air is used, to what flow will point X
correspond when helium is used? (Density of helium = 0.1785 g/L; density of air = 1.2929 g/L.

Where:

%
q
Q: = Ql {‘L]
g

2
0. = flow with gas 2

O, =flow with gas 1 =28.3 L/min

g, =densiny of gas 1 =1.2929 g/L (air)

g. =densitv of gas 2 =0.1785 g/L rhelium)

L
297 /2
g o 1:2929 gL
0.1785 g/L
=28.3(7.2431)!"

a
—-—
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0, = 76.2 L/min.

L
]

A



Problem 4. Pump Capacity

Can a pump with the following capacity curve (Figure 3-41) be used 10 drive critical orifices that
have flow rates of (a) 50 cc/min and (b) 250 cc/min at criticality? (Hint: atmospheric pressure =
30 in. Hg.)

For an orifice to be critical.,
Pdourns[ream S 0.53 0[‘ S 0-53 (30) ()I’ S 16 in. Hg
Pdownstream = Pp + p-. therefore
P-=30-16= 14 in. Hg gauge vacuum.

At a gauge vacuumn of 14 in. Hg. the pump can pull approximately 130 to 140 cc/min.
Therefore. this pump could operate orifice (a) at 30 cc/min but not (b) at 230 ce/min.

P gau
gaugs Critca
orifice

urms Y
F‘w * “4— P upstream
s, -

(@moepheric pressure)

P dovwstream

, mVTin

140
100

Flrr..

l

0 10 14 20 0
Vacuum Gauge, inches Hg

Figure 3-41. Problem 4: Pump capacity.



‘Additional PM, < Flowmeters and Devices

Flow rate standards used for calibrating or verifving a PM, ; sampler’s flow rate measurement
device must have an accuracy of = 2%. This flow rate standard must be a separate. stand-alone
device designed to connect to the flow rate measurement adapter. The flow rate standard must
have its own certification and must be traceable to a NIST primary standard for volume or flow
rate.

- The following section includes the advantages and disadvantages of some of the various
types of flow rate standards that might be considered for PM, . sampler calibration.

Bubble Flowmeters

Although manually operated and timed bubble flowmeters are available. a semiautomatic
Instrument is easier 1o use and is likely to provide more uniform flow rate measurements.
Because the liquid used to form the bubbles is usually water-based, a water vapor correction may
be required to compensate for a volume increase due to evaporation of the water in the
instrument. Furthermore. the instrument cannot be used below 0°C because the soap solution will
freeze.

Piston Flowmeters

Automatic dry-piston flowmeters are relatively easy to use and are not subject to the water vapor
correction of the liquid freezing limitation of the bubble flowmeters. However, they may still be
subject to a lower operational temperature limit due to LCD readouts. Alternatively, hard-copy
printouts could be used to log results.

Mass Flowmeters

Although mass flowmeters may be considered as calibration standards, they have a number of
shortcomings in this application. They have a high pressure drop, which could change the
sampler flow rate or otherwise affect the operation of the sampler. Mass flowmeters also require
conversion of the measured mass flow rate to the actual volumetric flow rate for comparison to
the PM, . sampler displayed value. The flow rate measured by the sampler may also have to be
corrected to account for significant pressure drop introduced by the mass flowmeter itself.
Finally. mass flowmeters are subject to zero or span drift. particularly over the wide range of
temperatures encountered at field sites. so their accuracy should be reverified frequently over a
wide temperature range.



Orifice Devices

Orifice devices are simple and reliable, but they require corrections for temperature and pressure
and may have a significant pressure drop. They also require a very accurate and sensitive
differential pressure measurement device. such as a manometer of an aneroid differential
pressure gauge, whose accuracy must be reverified frequently. Electronic micromanometers are
convenient to use with an orifice device. Readings from electronic micromanometers should be
crosschecked against a water manometer prior to a round of sampler verifications or calibrations.

Laminar Flow Elements

Laminar flow elements generally have a lower pressure drop than orifice devices but otherwise
have the same requirements and disadvantages.

Wet Test Meters

Wet test meters are generally not practical for field use but may be used for laboratory
calibrations,

Dry Gas Meters

Dry gas meters may be considered for field calibration. Some meters may have a substantial
pressure drop. They should be checked for leaks and mechanical probiems and be recertified at
least annually. Dry gas meters may take a much longer period of time to use since instantaneous
and semi-instantaneous values are not available..
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Section A-3

Particulate Matter Sampling

Reading Assignment

Pages 4-1 through 4-102 of EPA 450/2-80-004 APTI Course 435 Atmospheric Sampling:
Student Manual.

Reading Assignment Topics

¢ Inertial Sampling Devices

¢ Filtration Sampling

e Filter Media

¢ Gravitational Sampling

*» Electrostatic and Thermal Precipitators
¢ High-Volume Samplir.g for TSP

» Reference Method for PM,

» Reference Method for PM; 5

e Continuous Sampling

Learning Goal and Objectives

Learning Goal

The purpose of this section is to familiarize you with the sampling of particulate matter.

‘ Learning Objectives
At the end of this section, you should be able to '

1. describe four principal particulate matter collection methods: gravity,
filtration, inertia, and precipitation.

identify common sources of error in the collection of particulate matter by
impactors.

3. describe the mechanism for size-fractioning particles using inertia.

define collection efficiency.

recognize factors that affect the inertia of particles and the collection
efficiency of an impactor.

6. recognize properties of collecting devices that affect the collection efficiency
of impactors.

o

ok
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7. describe the rationale for size-fractioning ambient particulate matter.

8. recall some of the advantages and disadvantages of cellulose, glass-fiber, and
membrane filters.

9. describe the components of a FRM particulate sampler.

10. describe the procedure used to calibrate a particulate matter flow measuring
device.

11. recognize the differences between bias, accuracy, and precision.

12. calculate the particulate matter concentration of a PM; 5 sample, given filter
weights, flow rate, and sampling time.

13. calculate the particulate matter concentration of a PMig sample given filter
weights, flow rate, and sampling time.

14. calculate the particulate matter concentration of a TSP sample, given filter
weights, flow rate, and sampling time.

15. identify and describe solutions for potential errors associated with particulate
matter measurement.

16. identify and describe solutions for potential errors associated w1th the lead
reference method.

17. calculate the total air volume sampled, given flow rate and sampling time.

Reading Guidance

Refer often to the equations and figures of the assigned reading material as
you progress through the assignment.

When you have finished the reading assignment, complete the review exerc1se
for Section A-3. It begins on the following page.

After you have answered the review exercise questions, check your answers.
The correct answers are listed on the page immediately following the review
exercise.

For any review exercise questions that you answered incorrectly, review the
page(s) of the reading assignment indicated on the answers page.

After you have reviewed your incorrect answers (if any), take Quiz 1. Follow
the directions listed in the Course Introduction section of this guidebook.
After compieting Quiz 1, proceed to Section A-4 of this guidebook.

A3-
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Review Exercise

Now that you've completed the assignment for Section A-3, please answer the following
questions. These will help you determine whether or not you are mastering the material.

1. True or False? The PM, fraction ranges from 0 to 10 pg, and the PM; s size fraction
ranges from O to 2.5 g in aerodynamic diameter.

a. True
b. False
2. Particles having diameters of approximately ‘or less are generally thought to be

inhaled in the lower respiratory system.

a. 100 pm
b. 50 pum
c. 75 um
d. 15 pum
3. Inertial collectors work on the principle that particles in a gas stream are dense

than the fluid (air) in which they are suspended.

more

less

neither more nor less
none of the above

an o

4. True or False? Impaction devices collect and retain particles of an air stream on a
surface.

a. True
b. False
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5. The Andersen impactor is an example of

a0 o

a two stage impactor.
a multi-stage impactor.
neither of the above
both of the above

6. How do impingement devices differ from impactors?

an o

The jet is immersed in a collecting fluid.

The striking surface is immersed in a collecting fluid.
both of the above

none of the above

7. True or False? Centrifugal separation is a variant form of the inertial collection
process which works by spinning the sampling chamber rapidly in a circular motion.

a.

b.

True
False

8. . Particle collection efficiency can be genéraliy defined as

d.

the percentage of the particles in an incident acrosol stream that is drawn
through the sampler. '

the percentage of particles present in any sampled aerosol stream.

the fraction of the particles in an incident aerosol stream that is retained on
the collection surface of the sampling device.

the amount of particulate matter that can be collected by a given sampler
in a given amount of time.

9. Which of the following inertial collecting device properties has the greatest effect on
collection efficiency?

B0 o

jet shape

jet to collection surface distance
filter type

collection surface size
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11.

12.

13.

14.

15.

. True or False? Large conglomerates {greater than 100 pg) and agglomerates are

readily shattered upon impaction.

a. True

b. False
True or False? Basic inertial sampling is the most widely used approach for the
collection of atrnospheric particulates.

a. True

b. False
True or False? Air filtration works primarily as a sieving process.

a. True

h. False

Which of the following is a parameter of filter collection efficiency?

percent diffusion
percent penetration
percent impaction
percent filtration

a0 o

Which of the following ts NOT a type of particulate matter filter paper?

a. glass fiber
b. membrane
c. cellulose fiber
d. graphite fiber
True or False? Cellulose fiber filters are very effective at high operating temperatures.
a. True
b. False



16.

17.

18.

19.

20.

21.

Glass fiber filters are typified by and are

a. high collection efficiency / hygroscopic
b. the ability to withstand high temperatures / hygroscopic
c. low collection efficiency / nonhygroscopic
d. high collection efficiency / nonhygroscopic
Gravitational sampling refers to the which reaches the ground over a stated

period of time.

a. amount of precipitation

b. percentage of particulate matter
c. particulate haze

d. none of the above

Which of the following is an advantage of electrostatic precipitators?

a. The sampling rate is unaffected by air volume.
b. The sampling rate is unaffected by mass loading.
c. The sampling rate is unaffected by temperature.
d. all of the above

Thermal precipitators have

a. alow sampling velocity which prevents particle shattering.
b. a high collection efficiency.

c. both aand b, above
d. none of the above

True or False? The TSP reference method is the official sampling method for
obtaining samples to determine compliance with the national ambient air quality
standard for Total Suspended Particulates.

a. True
b. False
True or False? Glass fiber filters are the dominant choice for high volume sampling.
a. True
b. False
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22. Which of the following is NOT a proper high volume filter handling precaution?

a. Filters should be equilibrated for 24 hours prior to weighing.
Filter. should be visually inspected for holes, tears, or other damage.

¢. Fitcrs should be permanently identified by stamping a serial number on
two diagonally opposite comers.

d. Filters should be carefully folded prior to sampling to protect the filter
surface from contamination. )

23. Procedures for the calibration of orifice-type flow rate transfer standards, as well as
the calibration of sampler flow rate measuring devices, have been specified in

a. Appendix C of 40 CFR 50.
b. Appendix B of 40 CFR 50.
¢. Appendix B of 40 CFR 53.
d. Appendix C of 40 CFR 53.

24. True or False? Filters from high volume samplers are useful only for mass
concentration determination.

a. True
b. False

25. Which of the following factors can influence the accuracy and precision of high
volume sampling methods? ' ‘

a. humidity of the air

b. sampler operating characteristics
¢. filter characteristics

d. all of the above

26. _____ isthe degree of agreement between and observed value and an accepted
reference value.

a. Precision

b. Accuracy

c. Bias

d. Quality assurance
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27. True or False? Potential sources for error in measuring PM ) concentration levels
using the PM, reference method include volatile particles, filter handling. and air
volume determination.

a. True
b. False

28. Which type of filter is considered ideal for PMlésampling?

a. glass fiber
b. mermbrane
c. cellulose
d. No filter is ideal in all respects.
29. The accuracy of a PMa s sampler’s flow rate should be within of the sampler’s

design flow rate.

a 2%
b. 3%
c. 4%
d £5%

30. A Class Il equivalent method for PM» s monitoring is a

a. method very similar to reference methods, with only minor deviations.

b. method unable to qualify as other equivalent due to profound differences
from reference method requirements.

c. filter-collection-based method that differs substantially from reference
method requirements. '

d. method usable for either PM; 5 or PM, sampling.

31. True or False? The ambient air flow rate through a PM, s reference sampler’s
sampling inlet and filter assembly has little relationship to measurement precision.

a. True
b. False
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32

33

34.

35.

36.

37.

How many continuous fine particle analyzers are required in each metropolitan area
with a population greater than | million?

a. one
b. three
c. two, both at the same core site
d. none of the above
. As the jet size of an impactor . the impaction velocity
a. increases / increases
b. decreases / decreases
c. decreases/ increases
d. The two factors are unrelated.

True or False? The collection efficiency of an impaction device is affected by the
flow rate of sample air through the device.

a. True
b. False

True or False? The TSP reference method is currently in use.
a. True

b. False

The air flow rate of an ambient air PM: s sampler was reported as 16.2 L/min at
atmospheric conditions of 755 mm Hg and 26° C. What is this flow rate in m"/hour?

a. 9782 m"
b. 9720 m*
¢. 0972 m’
d. 0.978 m’

A PM; 5 sampler with an average flow rate of 17.1 L/min for a 23.5 hour sampling
period would have a total sample volume in m” of

a. 2455m’
b 2311 m’
c. 24.11m’
d 22.11m°

A3-G



38.

39.

40.

41.

A PM, s fiiter weighed 145.350 mg before sampling and 145.875 mg after sampling.
What is the total PM, s mass in pg?

a. 0.535ug
b. 0.515 ug
c. 505 ng
d. 525 g

A PMs s filter weighed 150.100 mg before sampling and 150.750 mg after sampling.
The flow rate at atmospheric conditions of 745 mm Hg and 23° C was 16.5 L/min.
The sampling period was 24 hours. What is the PM: 5 concentration in pg/m’ at
actual sampling conditions?

a. 264 pg/m’
b. 27.4 pg/m’
c. 25.6 pg/m’
d. 27.6 pg/m’

A PMa 5 filter weighed 150.100 mg before sampling and 150.750 mg after sampling.
The flow rate at atmospheric conditions of 745 mm Hg and 20° C was 16.5 L/min.
The sampling period was 24 hours. What is the PM, 5 concentration in pg/m’ at

_standard conditions of 760 mm Hg and 25° C?

a. 274 pg/m’
b. 26.6 pg/m’
c. 26.1 ug/m’
d. 25.6 pg/m’

A PM, s filter weighed 145.250 mg before sampling and 145.555 mg after sampling.
The flow rate at atmospheric conditions of 745 mm Hg and 23° C was 16.68 L/min.
The sampling period was 23.75 hours. What is the PM: 5 concentration in ug/m’ at

standard atmospheric conditions of 760 mm Hg and 25° C?

a. 12.6 ug/m’
b. 13.3 pg/m’
c. 13.0 pg/m’
d. 12.7 pg/m’
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42. The initial standard flow rate of a high volume total suspended particulate (TSP)

43.

44.

matter sampler was 40 ft'/min and the final flow rate was 38.2 ft'/min. The sampling
period was 23 hours and the atmospheric pressure was 750 mm Hg and 24° C. The
weight of the filter before sampling was 4.6550 g and the weight after sampling was
4.7705 g. What is the TSP concentration in pg/m’ at standard conditions of 760 mm
Hg and 25° C? Note that 1 m/min is equal to 35.3144 ft*/min.

a. 749 ug/m3
b. 76.9 pg/m’
c. 74.4ug/m’
d. 76.1 ug/m’

The 1nitial standard flow rate of a high volume total suspended particulate (TSP)
matter sampler was 40 ft*/min and the final flow rate was 39 ft'/min. The sampling
period was 22.5 hours and the atmospheric pressure was 725 mm Hg and 20° C. The
weight of the filter before sampling was 4.7550 g and the weight after sampling was
4.8100 g. What is the TSP concentration in plg/m’ at standard conditions of 760 mm
Hg and 25° C? Note that | m*/min is equal to 35.3144 ft*/min.

a. 353 pg/m’
b. 34.2 pg/m’
c. 364 pg/m’
d. 37.5 pg/m’

The initial standard flow rate of a high volume total suspended particulate (TSP)
matter sampler was 39 ft*/min and the final flow rate was 39 ft’/min. The sampling
period was 24 hours and the atmospheric pressure was 760 mm Hg and 23° C. The
weight of the filter before sampling was 4.6100 and the weight after sampling was
4.7200g. What is the TSP concentration in pg/m’ at standard conditions of 760 mm
Hg and 25° C? Note that 1 m*/min is equal to 35.3144 ft*/min.

a. 70.9 pg/m’
b. 70.0 pg/m’
c. 69.0 pg/m’
d. 68.1 pg/m’
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45.

46.

47.

A PM q filter weighed 155.60 mg before sampling and 156.28 mg after sampling.
What is the total PM;gmass in ug?

a. 0.680 ug
b. 0.670 pg
c. 680 g
d. 670 ug

A dichotomous sampler was used for measuring PM concentrations in the
atmosphere. Two filter weights were obtained: one for fine particulate and one for
coarse particulates. In measuring PM, concentrations with a dichotomous sampler,
the two filter weights are combined to determine the PM o concentrations. In this
sampling situation the final gross weight for the fines was 101.220 mg with a tare
weight of 100.300 mg. The final gross weight of the coarse particles was 104.123 mg
with a tare weight of 103.245 mg. The average total flow rate for the 24-hour
sampling period was 16.80 L/min. The average atmospheric pressure was 745 mm
Hg and the average temperature was 23.5° C. The PM,, concentration for this sample
reported as [.Lg/m3 at actual atmospheric conditions is:

a. 70.5 pg/m’
b. 74.3 pg/m’
c. 77.0 pg/m’
d. 75.0 pg/m’

The combined filter weights from a PM;, dichotomous sampler were determined to
be 1,575 pg. The sampling period was 23.5 hours and the average total flow was
16.60 L/min. The average atrospheric pressure and temperature was 750 mm Hg

and 23° C. What 1s the calculated concentration in ;.Lg,’m3 at standard conditions of
760 mm Hg and 25° C? '

a. 66.7 ug/m’
b. 68.5 ug/m3
c. 65.8 pg/m’
d. 67.7 pg/m’
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48.

49.

The gross weight of the fine particulate filter from a PM;q dichotomous sampler was
0.990550 g with a tare weight of 0.990100 g. The gross weight and tare weight of the
coarse particulate filter was the same as that of the fine particulate matter. The total
volume sampled at actual atmospheric conditions of 755 mm Hg and 24° C was
24,330 L. The calculated PM,, concentration in pg/m’ at actual atmospheric
conditions 1s ‘

a. 36.5pg/m’
b. 37.0 ug/m’
c. 37.8 ug/m’
d. 36.0 pg/m’

The gross weight of the fine particulate filter from a PM ¢ dichotomous sampler was
0.990550 g with a tare weight of 0.990100 g. The gross weight and tare weight of the
coarse particulate filter was the same as that of the fine particulate matter. The total
volume sampled at actual atmospheric conditions of 755 mm Hg and 24° C was
24,330 L. The calculated PM, concentration in ug/’m3 at standard atmospheric
conditions of 760 mm Hg and 25° C is :

a. 363 pg/mg
b. 35.3 pg/m’
c. 37.9 ug/m’
d. 37.1 pg/m’

. The air flow rate of an ambient air PM» 5 sampler was reported as 16.67 L/min at

standard conditions of 760mm Hg and 25 °C. Correcting this flow to atmospheric
conditions of 750 mm Hg and 24 C would result in the following flow rate in m*/min

0.0158 m/min

a.

b. 0.0168 m'/min
c. 16.84 m*/min
d. 17.00 m*/min
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Section A-3

Review Exercise Answers

Page(s) of Page(s) of
Ammospheric - Atmospheric
Sampling: Sampling:
Student Manual Student Manual
| I S 4-2 26.b . 4-81
2.0d 4-1 27,8 i 4-82
3,08 i 4-3 28.d 4-83
4, a..iiii. 4-4 29.a . i 4-87
5. b 4-5 30.C i 4-92
6. Covirrrriiaannnn, 4-12 31.b 4-93
T.obo 4-12 32.a . 4-96
8, Coriini 4-17 33 C 4-18
9. b 4-18,4-19 34,8 i 4-19
10.b .o 4-19 35,84 4-51
B O 4-27 36.C i 4-94, 4-95
12.b 4-28 37.C i 4-94,4-95
13.b e 4-28 38.d......... B 4-94, 4-95
4.d... 4-33 through 4-37 39.b 4-94, 4-95
15D o, 4-34 ‘ 40.a . 4-94, 4-95
16.d .o 4-34,4-35 41.¢ i 4-94, 4-95
7.8, 4-47 42.d .. 4-68 through 4-70
18.b o 4-48. 4-49 43.d . 4-68 through 4-70
19.C v 4-50 44.¢c...... [T 4-68 through 4-70
200b . 4-51 45.C i 4-84 through 4-86
2l.a . 4-54 46.b .o 4-84 through 4-86
22.d .. 4-55 through 4-57 47.d 4-84 through 4-86
23.b 4-58 48.b .. 4-84 through 4-86
24.b ... e 4-71 49.d ... 4-84 through 4-86
25.d o 4-71 through 4-75 500b . -4-94, 4-95
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Chapter 4
Particulate Matter Sampling

Introduction

This Chapter provides a definition for the subclasses of particulate matter (PM).
addresses the rationale for size fractionation of particulates. and discusses particulate
matter sampling techniques in ambient air. PM is the generic term for a broad class of
chemically and physically diverse substances that exist as discrete particles (liquid
droplets or solids) over a wide variation in the size of the particles. The sizes range from
molecular clusters of ~0.003 micrometers (um) in diameter to coarse particles of

~100 um. Particle size or diameter refers to aerodynamic diameter, which is defined as
the diameter of a spherical particle with equal settling velocity and a material density of
1 g/cm” normalizing particles of different shapes and densities. The size of the particles
1s important because of the adverse health effects associated with particles in certain size
ranges. Larger particles (~15 pm or larger) that are inhaled are removed in the nose and
throat, while smaller particles (~ 10 um and less) are inhaled into the lower respiratory
system. Figure 4-1 shows the respiratory collection of particles.

1b100pm

A2 to15pm

10 um and lees

Figure 4-1. Respiratory collection of particles.
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In addition to being characterized by their size, particles can also be described by
their origin or formation mechanism, chemical composition. and physical properties. as
well as in terms of what is measured by a particular sampling technique. Figure 4-2
presents particle size distributions of several sources of particulate emissions. The
original national ambient air quality standards (NAAQS) for particulate matter were first
established in 1971, and were measured based on‘the use of total suspended particulate
(TSP) samplers known as high-volume samplers. The high-volume sampler. which 1s
based on a filtration technique. typically captures particles from 0 to 45 pm and usually
up to a nominal size of 25 to 45 um. In 1979, EPA added PM;o to TSP as the indicator
for particles. where PM, refers to particles with a mean aerodynamic diameter less than
or equal to 10 um. On July 18, 1997, EPA promulgated new PM standards which
inciuded NAAQS for particulate matter with an aerodynamic diameter less than or equal
to 2.5 um. referred to as PM» <. Figure 4-3 shows the idealized size distribution of
particies in ambient air (Chow. 1997). The PM, 5. PMj,. and TSP size fracuons are seen
in Figure 4-3 by the portion of the micrometer size they occupy. The mass collected is
proportional to the area under the size distribution within each size range. The TSP size
fraction ranges from 0 to about 45 pm, the PM,, fraction ranges from 0 to 10 pm, and the
PM3 5 size fraction ranges from 0 to 2.5 pm in aerodynamic diameter. No sampling
device operates as a sharp step function, passing 100% of all particles below a certain
size and excluding 100% of the particles larger than that size. When sampling, each of

these size ranges contains a certain amount of particles above the upper size designation
of each range.
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Figure 4-2. Particle size distributions of sources of particulate emissions.
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In this Chapter, the discussion of particulate matter sampling will include inertial
coliection techniques, along with filtration, gravitational, and precipitation techniques.
Discussion of samplers within each category will be restricted to those commonly used in
ambient air sampling.

Principles of Inertial Collection

A number of factors and general principles associated with liquid and solid aerosol
particles are considered helpful in selecting and using an ambient air sampling device for
effective collection of particles suspended in the atmosphere. In addition to the size and
nature of the particles, other important aspects to consider include the theory of inertial
impaction. particle settling. the effects of thermal and electrical forces, and the theory of
filtration. A discussion of these general aspects begins with the topic of inertial
collection.

Introduction

Inertial collectors are designed to give a size-representative sample of particles in the
atmosphere using the principle that particles in a gas stream are more dense than the fluid
(air) in which they are suspended. A particle moving in an air stream with approximately
the same velocity as the air stream has more momentum (mass x velocity) than the



volume of air that it displaces because of its higher mass. The momentum, or inertia.
possessed by a particle in a moving atr stream will cause the particle to be deflected less
‘than the air in the vicinity of the particle when the air stream undergoes a sudden change
in direction. Such a deflection will occur when an obstacle 1s placed directly in the path
of an aerosol stream. If the resulting deflection of the particle from the air trajectory
around the obstacle is great enough, the particle will strike the obstacle. High incident
velocities will increase the momentum of particles in the air stream. thereby enhancing
therr removal. High velocities can be attained by passing the air stream through an orifice
(jet) prior to the stream striking the obstacle as shown in Figure 4-4.

e J r Obstack
Qrifice

Figure 4-4. Particle collection by impaction.

Under the proper conditions, most of the particles within a certain size range that can
be made to strike the obstacle will become attached to and remain on the collection
surface.

A practical discussion of inertial sampling devices follows, including examples of
numerous particulate matter collectors used in ambient air sampling.

Inertial Sampling Devices

The inertial collection process is subdivided into two main types, impaction and
impingement. The distinction is made by the manner in which the sample material is
retained in the sampling device.

Impaction Devices

Impaction devices collect and retain particles from an aerosol stream on a collecting
surface. The collecting surface is removed from the instrument and the sample analysis
1s, in many cases. performed directly on the collecting surface. Particle adhesion is
caused primarily by electrostatic attraction and by molecular surface phenomena known
as Van der Waals forces. Some loss of large particles occurs with high aerosol velocities.
It 1s believed that in the case of small particles (several micrometers or less). nearly all of
those striking the collecting surface are retained on the surface. The collection surface in
many impaction devices is coated with a thin film of o1l or light grease to aid in particle
retention. In some devices. retention is aided by passing the incoming particles through a
zone of moisture-saturated air; moist particles adhere more readily to a collection surface.



Coating of the plates and water saturation of the particles affect the calibration of an
impactor and must be accounted for if the impactor is to be used for determining particle
size distributions.

Two Stage Impactor

Figure 4-5 shows a schematic of a two stage impactor. The air stream containing the
various size particles flows through the first large jet nozzle and impinges on a collection
plate oriented perpendicular to the axis of the nozzle. At the first nozzle exit. the air
stream is deflected sharply by the collection plate. Larger particles continue forward and
are collected on the first plate. while the smaller particles follow the air stream into the
second nozzie. which has a smaller jet and a higher velocity, allowing the smaller
particles to be collected on the second collection plate.
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Figure 4-5. Two stage impactor.

Andersen Samplers

An example of a multi-stage impactor is the Andersen standard sampler. This sampler
usually contains six to eight stages with numerous, successively smaller, evenly
distributed holes (orifices) in each stage. A constant flow rate is maintained through the
Andersen sampler which causes the aerosol stream velocity to increase at each stage.,
resulting in a deposition of particles in size fractions. Each stage of the sampler consists
of a perforated disc located above a collection medium (Figure 4-6). The sample air
passes through the openings in the disc and must then make an abrupt change of direction
over the collection medium. The particles possessing too great a momentum to continue
in the air stream are impacted on the collection surface. The collection surface can be
coated with a light oil. silicone grease. filter media. aluminum foil. or wax to help
increase the collection efficiency. The thickness of the coating is not important. as long as
it is at least the thickness of the particle that is to be collected. However. a heavy coating
is not recommended since this will likely clog the orifices. Such coatings may also
interfere with subsequent chemical analysis and the size ranges of particles collected.

The greatest limitation of the Andersen sampler is the relatively low flow rate. 0.028
cubic meters per minute (1 cubic foot per minute, cfm). that must be maintained. This



flow rate limits the amount of sample that can be collected. Figure 4-7 shows the
collection efficiency of the Andersen sampler at this flow rate over the particle size range
of 0.3 umto 11 pm.
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Figure 4-6. Andersen sampler.
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High-Volume Andersen Cascade Impactor

A modification of the Andersen sampler has led to the high-volume (hi-vol) Andersen
impactor, which can be used at flow rates as high as 0.57 m’/min (20 cfm}. This sampler
consists of five stages with the tvpical Andersen perforated discs. Below the discs are
gaskets and collection surfaces (Figures 4-8 and 4-9). The collection surfaces. usually
glass fiber filters or aluminum foil. are supported by the plates themselves: i.e., the
collection surface for plate 1 is supported by plate 2 and so on. To allow unrestricted
aerosol flow, the collection surface has holes that line up with the orifices of the plate
supporting it. The five stages are held together by a central bolt and are aligned by four
evenly spaced rods. The impactor is mounted on a hi-vol sampler. An 8- by 10-inch filter
mounted on the hi-vol sampler is the back-up filter for the impactor. Figure 4-10 shows
the collection efficiency of the hi-vol Andersen impactor operated at 20 ft*/min over the
particle size range of 0.75 um to 8 pm.
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Figure 4-8. Cross-sectional view of a hi-vol Andersen impactor.

4-7



- Bpeed bal handke

— g Fig Washer
—_— Faber Washer

CEERERNE R EERERES < Plgte 1

s - Oatket
" d = «— C cliection sutface

C NN N EWNEN,) — Plae 2

CEECo o <— T

M I T YT TNITT T TITTIY] «+—— Plaed

MMT T TITTTIOTIT T T TIT Y] - Plated

L}
]
L]
L}
1
1

[ e T

=]

[!:I €—- Pregsure tp Omeket
e

t @ymmetrical
Infe rface plae

aboutcened

Figure 4-9. Expanded view of a hi-vol Andersen impactor.

1
1 L

Probahilty of I oastion
l
1]

O Lot 1 | IS B N O N o O S AN L I I |
1 1 L] 1

1.5 21 33 70
Pzticke Sze, (pm)

Figure 4-1(. Collection efficiency of hi-vel Andersen impactor (20 ft*/min).

4-8



Multiple-slit High-volume Cascade Impactor

Another high-volume cascade impactor utilizes a typical high-volume sampler with an
adapter comprised of six stages with successively smaller slit openings. Behind each slit
15 a filter for retaining particles. The sixth stage of this impaction device uses a typical hi-
vol filter for collection of small particles.

The air sample is drawn through the slits and collection filters (Figure 4-11). The
slits become increasingly narrower, thus causing the velocity to increase ai each stage so
particles of decreasing size are impacted on each successive filter. The distance from the
slits to the collection filter becomes smaller with each stage to increase the collection
efficiency. This impactor incorporates the advantage of hi-vol sampling (high flow rate
[1.13 m’/min. 40 cfm] and. therefore. large sample size) and the advantage of impactor
sampling (particle sizing).

Figure 4-11. Multiple-slit high-volume cascade impactor.

Cascade impactors that provide somewhat real-time particulate matter concentrations
have been developed by using oscillating quartz crystals as impaction surfaces. Particles
impacting on the crystals cause their oscillation frequencies to change. The amount of
change in frequency of a crystal is proportional to the mass of the particles collected on
the crystal. Therefore. this relationship can be used to measure particle concentration.
However. the proportional relationship is only valid over a certain frequency range and
depends on the physical characteristics (e.g.. dry versus sticky) of the particles collected.
One such impactor is depicted in Figure 4-12. 1t provides concentration measurements for
particles in ten size ranges {from 0.5 to 35 pm) by using ten impactor stages. each having
an oscillating quartz crystal that is connected to the sampler’s electronic display.
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Figure 4-12. Quartz crystal cascade impactor.

PM; 5 Inertial Particle Size Separator

EPA’s Federal Reference or Class I equivalent method (FRM or FEM) sampler for PM; s
provides for the measurement of the mass concentration of particulate matter with an
aerodynamic diameter less than or equal to a nominal 2.5 pm in ambient air over a 24-
hour sampling period. The sampler pulls ambient air at a constant volumetric flow rate
into a specially shaped inlet and through an inertial particle size separator (WINS
impactor. or Well Impactor Ninety-Six) where the suspended particulate matter in the
PM. 5 size range is separated for collection on a polytetraflouroethylene (PTFE) filter.
Figure 4-13 shows the inlet of the sampler, which only allows for the collection of
particles less than 10 um. Figure 4-14 illustrates the WINS particle impactor and filter
holder assembly. The well of the assembly contains a 37 mm diameter giass fiber filter
that is immersed in 1 mL of low volatility. low viscosity diffusion oil. The oiled glass
fiber filter helps remove particles between 10 and 2.5 pm in diameter by preventing the
bouncing of the incoming particles off the loaded impactor.
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Figure 4-13. Inlet of PM;, 5 inertial particle size separator.
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Figure 4-14. WINS particle impactor and filter holder assembly.
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Impingement Devices

Impingement devices differ from impactors because the jet and striking surface are
immersed in a collecting fluid such as water. The particles that are removed from the
aerosol stream are wetted by and retained in the fluid. Most impingers in use are
variations of the instrument developed by Greenburg and Smith (Balzer 1972). The
Greenburg-Smith type of impinger consists of a glass cylinder with a small concentric
glass tube insert. A glass jet and impingement plate are attached to one end of the tube.
which is immersed in the collecting fluid. These impingers collect a sample at flow rates
of about 0.1 to 1 ft*/min.

Impingers are most commonly used in collecting dusts. mists. and fumes in the
evaluation of occupational health hazards. In addition to collecting soluble gases and
particulate matter. the Greenburg-Smith impinger efficiently collects insoluble particles
that are greater than 2 pm in diameter.

Centrifugal Separation Devices

Centrifugal separation is a variation of the inertial collection process in which particles
are removed from an air stream by the centrifugal force created by moving an aerosol
rapidly through a circular path.

There are several types of sampling devices employing the principle of centrifugal
separation,

Cyclone Samplers

Cyclone samplers are small versions of the large cyclones used in air cleaning. The
cyclone shown in Figure 4-15 contains no moving parts and is designed so that air drawn
through it moves in either a circular or a helical path of decreasing radius. thereby
increasing its collection efficiency for small particles. As the gas stream surges through
the cyclone, particles are separated at the inside surface of the cyclone's wall by the
centrifugal force created. In most cyclone samplers, the particles adhere to the wall or
drop into a collection space below the cyclone 's chamber.

Most cyclones are not efficient collectors of particles having diameters less than
2 or 3 pm, depending on particle density. However, small cyclones can be designed to
collect particles below 1 um in diameter. The collection efficiency of a cyclone sampler
i1s strongly dependent on flow rate.
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Figure 4-15. Cyclone sampler.

Virtual Impactors- Dichotomous Sampler

In the virtua) impaction method, instead of the larger particles impacting onto a solid
collection surface, they impact into a slowly pumped void and are later collected on a
filter downstream. Thus, these larger particles impact through a non-existent, or virtual,
surface. As depicted in Figure 4-16, the smaller (fine) particles follow the streamlines of
the faster flow (Fy); the larger (coarse) particles are impacted into the slower flow (F.). A
small fraction of the fine particles is impacted and collected with the coarse particies.
This can be mathematically corrected when determining fine and coarse particulate
concentrations. '

Coarse flow

¢a

Figure 4-16. Schematic of virtual impactor.
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The most recent use for virtual impaction has been in the EPA's efforts to develop a
sampler that will separate and collect particulate matter both above and below a 2.5 pm
aerodynamic diameter. These efforts have led to the development of the dichotomous
sampler. As its name implies, the dichotomous sampler separates particles into two size
ranges: fine particles (less than 2.5 pm aerodynamic diameter) and coarse particles (>2.3
to 10 um aerodynamic diameter) as shown in Figures 4-17 and 4-18.
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Figure 4-17. Diagram of the sampling module of a dichotomous sampler.
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Figure 4-18. Collection efficiencies for a dichotomous sampler.



Virtual impactors have several advantages over conventional impactors:

. Problems associated with conditional impaction. such as particle bounce and
reentrainment, nonuniform particle deposition. and cumbersome sample
handling. are essentially eliminated.

. Uniform particle deposition onto the filters is ideally suited for photo-excited
x-ray fluorescence (a nondestructive chemical analysis technique) and beta-
gauge mass measurement.

. No grease or oil is needed to improve collection efficiency.

. Filters can be chosen to eliminate or minimize interferences.

Tefion® membrane filters are normally used to collect both coarse and fine particles
because of the following advantages:

. Their collection efficiency for particles above 0.01 pm is greater than 99%.

. Thev have an extremely stable mass for high gravimetric accuracy.

. They have a negligible tendency to absorb or react with gases (therefore. low

artifact formation of nitrate and sulfate).

. They contain minimal impurities to interfere with analyses for chemical and
elemental species.

. They have low mass per unit area (desirable for gravimetric. x-ray fluorescence.
and beta-gauge measurements).

However. these Teflon® membrane filters will not support themselves: therefore,
they are bonded to a thin annular polyester ring.

Two aerosol inlets are available for providing 10 pm cut points (30% collection
efficiencies) for dichotomous samplers. One type functions as a single-stage impactor
(Figure 4-19). After entering the inlet and passing through a bug screen. particles in the
sample air are accelerated as they pass through a nozzle to an impactor target module.
Because of their momentum, particles having diameters greater than the inlet's 10 pm cut
point impact onto the surface (target) of the impactor module. Smaller particles rise
through the impactor module and pass to the virtual impactor of the dichotomous
sampler. The other aerosol inlet uses a cyclone to remove particles having diameters
greater than its 10 um cut point from the sample air before the air enters the virtual
impactor. Because of their symmetrical designs, both inlets are wind-direction
insensitive. Also, wind speeds from 2 to 24 km/hr have a negligible effect on the cut
point of both inlets.
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Figure 4-19. Impactor-type aerosol inlet for dichotomous sampler.
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Figures 4-20 and 4-21 depict a current manual dichotomous sampler. Samplers that
" auwtomatically change fine and coarse particle filters at preset time intervals are also

commercially available.
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Figure 4-20. Dichotomous sampler.
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Collection Efficiency of Inertial Sampling Devices

Though the principle is the same for all types of inertial sampling devices. the parameters
are somewhat different for the basic single-stage or cascade impactor than for the air
centrifuge or cyclone. The discussion in this section 1s confined to the jet type of
impactor. and this discussion may not be applicable without modification to other tvpes.
In this section, discussions of particle size refer to the equivalent aerodynamic particle
size, or diameter (Stoke's diameter), uniess otherwise stated. The equivalent diameter is
the diameter that a unit density particle of spherical shape would have if it behaved the
same as the particle being studied.

Definition of Collection Efficiency

Particle collection efficiency for inertial sampling devices has been defined in several
wayvs by various people. The collection efficiency of an impaction device Is a function of
several parameters. making the theoretical and empirical expressions that have been
derived somewhat difficult to use for specific applications.

The collection efficiency of an impaction device can be defined as the ratio of the
number of particles striking an obstacle to the number that would strike if the stream lines
were not deflected.

For the purposes of this discussion, the collection efficiency will simply be defined as
the fraction of the particles in an incident aerosol stream that is retained on the
collection surface of the sampling device. The efficiency of impaction can be plotted as a
function /, the inertial impaction parameter, to give an efficiency curve for an impaction
device. Studies on the calibration of cascade impactors are available.

Impactor Performance Characteristics

Instead of plotting efficiency of impaction against /, it can be plotted against particle size
for a given device, since / is a function of particie size and several other parameters. The
efficiency of impaction when plotted against particle size follows a sigmoid (or S-shaped)
curve, such that there is a minimum size below which no particles are collected and a
maximum size above which all particles are collected. For a well-designed impactor, the
range between these two sizes is sufficiently narrow that a functional size separation is
made. The most effective way to describe the ability of an impactor stage to separate
particle sizes is to show the efficiency of collection as a function of size.

Properties of Aerosols Affecting Inertial Collection Efficiency

For a given collection device, several properties of the aeroso! affect the efficiency of
collection.



Particle Size

For any device there is a minimum particle size below which no particles are collected
and a maximum particle size above which all particles are collected or removed from the
sampling stream. Above 50 um, some particle loss occurs by impaction on the walls of
the sampling device. Particles and droplets greater than about 200 um are seldom found
on the sample collection area because they are shattered or lost on the walls of the device.
Particles below about 0.5 pm in diameter are difficult to collect with impaction devices
because their momentum is not appreciably different from that of the air. so they are not
readily deflected. Most impacting devices have a high collection efficiency for particles
with diameters greater than 0.5 um. Collection efficiencies of nearly 100% are claimed
for several impaction devices for particles in the size range from 0.5 to 10 pm.

Particle Density

Impaction devices are efficient collectors of high density particles; they have been used

to selectively sample work atmosphere of plutonium dusts. Sub-micrometer particles of
high density can be efficiently collected. since they are equivalent to unit density particles
of much greater size.

Aerosol fluid Properties

The physical properties of the gas in which the particles are dispersed will affect the
collection efficiency of an inertial collector. For example, any factor which affects the
gas’s viscosity, such as temperature, will in turn affect the collection efficiency.

Properties of the Collecting Device Influencing Collection Efficiency

Impactors and impingers are designed for sampling a variety of aerosols. The efficiency
of collection for a certain aerosol can be optimized by design considerations.

Jet Size

The impaction jet size will influence the collection efficiency by affecting the velocity
with which the incident air stream strikes the collection surface. As jet size decreases, the
impaction velocity increases, as shown by the relationship

(Eq. 4-1) v = O/A.

Where: v = gir velocity
@ = volumetric flow rate
A = cross-sectional area of the air stream

In a multistage impaction device, jet velocities range from several meters per second in
the first stage to greater than 50 meters per second in the last stage. The conespondmg jet
cross-sectional areas range from about 70 mm" in the first stage to less than 3 mm" in the
last stage in a tvpical multistage impaction device.
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Many multistage impaction devices are operated at a flow rate of approximately
18 L/min. This approximates the human respiration rate. The flow rate affects the
collection efficiency of a device as well as the characteristics of the sampler.

Jet Shape

Studies of tmpaction efficiency showed only small differences in collection efficiency
between round and rectangular jets.

Jet to Collection Surface Distance

The distance between the jet opening and the collection surface controls the degree of
deflection of the aerosol stream. By decreasing the distance between the jet and the
collection surface. the angle of deflection of the aerosol stream is increased. A large
deflection angle is required to remove the smaller particles from an aerosol stream. In the
common cascade impactor with a single jet at each stage. the distance from the jet to the
collection surface is decreased at each successive stage.

Coliection Surface

Detailed studies of collection efficiency as a function of the shape of the collecting
surface have been performed for spherical, cylindrical, and flat surfaces with round and
rectangular shapes. For most applications, flat collection surfaces are used because
particle retention is greatest on these surfaces and microscope slides are often required in
collections for particle size analysis.

Limitations and Sources of Error in Inertial Collection

Inherent Errors in Sample Collection

In many cases it is impossible to characterize a system without altering the system by the
act of measurement itself. In other words, do the particles collected by an impactor
sample fairly represent the particulate matter as it is suspended in ambient air? There are
several inherent sources of error in the impaction process.

Particle Shattering

Large particles (greater than 200 pm) and agglomerates are readily shatiered upon
impaction. and. at the high velocities attained in some impaction devices, particles with
dirameters as small as two or three micrometers can be shattered. In studies where the
number of particles per unit volume of air is of interest. shattering of particles upon
collection results in erroneously high results. In size distribution studies. there will appear
to be fewer large particles and more small particles than actually exist in the aerosol.
Figure 4-22 is a picture taken by an electron microscope of a shattered fly ash particle.



Figure 4-22. Particle shattering.

Particle Bounce, Reentrainment of Particles, and Wall Loss

At high impaction velocities, a small fraction of the particles collected may be
reentrained in the air stream. This occurs most often with fragments of large particles that
have shattered upon striking the collection surface. Some of the pieces of the shatiered
particles may be lost from the sampie by impacting on the walls of the instrument. A few
of the large particles may impact directly on the walls of the instrument.

Lin;ited Sample Quantity

The small quantity of sample collected also restricts the choice of analytical methods to
those with high sensitivity. Care must be taken to preserve all sample material intact,
since with only a few micrograms of sample, the loss of any particulate matter becomes
significant.

Some types of inertial samplers, such as cyclones, are not so limited in this respect.
Some of these can collect gram quantities of particulate matter.

Sample Loss in Collection

If too much particulate matter collects on the sample collection surface. subsequent
particles that impact may be lost by reentrainment when they strike particles already
collected instead of the collection surface.

A phenomenon called “ghost depositing” can occur when particles bounce off the
collection area and are redeposited by eddy currents a few millimeters on either side of

the sample.



When aerosols containing mists or droplets are being sampled. care must be taken to
avoid collection of too much material. If too many droplets are collected, they will merge
on the collection surface. The individual drops will be lost for size analysis and some
material may be lost by run-off.

Poor Particle Resolution for Size Analysis

Particles that collect close to and on top of each other will introduce error in
concentration and size studies through the inability to distinguish between individual
particles and clumps of particles when examined optically. However, if a representative
portion of the collected material is properly remounted. these problems can be
minimized.

Errors Associated with the Calibration of Collection Devices

When impactors are used to collect aerosol samples for particle size or mass distribution
studies. the instrument must be calibrated. The particle collection efficiency as a function
of the desired parameter (e.g., size or mass) must be determined. One method of
calibration is to determine empirically the collection efficiency in the laboratory. In this
procedure, a known quantity of a monodisperse aerosol (a gas stream with only one size
particle suspended in it) is passed through the impactor. The amount of material collected
on each stage is weighed. By varying the size of the monodisperse aerosol. the cut points
for each stage can be determined. Detailed studies of theoretical collection efficiencies
for several types of impaction devices have been performed. The efficiency curves that
have been derived for several types of impactors show varying agreement with
experimental curves. These curves are usually given in terms of an inertial collection
parameter or equivalent particle size such as the one in Figure 4-7. If a particular curve is
to be used in a sampling application, the user should be satisfied that the curve is valid for
that particular application. Most commercially available inertial samplers are provided
with a curve of collection efficiency. In most cases, the methods used to obtain these
curves will not be known to the user. Without specific knowledge of the manner in which
the curves were obtained, care should be exercised in the application.

Errors in Sample Analysis

Investigations of aerosols in which the sample is collected with an inertial collection
device may utilize any of several kinds of sample analysis. The analyses that are
performed on samples collected by impactors may also be used in conjunction with other
sampling methods and are discussed elsewhere. Mention of the error associated with the
analvtical procedure to be used is made because it would be considered in the overall
error assessment of the sampling procedure. The information desired in an investigation
may require the use of an inertial collection device. which in turn may limit the choice of
analytical procedure. The reverse could also occur; i.e.. the information desired. such as
particle distribution. may dictate the use of an impaction device to collect the sample.
One should be aware of the limitations and error associated with each analytical
procedure that is considered.



Size Selective Inlets for Aerosol Sampling

As discussed earlier in this Chapter. numerous inlets are available for particulate matter
sampling. The particular choice is generally made based upon a number of concerns such
as monitoring objective, particle size. and expected particulate matter concentrations. An
excellent summary of available inlets is addressed in the draft EPA Guideline on
Speciated Particulate Monitoring (Chow 1997). Table 4-1 taken from this guideline
shows the variety of size selective inlets available, the inlet manufacturer. operating
principle, the cutpoint, and flow rate. with selected comments.
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Filtration Sampling

Introduction

Filtration sampling. or a combination of filtration/impaction sampling, is the most widely
used approach for the collection of atrnospheric particulates. The filters are relatively low
in cost. easily stored. and may be used for subsequent analysis. Filters capture particles
from an air stream by a number of different mechanisms. These mechanisms inctude
direct interception. inertial deposition, diffusional deposition, electrical attraction. and
gravitational attraction. The predominant mechanism depends on the flow rate, the
composition and nature of the particles. and the type of filter media.

Topics to be discussed in this section include the basic advantages and disadvantages
of air sampling with filters. filtration theory. and some of the criteria necessary for the
selection of a filter medium to be used in a specific sampling program. Although the term
~filter media™ can be extended to cover a large number of media. such as glass fiber.
quartz, Teflon®, filter thimbles, and granular beds. this discussion will be confined to the
more common media used for particulate matter sampling.

General Considerations

Advantages

Filter sampling for particulate matter has several advantages over other methods. A
primary one is the feasibility of handling large volume rates of flow. Some dust sampling
instruments, such as midget impingers and thermal precipitators, do not have this
capability for large flow rates. Also, after collection, the filtered sample is usually readily
available for direct observation.

The number of sizes of filters available has proved to be another advantage. By
changing the size of the filter paper, the volume of air samples can be varied while
maintaining the same linear flow rate through the filter. The selection of sizes also allows
filter borders to be designed for use in a variety of situations. This is a definite advantage
when the sampling space confines limit accessibility. The variability among filters
extends beyond the matter of size alone. Appropriate filters can be obtained that are
capable of sampling a wide range of environmental conditions of temperature, humidity,
and dust loadings. Further, filters can be found that are adaptable to analysis schemes
ranging from microscopic examination to elaborate chemical separation schemes.

Disadvantages

The use of filter media for sampling is not without its difficulties. One disadvantage is
related to the variation in physical and chemical properties among a quantity of examples
of any given filter. In the case of an impaction instrument, once its operating
characteristics have been determined, these should remain relatively fixed. On the other
hand. in sampling with filters. the media is changed between each sample collection.
Although filters that minimize the variability between individual filters of a specific type
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can be obtained, it is more common to find some differences in performance. particularly
between different lots of filters.

Another case in which filters are at a disadvantage 1s in conjunction with selective
particle sizing. A cascade impactor can be designed so that particles of different size
ranges can be collected on different stages of the impactor. Such a size separation cannot
be done with filter media. although some gradations are possible.

The Theory of Filtration

The most common misconception about air filtration is that it is primarily a sieving
mechanism. If this were the case. only particles larger than the pore size would be
trapped and the theory of collection would be relatively simple. Actually. except for the
kitchen strainer. very few media could be classified as pure mechanical strainers. In air
filtration. a number of mechanisms contribute to the collection of particulate matter. The
degree to which each one contributes is a function of a number of parameters. discussed
below. For a more complete discussion of filtration theory. see R. D. Cadle’s book. The
Mcasurement of Airborne Particulates (Wiley-Interscience, 1975).

Diffusion

Diffuston is defined as the irregular movement of particles suspended in a fluid, where
the fluid is ambient air. The collection of particles on a filter by diffusion depends on a
particle concentration gradient between the filter and the air passing between the fibers.
The highly concentrated particles in the air stream diffuse to the filter fiber where the
concentration is near zero. The diffusion theory further postulates that when the particle
comes in contact with the filter, it remains there. The contribution made by diffusion
depends on the transit time of particles through the filter, with a longer time resulting in
greater diffusion contritbution. The amount of diffusion will then depend on linear rate of
flow. filter thickness, size of particle. interfiber distance, and particle concentration in the
atr. :

Direct Interception

Direct interception can be considered as that part of the filter collection mechanism that is
anaiogous to mechanical straining. The interception mechanism takes place when a
particle following 1ts air movement strearnline comes within a distance from the filter
material which is equal to, or less than, the particle radius, so that it comes in contact with
the filter medium. As with simple straining, this type of collection predominates where
the particles are greater in diameter than the interfiber distance, or pore size. The
effectiveness of direct interception increases with increasing particle size.

Inertial Collection

As a particle is carried by an air stream. it possesses a certain amount of inertia.
depending on its mass and velocity. When a sufficient inertial force has been established.
the particle will. as the air stream turns. leave its streamline and continue on its previous
path. If the inertia of a particle causes it to strike a filter fiber during the passage of the air
stream around the fiber. the particle will be collected. The mechanism of inertial
collection plays a major part where high linear velocities of airflow are present.



Increasing the particle size and decreasing the fiber diameter (or pore diameter) improves
the effect of inertial collection.

Electrical Force

If the aerosol particle has an electrical charge, and the filter fiber has a charge of opposite
sign. the particle will be attracted to the filter media. Many investigators feel that such a
mechanism has a part to play in the filter sampling of air. Experiments have indicated that
both atmospheric particles and filter media possess electrical charges. and that collection
does occur by this means. The magnitude of the effect is not well known. but it probably
does contribute to the process of collecting particles smaller than the pore size.

Combined Factors

During actual filtration. all four of the above-mentioned collection mechanisms are
working together so that it is often difficult to separate one from another. Furthermore.
other mechanisms occur that complicate the situation. All four of the methods of
collection that have been discussed postulaie that once a particle touches the filter
material, it stays there. This is not entirely so — there is some reentrainment of particles
resulting from the airflow through the filter, picking up and carrying material that has
been previously deposited some distance before the particles are once more entrapped by
the filter fibers. Increasing the filter face velocity (the velocity across the face or surface
of the filter) will increase the chances of reentrainment.

Collection Efficiency of Filters

In any procedure where an attempt is made to relate a sample activity to an activity
concentration in the environment, the volume of the original sample must be known. In
the sampling of air particulate matter by filtration, not all particles in the air are collected.
That is to say, the collection mechanisms that have been discussed are not 100% efficient.
It 1s, therefore, not sufficient just to know what volume of air was passed through the
filter; the fraction of the airborne particles collected must also be known. Coliection
efficiency may be stated in terms of several parameters. The most common is to
determine the percent penetration (percent passing through the filter) of a certain particle
size as a function of the linear velocity (volume rate of flow divided by the filter area)
through the filter. Another way of presenting the efficiency would be to have percent
collection of a certain particle size as a function of linear velocity through the filter.
Although efficiencies of this type are useful, it is most difficult to use them to determine
the fraction of the atmospheric particles collected unless the particle size distribution
existing in the atmosphere is known.

There 1s one other type of filter collection efficiency reported in the literature. This is
a mass collection efficiency based entirely on the percentage of the mass of the airborne
particles that is collected. This can be grossly misleading because the small particles
predominate in number. and vet, constitute a minor fraction of the total particulate matter
mass. The only time a mass collection efficiency would represent a total particle
collection efficiency would be if all the particles were of the same size.



Theory of Collection Efficiency

Before continuing the discussion of collection efficiency. it is necessary to discuss the
theory of collection efficiency for the various collection mechanis ms previously
mentioned. and also. the effect of various parameters on collection. Figure 4-23 shows a
qualitative picture of the theoretical percent penetration versus linear velocity that might
be expected for a given filter and an aerosol with a specific size particle. By referring to
this graph. and the associated notes. the interrelation of the various mechanisms can be

examined.
* Inte roeption
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" Figure 4-23. Filtration mechanisms.

Diffusion Efficiency

The diffusion line I of Figure 4-23 shows how the diffusion mechanism is affected by
linear velocity. As the velocity increases, the diffusion mechanism decreases. As
previously menticned, this is due to the shorter transit time through the filter at the higher
flow rates. The diffusion function always passes through the origin, but the slope varies
with the particle radius, the filter fiber diameter, and the distance between filter fibers.

As the particle radius increases, the slope becomes greater, thus resulting in a
reduced diffusion effect for a given linear velocity. This is because larger particles are not
as readily affected by diffusion mechanisms as are smaller particles.

The effects of fiber diameter and interfiber distance are quite similar. As either of
these two parameters increases, the influence of the diffusional mechanism increases and
the siope of the line decreases. A greater fiber diameter increases the diffusion effect
because. for a given linear velocity, the particle spends a longer time passing by a filter
fiber. The effect of interfiber distance is similar, as it too affects the transit time of the
particle by a filter fiber. The greater the open space in the filter is. the larger the interfiber
distance. Therefore. for a given overall linear velocity. the velocity in the open space of
the filter is less fot larger interfiber distance. and transit time is longer.



Direct Interception Efficiency

As previously mentioned, direct interception is analogous to simple mechanical straining.
Direct interception is shown in line II of Figure 4-23. It shows that there would not be
any effect by changing linear velocity on this collection mechanism.

The effects of the particle radius and interfiber distance on the interception
mechanism are quite simple. As the particle radius increases. the percent penetration
decreases, as would be expected for straining. As interfiber distance increases. the
percent penetration increases for a mechanical straining.

The relation between particle penetration and fiber diameter for interception is
somewhat more involved. As the fiber diameter increases in size. the air flowlines are
affected at an increasing distance upstream from the fiber. This may cause some of the
flowlines to diverge from a path that would have brought the particle within contact
distance of the fiber. Therefore. as the fiber diameter increases. the collection efficiency
due to interception decreases.

Inertial Effect Efficiency

The inertial collection of particles depends on the particles leaving their air flowlines and
contacting a filter fiber due to their inertial forces. For a particle of a given size, this
effect would start 1o show at some velocity, v,, and would reach a maximum at some
greater velocity, v,,. The fact that the effect increases with velocity is due to the
dependence of inertial forces on both mass and velocity. Although Figure 4-23, line III.
shows a zero percent penetration for this mechanism at v,,.. the penetration might be
significant, depending on the interfiber distance. If a larger interfiber distance existed, the
maximum effect might occur at some point v! i, in which case a definite amount of
penetration would occur.

The effect of increasing particle radius in inertial collection is improved collection
for a given linear velocity. This is related to the fact that the larger the particle, the
greater the probability of it coming within a distance from the filter fiber where it will
make contact. Figure 4-24 lists the collection efficiency of some filter media as a function
of particle size. (All of the PM; 5 filters are included in Table 4-2 at the end of this
section.)

The effect of increasing particle density also improves inertial collection. Like the
effect of velocity, this is due to the increase of inertial forces, thus causing greater
deviation from the air flowlines.

As the filter fiber diameter increases, the effect of inertial coliection decreases. With
the air flowlines being affected at a greater distance upstream from the fiber, the change
in their trajectory is much more gradual and, therefore, the tendency of inertial forces to
cause a particle to leave a flowline 1s less.



Membrane and Teflon™ filters

% EfTiciency for removal of particles of equivalent spherical diameters. p
Filter Size, No. of

mm trials 032 04 0.5 0.64 0.8 1.0 1.3 1.6
0.8 5 Nucleopore 37 1 82 96 99 99 100 100 k00 100
3 0 p Nucleopore 90 ] B3 93 98 97 98 100 100 100
3.0 p MF millipore (55) 90 3 9993 9998 100 100 100 100 100 100
5.0 u MF millipore (SM) 47 ] 100 100 100 100 100 100 100 100
3.0 p MF millipore (SM) 80 1 100 100 100 100 100 100 100 100
5.0 u Teflon® millipore  (LS) ] 1 99 99.6 100 10 100 100 100 100
8.0 p MF millipore {5C) 47 1 96 99 9% 99 96 . 99 10O _
10 p Teflon®™ millipore (LC)Y 90 1 96 99 95 99 100 100 100 100
1.2 p Silver membrane 47 2 999 100 100 100 100 100 100 100
S&S 045 (B6A) cellulose acetate 47 1 100 100 100 100 100 100 100 100
Gelman GA-| cellulose  acetate 47 1 9G 100 100 100 100 100 100 100
(rlass fiber filters
Gelman A 47 2 948 998 996 97 94} wa 90 Q7
Gelman A 2s 1 100 100 100 100 100 100 100 100
Grelman A acid washed 23 1 99.9 100 100 100 100 100 100 100
Recves anecl = 900 AF 47 1 99 ¢ 100 969 140 100 100 100 100
MSA 1106 BH 47 1 100 160 100 100 100 100 100 100
S&5 #23 acid washed 47 3 26 33 63 64 69 71 79 BB
TFA" 47 2 38 67 80 81 83 8s 84 87
Whaiman 4] 47 1 63 83 Cl 84 80 Bl o4 100
S&S green ribbon #5339 47 1 69 84 88 87 03 98 97 100

a Face velocity. em/sec for 23-47-. and 90-mm filters 15 0.82. 0.31_ and 0.11. respectively.
b Afier sampling 300 ft' of room air. the filtration efficiency of TFA increased to 90% for 0.3 u particles with other values in the range of 80 10 90%

for sizes up 10 1.6 . This efficiency was not significantly altered by discharging the filter over a radioactive source.

Figure 4-24. Initial efficiency of filtration of particle > 0.3 i diameter
via Royco particie counter®.

Overall Efficiency

In filter sampling, all of the collection mechanisms are taking place simultaneously and
their effects are algebralcally additive. The overall relation between percent penetration
and linear velocity might well look like the dotted line in Figure 4-23.

From this overall efficiency curve, there appears to be some velocity, v,, where a
maximum penetration occurs. It should be pointed out, however, that if the direct
interception effect is dominant enough, the overall efficiency curve may well have a flat
plateau. rather than a single velocity of maximum penetration.

The mechanism of electrical forces has not been covered in this discussion of the
theory of collection efficiency. The degree to which it will change the overall efficiency
1s dependent on many factors. The theoretical aspect of this effect is beyond the scope of
this discussion. but the fact that it may well play an important part in overall efficiency in
certain instances is not to be ignored.

Experimental Collection Efficiencies

Several investigators have studied the actual collection efficiencies of filter media. and
their results are reported in the literature (ACGIH 1985. Caroff 1973, Liu 1978, Ramskill
1951). A degree of caution must be exercised in utilizing this experimental data. A
number of different types of particulate matter have been used. including dioctyl
phthalate (DOP) smoke. atmospheric dust. duralurminum dust. radon daughter products.
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polystyrene aerosols, and lead fumes. The experimental results of the various
investigators often appear to be in great disagreement for many of the filter media. and
these differences should be evaluated in selecting an efficiency value to use.

One additional complicating factor should be mentioned in relation to filter
efficiency. During the time that the sampler is running. the increasing amount of particles
that accumulate on the filter will cause the collection efficiency to improve as sampling
continues. At the same time, however. the resistance of the filter to airflow also increases.
thus perhaps interfering with the sampling procedure and decreasing the flow rate.

Characteristics of Filter Media

A great number of individual types of filter papers are available. For particulate matter
sampling. in general. they fall into four main categories: cellulose fiber. glass fiber.
mixed fiber. and membrane filters. These various categories will be discussed in terms of
their general characteristics. sampling considerations. and analvsis considerations. (See
Table 4-2 at the end of the section.)

Cellulose Fiber Filters

The filter papers in this category are typically called chemical filters. They were designed
for use in “wet” chemistry where liquid-solid separations were desired. Although not
designed with air sampling in mind. a number of these filters have seen extensive
application in this area (see Figure 4-25).

Weight per Maximum Flow resistance
Void size Fiber diameter Thickness umit area Ash operating Tensile 100 f/min in.
Filter microns microns microns mp/em’ content % temp. °C strength H:0
W hatman 2+ — 130 R7 0.06 150 1.67 kg/cm 405
1
4 4+ — 180 92 0.06 130 115
32 1- — 150 10.0 0.023 150 38(1 tm)
40 2 —-— 130 95 0.01 150 34
3] 4+ — 180 91 0.01 150 1.41 kgfem 81
42 >1 — 180 10.0 001 150 46 (28 1 fm
44 >1 — 150 8.0 0.0} 150 40028 1 1m)
30 ] J— 100 10.0 0.025 150 49 (28 1ty
S41 4+ — 130 82 0.008 150 224 kg/cm —
SAS 604 — — 200 — 0.03 80 8.3
MSA Tavpe § J— —— 100.0 13 120 63
L ellulose — —_ 1000 1.3 120
{ orruzated — —
{ clivloae — — 1000 13 120
A BAMA21ER 1830 327 0.12 0.38 ka/cm G
¢ 1478 — Av. 17 360-760 14.6 0.04 120 0 18 ke2/cm (31
Uelman W] 24
- |
i
]

Figure 4-25. Cellulose fiber filters.



Sampling Considerations

Cellulose fiber filters are made of purified cellulose pulp. which can easily ignite. thus
rendering them ineffective at high operating temperatures. The low ash content of these
filters makes them highly suitable to analysis where heat or chemical ashing is a required
preparation. These filters generally have a high affinity for moisture. This limitation
means that the relative humidity must be controlled while weighing the filters to ensure
there is no error introduced by absorbed moisture. Recent studies show that cellulose
filters irreversibly absorb water; thus. a control blank is required when humidity is a
problem. Cellulose filters also enhance the artifact formation of sulfate and nitrate.

Specific Filters

Whatman 41 filter paper is the most widely used of the cellulose fiber filters. Whatman
41 has become the preferred substitute for glass fiber filters for high-volume sampling.
because of its good collection efficiency and acceptability for further chemical analyses.
It has also received wide use in all metals anatysis. including neutren activation analysts.
because of the low blanks or background levels of metals on the clean fiiters (see Figure
4-25). This filter has also found applications as the tape used with paper tape samplers for
the determination of soiling index.

The Mine Safety Appliances (MSA) type "S" filter is well adapted to high-volume
sampling because of the low pressure drop associated with this technique. This filter is
difficult to handle because of its bulkiness, and its variable ash content and organic
binder make 1t unsuitable for some chemical analyses.

TFA filters have also been used for high-volume sampling when extensive chemical
analysis is required. Whatman 41 is preferred over this filter because of the higher
collection efficiency (see Figure 4-25). ‘

Glass Fiber Filters

These filter papers are made from finely spun glass fiber by combining the fiber with an
organic binder and compressing this material in a paper machine. These filters have seen
Increasing use in air sampling.

Sampling Considerations

Glass fiber filters have the ability to withstand high temperatures (up to 540°C), thus
making them most attractive for stack sampling. They are further typified by high
collection efficiency. In some cases, the organic binder may interfere with subsequent
analvsis. so the filter is flash-fired to remove the binder material. This causes some loss
in tensile strength and usually requires that a backing material be used during sampling.
The glass filters are nonhygroscopic. thus allowing them to be used in areas where
humidity is high. Being glass also makes them the filter choice for most corrosive
atmospheres. All of the filters in this category are quite fragile and must be handled with
cdre.



Analysis Considerations

Glass fiber filters, because of the high silicate content, are extremely difficult to ash by
chemicals or heat. Therefore, extraction procedures are performed on these filters to
remove the sample for subsequent chemical analysis. Overall. flash-fired glass fiber
filters. because they are nonhygroscopic, can be used in corrosive atmospheres and are

free of organic binders that are widely used for ambient air sampling.

The pH of the filter will affect the collection of the sample. It has been recommended
that neutral pH (6.5 < pH < 7.5) filters be used because there is less absorption of acid
gases onto the filter. Significantly different results can be obtained when sampling side-
by-side with filters of different pH values.

physical characteristics of glass fiber filters is given in Figure 4-26.

Specific Filters

The MSA 1106 BH is one of the flash-fired glass fiber filters and. therefore. is free of
organic binder. The Gelman Spectro Grade Type A Glass Fiber Filter is a neutral pH
glass fiber filter rated as titra-pure for metals analysis to minimize interference with trace
metal background values. (Each box of 8- by 10-inch filters contains assay information
on trace metals for the enclosed filters.) Spectro grade filters do not absorb detectable
amounts of SO, from the atmosphere, thereby minimizing its effect. A summary of the

Weight per Flow Benzene
Fiber unit area Ash content ‘Maximum resistance extract/
Void size diameter Thickness mg/em’ %o operating Tensile 100 ft/min in. 100 in.2
Filter microns microns microns temp. °C strength H,0 mg
MSA
11068 186-270 6.1 - 95 340 3.5 tbfin. 19.8 17.3
1106BH" 180-460 58 - 100 340 1.3 b/in. 19.8 0.6
06
Gelman
A’ 380 93 99.4 480 189
E 380 10,0 98.1 480 189
G 810 11.6 480 3.0
.M 580 10.8 480 6.1
H 510 12.7 480 217
Whatman
AGF/A" > 340 33 160 340 1.29 Ib/in. 08
AGF/R" >1 840 15.0 100 540 3.i4 lbfin. 3.2
AGED >] 460 35 100 540 0.56 Ib/in. 2342 1m
AGF/E >} 890 15.0 100 340 1.07 Win.
AGF/F >] 380 63 100 340 0.73 Ibfin.
HE&V
H-93 0.6 460-360 9.3 G6-09 30 24 Iboin.
H-94 (.33 380 32 96-99 480 25 Ibrin
S&S
pEN
26 200 6.05 03
Ly 125-180 98 400
29 127 54 98 400 06

"~ without erganic binder
“ with oreanic hinder

. Figure 4-26. Glass fiber filter characteristics.




Mixed Fiber Filters

These filters possess the characteristics of the individual fibers composing them. The
chemical analysis of mixed fiber filters also depends on the individual fiber constituents.
General characteristics of a number of the members of this category are given in Figure
4-27. '

Flow resistance
Weight at 100 ft/min
Fiber per unit -Ash Maximum {~50 em/sec) in.
Filter Composition V oid size diameter Thickness area content operating Tensile H:0
designation microns microns microns mg/em’ Yo temp. °C strength
I H&V H 70 Cellulose 0.1-33 230 [ 20-25 150 2.3 1b/in. 17
: 9 mil asbestos
i H-70. 18 mil Celiulose 0.1-35 460 [3.4 2¢-25 150 4.0 Ib/in. 26
‘ asbestos
H-64 Cellulose 0.1-33 8301090 227 13-20 130 2.01b/in 15
asbestos
b l Cellulose 9-33 685 134 H 150 32 bfin 0.4
glass
191 Cellulose 1.3-35 710 15.3 80 130 3.3 Ibhin 0.89
elass
NE Svnthetic fiber 0.5-15 1270 249 15 130 1 0 Ibfin. 9.0
& glass
G Synthetic fiber 0.5-13 685 i4.5 4-6 150 gauze 20
alass & backed
cotton
MSA glass & Glass & 1000 120
cellulose cetlulose
W hatman Glass & >| 330 5.5 150 270 gmfcm 09201 fm)
ACYA celiulose
ACG/B Gilass & >1 990 19.5 150 330 gm/em 2.6(201 fm)
celiulose
HEV CWS6 Cellulose 762 1% i7
asbestos
HEV AEC-] Cellulose 762 13% 13.3
asbestos
VAL 100 Vinvl metracel 10.0
Gelman
VAL Vinyl metracel 5.0

Figure 4-27. Mixed fiber filter characteristics.

Membrane Filters

This filter media consists of dry gels of cellulose esters, usually produced as cellulose
acetate. or cellulose nitrate, polyviny! chloride, acrylonitrile, and Teflon®. The filters are

cast on a smooth, flat substrate and exposed to a controlled atmosphere. This process can

control both the internal membrane structure and pore size. Some filters are formed with
pores while others are formed as sheets with pores formed later.

Sampling Considerations

Membrane fiiters are typically very brittle and require careful handling. In air sampling.
they should be backed by some support structure to avoid breakage. The filters are not
well suited to sampling at elevated temperatures. as they have an operating temperature
range comparable to cellulose fiber filters (see Figure 4-28).

The particle size collected by membrane filters has been found to be much smaller
than the pore size: this is thought 10 be due 10 electrostatic forces.



Membrane filters have appreciable pressure drops. and this may limit the volume of
air that can be sampled. Another factor limiting the volume of air that can be sampled 1s
the buiid-up of a second layer of dust on the filter surface. This laver has a tendency to
slough off. causing loss of part of the sample.

Analysis Consideration

One advantage of membrane filters is that they are primarily surface collectors:
consequently. the problem of self-absorption of radiation becomes negligible.

The membrane filters lend themselves very readily to particle size analysis by
microscopy. By using an immersion oil with an index of refraction (Np) equal to that of
the filter. the filter can be made transparent to light. thus allowing light-transmitted
microscopic analysis. However. care must be taken to ensure that the Np of the particle is
not the same as the Np of the immersion oil.

Membrane filters can also be readily ashed and leave very little residue. This can be
a definite advantage in some analysis schemes. Most membrane filters are also readily
soluble in many organic solvents. thus allowing removal of particulate matter with little
problem.

Flow
Weight per Maximum resistance 100
Pore size Index Thickness unif grea Ash content eperating Tenstle ft/min in. H,0
Filter microns refraction microns mg/cm’ Yo temp. °C strength
Millipore  §M 5.0 1.495 170 36 0.0003 125 100 psi 19
55 3.0 1.493 170 38 0.0001 125 130 psi 38
wS§ 30 150 49 " ~100
RA 1.2 1.512 150 4.2 r " 300 psi 62
AA 0.80 1.510 150 47 " " 350 psi 91 (39
DA 0.67 1510 150 4.8 - " 400 psi 120
HA 0.45 1.510 150 49 " " 450 psi 210
WH 0.45 ’ 150 5.7 0.0001 " =270
041 kg/em® it
Gelman 5.0 200 36 0.72 ka/em® 35
AM-1 -
AM:3 2.0 200 6.6 - 73
AM-4 0.65 200 -
AM:S 0.65 200 . "
AM-6 0.40 200 58 "
S&S 7.5 180-250 6.3-87 0.01 Continuous
AF-600 100
AF-400 4.0 180-250 6.3-8.7 0.01 Peak 200
AF-250 20 i60-210 56-73 0.008 "
AF-150 0.85 160-210 5.6-7.3 0.008 "
AF-100 0.70 Av-150 Av33 0.007 4
AF-30 0.60 Av-133 Av a7 0.006 -
AF-30 0.40 Av-120 Av 4.2 0.005 -
Gelman 50 1.49 Py 176
GM-|
GM3 i2 .46 176
GM-4 80 149 176
GM-6 045 149 176
GM-§ G20 146 176
GM-9 G190 | 49 176
GM- 10 0.05 1.49 176

A ltemate value reported
Figure 4-28. Membrane filter media.




Sample Problems
Problem 1: Filter Selection

A filter is to be chosen for subsequent analysis by a chemical ashing rechnigue. The
maximum vacuum flow resisiance the pump can overcome is about 10 in. of water when
the face velocity is about 100 ft/min. When dealing with atmospheric sampling. the
femperature is not a limiting factor since mosi filters will operate at temperatures over
100°C (212°F). Which filter, based on the available information. would be the best
choice?

Solution
From Figures 4-26 and 4-27 it can be seen that glass fiber and mixed fiber filters have
relatively high ash contents. making them impractical for chemical ashing. From Figures
4-25 and 4-28 it can be seen that cellulose fiber filters and membrane filiers exceed the
requirements of the pumps. From Figure 4-25 it can be seen that Whatman 41, S&S 604,
MSA BM-2133 and the IPC 1478 all have ash contents less than 1% and flow resistances
less than 10 in. H;O. These would all be acceptable and availability would determine
which would be used. '

Problem 2: Filter Selection

The pump capacity from Problem 1 has now been doubled so that 20 in. H-O@100 ﬁ/ﬁzin

can now be sampled. An efficiency of 100% for all particles down to 0.3 ym is desired.
Which filter should be used’

Solution
From Figure 4-24, the 5.0 um MF Millipore (SM) 47 mm and 90 mm. S&S B6A
cellulose acetate, Gelman A 25 mm and MSA 1106 BH all show apparent particle
efficiencies of 100% for all sizes. From Figure 4-26 both the Gelman and MSA filters
show an ash content over 95%, and therefore are not acceptable. The S&S B6A does not
appear on Figures 4-25 through 4-28, but since the cellulose acetate is a mixed fiber
filier, we can assume the ash content is also too high. From Figure 4-28, the 5.0 n
Millipore SM has a low ash content (0.0001%), an acceptable flow resistance (19 in.
H»0), and is the most acceptable filter.

Problem 3: Filter Extraction

A filter is needed for subsequent analysis by acid extraction. The sampling atmosphere is
very humid. The flow resistance must be kept below 10 in. H-O. Which filter should be
used?

Solution
Cellulose filters are very hvgroscopic. so they should not be used in this situation.
Membrane filters have extremely high flow resistances. so they. too. should not be used
in this situation. Glass fiber filters are non-hygroscopic and are the filters of choice in



water-vapor laden atmospheres. By referring to Figure 4-26. Gelman G or M filters could
be used since they both qualify for the low flow resistance requirements.

Summary
No single type of filter is the right one for all air sampling problems. In evaluating a filter
one must consider many factors: general filter characteristics. collection efficiency.
background filter impurities, sampling conditions. ease of analysis. self-absorption. flow
resistance. and the purpose for which the sample is being taken.

Commonly Used Filter Media for Particulate Sampling and Analysis

The 1997 draft EPA Guideline on Speciated Particulate Monitoring (Chow 1997)
includes a discussion on the commonly used filter media for particulate sampling and
analysis, including PMa ;s and PM,¢. A summary table taken from this reference.
presenting filter type. filter size. physical characteristics. chemical characteristics.
compatible analysis methods. and cost per filter. is included here as Table 4-2.
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Gravitational Sampling'

Gravitational sampling, as briefly discussed here. refers to the amount of precipitation
(solid or liquid) which reaches the ground over a stated period of time. The sampling
time periods reported for tota) solids are 24 hours or more. and as much as a 30 day time
period. This discussion addresses the use of dustfall buckets or jars for solids and
nonrecording and recording gauges typically used for rainfall.

Dusitfall Bucket or Jar

The dustfall bucket had been one of the earliest sampling devices for particulate matter in
the atmosphere. The bucket or jar was made of resistant material and ofien placed in a
stand to prevent the container from spilling. A wire nim was used to prevent the
container from collecting bird droppings. Results were calculated by filtering the liquid.
with subsequent weighing of the remaining solids.

Precipitation Collectors

As reported in EPA’s Quality Assurance Handbook for Air Pollution Measurement
Systems, Volume I'V-Meteorological Measurements, EPA/600/R-94/0-38d. revised 1993,
the national weather bureau station’s precipitation collectors are of two basic types:
nonrecording and recording devices. The nonrecording precipitation collector or gauge is
constructed of a cylinder, closed at one end and open at the other. The depth of the liquid
in the collector is typically measured with a measuring ruler calibrated in subdivision of
centimeters or inches. To improve precipitation resolution as in the case of the standard
8-inch gauge, the collector is constructed to satisfy national weather station (NWS)
specifications which require a ratio.of 10:1 between the area of the outside collector
cylinder and the inside measuring tube. A funnel attached to the gauge directs the
precipitation into the collecting tube and minimizes evaporation losses. A specialized
nonrecording gauge is available for collecting programs involving the chemical and/or
radioactive analysis of precipitation. The collector includes a sensor that detects the start
and end of precipitation and automatically releases a lid to open and close the
precipitation gauge.

Recording gauges consist of two basic designs based on their operating principles:
the weighing-type gauge and the tipping bucket-type gauge. The weighing gauge is
known as the Universal gauge because it allows usage for liquid and frozen precipitation.
This gauge incorporates a chart drum that is made to rotate either by an 8-day spring-
wound clock or a batterv-powered clock. A quartz crystal mechanism with gear shafts
allows for a wide range of rotation periods from 12 hours to 30 days. In the tipping
bucket gauge. the balance of the buckets and the leveling of the bucket frame are critical.
Power is typically 6V.d.c and the signal is provided by a switch closure each time the
bucket tips (0.01 inches of rainfall per bucket). The accuracy of the gauge is given as 1%
for rainfall rates of 1 in./hr or less. 4% for rates of 3 in./hr. and 6% for rates up to 6 in./hr.
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Electrostatic and Thermal Precipitators

This section addresses the use of electrostatic and thermal precipitators for the collection
of particulate matter. Only a brief discussion is included since these techniques are more
commonly used in air cleaning applications or special air monitoring research projects
than for routine use in ambient air sampling. The following discussion was extracted
from Chapter 15 of the 8" Edition of Air Sampling Instruments for Evaluation of
Atmospheric Contaminants. Swift and Lippman (1993).

Electrostatic Precipitators

Introduction

Separation of particles from an air stream using electrostatic precipitators is based on the
use of electrostatic forces. Since the electrostatic force is placed directiv on the particles
instead of on the entire gas volume, relatively less energy is needed to collect the
particles or to move the gas stream through the collector, compared to other collection
mechanisms. For example, in the case of inertial collectors most of the energy is used to
drive the gas through the collector, and high collection efficiency is reflected in very high
pressure drops.

Two advantages of electrostatic precipitator samplers compared to filter samplers
are: (1) the sampling rate is not affected by mass loading, and (2) the collected sample is
in a readily recoverable form. In one type of precipitator sample the particles are
collected on a large surface, where the surface may be covered by a paper or a liquid film
depending on the follow-up analysis. On a second type of electrostatic sampler, the -
electron microscope grid sampler, the sampler collects small samples for particle size
distribution analyses. This type of sampler collects representative samples quickly
without sample losses and alterations that occur when transferring membrane filter
sampies to electron microscope grids.

Principles of Electrostatic Precipitation

Two operations are involved in collecting particles by electrostatic precipitation. They
are electric charging of the particies and accelerating the charged particles toward an
oppositely charged electrode. A number of mechanisms for charging particles have been
used. including friction with solid matenial, flame ionization. radioactive charging. and
high-voltage corona discharge. The most widely used mechanism is the corona discharge
because of its efficiency. speed. and controilability. Figure 4-29 shows an axial view of
high-voltage corona discharge. The electric field close to the high voltage wire speeds up
free electrons that ionize the gas molecules which end up with the corona glow. The
affimity of the charged particles toward the collecting electrode depends on the number of
charges acquired. the viscous drag of the air. and the electric field strength.
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Figure 4-29. Axial view of high voltage corona discharge.

Collection Efficiency

Variables affecting the collection efficiency of electrostatic samplers include such items
as current, flow rate, voltage, particle size, particle shape, particle concentration,
humidity, pressure, and temperature. High charging currents, high voltage gradients, and
low flow rates improve the collection efficiency, while very high humidity reduces the
collection efficiency because of electrical breakdown that occurs in a humid atmosphere.
Maintaining as high a voltage as possible during the entire sampling period, without
inducing excessive sparking, will result in the maximum collection efficiency.

Specific Applications

Electrostatic precipitator samplers have been developed for a number of applications
including mass concentration analysis, sampling for radioactive particies, and sampling
for particle size analysis. In the past, a field instrument employing a negative corona
central electrode was used for the collection of atmospheric samples that allowed for
gravimetric mass analysis and subsequent particle speciation. Also, high-volume
samplers with sampling rates as high as 10,000 L/min have been designed for gravimetric
and other particle analysis. Using this sampler, particles were collected on a rotating
plate coated with a thin film of liquid. Swift and Lippman (1995) report that instruments
employing electrostatic sampling have been used for the sampling of radicactive
particles. Also. because particles travel at various distances in an electrostatic sampler
before reaching a grounded collector. variations in particle size occur along the length of
a simple coaxial precipitator. This aspect allows for particle size analysis using the
electrostatic precipitator. However. the particle travel distance is also influenced by other
variables such as the linear air velocity in the tube, radial position at which the particle
.enters the tube, particle dielectric properties. ion density, and voltage gradient. A
discussion of several particle sizing electrostatic precipitator samplers is also included in
the Swift and Lippman 1995 reference.
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Thermal Precipitators

Introduction

Thermal precipitators collect particles from an air stream by passing the air sample
through a narrow channel having a significant temperature gradient perpendicular to the
direction of flow. The particles move towards the decreased temperature surface and
deposit on it. allowing for subsequent analysis of the collected particles. Figure 4-30
Hlustrates a schematic view of a thermal precipitator.

Dust iaden ais

Heabad
wire
btrp o
depos ited
dust

To water zspirabos

Figure 4-30. Sampling head of thermal precipitator.

Collection Efficiency and Deposition Pattern

Generally all particles 5 to 0.005 pm and less in diameter are collected in a thermal
precipitator sampler. provided that the thermal gradient is about 10* K/em. For particles
larger than 5 um. gravitational and inertial effects may interfere with the collection
efficiency. Also, at windspeeds greater than 6 m/sec, the sample collection efficiency
will be reduced. It is interesting to note that because the deposition pattern of particies on
the collection surface in a direction parallel to air flow is Gaussian, the particie
concentration can be determined by extrapolation of the spatial distribution curve.

Advantages and Disadvantages of Thermal Precipitators

The major advantage of the thermal precipitator is the extremely high collection
efficiency. particularly in comparison to liquid impingers and cascade impactors. Also.
the low sampling velocity prevents the shattering or breakup of the collected particles
during the sampling cycle, and particles may be collected on a wide variety of surfaces



allowing for numerous types of special analysis including optical microscopy. electron
microscopy, photometry, and radioactivity. Disadvantages of the sampler are that the low
sampling rate renders the sampler unsuitable for some analysts, volatile aerosols cannot
be collected. and the standard thermal precipitator has poor size selection characteristics.
This latter disadvantage is especially important if too large a sample size is taken.

High-volume Air Sampling for TSP (Federal FRM for Lead
Sampling)

Introduction

When air pollution agencties attempt to determine the nature and magnitude of air
pollution in their communities. and the effectiveness of their control programs. thev
collect samples of suspended. and sometimes settieable particulate matier.

Several different sampling techniques and devices --- filtration. electrostatic and
thermal precipitation. and impaction --- may be emploved to collect suspended particulate
pollutants from ambient air. Of the various techniques, filtration has been found to be the
most suitable for routine air sampling. The so-called high-volume (hi-vol} sampler for
total suspended particulate matter (TSP) was the most widely used sampler since it was
the Federal FRM (FRM) for measuring compliance with the particulate matter standard.
Approximately 20,000 hi-vols were operating at Federal, State, and local air pollution
control agencies, industries, and research organizations for either routine or intermittent
use in the 1970°s. As reduction in TSP levels decreased. the number of TSP samplers in
operation was greatly diminished. With the promulgation of the PM, standard in 1987.
the number of TSP samplers operated by State and local agencies was down to
approximately 2800 and the number of PM,, samplers was 636. By 1997 the number of
TSP samplers operated by State and local control agencies was reduced to approximately
450. Although there is no TSP standard, the TSP FRM remains as the official sampling
method for obtaining samples to determine compliance with the national ambient air
quality standard for lead.

Development of the High-volume Sampler

In 1948, Silverman (Silverman and Viles 1948) developed an aeroso! collector that
consisted of a household vacuum sweeper motor encased in an airtight sheet metal
housing adapted to hold a 4-inch diameter filter. Provision was made for measuring the
air flow through the system. Because this sampler operated at a much higher flow rate
than other available samplers, it was identified as a high-volume sampler and the
designation persists. Replacement of the thin sheet metal motor housing with one of cast
aluminum by the Staplex Company in the early 1950s improved the Silverman sampler.
Adoption of a stainless steel filter holder to accommodate an 8- by 10-inch filter
permitted 24-hour operation of the sampler and collection of a much larger sample of
particulate matter than was previously possible (Figure 4-31).

Although the Staplex sampler performed satisfactorily, it was decided after several
vears of experience that a more rugged sampler was needed to meet the requirements of a
large-scale sampling network operation. Accordingly. in 1957. a new high-volume
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sampler, developed in collaboration with General Metal Works, was introduced. The new
sampler used a different motor that was completely enclosed in a cast aluminum housing.
eliminating the sheet metal and rubber components used in the Staplex sampler. thus
simplifying brush and motor replacement. This sampler and others similar to it were
widely accepted.

Figure 4-31. Hi-vol sampler components (motor, filter, housing).

Equipment

Sampler-Shelter Combination

The sampler and its shelter should be considered as a single, functioning unit (Figure 4-
32). The sheiter must provide protection for the sampler, and at the same time allow
unrestricted access of ambient air from all directions without direct impingement of
particles on the filter. A high-volume sampler with a 7- by 9-inch exposed filter area
operated 1n a standard shelter at a sampling flow rate of 1.1 to 1.7 cubic meters per
minute (39 10 60 cubic feet per minute) collects particles of up to 25 to 30 pm in
aerodynamic diameter, depending on wind speed and direction, and uniformly distributes
the sample over the filter surface. The standard peak roof of the shelter, which acts as a
plenum above the filter. is placed to provide a total opening area of slightly more than the
63-square-inch exposed filter area. thereby permitting free flow of air into the plenum
space (Figure 4-33).
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The size of the opening to the filter and the volume of air filtered per unit time will
affect the particle size range collected. Distribution of particles on the filter may also be
affected. Therefore, any high-volume sampler purchased afier February 3. 1983, and used
for Federally mandated air monitoring must have uniform sample air inlets that are sized
to provide an effective particle capture air velocity of between 20 and 35 cm/sec at their
recommended sampling flow rates. The particle capture air velocity is determined by
dividing the sample air flow rate by the inlet area measured in a horizontal plane at the
lower edge of the sampler's roof. Ideally, the inlet area and sampling flow rate of these
samplers should be selected to obtain a capture air velocity of 25 + 2 cm/sec.

éjz:

Figure 4-32. Hi-vol sampler in shelter.
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Figure 4-33. Air flow of hi-vol sampler in shelter.
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Filter Media for High-volume Sampler

Choice of filter media is influenced by the objectives of the sampling program and the
characteristics of the sampler to be employed. An excellent discussion of filter media and
filtration sampling is presented in Air Sampling Instruments (American Conference of
Governmental Industrial Hygienists 1985). '

Glass fiber filters have been extensively used for total suspended particulate matter
sampling. Such filters have a collection efficiency of at least 99% for particles having
aerodynamic diameters of 0.3 um and larger, low resistance to air flow. and low affinity
for moisture. all of which are distinct advantages during sampling. However, in order to .
eliminate possible weight errors due to small amounts of moisture. both unexposed and
exposed filters should be equilibrated between 15°C and 30°C with less than + 3°C
variation at a relative humidity below 50% with less than £ 3% variation for 24 hours
before weighing.

Samples collected on glass fiber filters are suitable for analysis of a variety of
organic pollutants and a large number of inorganic contaminants including trace metals
and several nonmetaliic substances. Also, glass fiber filters are excellent for monitoring
gross radioactivity. However, satisfactory analyses for materials already present in
substantial amounts in the filter are not possible. A random. but statistically significant,
sample of new filters should be analyzed to determine whether the filter blank
concentration is high enough to interfere with a particular analysis. It is wise 10 obtain
this information before purchasing large numbers of filters to avoid potential problems
caused by high filter blanks.

While glass fiber filter material has been dominant in the measurement of total
suspended particulate matter, numerous applications have been found for cellulose filters.
Cellulose filters have relatively low metal contents, making them a good choice for - -
metals analysis by neutron activation, atomic absorption, emission spectroscopy. etc.
Conventional high-volume samplers usually have to be modified to use cellulose filters
because the filters clog rapidly, causing flow to sometimes decrease by as much as a
factor of two during a one-day sampling interval. Other disadvantages of cellulose are its
absorption of water and enhanced artifact formation of nitrates and sulfates. These
disadvantages can usually be overcome by using 2 control blank filter. Spectro-quality
grade glass fiber filters have sufficiently low background metal contents to make them
acceptable for metal analysts, if cellulose cannot be used.

Filters used for Federally mandated TSP sampling must meet the specifications listed
in Table 4-3. Filters supplied by the U.S. EPA can be assumed to meet these
specifications. ‘



Table 4.3. U.S. EPA specifications for TSP filters.
-‘Parameter Specification
Size 203+02x254+02cm
(nominal 8§ x 10 in.)

Nominal exposed area 406.5 em” (63 in.)

Material Glass fiber filter or other relatively
inert. nonhygroscopic material

Collection efficiencv 99% minimum as measured by the
DOP test (ASTM-2986) for particles
of 0.3-um aerodynamic diameter

Recommended pressure drop range 42103 mmHg (561072 KPajata
flow rate of 1.5 std m”/min through
the nominal exposed area

pH 61010
Integrity 2.4 mg maximum weight loss
Pinholes None

Tear strength 500 g minimum for 20-mm wide strip

cut from filter in weakest dimension
(ASTM Test D828-60)

Brittleness No cracks or material separations after
single lengthwise crease

Precautions in Filter Handling

After the desired filters have been chosen, each should be permanently identified by
stamping a serial number on two diagonally opposite corners (one number on each side of
the filter). Care should be taken not to tear the filter when affixing the identification
number. Filters should then be inspected visually for holes, tears, particles, or other
imperfections that may cause uneven loading. loss of particulate matter. or other failure
during the sampling period. A backlighting device, such as a light table, should be used
during the inspection.

Before the filters are weighed, they should be equilibrated for at least 24 hours in a
conditioning environment (15°C to 30°C not to vary more than z 3°C. relative humidity
less than 50% not to vary more than * 5%) free of acidic or basic gases that might react
with the filter material. The analytical balance used for the weighing should be calibrated
with three to five standard weights over a range including the expected weights of
unexposed and exposed filters. The filters should be taken directly from the conditioning
chamber to the balance to mimimize the risk of contaminating the filter. They should then
be weighed to the nearest milligram, and the weight and number of each filter should be
recorded. Filters must not be folded or creased before use as this may establish erroneous
flow patterns during sampling.



To install a clean filter in the sampler, the wing nuts are loosened and the faceplate is
removed (Figure 4-34). The filter, with its rough side up, should be centered so that the
gasket forms an airtight seal on the outer edge of the filter when the faceplate is n
position. The faceplate is then replaced and the wing nuts are tightened. The gasket
should not be tightened to the point that filter damage might occur. Hi-vol filter
cartridges similar to the one pictured in Figure 4-35 make installation of filters easier.
Installation and removal of a filter can be performed inside a building. thus eliminating
handling problems due to lack of space and windy conditions.

Rubber
Gasket

Figure 4-34. Hi-vol sampler filter adapter assembly.

(=
1

Figure 4-35. Hi-vol filter cartridge.

When the filter is removed. it should be checked for holes or other physical damage
and foreign material (such as insects). Caution should be observed 1o minimize filter



damage when removing the faceplate and the gasket. If the filter’s border appears fuzzy
or nonexistent, there may be an air leak around the gasket (Figure 4-36). The sample
should be voided and the gasket checked. After the visual check, the filter should be
folded in half lengthwise so that sample touches sample. This minimizes sample loss
during transport to the lab. The filter is then placed in a glassine envelope or a manila
folder and taken to the lab for weighing and analysis. The filter should be placed in the
conditioning environment for at least 24 hours before weighing to ensure that the same
humidity and temperature conditions are present during the final weighing as were
present during the initial weighing.

Figure 4-36. Fuzzy or nonexistent filter border.

Documentation of all these steps is for legal purposes and to ensure data reliability.
The operator who starts the sampler is responsible for recording the fellowing
information: C
e Filter serial number
¢ Sampling site identification number and/or address
o Sampler identification number
» Starting time
» [nitial sampling flow rate
e Sampling date (including day, month and year)
¢ Summary of conditions that may affect results (e.g., meteorology. construction
activities, etc.)
e Operator's initials or signature
+ Ambient temperature and barometric pressure. if necessary (see calibration
section of this chapter)

The operator who removes the sample is responsible for recording the following
information:

¢ Stop time and elapsed ume (if available)

e Final sampling flow rate

¢ Operator's initials or signature
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e Ambient temperature and barometric pressure, if necessary (see calibration
section of this chapter)

¢ Comments concerning voided samples

» Summary of existing conditions that may affect results

Calibration

Most high-volume samplers use an orifice/pressure indicator. an electronic mass
flowmeter. or a rotameter (visifloat) for measuring sampling flow rate (Figure 4-37). All
flow rate measuring devices must be calibrated against known flow rates. This is
accomphished by calibrating the devices with a flow rate transfer standard that has been
calibrated with a positive-displacement standard volume meter having a calibration that is
traceable to the National Institute of Standards and Technology.

The U.S. EPA has specified procedures in Appendix B of 40 CFR 30 for the
calibration of orifice-tvpe flow rate transfer standards as well as the calibration of
sampler flow rate measunng devices. These procedures are described below.

A tlow rate transfer standard is calibrated by attaching it by means of a filter adapter
to the inlet of a positive-displacement standard volume meter, such as a Roots meter
(Figure 4-38). Air is then drawn through the transfer standard and the standard volume
meter at a minimum of five different. but constant, evenly distributed flow rates with at
least three of the flow rates within a range of 1.1 to0 1.7 m>/min (39 to 60 ft*/min) by a
high-volume air pump, such as a high-volume sampler motor; attached to the outlet of the
standard volume meter The flow rates are determined by timing the flow of a known
volume (at least 3 m®) of air through the transfer standard as indicated by the standard
volume meter.
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Figure 4-38. Flow rate transfer standard calibration setup.

Air passing through the orifice-type transfer standard causes a pressure drop that
varies directly with flow rate (i.e., pressure drop increases as flow rate increases). The
pressure drop (AH) associated with each flow rate of air through the transfer standard is
measured by means of a water manometer that is attached to the static pressure tap of the
transfer standard.

A pressure drop is also caused in the standard volume meter by air passing through
it. However, this pressure drop varies inversely with flow rate (i.e.. pressure drop
decreases as flow rate increases). The pressure drop (AP) associated with each flow rate
of air through the standard volume meter is measured by means of a mercury manometer
that 1s attached to a static pressure tap located just below the inlet of the standard volume
meter.

Before any flow rates are measured. the calibration setup is checked for air leaks by
temporarily clamping both manometer lines. blocking the inlet of the transfer standard by
using a rubber stopper. cellophane tape. or other suitable means. and activating the high-



volume air pump. Any change in the reading of the standard volume meter indicates an
air leak, which must be eliminated before proceeding with the calibration. -

After all leaks have been eliminated. the high-volume air pump is deactivated. the
manometers are unclamped and “zeroed.” and the inlet of the transfer standard is
unblocked. Different, but constant. flow rates are then generated by operating the high-
volume air pump at a constant voltage and installing resistance plates (metal plates
having differing numbers of holes) in the transfer standard (Figure 4-39a). adjusting a
variable resistance plate of the transfer standard {Figure 4-39b). or by varying the voltage
to the high-volume air pump. If resistance plates are used. the leak check described above
must be repeated each time a resistance plate is installed.

Staic Resistance plaes
pressure Gaket

itp

y : P U—— T 1T Yyl
adjustmentknob
@ Orifice tanster standard with resistance plabes. ]

Static ., &

pressume
= -

(£ Variable resptance aifice transfer standard.

Figure 4-39. Typical orifice-type flow rate transfer standards.

4-60



The air volume measured by the standard volume meter is corrected to standard
volumes (std m™) by using the following equation: ‘

(Eg. 4-2) poey A=Al Ty
P_m.' Tl
Where. Vg = standard volume, std m’
I, = actual volume measured by the standard volume meier
P, = barometric pressure during calibration, mm Hg or kPa

AP = pressure drop at inlet to volume merer, mm Hg or kPa
Psq = 760 mm Hg or 101 kPa -
Taa =298 K

T, = ambient temperature during calibration. K.

Standard flow rates are then calculated 1o the nearest 0.01 std m*/min by using
Equation 4-3.

.
O =
(Eg. 4-3) =y
Where: Qg = standard volumetric Jlow rate, s1d m’/min
t = elapsed time, minutes

After the standard flow rates have been determined, J AH(P /P, )298/ T,)
is calculated for each flow rate and plotted against its associated standard flow rate (Osa)-
The transfer standard calibration curve is then determined either by drawing a line of best
fit between the individual plotted points (Figure 4-40), or calculating the siope and -
intercept of the curve by linear least squares regression analysis.
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Figure 4-40. Typical calibration curve for a flow rate transfer standard.
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Damage such as nicks or dents could affect the calibration curves of flow rate
transfer standards. Therefore, the transfer standards should be recalibrated if they show
signs of damage. 1f no damage is visible. transfer standards should be recalibrated at least
Once per vear.

A sampler flow rate measuring device is calibrated by attaching a calibrated flow
rate transfer standard to the inlet of the device's associated high-volume sampler (Figure
4-41). It must be ensured that there are no air leaks between the transfer standard and the
high-volume sampler, and the sampler must be allowed to reach thermal equilibrium.
Then, air is drawn through the transfer standard and the high-volume sampler at several
different. but constant. flow rates. distributed over a flow rate range that includes 1.1 to
1.7 std m*/min by the motor of the high-volume sampler. The flow rates should not be
generated by varying the voltage to the sampler's motor if an orifice-tvpe flow rate
measuring device located downstream of the motor is being calibrated.

Pressure drop (AH) within the transfer standard measured by a water manometer that
15 attached to the static pressure tap of the transfer standard. and the flow rate indication
(1) of the sampler's flow rate measuring device, are recorded for each flow rate of air.
Where P 1s the barometric pressure (mm Hg or kPa) and T; is the ambient temperature
(K) during the calibration. AH P )("98 }lis calculated for each flow rate. The
calculated vaiues are then used to etéi"'mme hé flow rates at standard conditions (Qsra}
either by referring to a graph of the transfer standard's calibration curve. such as Figure
4-40, or by calculating Q.4 using the slope and y-intercept of the transfer standard's
calibration curve.

Flow ate
ttanstfer standard

waer
manometer

Highvolume
sampler
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Figure 4-41. Flow rate measuring device calibration setup.
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Flow rates indicated (/) by a sampler's flow rate measuring device are then
expressed, with regard to the type of flow rate measuring device used and the method of
correcting sample air volumes for ambient temperature and barometric pressure. by using
the formulas of Table 4-4. The formulas for geographic average barometric pressure (£,)
and seasonal average temperature (7,) may be used to approximate actual pressure and
temperature conditions during sampling for a seasonal period if the actual barometric
pressure and temperature at the sampling site do not vary by more than * 60 mm Hg from
P, or £ 15°C from T,. respectively. Furthermore. P, may be estimated from an
altitude-pressure table or by making an approximate elevation correction of - 26 mm Hg
(-3.46 kPa) for each 305 m (1000 ft) that the sampler is above sea level (760 mm Hg or
101 kPa). and 7, may be estimated from weather station or other records.

Table 4-4. Formulas for expressing indicated flow rates of sampler flow rate

measuring device calibration.

Type of sampler flow rate
measuring device

Expression

]
P

For actual pressure and
temperature corrections

T For incorporation of geographic
average barometric pressure (P,}
and seasonal average temperature

(Ta)

Mass flowmeter

Orifice and pressure indicator

Rotameter. or orifice and pressure
recorder having a square root scale*

*This scale is recognizable by its nonuniform divisions and is the most commonly available for high-

volume samplers.

After the flow rates indicated by the sampler's flow rate measuring device have been
properly expressed. the resulting values are plotted against their associated standard flow
rates ((Js4). The calibration curve for the sampler flow rate measuring device is then
determined either by drawing a line of best fit that is readable to 0.02 std m’/min between
the individual plotted points {Figure 4-42) or by calculating the slope. v-intercept. and
correlation coefficient of the curve by linear least squares regression analysis.

The calibration of flow rate measuring devices of high-volume samplers having flow
controllers depends on the operating histories of the samplers. Flow-controllied samplers
having operating histories demonstrating that their flow rates are stable and reliable may
be calibrated solelv at their controlled flow rates by using a clean (unexposed) filter (1.e..
calibrated at onlv one flow rate near the lower limit of the controlled flow rate range). In
these cases. the sampler flow rate measuring devices may remain uncalibrated at flow
rates outside their controlled flow rate ranges, but they should be used to indicate any
relative change between initial and final sampling flow rates. and they should be
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frequently recalibrated at their controlled flow rates to minimize potential loss of samples
because of controller malfunctions. Fiow rate measuring devices of flow-controlled
samplers not having operating histories as described above are calibrated at several flow
rates, as described previously for non-flow-controlled samplers. except that their flow
controllers are disabled before calibration.
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Figure 4-42. Typical calibration curve for a sampler flow rate measuring device.

Whichever calibration procedure is used for flow-controlled samplers, the abilities of
their flow controllers should be verified after their calibrations. If a sampler is calibrated
at several flow rates, its flow controller should be re-enabled after the calibration and a
clean filter should be installed to verify its controlled sampling flow rate. After the
sampling flow rate has been verified. two or more filters should be stacked and added to
the sampler to determine if the flow controller maintains the controlied sampling flow
rate. For a sampler that is calibrated only at its controlled sampling flow rate, one or two
additional filters should be stacked and installed after the calibration to verify that the
flow controller maintains the controlled sampling flow rate.

Flow rate transfer standards (e.g., Figure 4-43) and sampler flow rate measuring
devices that are not described in the calibration procedures of Appendix B of 40 CFR 50.
but meet specifications described in Appendix B and have U.S. EPA-calibration
procedures, may be used for Federally mandated air monitoring.

Continuour
fowae ——=
adjjustment
9
Flowe ras
indicaor
Figure 4-43. Electronic flowmeter transfer standard with externally adjustable

' resistance.

4-64



U.S. EPA High-volume Sampling Procedure for TSP (Appendix B of 40
CFR 50)

The following procedure is specified in Appendix B of 40 CFR 50 for the sampling of
suspended particulate matter.

In 1987, EPA abolished the NAAQS for total suspended particulate matter and
established a particulate matter standard for PM;. Determining compliance with the new
PM o standard requires use of a reference or equivalent method for PM,;. As a result, the
high-volume sampler FRM was no longer used to determine compliance with EPA’s
particulate matter standard. However. the high-volume sampler FRM remains as the
reference sampling method for determining compliance with the lead NAAQS.

1. Number each filter. if not already numbered. near its edge with a unique identification
number.

2. Backlight each filter and inspect for pinholes. particies. and other imperfections;

filters with visible imperfections must not be used.

Equilibrate each filter for at least 24 hours.

4. Following equilibration, weigh each filter to the nearest milligram and record this tare

weight (W) with the filter identification nhumber.

Do not bend or fold the filter before collection of the sample.

6. Open the shelter and install a numbered, preweighed filter in the sampler, following
the supplier manufacturer's instructions. During inclement weather, precautions must
be taken while changing filters to prevent damage to the clean filter and loss of
sample from or damage to the exposed filter. Filter cartridges that can be loaded in
the laboratory may be used to minimize this problem.

7. Close the shelter and run the sampler for at least five minutes to establish run-
temperature conditions.

8. Record the flow indicator reading and, if needed, the ba:ometrlc pressure (P3) and the
ambient temperature (T5).

. Stop the sampler. -

10. Determine the sampler flow rate. If it is outside the acceptable range (1.1 to 1.7 m®
min {39 to 60 ft*/min]), use a different filter, or adjust the sampler flow rate. Warning:
Substantial flow adjustments may affect the calibration of the orifice-type flow
indicators and may necessitate recalibration.

11. Record the sampler identification information (filter number, site location or
identification number, sample date, and starting time).

12. Set the timer to start and stop the sampler so that the sampler runs 24 hours, from
midnight to midnight (local time).

13. As soon as practical following the sampling period, run the sampler for at least five
minutes to again establish run-temperature conditions.

14. Record the flow indicator reading and, if needed the barometric pressure (Ps) and the
ambient temperature (T53).

Note: No onsite pressure or femperature measurements are necessary if the
sampler flow indicator does not require pressure or temperature corrections (e.g.. a
mass flowmeter) or if average barometric pressure and seasonal average temperature
for the site are incorporaled into the sampler calibration. For individual pressure and
temperature corrections. the ambient pressure and temperature can be obtained by

L2
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15.

16.

17.

18.

19.
20.

onsite measurements or from a nearby weather station. Barometric pressure readings
obtained from airports must be station pressure. not corrected to sea level. and may
need to be corrected for differences in elevation between the sampler site and the
airport. For a sampler having flow recorders but not constant flow controllers. the
average temperature and pressure at the site during the sampling period should be
estimated from weather bureau or other available data.
Stop the sampler and carefully remove the filter. following the sampler
manufacturer's instructions. Touch only the outer edges of the filter.
Fold the filter in half lengthwise so that only surfaces with collected particulate
matter are in contact and place it in the filter holder (glassine envelope or manila
folder).
Record the ending time or elapsed time on the filter information record. either from
the stop set point time. from an elapsed time indicator. or from a continuous flow
record. The sample period must be 1440 + 60 min for a valid sample.
Record on the filter information record any other factors. such as meteorological
conditions. construction activity. fires or dust storms. etc.. that might be pertinent to
the measurement. If the sample is known to be defective. void it at this time.
Equilibrate the exposed filter for at least 24 hours.
immediately after equilibration, reweigh the filter to the nearest milligram and record
the gross weight with the filter identification number.

. Determine the average sampling standard flow rate (Qy4) during the sampling period.

If the sampler has a continuous flow rate recorder, determine the average indicated
flow rate (J) for the sampling period from the recorder trace. Express / with regard to
the type of flow rate measuring device used and the method of correcting sample air
volumes for ambient temperature and barometric pressure by using the formulas of
Table 4-5. Use the resulting value to determine Q. either by refemring to a graph of
the calibration curve for the sampler flow rate measuring device or by calculating (s
using the following equation: :

Expressed value of 1-6

(Eq. 4-4) erd =
m
Where: QOua = standard volumetric flow rate, std m®/min
I = indicated flow rate
b = y-intercept of calibration curve for sampler flow rate measurement
device
m = slope of calibration curve for sampler flow rate measurement
device

If the sampler does not have a continuous flow rate recorder. express the iniual and
final indicated flow rates (J) with regard to the type of flow rate measuring device
used and the method for correcting sample air volumes for ambient temperature and
barometric pressure using the formulas of Table 4-5. Use the resulting values to
determine the initial and final sampling standard flow rates (Qy.g) either by referring
to a graph of the calibration curve for the sampler’s flow rate measuring device or by
calculating initial and final Qs using Equation 4-4.

x
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Table 4-5. Formulas for expressing indicated sampling flow rates.

Type of sampler flow rate
measuring device

Expression

For actual pressure (P2) and
temperature (T;) corrections

For use when geographic average
barometric pressure and seasonal
average temperature have been
incorperated into the sampler

calibration

Mass flowmeter

Orifice and pressure indicator

! Rotameter. or orifice and pressure

| recorder having a square root scale*

i

—_—

Al

P sid

298
TZ

|

I

Vi

*This scale is recognizable by its nonuniform divisions and is the most commonliy available for high-
volume samplers.

After the initial and final sampling standard flow rates have been determined, calculate

the average sampling standard flow rate () using the following equation:

(Eq. 4-5) O = hacl

Where: Osia = standard volumetric flow rate, std m 3/min
Or = initial sampling standard flow rate, std m>/min
Qr = final sampling standard flow rate, std m*/min.

22. Calculate the total air volume sampled using the following eqﬁation:

(Eq. 4-6) V=0, xi

Where: V = total air volume sampled, std m’

Quq = average sampling standard flow rate, std m>/min )

! = sampling time, min.
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23. Calculate and report the particulate matter concentration using the following

equation:
(Eq. 4-7) W, —Ww J0¢
TSP = AL - i
Where: TSP = mass concentration of total suspended particulate matter.
pg/std m’
W, = initial weight of clean filter, g
Wy = final weight of exposed filter. g
I'' = airvolume sampled. std m”
10° = conversion of g to pg.

24. If desired. the actual particulate matter concentration can be calculated as follows:

(Eq. 4-8) (TSP)ue; = TSP(P ot / Py (Taa 7 Tacl!
Where: (TSP)oe= actual concentration at field conditions, png/m’
TSP = concentration at standard conditions. ug/std m’
Paee = average barometric pressure af the field during sampling period,
mm Hg
Pya = 760 mm Hg (or 101 kPa)
Taey = average ambient temperature at the field during the sampling
period. K
Taw = 298K.
Sample Problems

Problem 1: High Volume Sampling

Determine the total suspended particulate matter (TSP) concentration at actual sampling
conditions from the following sampling and analysis daia.

Mass of filter before sampling — 3.182 g
Mass of filter after sampling ~ 3.455 g
Ambient temperature — 20° C or 293 K
Ambient pressure — 740 mm Hg
Starting flow rate — 1.70 m*/min.
Ending flow rate — .41 m*/min
Sampling period — 24 hours.
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Solution

Q= Average sampling flow rate at field sampling conditions =

Initial actual flow rate + Final actual flow rate
5 :

Que= L70 m’/min+1.41 m*/min
2

=1.555m"/min

Vg = (Qacl)(samplinguperiod)

Vae = 1.555 m*/min (24hr)(60 min/hr) = 2239.2 m’

Mass of TSP collected = 3.455 ¢~ 3.182g=0.275 ¢ (10° pg/e) = 273.000 pg
TSP, concentration = Mass of TSP/V 5

TSPae = 273.000 pg/2239.2 m°

TSP, concentration = 122 |.Lg/m3

Problem 2: High Volume Sampling
What is the TSP concentration at standard conditions?

Solution
TSP = TSPu (Psta/Pact) (Tact Tara)
TSPstd =122 pg/m’ (760 mm/740 mm) (293 K/298 K)
TSPgq = 123 pg/m’

Problem 3: High Volume Sampling

The initial standard flow rate of a high-volume total susjoena’ed particulate (TSP) matter
sampler was 38 fr’/min and the final flow rate was 36 ft’/min. The sampling period was
23 hours and the atmospheric pressure was 740 mm Hg and 20° C. The weight of the

~  filter before sampling was 4.53350 g and the weight after sampling was 4.6830 g. What is

the TSP concentration in pg/m3 at standard conditions of 760 mm Hg and 25°C? Note
that I m'/min is equal to 35.3144 fr/min,
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Solution

Sampling period = 23 hrs x 60 min/hr = 1,380 min

at = average flow rate at field sampling conditions

Lo B o
Q= 8 o+ 7R
2 min
: Im’ I
Qu = 57 ﬁ_ x i —~=1.05m’/min
min 353144 ft°

Mass = Final weight - initial (tare) weight

Mass (ug) = (4.6850g - 4.5550g)x 10° ££ =130,000 pg
g

Ve = (Qact}(sampling period)

3

Vaa = 1052 %1380 min=1,449 m’
min

Vad = Vau (Pact/P std)(Tstd/T act)

Veg=  1.449 m3( 740‘“’“)(298 K] =1435m°
760mm N 293 K

TSPgq concentration = pug/Vag

TSPgyq concentration = 130.000 ug =90.59 pg/m’ or 90.6 ug/m’
1.435m’
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Analysis of High-volume Filters

Filters from hi-vol samplers can be analyzed much more thoroughly than by just simple
mass concentration determination. After a filter has been weighed, it can be cut into
sections for subsequent analysis. Destructive extraction techniques that might be used in
preparing the filter for analysis are organic solvent extraction, acid extraction, and
aqueous extraction. To determine the amount of organic acrosol present in the ambient
air, organics on a portion of a filter can be extracted with an organic solvent, such as
chioroform. in conjunction with a Soxhlet extractor. The resulting organic fraction can
then be analyzed by appropriate techniques. such as infrared or ultraviclet spectrometry.
Metals can be extracted from the particulate matter of a portion of a high-volume filter by
placing the filter portion in an acid solution. Any filter matter that disintegrates in the
acid can be removed by centrifugation. After extraction. the resulting soluble metal
solution can be analyzed by a number of methods. including atomic absorption
spectrophotometry . atomic emission spectroscopy. polarography. and inductively coupled
plasma emission spectroscopy. Water-soluble species (such as sulfates and nitrates) of the
particulate matter of a high-volume filter can be extracted using deionized, distilled
water. The resulting solution can then be analyzed using methods such as ultraviolet or
visible spectrometry.

Sometimes it is necessary that the filter remain intact after analysis. Nondestructive
analvtical techniques, such as neutron activation x-ray fluorescence, and electron or
optical microscopy, can be used in these cases.

The above-mentioned analyses are not required for all filters. Therefore, it must be
carefuily decided what analyses should be performed on individual filters.

Sampling Accuracy and Precision

The limits of accuracy and precision of any sampling method must be understood for
proper interpretation of data obtained using that method. Factors influencing the accuracy
and precision of high-volume sampling include sampler operating characteristics,
accuracy of calibration, filter characteristics, location of sampler, nature and
concentration of particulate matter and gases in the air being sampled, and the humidity
of the air.

Accuracy

As defined in Section 3 of Appendix A of 40 CFR Part 58, accuracy is the degree of
agreement between an observed value and an accepted reference value. It includes a
combination of random error (precision) and systematic error (bias) components which
are due to sampling and analytical operations. The accuracy of the particulate
measurements can be affected by several known inherent sources of error in the sampling
of particulate matter. These include airflow variation, air volume measurement. loss of
volatiles. artifacts, humidity, filter handling and nonsampled particulate matter.

Airflow variation. The weight of material collected on the filter represents the
integrated sum of the product of the instantaneous flow rate times the instantaneous
particle concentration. Therefore, dividing this weight by the average flow rate over the
sampling period vields the true particulate matter concentration only when the flow rate
is constant over the period. The error resulting from a nonconstant flow rate depends on
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the magnitude of the instantaneous changes in the flow rate and in the particulate matter
concentration. Normally, such errors are not large, but they can be greatly reduced by
equipping the sampler with an automatic flow controlling mechanism that maintains
constant flow during the sampling period.

The most popular method of constant flow rate regulation uses a constant
temperature thermal anemometer sensor to measure mass flow in the throat of the high-
volume sampler’s filter adapter (sampling head). Electronic feedback circuitry adjusts the
sampler’s motor speed to maintain a constant mass flow. Since mass flow is controlled,
the volumetric flow rate can be maintained at standard conditions. Thus, flow variations
caused by temperature. pressure, line voltage, and particulate matter loading are all
compensated for by this system. The system can be retro-fitted to any high-volume
sampler (Figure 4-44).

—_——
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Flowcontolier mounted through
the eide of Siena hetruments fitker adape:
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Flonroontraller mounted through
the side of G filker adapter

Fi_gure 4-44, Constant flow controllers.

Air volume measurement. If the flow rate changes substantially or nonuniformly
during the sampling period, appreciable error in the estimated air volume may result from
using the average of the presampling and postsampling flow rates. Greater air volume
measurement accuracy may be achieved by equipping the sampler with a flow controlling
mechanism that maintains constant air flow during the sampling period or by using a
calibrated. continuous flow rate recording device to record the actual flow rate during the
sampling period and integrating the flow rate over the period.

A high-volume sampler can be modified to provide a continuous recording of flow
rate by installing a fixed orifice in the sampler’s motor housing and using a pressure
transducer to monitor air flow through the sampler and a chart recorder to record the air
flow. Such modified high-volume samplers are commercially available (Figure 4-45).
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Figure 4-45. Hi-vol sampler modified for continuous recording of flow rate.

Loss of volatiles. Volatile particles collected on the filter may be lost during
subsequent sampling or during shipment and/or storage of the filter prior to the
postsampling weighing. Although such losses are largely unavoidable, the filter should be
reweighed as soon after sampling as practical.

Artifact particulate matter. Artifact particulate matter can be formed on the surface
of alkaline glass fiber filters by oxidation of acid gases in the sample air, resulting in a
higher than true TSP determination. This effect usually occurs early in the sampling
period and is a function of the filter pH and the presence of acid gases. It is generally . .
believed to account for only a small percentage of the filter weight gain, but the effect
may become more significant when relatively small particulate matter weights are
encountered.

Humidity. Glass fiber filters are comparatively insensitive to changes in relative
humidity. but collected particulate matter can absorb moisture. The moisture conditioning
procedure minimizes, but may not completely eliminate, error due to moisture.

Filter handling. Careful handling of the filter between the presampling and
postsampling weighings is necessary to avoid error due to loss of fibers or particles from
the filter. A filter cartridge used to protect the filter can minimize handling errors.

Nonsampled particulate marier. Particulate matter may be deposited on the filter by
wind during periods when the sampler is inoperative. Errors from this source can be
minimized by using an automatic mechanical device that keeps the filter covered during
nonsampling periods (Figure 4-46). or by timely installation and retrieval of filiers to
minimize the nonsampling periods prior to and following sampler operation.
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Figure 4-46. Modification for minimizing sampling error caused by nonsampled
particulate matter.

Timing errors. Samplers are normally controlled by clock timers (Figure 4-47a) set
to start and stop the sampler at midnight. Errors in the nominal 1440-min sampling period
may result from a power interruption during the sampling period or from a discrepancy
between the start or stop time recorded on the filter information record and the actual
start or stop time of the sampler. Such discrepancies may be caused by poor resolution of
the timer set points, timer error due to power interruption, missetting of the timer, or
timer malfunction. In general, digital electronic timers have much better set point
resolution than mechanical timers, but require a battery back-up system to maintain
continuity of operation after a power interruption. A continuous flow recorder or elapsed
time meter (Figure 4-47b) provides an indication of the sampler run-time, as well as
indication of any power interruption during the sampling period.
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MINUTES

Figure 4-47a. Seven-day mechanical clock timer. Figure 4-47b. Elapsed time
meter.

Recirculation of sampler exhaust. Under stagnant wind conditions, sampler exhaust
air can be resampled. Resampling does not appear to affect the TSP measurement
substantially, but may result in increased carbon and copper in the collected sample
caused by reentrainment of particles from the sampler’s motor. This problem can be
reduced by ducting the exhaust air well away (at least 40 cm), preferably downwind,
from the sampler’s air inlet.

Wind speed and direction sensitivity. The rectangular, gabled roof of the high-
volume sampler causes the size of the particles collected by the sampler to vary with
wind speed and direction.

Independent performance audits should be conducted to estimate the accuracies of
the flow rate calibrations of high-volume samplers. A Reference Flow device (ReF
device), developed by the National Institute of Science and Technology (NIST) under
contract to the U.S. EPA, can be used for the performance audits (Figure 4-48). The ReF
device is a modified orifice with five resistance plates that can be mounted directly to the
filter adapters of high-volume samplers. The resistance plates are used to produce known
flow rates of air through the samplers. However, if high-volume samplers equipped with
constant flow controllers are being audited, a clean filter should be used in place of the
resistance plates, because resistance plates may cause abnormal flow patterns around the
controller flow sensors. thus affecting the performance of the flow controliers.
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Figure 4-48. U.S. EPA Reference Flow device (ReF device).

Precision

Precision can be defined as the measurement of mutual agreement among individual
measurements of the same property, usually under prescribed similar conditions,
expressed generally in terms of standard deviation. Collaborative testing has shown that
the high-volume sampling method for total suspended particulate matter is capable of
achieving a relative standard deviation (coefficient of variation) for single analyst
precision (repeatability) of 3.0% and a relative standard deviation for interlaboratory
precision (reproducibility) of 3.7%. However, collaborative tests are often performed
under ideal conditions. Therefore, collocated samplers should be used to estimate
precision under field conditions for high-volume samplers of air monitoring networks.
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Maintenance

The high-volume sampler requires less maintenance than most air monitoring
instruments, but a certain level of preventive maintenance is needed to ensure dependable
operation. The sampler motor maintenance consists of periodic motor brush replacement
(if the sampler does not use a brushless motor), usually after 400 to 500 hours of
operation at normal line voltage of 115 volts. The life of these brushes can be extended
from 400 to 500 hours to approximately 600 to 750 hours by using a “step-down™
transformer (Figure 4-49). Worn brushes, if not replaced. will result in damage to the
motor. The flow rate measuring device should be cleaned whenever foreign material is
detected in the device or the device behaves erratically. The faceplate gasket. which seals
the filter to the filter adapter, will deteriorate in time and will need periodic replacement.

To high-val
samplet
Evolls +—— - Line voltage
115 volle

Figure 4-49. “Step-down” transformer.

Deterioration is indicated by indistinct margin patterns around the edge of the filter
after sampling (Figure 4-36). New filters can be secured with rubber contact cement or
double-side adhesive tape. There are also two motor gaskets that should be replaced when
worn.

Any leaks in the housing should be repaired, especially openings in the roof or in the
filter adapter housing. The inside and outside of the shelter must be kept clean and free of
accumulated debris. as this material might be drawn onto the filter. Time indicators and
24-hour timers must also be kept operational along with any power cords and electrical
connections. Plastic tubing used in the indication of flow rate must also be kept clean.

Samplers must be recalibrated after any major maintenance. This includes
replacement of the motor or motor brushes any time the flow rate measuring device is
replaced or repaired (including cleaning). or any time tubing is replaced or cleaned. If
motor brushes are replaced, the motor must be operated against a flow resistance that is
equal to a clean filter for several hours in order to properly seat the brushes against the
motor’s armature before the sampler can be recalibrated. Table 4-6 summarizes major
maintenance activities.
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Table 4-6. High volume sampler maintenance activities.

Equipment

Acceptance Limits

Frequency and method
of measurement

Action if requirements
are not met

Sampler motor

Faceplate gasket

Flow rate measuring
device
Motor gaskets

Filter adapter {sampling
head)

400 h of motor brush
operation: no
malfunction

No leaks at the filter seal

No foreign materials;

stable operation

Leak-free fit

No leaks

Visually check upon
receipt and after each
400 h of operation

Visually check after
each sampling period

Visually check for each
sample

Visually check afier
each 400 h of operation

Visually check after
each 200 h of operation

Replace motor brushes:
other maintenance as
indicated
Replace the gasket
Clean; replace if

damaged

Replace gaskets

Replace filter adapter

|

FRM for the Determination of Particulate Matter
as PM, in the Atmosphere

Applicability

The method for PM ¢ described here is provided in Appendix M of 40 CFR Part 50. This
method provides for the measurement of the mass concentration of particulate matter
with an aerodynamic diameter less than or equal to a nominal 10 pm (PM;e) in ambient
air over a 24-hour period for purposes of determining attainment and maintenance of the
primary and secondary national ambient air quality standards for particulate matter
specified in Sec. 50.7 of this chapter. The measurement process is nondestructive. and the
PM,o sample can be subjected to subsequent physical or chemical analyses. Quality
assurance procedures and guidance are provided in 40 CFR Part 58, Appendices A and B
and in Volume II of the QA Handbook. '

Principle

An air sampler draws ambient air at a constant flow rate into a specially shaped inlet
where the suspended particulate matter is inertially separated into one or more size
fractions within the PM,p size range (Figures 4-50 and 4-51). Each size fraction 1n the
PM,, size range is then collected on a separate filter over the specified sampling period.
The particle size discrimination characteristics (sampling effectiveness and 50% cutpoint)
of the sampler inlet are prescribed as performance specifications in 40 CFR Part 53. Two
types of samplers that meet EPA FRM designation for PMo requirements are the high-
volume (1000 L/min) PM, sampler and the dichotomous sampler (16.7 L/min).

Each filter (or both filters. in the case of the dichotomous sampler) is weighed (after
moisture equilibration) before and after use to determine the net weight (mass) gain due
to collected PM,q. The total volume of air sampled. measured at the actual ambient
temperature and pressure. is determined from the measured flow rate and the sampling
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time. The mass concentration of PM, in the ambient air is computed as the total mass of
collected particles in the PM,g size range divided by the volume of air sampled, and is
expressed in micrograms per cubic meter.

A method based on this principle will be considered a FRM only if (a) the associated
sampler meets the requirements specified in this appendix and the requirements in Part 53
of this chapter, and (b) the method has been designated as a FRM 1n accordance with Part
53 of this chapter.
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Figure 4-50. Schematic diagram of an impaction inlet.
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Figure 4-51. Schematic diagram of a cyclonic inlet.

Range

The lower limit of the mass concentration range is determined by the repeatability of
filter tare weights, assuming the nominal air sample volume for the sampler. For samplers
having an automatic filter-changing mechanism. there may be no upper limit. For
samplers that do not have an automatic filter-changing mechanism, the upper limit is
determined by the filter mass loading, beyond which the sampler no longer maintains the
operating flow rate within specified limits due to increased pressure drop across the
loaded filter. This upper limit cannot be specified precisely because 1t is a complex
function of the ambient particle size distribution and type, humidity. filter type, and
perhaps other factors. Nevertheless, all samplers should be capable of measuring 24-hour
PM);, mass concentrations of at least 300 pg/std m° while maintaining the operating flow
rate within the specified limits.

Precision

State and Local Air Monitoring Stations (SLAMS) measurement system precision.
Appendix A of 40 CFR Part 58 addresses the QA/QC requirements applicable to SLAMS
and includes the provision that all ambient monitoring methods or analyzers used in

. SLAMS shall be tested periodically to quantitatively assess the quality of the SLAMS
data. The terminology used to define the quality or uncertainty of the SLAMS
measurements in¢lude precision. accuracy. and bias. In Appendix A. Section 3.01.
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precision is defined as the measurement of mutual agreement among individual
measurements of the same property, usually under prescribed similar conditions,
expressed generally in terms of the standard deviation. The SLAMS precision goal for
PMiq is + 15% (QA Handbook, Volume 1I, Section 2.011).

Estimates of the precision of SLAMS automated methods for PM; are made based
on checks of the operational flow rate of each analyzer using a flow rate transfer
standard. These checks must be conducted at least once every 2 weeks. For networks
using manual methods for PM,g, precision is determined using collocated samplers at
selected sites. One of the samplers is designated as the primary sampler whose data will
be used to report air quality for the site, and the other sampler is designated as the
duplicate sampler. Estimates of the precision are calculated according to the procedures
specified in Section 5 of Appendix A of Part 58.

Initial operational precision of a FRM sampler. In addition to the Part 58 precision
requirements associated with SLAMS PM,, measurements, there are specifications in
Appendix J of 40 CFR Part 50 which address the initial operational precision of a
candidate FRM sampler. These specifications state that the precision of PM,, samplers
must be 5 pg/m’ for PM ¢ concentrations below 80 pg/m’ and 7% for PMo
concentrations above 80 pg/m>. The detailed and lengthy tests to determine whether or
not a candidate sampler complies with the precision specifications are included in 40
CFR Part 53. Part 53 contains the provisions for EPA designation of reference and
equivalent methods for candidate PM o monitors and all other candidate criteria pollutant
monitors.

Accuracy

SLAMS measurement system accuracy. Appendix A of Part 58 defines accuracy as the
degree of agreement between an observed value and an acceptable reference value.
Accuracy includes a combination of random error (precision) and systematic error (bias)
components which are due to sampling and analytical operations. The accuracy goal for
SLAMS PM,; measurements 1s + 20% (QA Handbook, Volume I, Section 3.01). The
accuracy of automated PM , analyzers is determined by conducting quarterly audits of at
least 25% of the SLAMS analyzers so that each analyzer 1s audited at least once per year.
The audit is performed by measuring the analyzer’s normal operating flow rate, using a
certified flow rate transfer standard. The percent difference between the sampler’s
indicated flow rate and the transfer standard flow rate is used to calculate accuracy
according to the procedures specified in section 5.4.1 of Appendix A of Part 38.

Initial operational accuracy of a FRM sampler. It is difficult to define the absolute
accuracy of PM,o samplers because of the variation in the size of atmospheric particles
and the variation in concentration with particle size. Therefore, 40 CFR Part 53 includes
the specification for the sampling effectiveness of PM,o samplers that are candidates for
reference or equivalent method designation. This specification requires that the expected
mass concentration calculated for a candidate PM, o sampler, when sampling a specified
particle size distribution. be within + 10% of that calculated for an ideal sampler whose
sampling effectiveness is explicitly specified. In addition, the particle size for 50%
sampling effectiveness is required to be 10 + 0.5 um. Other accuracy specifications for
- reference or equivalent method designation are also prescribed in Part 53. These
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specifications are related to flow measurement and calibration, filter media, analyncal
weighing procedures, and artifacts.

Potential Sources of Error

There are a number of possible sources of error in measuring PM,, concentration levels
in ambient air. These include volatile particles. artifacts, humidity. filter handling. flow
rate variation, and air volume determination. The FRM also addresses the configuration
of the sampler, filter calibration, operational procedure, and concentration calculation.

‘olatile particles. Volatile particles collected on filters are often lost during
shipment and/or storage of the filters prior to the postsampling weighing. Although
shipment or storage of loaded filters is sometimes unavoidable. filters should be
reweighed as soon as practical to minimize these losses.

Artifacts. Positive errors in PM; concentration measurements may result from
retention of gaseous species on filters. Such errors include the retention of sulfur dioxide
and nitric acid. Retention of sulfur dioxide on filters, followed by oxidation to sulfate. 1s
referred to as artifact sulfate formation, a phenomenon which increases with increasing
filter alkalinity. Little or no artifact sulfate formation should occur using filters that meet
the alkalinity specification in section 7.2.4 of Appendix M of 40 CFR Part 50. Artifact
nitrate formation, resulting primarily from retention of nitric acid, occurs to varying
degrees on many filter types, including glass fiber, cellulose ester, and many quartz fiber
filters. Loss of true atmospheric particulate nitrate during or following sampling may also
occur due to dissociation or chemical reaction. This phenomenon has been observed on
Teflon® filters and inferred for quartz fiber filters. The'magnitude of nitrate artifact errors
in PM |, mass concentration measurements will vary with location and ambient
temperature; however, for most sampling locations, these errors are expected to be small.

Humidiry. The effects of ambient humidity on the sample are unavoidable. The filter
equilibration procedure in section 9.0 of Appendix M of 40 CFR Part 50 is designed to
minimize the effects of moisture on the filter medium.

Filter handling. Careful handling of filters between presampling and postsampling
weighings is necessary to avoid errors due to damaged filters or loss of collected particles
from the filters. Use of a filter cartridge or cassette may reduce the magnitude of these
ErTors.

Flow rate variation. Variations in the sampler’s operating flow rate may alter the
particle size discrimination characteristics of the sampler inlet. The magnitude of this
error will depend on the sensitivity of the inlet to variations in flow rate and on the
particle distribution in the atmosphere during the sampling period. The use of a flow
control device is required to minimize this error.

Air volume determination. Errors in the air volume determination may result from
errors in the flow rate and/or sampling time measurements. The flow control device
serves to minimize errors in the flow rate determination, and an elapsed time meter is
required to minimize the error in the sampling time measurement.
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Apparatus

PM,p Sampler

The sampler is designed to
a. draw the air sample into the sampler iniet and through the particle collection filter at
- auniform face velocity.

b. hold and seal the filterina horlzontal position so that sample air is drawn downward
through the filter.

c. allow the filter to be instailed and removed conveniently.

d. protect the filter and sampler from precipitation and prevent insects and other debnis
from being sampled.

e. minimize air leaks that would cause error in the measurement of the air volume
passing through the filter.

f.  discharge exhaust air at a sufficient distance from the sampler inlet to minimize the
sampling of exhaust air.

g. minimize the collection of dust from the supporting surface.

Filters

Filter Medium

No commercially available filter medium is ideal in all respects for all PM;¢ samplers.
The user's goals in sampling determine the relative importance of various filter
characteristics (e.g., cost. ease of handling. physical and chemical characteristics. etc.)
and. consequently. determine the choice among acceptable filters. Furthermore. certain
types of filters may not be suitable for use with some samplers, particularly under heavy
loading conditions (high mass concentrations). because of high or rapid increase in the
filter flow resistance that would exceed the capability of the sampler's flow control
device. However. samplers equipped with automatic filter-changing mechanisms may
allow use of these types of filters. Filter specifications are provided in the FRM and
address collection efficiency, integrity, and alkalinity. The filter medium collection
efficiency must be greater than 99% as measured by the dioctyl phthalate (DOP) test
American Society of Testing Materials (ASTM) 2986. This test requires the use of 0.3
pum particles at the sampler’s operating face velocity. The integrity of the filter medium
is a measure of the filter’s mass stability. it is measured as the PM; concentration
corresponding to the average difference between the initial and the final weights of a
random sample of test filters that are weighed and handled under actual or simulated
sampling conditions. but have no air sample passed through them. The integnity
specification is + 5 pg/m’. assuming the sampler is operating for 24-hours at its normal
sampler flow rate. The alkalinity requirement of the filter medium is less than 25
microequivalents/gram of filter as measured by the alkalinity procedure specified in
Appendix A of the QA Handbook. Volume Ii, Par II.

The filter conditioning environment must control the temperature to = 3°C and the
relative humidity te + 3%. Other topics covered in the FRM include the analyucal
balance calibration procedure. sampler operational procedure, and sampie maintenance.



Calculations

Calculate the total volume of air sampled as

(E(]- 4'9) lharr = Qaf
Hhere: Vace=  total air sampled at ambienr temperature and pressure. m”
0. = average sample flow rate at ambicnt temperature and pressure.
m*/min
1= sampling time. min.

Calculate the PM, concentration as:

.4 Wo-W)x10°
(Eq. $-10) PM]“:( C-Wx10
V,sld
Where. PMo = mass concentration of PM. }.lg!’m3

Wy W, = final and initial weights of filter collecting PM\o particles. in g
10° conversion of g to pg. (Use | 0’ 1o convert mg to pg.)
Fag = volume at EPA standard temperarure and pressure

Note: If more than one size fraction in the PM |, size range is collected by the sampler.
the sum of the net weight gain by each collection filter [Z(W,- ¥ ] is used to calculate
the PM ¢ mass concentration.

Sample Problems

Problem 1: PM,, Sampling

A dichotomous sampler was used for measuring PM,;q concentrations in the aimosphere.
Two filter weights were obtained: one for fine particulates and one for coarse
particulates. In measuring PM o concentrations with a dichotomous sampler. the two
Jilter weights are combined to determine the PM), concentrations. In this sampling
situation, the final gross weight of the fine particles was 101.080 mg with a tare weight of
100.100 mg. The final gross weight of the coarse particles was 104.100 mg with a tare
weight of 103.175. The average flow rate for the 23-hour sampling period was

16.80 L/min. The average atmospheric pressure was 745 mm Hg, and the average
temperature was 23.5°C. What is the PMy, concentration for this sample required as
pg/knj at actual armospheric concentration? '

Solution

Sampling period = 23 hrs x 60 min/hr = 1.380 min
Vaa = Qat

V. = 16.8 L/min x 1.380 min = 23.184 L » m*/1000L = 23.18 m’
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-W)x10°
P = (e

act

prg - (101.080mg -100.100 mg) + (104.100 mg - 103.175 mg) x 10°
10—
v

act

Mass = Final weight -initial (tare) weight
Mass of fine particles = 101.080 mg -100.100 mg = 0.98 mg x 10° pg/mg

Mass of fine particles = 980 g

Mass of coarse particles = 104.100 mg - 103.175 mg = 0.925 mg x 10° pg/mg = 925 pe

Total mass of particles = 980 pg + 925 ng = 1,905 ug

PM;y Concentrationag = pug/Vae = 1,905 ug/ 23.18 m’ =82.18 pg/rn3 or 82.2 pg/m3
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Problem 2: PM,o Sampling

The gross weight of the fine particulate filter from a PM,, dichotomous sampler was
0.990660 g with a tare weight of 0.990100 g. The gross weight and tare weight of the
coarse particulate filter were the same as the fines. The total volume sampled at actual
atmospheric conditions of 750 mm Hg and 23 °C was 24,330 L. What is the calculated
PM q concentration in ug/m3 at actual armospheric conditions?

‘Solution

Vo =24330 L x m*/1000 L = 24.33 m’

PM,, = (W, -W)x10
\’rsld
) - 6 2
PM,, = 2(0.990660g - 0.990100g) x10° 1120 mg} _ 46.03 g/’

(24330 L)(m" /1000 L) 2433m

Mass = Final weight - initial (tare) weight

Mass fine particles = 0.990660 g - 0.990100 g = 0.000560 g
Mass fine particles = 0.000560 x 10° pg/g = 560 pg

Masé of coarse particles‘is the same, or 560 pg

Total mass of fine and coarse = 1.120 pg

PM,, Concentration,., = Total mass/V ¢

PM,; Concentrationaq = 1,120 png/24.33 m’ = 46.03 pg/m3 or 46.0 ug/rn3
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FRM For the Determination of Fine Particulate Matter as
PM, : in the Atmosphere

Applicability

This method provides for the measurement of the mass concentration of fine particulate
matter having an aerodynamic diameter less than or equal to a nominal 2.5 pm (PMs ) in
ambient air over a 24-hour period. The measurements provide data to determine whether
the primary and secondary national ambient air quality standards for fine particulate
matter specified in § 50.6 of Part 50 are met. The measurement process is considered to
be nondestructive. and the PM; s sample obtained can be subjected to subsequent physical
or chemical analyses. Quality assessment procedures are provided in Part 58. Appendix A
of 40 CFR.

Principle

An electrically powered air sampler draws a 24-hour ambient air sample at a constant
volumetric flow rate into a specially shaped inlet (Figure 4-13) and through an inertial
particle size separator (impactor). The suspended particulate matter in the PM 5 size
range is separated from the larger particles (Figure 4-14) and then collected on a
polytetrafluoroethylene (PTFE) filter. Each filter is weighed (after moisture and
temperature conditioning) before and after sample collection to determine the net gain in
weight of PM;z 5. The total volume of air sampled at actual temperature and pressure
conditions is calculated from the measured flow rate and sampling time. The mass
concentration of PMs 5 collected, in micrograms per cubic meter (ug/m ), 1s caiculated by
dividing the net gain in weight by the total volume of air sampled.

PM, s Measurement Ran ge

Lower concentration limit. The lower detection limit of the mass concentration
measurement range is estimated to be approx1mately 2 ug/m based on noted mass
changes in field blanks in conjunction with the 24 m’ nominal total air sample volume
specified for the 24 hour sample.

Upper concentration limit. The upper limit of the mass concentration range is
determined by the filter mass loading, beyond which the sampler can no longer maintain
the operating flow rate within specified limits (10% of 16.67 L) due to increased pressure
drop across the loaded filter. This upper limit cannot be specified precisely because it is a
complex function of the ambient particle size distribution and type. humidity, the
individual filter used, the capacity of the sampler flow rate control system, and perhaps
other factors. Nevertheless, all samplers are estimated to be capable of measuring 24-hour
PMa s mass concentrations of at least 200 pg/m’ while maintaining the operating flow rate
within the specified limits.

Sample period The required sample period for PM, s concentration measurements by
this method is 1380 to 1500 minutes (23 to 25 hours).
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Precision

SLAMS measurement system precision. As stated in Appendix A. Section 3.01. precision
is defined as the measurement of mutual agreement among individual measurements of
the same property. usually under prescribed similar conditions. expressed generally in
terms of the standard deviation. A data quality objective of 10% coefficient of variation
(CV) or better has been established for the SLAMS operational precision of PM: 5
monitoring data (Section 5.0, Appendix L, 40 CFR Part 50).

Precision measurements using collocated procedures for automaied and manual
methods of PM- ;. Section 3.5 of Appendix A describes the requirements for measuring
the precision of automated and manual methods for PMa 5 using collocated samplers. The
requirements include: (1) SLAMS operators must report the number or percent of
collocated samplers per reporting organization, (2) an EPA FRM must be collocated with
a monitor having the same EPA FRM designation. (3) for momitors designated as an EPA
FEM. 50% of the designated monitors shall be collocated with a monitor having the same
designation and 50% shall be collocated with an FRM monitor. and (4) during the initial
deployment of the SLAMS network, collocated sites should be in areas likely to be in
violation of the NAAQS.

For each pair of collocated samplers at the selected sites. one of the samplers is
designated as the primary sampler for the site, and the other sampler 1s designated as the
duplicate sampler. The duplicate sampler must be operated concurrently with the
primary sampler and on a one-in-six day sampling schedule. Estimates of the precision
are calculated using the procedures specified in Section 5.5.2 of Appendix A of Part 58.

Initial operational precision of a FRM sampler. In’addition to the requirements
associated with SLAMS PM; s precision measurements, there are tests in Section 53.58 of
40 CFR Part 53 which are intended to determine the operational precision of candidate
PM, s samplers during a minimum of 10 days of field operation using three collocated
test samplers. In this Section, precision is defined as the standard deviation or relative
standard deviation of a set of PM; s measurements obtained concurrently with three or’
more collocated samplers in actual ambient air field operation. Calculations to determine
whether or not the candidate method passes the precision test are specified in Section
53.58.

Accuracy and Bias

SLAMS measurement system accuracy and bias. Appendix A of Part 58 defines accuracy
as the degree of agreement between an observed value and an acceptable reference value.
Accuracy includes a combination of random error (precision) and systematic error (bias)
components that are due to sampling and analytical operations. An accuracy goal for the
PM. s sampler’s flow rate has been specified in Section 2.12 of the QA Handbook. Vol.
IL. Part II. The goal for accuracy of the sampler flow rate is to be within + 2% of the
vaiue indicated by the audit device (during multipoint verification/calibration). or £ 4%
(during one-point verification checks and audits), and to be within * 2% of the sampler’s
design flow rate of 16.67 L/min (40 CFR Part 50 Appendix L. Section 9.2.6).

Automated methods accuracy. Estimates of the accuracy of the flow rate SLAMS
automated methods for PM- s are made based on checks of the operational flow rate of
* each analyzer using a certified flow rate transfer standard. These checks must be
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conducted at least once every 2 weeks and a randomization with respect to time of day,
day of week, and routine service and adjustments is encouraged. An alternative
procedure that does not use an external flow rate transfer standard is permissible to obtain
the flow rate data from the analyzer’s internal flow meter. This alternative procedure is
allowed if several conditions are met, one of which requires the flow meter to be audited
with an external flow rate transfer standard at least every six months. The other
conditions can be found in Section 3.5.1.1.2 of Appendix A of Part 58. For either
procedure, the difference between the flow rate transfer standard and the indicated flow
rate of the sampler is used to assess the accuracy of the flow rate using the calculation
procedures contained in Section 5.5 of Appendix A. ‘

Manual methods accuracy. For networks using manual sampling methods for PM- s,
the accuracy of the sampler’s flow rate is determined by auditing the flow rate of each
SLAMS sampler each calendar quarter. A certified flow rate transfer standard is used for
the audit. The audit flow rate and the indicated flow rate of the sampler are reported and
the difference between the two is used to calculate the flow rate accuracy.

Initial operational accuracy of a FRM sampler. 1t is difficult to define the absolute
accuracy of PMa ; samplers because of the variation in the size of atrnospheric particles
and the vaniation in concentration with particle size. Therefore, 40 CFR Part 53 includes
the specification for the sampling effectiveness of PM; s samplers that are candidates for
reference or equivalent method designation. This specification requires that the expected
mass concentration calculated for a candidate PM; 5 sampler. when sampling a specified
particie size distribution, be within + 10% of that calculated for an ideal sampler whose
sampling effectiveness is explicitly specified. In addition, the particie size for 50%
sampling effectiveness is required to be 10 + -0.5 pm. Other specifications for reference
or equivalent method designation related to accuracy apply to flow measurement and
calibration, filter media, analytical weighing procedures, and artifacts.

Measurement system bias. Bias is defined as the systematic or persistent distortion of
a measurement process that causes errors in one direction. The measurement system bias
goal is to be within + 10% of the measurement obtained by an independent sampler audit.
The sampler bias is assessed from the results of an independent FRM performance
evaluation to be administered through the EPA Regional Offices. More details on these
requirements are contained in the QA Handbook, Vol. I, Part I, Section 2.12,
Subsection 13.3.

Filter for PM, ;s Sample Collection

The filters specified in the FRM for PM; 5 are 46.2 mm diameter filters of
polvietrafluoroethylene (PTFE Teflon®). with an integral support ring made of
polvmethylpentene (PMP) or equivalent inert material. In addition to the type of filter
material and support ring, the method includes other filter specifications such as pore
size. filter thickness, maximum pressure drop, and filter weight stability. A list of the
filter specifications follows.

» Size. Circular, 46.2 mm diameter + 0.25 mm.

o+ Medium. Polytetrafluoroethylene (PTFE Teflon®). with integral support ring.
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Support ring. Polymethylpentene (PMP) or equivalent inert material. 0.38 £ 0.04
mm thick, outer diameter 46.2 mm = 0.25 mm. and width of 3.68 mm (£ 0.00, -
0.51 mm).

Pore size. 2 pm as measured by ASTM F 316-94.

Filter thickness. 30 to 50 pm.

Maximum pressure drop (clean filter). 30 cm Ha0 column @ 16.67 L/min clean
air flow.

Maximum moisture pickup. Not more than 10 pg weight increase after 24-hour
exposure to air of 40% relative humidity. relative to weight after 24-hour
exposure to air of 35% relative humidity.

Collection efficiency. Greater than 99.7%. as measured by the DOP test (ASTM
D 2986-91) with 0.3 pm particles at the sampler’s operating face velocity.

Filter weight stabiliry. Filter weight loss shall be less than 20 ug. as measured in
each of the following two tests. The following conditions apply to both of these
tests: Filter weight loss shall be the average difference between the initial and the
final filier weights of a random sample of test filters selected from cach lot prior
to sale. The number of filters tested shall not be less than 0.1% of the filters of
each manufacturing lot, or 10 filters, whichever is greater. The filters shall be
weighed under laboratory conditions and shall have had no air sample passed
through them, i.e., filter blanks. Each test procedure must include initial
conditioning and weighing.

Test for loose, surface particulate contamination. After the initial weighing,
install each test filter, in turn, in a filter cassette and drop the casseite from a
height of 25 cm to a flat hard surface, such as a particle-free wood bench. Repeat
two times, for a total of three drop tests for each test filter. Remove the test filter
from the cassette and weigh the filter. The average change in weight must be less
than 20 pg.

Test for temperature stability. After weighing each filter, place the test filters
in a drying oven set at 40°C.+ 2°C for not less than 48 hours. Remove, condition,
and reweigh each test filter. The average change in weight must be less than
20 pg. -

Alkalinity. Less than 25 microequivalents/gram of filter, as measured by the
guidance given in Reference 2 in Section 13.0 of this appendix.

Supplemental requirements. Although not required for determination of PM3s
mass concentration under this FRM, additional specifications for the filter must
be developed by users who intend to subject PMa filter samples to subsequent
chemical analysis. These supplemental specifications include background
chemical contamination of the filter and any other filter parameters that may be
required by the method of chemical analvsis. All such supplemental filter
specifications must be compatible with and secondary to the primary filter
spectfications.
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PM, ; Sampler Configuration

The sampler consists of a sample air inlet, downtube, particle size separator (impactor),
filter holder assembly. air pump, flow rate control system, and a flow rate measurement
device (Figure 4-52). Other required components include an ambient and filter
temperature monitoring system. barometric pressure measurement system. timer. outdoor
environmental enclosure, and suitable mechanical, electrical, or electronic control
capabilities to meet or exceed the design and functional requirements specified in the
FRM.

The sampler is specified by a combination of design and performance requirements.
The components explicitly specified by design are the sample inlet. downtube. particle
size separator. filter cassette. and the internal configuration of the filter holder assembly.
All other aspects of the sampler are specified in terms of operational function and
performance. The design of these other aspects, however. is optional. subject to
acceptable operational performance. The test procedures to demonstrate compliance with
the design and performance requirements are contained in Subpart E of 40 CFR Part 53.

Designated Methods for PM; s

As of January 4. 1999, seven methods have been designated as EPA FRMs for measuring
mass concentrations of particulate matter as PM; s in the ambient air. A list of these
methods follows:

RFPS-0498-116, “BGI Incorporated Model PQ200PM; 5 Ambient Fine Particle
Sampler.” _

RFPS-0498-116, “BGI Incorporated Model PQ200APM; s Ambient Fine Particle
Sampler.” The Model PQ200A is a portable audit sampler and includes a set of three
carrying cases. '

RFPS-0498-117, “Rupprecht & Patashnick Company, Incorporated Partisol®-FRM
Model 2000 PM. s Air Sampler.”

RFPS-0498-118, “Rupprecht & Patashnick Company, Incorporated Partiso!® FRM Model
2025 PM, s Sequential Air Sampler.”

RFPS-0598-119, “Graseby Andersen Model RAAS2.5-100 PM; 5 Ambient Air Sampler.”

RFPS-0598-120, “Graseby Andersen Model RAAS2.5-300 PMa s Ambient Air Sampler.”

RFPS-1098-123, "Thermo Environmental Instruments Incorporated Mode! 605 Computer
Assisted Particle Sampler (CAPS).”

Updated lists of EPA designated reference and equivalent methods can be obtained

at EPA’s Ambient Monitoring Technology Information (AMTIC) Web page:
http.//www _epa.gov/tin/amtic
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Figure 4-52. Schematic of PM; s ambient air sampler.

Equivalent Methods for PM; s

Equivalent methods for PM; s have a much wider latitude in their design, configuration.
and operating principle than FRMs. These methods are not required to be based on filter
collection of PM; s; therefore, continuous or semicontinuous analyzers and new types of
PM: s measurement technologies are not precluded as possible equivalent methods.
Equivalent methods are not necessarily required to meet all the requirements specified for
FRMs, but they must demonstrate both comparability to FRM measurements and similar
PM- ; measurement precision.

The requirements that some (but not all) candidate methods must meet, to be
designated as equivalent methods by EPA, are specified in 40 CFR Part 53. Three classes
of equivalent methods have been established in the 40 CFR Part 53 regulations, based on
the degree to which a candidate method deviates from the FRM requirements. All three
classes of equivalent methods are acceptable for SLAMS or SLAMS-related PM; 5
monitoring. But not all types of equivalent methods may be equally suited to specific
PM> < monitoring requirements or applications.

Class I equivalent methods are based on samplers that have minor deviations from
the specifications for FRM samplers. However. they must meet the 40 CFR Part 53 tests
and other requirements that are applicable to FRM samplers. Also. they must be tested to
make sure that the modifications of the candidate Class [ equivalent method sampler do
not significantly compromise sampler performance. Finally. they must be tested for
possible loss of PMa s in any new or modified components in the sampler inlet upstream
of the sampler filtér.
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Class I1 equivalent method samplers are filter-collection based methods that will
generally have orie or more substantial deviations from the design or performance
specification of the FRM. These deviations would cause the sampler to be disqualified as
a FRM sampler. For example, they might have a different inlet, particle size separator,
volumetric flow rate, filter, or filter face velocity than a FRM sampier. Consequently.
more extensive performance testing is required for designation of Class II equivalent
methods. The tests and their specific applicability to various types of candidate Class Il
equivalent method samplers are contained in Subpart ¥ of 40 CFR Part 33.

Class Iil equivalent methods cover any PM: ;s equivalent method samplers that
cannot qualify as reference or Class 1 or Il equivalent methods because of more profound
differences from the FRM requirements. This class encompasses PM» s methods such as
continuous or semicontinuous PM- ; analyzers and potential new PM; ;5 measurement
technologies. The requirements for designation as Class III methods are the most
extensive. and. because of the wide variety of PM s measurement principles that could be
employed for candidate Class III equivalent methods. the designation requirements are
not explicitly provided in 40 CFR Part 53. For similar reasons, much of the information
and guidance in this document may not be applicable to operation of Class I1] equivalent
methods.

Limitations of PM s Reference and Class I Equivalent Methods

There are several conditions or effects that limit the degree to which a PM; 5 reference or
Class I equivalent method can precisely determine the mass concentration of particulate
matter in the atmosphere. One limitation is maintaining the specified ambient air flow
rate through the sampling inlet and fiiter assembly. The flow rate determines the size of
the particles that will be collected. The effects of this limitation are minimized by
following sampler construction requirements and by employing procedures and checks to
ensure the proper flow rate is maintained within close tolerances. Refer to Section 6.0,
“Calibration Procedures,” and to Section 8.0, “Field Operation,” of EPA’s QA Handbook
Vol. I1. Part II, Section 2.12, for guidance.

Another important limitation involves changes in the weight of a collected sample
due to mishandling, chemical reactions, and volatilization. Handling procedures, choice
of filter media, humidity and temperature control of the filter and sample during
collection and subsequent processing, and promptness in weighing the sample following
collection all help control filter artifacts. The chemical makeup of the PM; 5 particulate
matter will vary with sampling location and source. Thus, the magnitude of PM; s weight
changes due to chemical and physical processes will-also vary with site location.

Weight loss due to mechanical removal of particles from the filter is minimized by
carefully removing the filter, in its cassette, from the sampler, storing the filter/cassette in
a protective container during transit to the weighing laboratory, and carefully removing
the filter from the cassette. conditioning the filter. and neutralizing the static charge on
the filter before weighing. Refer to Section 7.0, “Filter Preparation and Analysis.” The
choice of an essentially neutral Teflon® media filter as the collecting surface minimizes
the weight gain that occurs when sulfate-containing particles form by chemical reactions
of sulfur dioxide gas at the surface of alkaline media such as glass fiber filters. If nitric
acid vapor is present at a sampling location. it can deposit on a Teflon® filter and cause
small weight gains in proportion to the amount of nitric acid present in the atmosphere.
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This weight gain may not be controllable. Weight losses can occur due to the thermal or
chemical decomposition or evaporation of compounds like ammonium nitrate (NHsNO3).
which releases ammonia and nitric acid as gases. Semivolatile organic compounds
(SVOCs) may be part of the sample makeup; if so. they may evaporate and cause sample
weight losses. Such weight losses are minimized or standardized by maintaining the
sampler temperature near ambient conditions during the sampling process. keeping the
sample cool during transport to the laboratory. and promptly conditioning and weighing
the sample following its receipt in the laboratory. Weight gain or loss due to absorption
or desorption of water vapor on the filter or on the particulate matter is minimized by
specifying low moisture pickup for manufactured filters and by conditioning the filters
within specified humidity and temperature ranges. both before use and after receipt from
the field. Refer to Section 7.0. “Filter Preparation and Analysis.” for further guidance.
Errors in the gravimetric analysis of samples can also result from the buildup of
electrostatic charge on filters during their manufacture or during sampling. This static
buildup will interfere with the microbalance weighing. but it can be reduced or eliminated
by the use of Poloniom-210 (*'°Po) antistatic strips before the weighing process begins.

Calculations

The PM- 5 concentration is calculated as:

PMbs = (Wr— Wi)/Vaq

where

PM->s = mass concentration of PM s, yg/m3

W, W, = final and initial weights, respectively of the filter used to collect the PM> 5
particle sample in ug

Vace = total air volume sample at actual ambient air conditions as provided by the

sampler, m.

Sample Problems

Problem 1: PM; s Sampling

A PM, 5 filter weighed 150.200 mg before sampling and 130. 900 mg after sampling. The
flow rate at atmospheric conditions of 740 mm Hg and 20 °C was 16.5 L/min. The
sampling period was 24 hours. What is the PM- s concentration in ,ug/mj at standard
conditions of 760 mm Hg and 25°C?

- Solution

Mass = Final weight - initial (tare) weight
Mass (pg) = 150.900 mg — 150.200 mg = 0.700 mg x 10° peg/mg = 700 pg

Sampling period £ 24 hrs x 60 min/hr = 1.440 min
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Vao = flowrate,y x time

Vi = 16.5 Limin x 1,440 min = 23.760 L x m*/1.000L = 23.76 m’
PMa: < concentrationge = 700 pg/ 23.76 m’ = 29.46 pg;’m3 or 29.5 ;,Lg/m3
Vid = Vaor (Pact/Psia) Tsto/ Fact)

Ve = 23.76 m® x (740 mm Hg/760 mm Hg) (298 K/293 K) = 23.53 m’
PMa s concentrationgg = p1g/Vag

PM, s concentrationgg = 700 ng/23.55 m’ =29.75 pg/m3 or 29.8 pg/m’
-Or-

PM- 5 concentrationgg = PMa s concentrationag (Pad/Pac)(Tac! T

PMa s concentratlonstd =295 pg/m x (760 mm Hg/ 740 mm Hg) x (293 K/298 K) =
29.79 ug/m’ or 29.8 pg/m?

Problem 2: PM- s Sampling

A PM- s filter weighed 143.300 mg before sampling and 143.700 mg after sampling. The
flow rate at atmospheric conditions of 745 mm Hg and 23°C was 16.7 L/min. The
sampling period was 24 hours. What is the PM; 5 concentration in yg/m at actual
atmospheric conditions?

Solution

Mass = Final weight - initial (tare) weight
Mass = 143.700 mg — 143.300 mg = 0.400 mg x 1.000 ug/mg = 400 pg
Sampling period = 24.0 hrs x 60 min/hr = 1,440 min
Vaa = flowrate,y x time

Voo = 16.7 L/min x 1.440 min = 24,048 L. x m*/1,000L = 24.05 m’
PM- 5 concentrationge = Mg/ Vaa

PM- 5 concentration,q = 400 pg/24.05 m’ = 16.63 pg/m3 or 16.6 ug/m’
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Continuous Monitoring for Particulate Matter

Continuous fine particulate monitoring is required at Core State and local air monitoring
stations (SLAMS). Core SLAMS means community-oriented monitoring sites
representative of community-wide exposures that are the basic component sites of the
PM, : SLAMS regulatory network. The Core requirement is specified in Section 2.8.1.3.8
of Appendix D of 40 CFR Part 58 and was part of the July 18, 1997 final rule making on
the revised requirements for ambient air quality surveillance for particulate matter
(Federal Register, Vol. 62, no. 138). Under this regulation. at least one continuous fine
particulate analyzer is required at a core monitoring PM> s site in each metropolitan area
with a population greater than ! million. The purpose of these analyzers is to provide
improved temporal resoiution to better understand the sources and causes of elevated
PM < concentrations in the atmosphere, facilitate public reporting of PM; 5 air quality.
reduce site visits and network operation costs. and implement periodic control strategies.

In addition to the use of continuous analyzers at these SLAMS, correlated acceptable
continuous (CAC) analyzers may be used by control agencies as an alternative to the
everyday sampling schedule for certain core SLAMS. Under this alternative, which 15
specified in Section 58.13 (f). a core SLAMS monitor may operate on a 1 in 3-day
schedule and produce data that may be used to compare to the NAAQS, provided that it
is collocated with a CAC that is correlated with the reference or equivalent method.
More information is found in a draft report titled. Guidance for Using Continuous
Monitors in PM> 5 Monitoring Networks (March 3. 1998). This draft report was a survey
of alternatives for continuous measurement of suspended particles, their chemical
components, and their gaseous precursors.

The report summarizes that continuous monitors can adequately measure several of
the major chemical components. Organic and elemental carbon, sulfate, and nitrate each
have proven continuous methods, but need to be evaluated, accepted, and packaged.
Instruments are lacking for ammonium, crustal elements, and liquid water with the
possible exception of the single particle mass spectrometers. Continuous measurement
methods for particle size, based on inertial, optical, electrical, and condensation
properties, are also adequate to characterize the ultrafine as well as the accumulation
modes of suspended particles.

EPA did not specify the requirements for Class III automated equivalent methods for
PM, s because of the wide range of non-filter based measurement technologies that could
be applied and the likelihood that these requirements will need to be specifically adopted
for each type of technology. Specific requirements will be developed as needed.
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Section A-4

Introduction to Pertinent Statistical

Techniques for Air Monitoring

Reading Assignment

Pages 10-1 through 10-24 of EPA 450/2-80-004 APTI Course 435 Atmospheric
Sampling: Student Manual.

Reading Assignment Topics

¢ Data Plots

» Measures of Central Tendency

* Measures of Dispersion

s Distribution Curves

¢ The Data Quahity Objectives Process

Learning Goal and Objectives

Learning Goal

The purpose of this section is to familiarize you with statistical techniques pertaining to
alr monitoring.

Learning Objectives

At the end of this section, you should be able to

l.

o

e A

identify and define the two statistical variables associated with atmospheric
sampling data. : :

identify a data frequency table, frequency polygon, histogram, and cumulative
frequency distribution curve relating to a given set of air quality data.
describe a data distribution. '

use probability graph paper.

define and use linear regression.

calculate the arithmetic mean, median, geometric mean, and range.

identify normal and log normal distribution curves.

identify equations used to calculate standard deviation and the standard
geometric deviation and recognize their usefulness.

identify the steps of the Data Quality Objectives Process.
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10. identify the outputs of the Data Quality Objectives Process.

Readmg Guidance
Refer often to the equations, example calculations, and figures of the assigned reading
material as you progress through the assignment.

2. When you have finished the reading assignment, complete the review exercise for
Section A-4. It begins on the following page.

3. After you have answered the review exercise questions, check your answers. The
correct answers are listed on the page immediately following the review exercise.

4. For any review exercise questions that you answered incorrectly, review the page(s)
of the reading assignment-indicated on the answers page.

5. After you have reviewed your incorrect answers (if any), proceed to Section B-1 of
this guidebook.
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Review Exercise

Now that you've completed the assignment for Section A-4, please answer the following
questions. These will help you determine whether or not you are mastering the material.

1. Which of the following is a(are) generat variable(s)?

a. continuous variable
b. discrete variable
c. both a and b, above

2. True or Faise? A continuous variable is one that can assume any value within
some interval of values.

a. True
b. False

3. True or False? Discrete variables are those whose possible values are integers.

a. True
b. False
4. As arule of thumb, a data frequency table should consist of data ctass
intervals. '
a. 1 to3
b. 35
C. gto 15
d. 20t0 30
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5. Which one of the following frequency polygons represents the data given in

Frequency of occurrence

Frequency of occurrence

the frequency table below?

Frequency table
Class interval | Frequency of
gccurrence -
0-10 10
10-20 15
20-30 18
30-40 i2
40-50 10
50-60 10
60-70 8
70-80 7
80-90 5
9(-100 5
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Frequency of occurrence
{% of toral cbservations)
[

Frequency of occurrence

Frequency of occurrence

6. Which one of the following histograms represents the data given in the
frequency table below?

Frequency table
Concentration class | Frequency of
interval (ppb) occurrence
0-10 10
10-20 15
20-30 |18
30-40 12
40-50 10
50-60 10
60-70 8
70-80 7
80-90 5
90-100 5
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7. Which one of the following cumulative frequency distribution curves
represents the data given in the histogram below?
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8. Which of the following is a(are) basic characteristic(s) of data distributions?

a. central location

b. dispersion

c. skewness

d. all of the above

9. In the figure below, curve is skewed to the right, curve 18
skewed to the left, and curve 1s not skewed.

a. A. B, C

b. L, C, A

C. C,B. A

d. A C. B

T TT1T ] 1 4 1 i 1 1 1 T
ce ;

Frequency — 5

— AT AN} L
4-3-2-1 012 34 3678

Data values

10. True or False? When the arithmetic and logarithmic scales of a data
cumulative frequency distribution curve are plotted on probability graph
paper, the scale which causes the frequency distribution curve to be more
nearly a straight line better approximates a normal data distribution.

a. True
b. False
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1i. The

!

percentile of a data set's cumulative frequency distribution curve
plotted on probability graph paper is an estimate of the mean of the data set.

25"h

a.
b.  so"
. 75"
d. 100"
12. The distance between the percentile and the

percentite of a data

set's cumulative frequency distribution curve plotted on probability graph
paper is an estimate of the standard deviation of the data set.

oo

75% 501
50t 25™
50t 16
35 14

13. True or False? Linear regression is the mathematical process of rriinimizing
the vertical distance between all the points of a data set and a straight line
represented by the data set.

True
False

14. Which one of the following equations gives the best straight line using the
data set below?

a0 op

X y
4 10
10 20 .
16 30
y=1.13x-2.0
y=087x+238
y=1.72x+1.67
y=1.67x+33

A4-8



For each of questions 15 through 17. match the parameter with its value for the following
data set: 2,4, 8, and 12.

Parameter | Value
15. Mean a 10
b. 6.5
C. 6
16. Median ___
17. Range _
18. Extreme values of a data set have influence on the data set's mean

than(as}) on the data set’s median.

a. greater
b. lesser
C. the same

19. The geometric mean of a data set consisting of five data values is calculated

by taking the root of the of the five data values.
a. square. product
b. scLuare, sum
C. 5" sum
d. 5" product

20. The geometric mean of a log normally distributed data set gives
measure of the data set’s central location as(than does) the data set's arithmetic

mean.
a. the same
b. a more accurate

C. a less accurate
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21. True or False? The standard deviation is the most commonly used measure of
dispersion for a normally distributed data set.

a.
b.

True _
False

22. Which one of the following equations is the most accurate and easiest to use
for calculating standard deviation?

a. 2 Xi hif
V n-1
b. 2
lej _ (le)
n

n—1

- .
c. antilog E(logX — 1ogX)' }

n-—1 :
- 114
Z(!ogX)z - M'
d. antilog t
n-1

Where: Xi = adatavalue

X = the mean of the data sample

n = the number of observations

23. True or False? The standard geometric deviation is an appropriate measure of
the dispersion of a log normally distributed data set.

R

True
False
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24. Which one

of the following equations is the most accurate and easiest to use

for calculating standard geometric deviation?

a. EXi—i)z
_ \ n—1

=4

Where:

nZXi: —L:X‘)-

n

n{n-1)

> (logX ~ logX ) r

antilog
n—1
: P
2(}0gX)2 — M
antilog L
n—}
X; = adatavalue
X = the mean of the data sample

-
=
H

the number of observations

25. Which of the following is a(are) characteristic(s) of a normal (Gaussian)
distribution curve?

/oo

It has symmetry.

Its mean and median are both found in the center of the curve:
It has an infinite range.

all of the above
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For each of questions 26 through 28, match the normal {(Gaussian) distribution curve
parameter with its corresponding percent area under the normal curve.

Parameter ‘ Percent Area

26. + 1 standard deviation from the mean __

a, 50.4%
b. 68.2%
c. 05.4%
d. 99 7%

27. + 2 standard deviations from the mean ___

28. + 3 standard deviations from the mean __

For each of questions 29 and 30, match the data distribution curve with its appropriate
figure.

Curve Figure

29. normal (Gaussian) ___

a.
b
=3
&
T H]
30. log normal distribution curve &
£
Data values
b.
-
¢
L]
=
o
"
b
[£3
Data values
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31. True or False? A data value of a data set that is more than * 3 standard
deviatior.s away from the mean of the data set is probably an erroneous value.

a. True
b. False

32. What is the first step of the Data Quality Objectives Process?

Develop a decision rule.
Optimize the design.
State the problem.
[dentify the decision.

a o o

33. The Data Quality Objectives Process is designed to help establish criteria for
and for developing data collection designs.

data quahty

study objectives

tolerable limits on decision errors
data appropriateness

oo o

34. True or False? The final product »f the Data Quality Objectivles Process is a

data collection design that meets the quantitative and qualitative needs of the
study.

a. True
b. False
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Chapter 10

Statistical Techniques Employed in
Atmospheric Sampling

Introduction

Proper use of statistics and statistical techniques is necessary for assessing the quality of ambient
air sampling data. For a comprehensive discussion of the subject of data quality assessment
(DQA). review EPA’s technical assistance document. Guidance for Data Quality Assessment,
Practical Methods of Data Analysis. EPA QA/G-9, EPA/600/R-96/084. January 1998. This
reference document provides practical demonstrations on how to use the data quality assessment
(DQA) technique in evaluating environmental data sets and shows how to apply some graphic
and statistical tools for performing DQA.

This chapter is intended as an introduction to statistics and statistical concepts and their use
in analyzing ambient air sampling data. Topics addressed include: (a) Data Quality Objectives;
(b) Data Plotting; (c) Measures of Central Tendency; (d) Measures of Dispersion; and (e)
Distribution Curves. Although these topics are not simple, they can be understood and used by
non-statisticians. If a detailed statistical analysis of data is required, it is recommended that an
experienced statistician be consulted.

The Data Quality Objectives (DQO) Process

While the Data Quality Objectives (DQQ) Process is not a statistical technique, per se, it is
important because it helps to establish criteria for data quality and the development of data
collection designs. DQOs provide the appropriate context for understanding the purpose of the
ambient air sampling and analysis data collection effort. Also, they establish the qualitative and
quantitative criteria for assessing the quality of the collected data set, based on the predefined
intended use of data. G4 guidance for the Data Quality Objectives Process is available at
http://es.epa.gov/ncerqga/qa/index.html. '

DQOs are qualitative and quantitative statements derived from the outputs of the first six
steps of the DQO Process that encompasses the following:
Clarify the study objective.
Define the most appropriate type of data to collect.
Determine the most appropriate conditions from which to collect the data.
Specify tolerable limits on decision errors which will be used as the basis for
establishing the quantity and quality of data needed to support the decision.
The DQOs are then used to develop a scientific and resource-effective data collection

design.
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The Seven Steps of the DQO Process

Step 1: State the Problem — Concisely describe the problem to be studied. Review prior studies
: and existing information to gain a sufficient understanding to define the problem.

Step 2: Identify the Decision — Identify what questions the study will attempt to answer.

Step 3: Identifv the Inputs to the Decision — Identify the information that needs to be obtained
and the measurements that need to be taken to resolve the decision statement.

Step 4: Define the Study Boundaries — Specify the time periods and spatial area to which
decisions will apply. Determine when and where data should be collected.

Step 5: Develop a Decision Rule — Define the statistical parameters of interest, specify the action
level. and integrate the previous DQO outputs into a single statement that describes the
jogical basis for choosing among alternative actions.

Step 6: Specify Tolerable Limits on Decision Factors — Define the decision maker’s tolerable
decision error rates based on a consideration of the consequences of making and incorrect
decision.

Step 7: Optimize the Design — Evaluate information from the previous steps and generate
 alternative data collection designs. Choose the most resource-effective design that meets
alt DQOs.

Outputs of the DQO Process

The DQO Process leads to the development of a quantitative and qualitative framework for a
study. Each step of the Process derives valuable criteria that will be used to establish the final
data collection design. The first five steps of the DQO Process identify mostly qualitative
criteria, such as what problem has initiated the study and what decision it attempts to resolve.
These steps also define the type of data that will be collected, where and when the data will be
.collected, and a decision rule that specifies how the decision will be made.

" The sixth step defines quantitative criteria expressed as limits on decision errors that the
decision maker can tolerate.

“The final step is used to develop a data collection design based on the criteria developed in
the first six steps. The final product of the DQO Process is a data collection design that meets the
quantitative and qualitative needs of the study.

Data Collection Design

A data collection design specifies the final configuration of the environmental monitoring ot
measurement effort required to satisfy the DQOs. It designates:

the types and quantities of samples or monitoring information to be collected;

where, when, and under what conditions they should be collected;

what variables are to be measured; and

QA/QC procedures to ensure that sampling design and measurement errors are controlled
sufficiently to meet the tolerable decision error rates specified in the DQOs.
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Data Plotting

Data is usually uninterpretable in the form in which it is collected. In this section. we shall
consider the graphical techniques of summarizing such data so that the meaningful information
can be extracted from it. There are two kinds of variables to which we assign data: continuous
variables and discrete variables. A continuous variable is one that can assume any value i1l some
interval of values. Examples of continuous variables are weight. volume. length. time, and
temperature. Most air pollution data are taken from continuous variables. Discrete vaniables, on
the other hand, are those variables whose possible values are integers. Therefore, they involve
counting rather than measuring. Examples of discrete variables are the number of sampie
stations. number of people in a room, and number of times a control standard is violated. Since
any measuring device is of limited accuracy. measurements in real life are actually discrete in
nature rather than continuous. but this should not keep us from regarding such vanables as -
continuous. When a weight is recorded as 165 pounds. it is assumed that the actual weight 1s
somewhere between 164.5 and 163.5 pounds.

Graphical Analysis

Frequency Tables

Let us consider the set of data in Table 10-1, which represents SO, levels for a given hour for 25
days. The first step in summarizing the data is to form a frequency table. A frequency table is a
table prepared by dividing a data set into selected units or class intervals, then counting and
inserting the number of points (frequency of occurrences) within the units or class intervals.
Table 10-2 is a frequency table prepared from the SO, data set given in Table 10-1.

In constructing the frequency table, we have divided the 25 points in the data set into'T'1
class intervals with each interval being 15 units in length. The choice of dividing the data into 11
intervals was purely arbitrary. However, in dealing with data it is best to choose the length of the
class interval such that 8 to 15 intervals will include all of the data under consideration. Deriving
the frequency of occurrence column involves nothing more than counting the number of values
in each interval. The relative frequency column is obtained by dividing the number of points or
frequency of occurrences within a unit by the total number of events within the data set, which in
this example is 25.

From observation of the frequency table, we can now see the data taking form. The values
appear to be clustered between 25 and 85 ppb. In fact, nearly 80% are in this interval.



Table 10-1. SO, levels.

Days SO, cencentration (ppb)*
1 53
2 72
3 59
4 45
5 44
6 85
7 77
8 56
9 157
10 83
11 120
12 81
13 35
14 63
15 48
16 180
17 94
18 110
19 51
20 47
21 55
22 43
23 28
24 38
25 26
*ppb = parts per billion collected SO, levels.
Table 10-2. Frequency table.
Class Interval (ppb) Frequency of Relative frequency
occurrence (total 25)
25-40 4 4125 =0.16
40-55 7 7/25=0.28
55-70 4 4/25=0.16
70 - 85 4 4/25=0.16
85- 100 2 2/25=0.08
100-115 | 1125 =0.04
115- 130 1 125=004
130 - 145 0 0.00
145 - 160 1 1125=0.04
160 - 175 0 0.00
175 - 190 i 0.04

10-4




The Frequency Polygon

The next step is to graph the information in the frequency table. One way of doing this would be
to plot the frequency for the midpoint of each class interval. The solid line connecting the points

of Figure 10-1 forras a frequency polygon.
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Figure 10-1. Pollution concentration (midpeint of class interval) frequency polygon.

The Histogram

Another method of graphing the information would be by constructing a histogram as shown in
Figure 10-2. The histogram is a two-dimensional graph in which the length of the class interval is
taken into consideration. The histogram can be a very useful tool in statistics, especially if we
convert the given frequency scale to a relative scale so that the sum of all the ordinates equals
one. This is shown in Figure 10-3. Thus, each ordinate value is derived by dividing the original
value by the number of observations in the sample, in this case 25. The advantage in constructing
a histogram like this one is that we can read probabilities from it, if we can assume a scale on the
abscissa such that a given value will fall in any one interval is the area under the curve in that
interval. For example, the probability that a value will fall between 55 and 70 is equal to its
associated interval's portion of the total area of intervals, which is 0.16.
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Figure 10-2. Pollutant concentration histogram of frequency distribution curve.
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Figure 10-3. Histogram of percent frequency distribution curve.
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The Cumulative Frequency Distribution

Using the frequency table and histogram discussed above, we can construct a cumulative
frequency table and curve as shown in Table 10-3 and Figure 10-4.

Table 10-3. Cumulative frequency table.

SO, level Cumulative Relative cumulative
frequency frequency
Under 40 4 .16
" 55 11 0.44
” 70 15 0.60
” 85 19 0.76
- 100 21 0.84
115 22 0.88
130 - 23 0.92
145 23 0.92
160 24 0.96
” 175 24 (.96
" 190 25 1.00
I ¥ i ] i 1 1
1ok ' -
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X

£05 concantration, ppb

Figure 10-4. Cumulative frequency distribution curve.
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The cumulative frequency table gives the number of observations less than a given value.
Probabilities can be read from the cumulative frequency curve or cumulative frequency table. For
example, to find the probability that a vaiue will be less than 85, we read up to the curve at the
point x = 85 and across to the value 0.76 on the y-axis. An alternative way to use the table is to
go to the row where the SO, level shows under 85. then go across to the relative cumulative

frequency value of 0.76.

Distribution of Data

When we draw a histogram for a set of data, we are representing the distribution of the data.
Different sets of data will vary in relation to one another and, consequently, their histograms will
look different. In this chapter, we identify three characteristics that will distinguish the
distributions of different sets of data. These are central location, dispersion, and skewness. These
are characterized in Figure 10-5. Curves A and B have the same central location. but B is more
dispersed. However. both A and B are symmetrical and are. therefore, said not to be skewed.
Curve C is skewed to the right and has a different central location than A and B. Mathematical
measures of central location and dispersion will be discussed later.

Curve B
.,
3 ;f SN\ -
s AN . Cuve C
& foo
L4 !-'f \ -
2 A \ :
= i \
4 ) N ~
o ‘o \ .

L
...... g 7 CUNE A \ \ v ey — e rwa i

Standard unit scate

Figure 10-5. Relative frequency distribution showing: Curve A and B both centrally
located; Curve B being more disperse than Curve A and the skewness of Curve C.

Transformation of Data

- In most statistical work, data that closely approximate a particular symmetrical curve, called the
normal curve. are required. Both curves A and B in Figure 10-5 are examples of normal curves.
In dealing with skewed curves, such as C in the same figure, it is desirable to transform the data
in some way so that a symmetrical curve resembling the normal curve results. Referring to the
frequency table (Table 10-2) and histogram (Figure 10-2) of the data used earlier, it can be seen

that for this set of data the distribution is skewed (in the opposite direction as Curve C above),
hence the data are not normally distributed.
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One of the most successful ways of deriving a symmetrical distribution from a skewed
distribution is by expressing the original data in terms of logarithms. The logarithms of the

The Logarithmic Transformation

original data are given in Table 10-4.

Arbitrarily dividing the logarithmic data into nine class intervals. each of 0.1 unit in length.
we can prepare the logarithmic frequency table in Table 10-5. As can be seen in Figure 10-6, a
frequency plot of the log transformed data more closely approximates a symmetrical curve than

the arithmetic plot of the original data.

Table 10-4. Logarithmic transformation.

Day Pollutant conc. X Log, X
1 53 1.724
2 72 1.857
3 59 1.771
4 45 1.653
5 44 1.644
6 85 1.929
7 77 1.887
8 56 1.748
9 157 2.196
10 83 1.91%
11 120 2.079
12 81 1.909
13 35 1.544
14 63 1.799
15 48 1.681
16 180 2.255
17 94 1.973
18 110 2.041
19 51 1.708
20 47 1.672
21 55 1.740
22 43 1.634

3 28 1.447
24 38 1.580
25 26 1.415
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Table 10-5. Logarithmic frequency table.

Class interval Frequency of Cumulative Relative cumulative
occurrence frequency frequency
14-135 2 2 0.08
1.5-1.6 2 4 0.16
1.6-1.7 5 9 0.36
1.7-1.8 6 15 0.60
18-19 2 17 0.68
1.9-20 4 21 0.84
20-2.1 2 23 0.92
21-22 1 24 0.96
22-23 1 25 1.00

Probability Graph Paper

Probability graph paper is used in the analysis of cumulative frequency curves; for example, the
graph paper can be used as a rough test of whether the arithmetic or the logarithmic scale best
approximates a normal distribution. The scale. arithmetic or logarithmic, on which the
cumulative frequency distribution of the data is more nearly a straight line is the one providing
 the better approximation to a normal distribution. Plotting the cumulative distribution curve of
the data above on the two scales shows that the logarithmic scale vields the better fit (Figure 10-
6).

1e0 T T 'S N (R S S St SEN B B T 25
— 0O Logplat
190 A Anthmetic plot 23 &
"
- — :i
_u:"
w13 | - 2.4
sl c
)] -
w i 4 18 0
= A
b 4 3
70 | = 17%
-
= i €
40 + o -1 15
! i [ TN NS N M N AN N S 1
1 2 5 40 2020 © ©H 60 70 D o &5 98

Cumulaive Frequency

Figure 10-6. Normalized data plot vs. non-transformed data.

10-10



These probability plots can be used, if the data are normally distributed. to estimate the mean
and standard deviation of the data. The estimate of the mean. as will be shown later. is the 50"
percentile point, and the estimation of the standard deviation is the distance from the 50"
percentile 1o the 16™ percentile. A percentile is a measure of the relative position of one of
several observations in relation 1o all of the observations, and provides a measure of relative
standing that is useful for summarizing data.

Least Square Linear Regression

If the linear relationship between two variables is significant. a least square linear regression line,
or line of “best fit.” may be drawn to represent the data. This relationship can then be used to
determine the value of an unknown variable. For example. if the ambient air concentration is
unknown, but linearly related to the response of an ambient air monitor, we can estimate the
ambient air concentration based on an observed response from the air monitor. Algebraically, a
straight line has the following form:

(Eq. 10-1) y=mx+b

Where: ¥ = dependent variable plotted on the ordinate
= explanatory variable plotted on the abscissa
b = the point at which the line intercepts the y-axis at x = 0
m = slope, which shows how much a change of 1 unit of x affecis y.

Linear regression minimizes the vertical distance between all data points and the straight line
(Figure 10-7). -

-~ Thig diestance minimized
for all pointe

X

Figure 10-7. Linear regression curve.

10-11



The constants m and b for the “least square™ line can be determined using the following
equations:

5y ZNEY)
' n
(Eq. 10-2) m= 2
5o &x)
n
(Eq. 10-3) b=j—mx
Where: n = number of obsenratibns
f=2)r/ﬂ:f:2x!n
Example Problem

Calibration of an ambient air analyzer is required before it can be used to provide reliable
ambient air concentration measurements. A typical calibration consists of the introduction of
known and certified standard concentrations, typically in parts per million (ppm) over the linear
operational range of the instrument, and the recording of the corresponding response of the
instrument in units such as volts. Based on the recorded responses and the known concentrations,
a least square line relationship between the variables can be calculated and subsequently used to
determine ambient concentrations based on the response of the analyzer.The following data were
collected during a calibration of a chemiluminescent NO, analyzer.

x = Concentration NO, (ppm) 0.05 0.10 0.20 030 |045
y = Instrument response (volts) 1.20 2.15 3.90 620 |9.80

Values for m and b for the least square or “best fit” line can be calculated from Tx, Ty, 2,
2.xy, . y,and X.

Solution:

Yx =0.05+0.10+020+030+045=1.1

Ty =1.20+2.15+3.90 + 6.20 + 9.80 = 23.25

T2 = (0.05) + (0.10) + (0.20) + (0.30)" + (0.45)" = 0.345

Txy = (0.05)1.20) + (0.10)(2.15) + (0.20)(3.90) + (0.30)(6.20) + (0.45)(9.80)=7.33
n=3% ‘
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L. (1)23.25
7.33—————w—~—-)(_ ) 5 99
m= 2 : =(;"1_(')'_‘:21.6
0345-(L}) o
b

b=4.65-(21.6)0.22)=-0.102

The equation for this calibration curve would be y = 21.6x - 0.102. where v {the instrument
response in vols) is equal to the ambient concentration in ppm times the slope of the line which
is 21.6. plus the v-intercept of x which is a ~ 0.102.

To calculate ambient concentrations in ppm. we solve the equation for “x™:

v—b
x(ppm) = =
_y+0.102
x(ppm) e

Measures of Central Tendency

Arithmetic Average, or Mean

A basic way of summarizing data is by the computation of a central value. The most commonly
used central value statistic is the arithmetic average, or the mean. This statistic is particularly
useful when applied to a set of data having a fairly symmetrical distribution. The mean is an
efficient statistic in that it summarizes all the data in the set, and because each piece of data 15
taken into account in its computation. The formula for computing the mean is:

(Eq. ]0'4) X:X1+AIB+X3"'+XR :ZA,J
n n
Where: X = arithmetic mean
X; = " measurement
n = total number of observations

. The arithmetic mean is not a perfect measure of the true central value of a given data set.
Arithmetic means overemphasize the importance of one or two extreme data points. Many
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measurements of a normally distributed data set will have an arithimetic mean that closely
approximates the true central value.

Example Problem
Calculate the mean of 3.0. 2.5, 7.2.34.3.2.

X, +X,+ X, + X, .+X, TX

n H

Solution: X =

¥ - 30+25+22+34+3.2
B 5

f:‘i‘ﬁ:z.ss

Median

When a distribution of data is asymmetrical, such as that of Figure 10-8, it is sometimes
desirable to compute a different measure of central value.. This second measure, known as the
median, is simply the middle value of a distribution, or the quantity above which half the data lie
and below which the ather half of the data lie. If » data are listed in their order of magnitude, the
median is the [(n+1)/2] value. If the number of data is even, then the numerical data of the
median is the value midway between the two data nearest the middle. The median, being a
positional value, is less influenced by extreme values in a distribution than the mean.

=
=3
S
2 /Medan
§ /
3
e %
| .
mlly
Magnitude of Data

Figure 10-8. Example of an asymmetrical distribution of data (median vs. mean).
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Example Problem
Find the median of 22, 10, 15. 8§, 13, 18.

Solution: The data must first be arranged in order of magnitude, such as:
8.10,13,15,18,22

Since n = 6. the median is the 7/2 = 3.5 value. thus the median is 14, or the value halfway
between 13-and 15. since this data set has an even number of measurements.

Geometric Mean

Another measure of central tendency used in more specialized applications is the geometric mean
( A= ). The geometric mean is defined by using the following equation:

(Eq. 10-5) X, =4 Yx,). (x,)

If scientific calculators are not available, a formula that more readily lends itself to a four-
function calculator is:

= i
Log, X.=—2%Log,X,
n

The formula is derived as follows.

LogX. = Loglf(X, XX, )X, )]= Logl(x, Xx, ).(x, )"
where log is to the base 10

but Long” 1L LogX
n
and Log(X xY)= LogX + LogY

. ) ]- 4 i %
.. LOg)[ 2 = ; Log[(Xl )()‘ 2 )'()‘ n )] !

-—*l(LogX, +Llog X,..+ Log X )

n
=.l Z Log X,
n
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ean is most often used for data whose causes behave exponentially rather

The geometric m
measurements that are ratios, or lognormal

than linearly. such as in the growth of bacteria,
distributions.

In a distribution shaped like that
yield a value closer to the main cluster o
always higher than the geometric mean.

of Figure 10-8. the geometric mean. like the median, will
f values than wiil the mean. The arithmetic mean is

Example Problem: Geometric Mean

Calculate the geometric mean 0f3.0,2.5.22.34.32

Solution:

7, =yB.0C5H2D(4%32) =238

or

Log,X. = —15(0.477 +0.398 +0.342 + 0.531 + 0.505)
Log,, X . =0.4506
Xz=10"% =28

Measures of Dispersion

meaningful if accompanied by information on measures

from the center. Examples of measures of dispersion in a
and the standard

Measures of central tendency are more

of dispersion or how the data spread out
. data set include the range, sample standard deviation, coefficient of variation,

geometric deviation.

The Range

The easiest measure of dispersion of a set of data is the difference between the maximum and the

minimum values in the set. termed the range. The range does not make full use of the
information contained in the data, since only two of the data points are taken into account. Thus
the range is a useful measure of variability for data sets of 10 or less. '

Dintribusan A

-
x Diswibetion B
2
o
|4
b <

L
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=

\_._.—.————
Quanfiy Varators
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Figure 10-9. Dispersion characteristic curves.

Standard Deviation

The most commonly used measure of dispersion. or variability. of sets of data 1s the
standard deviation. Its defining formula is given by the expression:

(Eq. 10-6) Yy, - XY
§= 4, =
n-1
Where: s = the standard deviation (ahvays positive)

X; = ith measurement

X = the mean of the data sample
n = the number of observations

The expression (X} - 1) shows how the deviation of each measurement from the overall
mean is incorporated into the standard deviation.
An algebraically equivalent formula that makes computation much easler Is:

(X))

n
n-1

X

where the variables are defined as above.

Example Problem: Standard Deviation

X X/
3.0 9
2.5 6.25
2.2 4.84
34 11.56
3.2 10.24
1431 T X | 41898 X?
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J;l'sg (1430
s=+ 5
51

5
f41.89— 20449
s=+ 2
5-1
f4l.89—40.90
i e

0.990
5=+
4
5 =++/.248
5 =0.498

Coefficient of Variation

The coefficient of variation (CV) is a unitless measure that allows the comparison of dispersion
across several sets of data. It is the standard deviation divided by the sample mean. The CV is
often used in environmental applications because variability (expressed as standard deviation) is
often proportional to the mean.

(Eq. 10-7) Cv=s/X

Where: s = standard deviation

X = sample mean

Example Problem: Coefficient of Variation
CV=s / X

CV =0.498/2.86
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CV=0174

Standard Geometric Deviation

Dispersion of skewed data such as lognormal distributions is measured by the standard geometric
deviation. The standard geometric deviation is very similar to the standard deviation. The
dispersion in the log of the measurements is measured by the geometric standard deviation
instead of the dispersion of the measurements. The log calculation normalizes the data to better
approximate a normal distribution. The formula for calculating the standard geometric deviation
18 ‘

l‘|

Z(IogX,: -logX, } }/'

(Eq. 10-8)

5. = amilog{ 7
M-

Hhere: log is to the base 10
S-= standard geomeftric deviation
Xj= i measurement

X = the mean of the sample

The following formula is mathematically identical, yet it is much easier to use in calculation:

Z(IOgX i )2

n-—1

_(Zlong)z ~
n

s_ =antilog

Example Problem: Standard Geometric Deviation

X log X, (log X"
3. 0.4771 2276
2.5 0.3979 1584
2.2 0.3424 1173
3.4 0.5515 2825
3.2 0.5051 2352

2 log X, =2.2341
Y (log XY = .0409
(3. log X,)* = 5.0810
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o

, = anfilog

b
'

. = antilog

[ 3

[1.0409 —1.0162 17
| 4

. = antilog

[ %)

. [0.0247 ]V
. = antilog

_ = antilog[0.0062}"

n

w

.= antilog[0.0786)

5. =1.1984 or 1.20

Distribution Curves

Distribution curves are graphical displays of the individua! data points in a data set and are
important because they can identify patterns and trends in data that might go unnoticed if the data
were not plotted. :

Many types of distribution curves exist: binomial, t, chi. F, normal, and lognormal are just a
few of the existing distributions. However, in air pollution measurements, the normal and
lognormal are the most commonly occurring ones. Thus, only these two will be discussed.

The Normal Distribution

One reason the normal (Gaussian) distribution is so important is that a number of natural
phenomena are normally distributed or closely approximate it. In fact, many experiments when
repeated a large number of times will approach the normal distribution curve. In its pure form,
the normal curve is a continuous symmetrical, smooth curve shaped like the one shown in Figure
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10-10. Naturally, a finite distribution of discrete data can only approximate this curve. The
normal curve has the following definite relations to the descriptive measures of a distribution.

I

I Mean
- 1
v |
v |
£ !
w |
|
|
|

Meas uremant

Figure 10-10. Normal distribution curve.

The Mean and Median

The normat distribution curve is symmetrical; therefore, the mean and the median are equal and
are found at the center of the curve. Recall that, in general, the mean and median of an
asymmetrical distribution do not coincide.

The Range

The normal curve ranges along the x-axis from minus mﬁmty to plus infinity. Therefore, the
range of a normal distribution 1s infinite.

The Standard Deviation

The standard deviation, s, becomes a most meaningful measure when related to the normal curve.
A total of 68.2% of the area lying under a normal curve is included by the part ranging from 1
standard deviation below to 1 standard deviation above the mean. A total of 95.4% lies £ 2
standard deviations from the mean and 99.7% lies within 3 standard deviations (Figure 10-11).
By using tables found in statistics texts and handbooks, one can determine the area lying under
any part of the normal curve.

28 18" man :»"y"ﬁk



Figure 10-11. Characteristics of the normal distribution.

These areas under the normal distribution curve can be given probability interpretations. For
example, if an experiment yields a nearly normal distribution with a mean equal to 30 and a
standard deviation of 10, we can expect about 68% of a large number of experimental results to
range from 20 to 40. so that the probability of any particular experimental result's having a value
between 20 and 40 is about 0.68.

In applying the properties of the normal curve to the testing of data readings. one ¢an
determine whether a change in the conditions being measured is shown or whether only chance
fluctuations in the readings are represented. For a well-established set of criterion data. a
frequently used set of control limits is + 3 standard deviations. That is. a special investigation of
data readings trying these limits can be used to determine whether the conditions under which the
original data were taken have changed. Since the limits of 3 standard deviations on either side of
the mean include 99.7% of the area under the normal curve. it is very unlikely that a reading
outside these limits is due to the conditions producing the criterion set of data. The purpose of
this technique is to separate the purely chance fluctuations from the other causes of variation. For
example, if a long series of observations of an environmental measurement yield a mean of 50
and a standard deviation of 10, then control limits will be set up as 50 £ 30 —in other words, + 3
standard deviations. or from 20 to 80. So, 2 value of 81 would suggest that the underlying
conditions have changed, and that a large number of similar observations at this time would yield
a distribution of results with a mean different (larger) than 50.

This process of determining whether a value represents a significant change is closely
related to the use of control charts. In setting up control limits, it is often necessary to divide the
available data into subgroups and calculate the mean and standard deviations of each of these
groups, making careful note of the conditions prevailing under each subgroup. In collecting data
to establish control limits, as much information as possible should be gathered about the causes
and conditions in effect during the period of obtaining a criterion set of data. Generally, the
conditions during this period should be *normal,” or as much in control as possible.

In the situation where one takes readings of some environmental quantity, the appearance of
data beyond the control limits might suggest the starting of a new data grouping to further
ascertain whether the underlying environmental variable has changed.

It should be kept in mind that the limits of + 3 standard deviations are traditional rather than
absolute. They have been found through experience to be very useful in many control situations.
but each experimenter must decide what lirnits would be most suitable for a given purpose by
determining what levels of probability would be needed to quantify acceptance and rejection

bounds.

Lognormal Distributions

Lognormal distributions can best be demonstrated by means of an example:

If hourly sulfur dioxide concentrations are plotted against frequency of occurrence as in the
Data Plotting Section, a skewed distribution would exist similar to the one in Figure 10-12. Such
a curve indicates that many concentrations are close to zero and that few are very high. Uniike
temperature, sulfur dioxide concentrations are blocked on the left because values less than zero
do not exist. Because numerous aids exist for normal distributions, it is desirable to normalize
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this type of distribution. By plotting the log of hourly SO, concentrations against the frequency
of occurrence, a “bell-shaped” curve similar to Figure 10-10 is obtained. By making this ample
normalizing feature, all existing normal distribution tables can be used to make probability

interpretations.

Freounndy

Hourhr 502 Comcentraon

Figure 10-12. Frequency vs. concentration of SO,.
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Section B-1

Manual Sampling of Gaseous Pollutants

Reading Assignment

Pages 5-1 through 5-39 of EPA 450/2-80-004 APTI Course 435 Atmospheric
Sampling: Student Manual.

Reading Assignment Topics
Absorption of gaseous pollutants
Adsorption of gaseous pollutants
Grab sampling
Freezeout sampling

Learning Goal and Objectives

Learning Goal

The purpose of this lesson is to familiarize you with manual sampling techniques
for the sampling of gaseous pollutants.

Learning Objectives
At the end of this section, you should be able to:

1. identify at least nine terms associated with the sampling of gaseous
pollutants using absorption or adsorption devices.

2. recognize at least seven desirable qualities for a sclvent to be used in a
physical absoprtion process.

3. name at least two conditions that are necessary for the adequate collection of
a gaseous pollutant using a phvsu:a] absorption process.

4. recognize at least three criteria for selecting an absorbent to be used i in a
chemical absorption process.

5. identify and describe the effects of at least five sampling condmons on the
collection efficiencies of liquid absorbers.

6. recognize the most accurate method for determining the coliection
efficiency of a liquid absorber.

7. name one advantage and two disadvantages of fritted-glass absorbers.

8. identify and describe the effects of at least four sampling conditions on the
adsorption of gaseous pollutants.

9. define adsorption isotherm and associate general adsorption isotherms with
chemical and physical adsorption processes.
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10.

11.
12.

13.

14.

recognize at least seven desirable qualities for an adsorbent to be used in
gaseous pollutant sampling.

identify characteristics of polar and nonpolar adsorbents.

recognize at least four typical problems associated with adsorption air
sampling.

identify four grab sampling devices and five potential grab sampling
problems associated with atmospheric sampling.

recognize the freezeout sampling method for ambient air pollutants.

Reading Guidance

Refer often to the figu-es of the assigned reading material as you progress
through the assignment.

When you have finished the reading assignment, complete the review exercise
for Section B-2. It begins on the following page.

After you have answered the review exercise questions, check your answers.
The correct answers are listed on the page immediately following t
exercise.

For any review exercise questions that you answered incorrectly, review the

he review

page(s) of the reading assignment indicated on the answers page.

® After you have reviewed your incorrect answers (if any) proceed to Section B-3
of this guidebook.



Review Exercise

Now that you've completed the assignment for Section B-2, please answer the
following questions. These will help you determine whether or not you are
mastering the material. :

For each of questions 1 through 9, match the stated term with its appropriate
definition. '

1.

10.

11.

absorption
absorbate
absorbent
physical absorption
adsorption
adsorbate
adsorbent
chemical adsorption
physical adsorption

a.

T oo

the usually reversible process of dissolving
a pollutant in a liquid

. the process by which gases are attracted,

concentrated, and retained at a boundary
surface

. adsorption caused by van der Waals' inter-

actions, dipole-dipole interactions, and
electrostatic interactions

. the process of combining gas molecules with an

adsorbent to form a surface compound

the process of transferring one or more gaseous
components into a liquid or solid medium

an absorbing medium

an absorbed substance

. an adsorbing medium

an adsorbed substance

Which of the following is a(are) generai absorption mechanismis)?

a. physical absorption

b. chemical absorption
c. both a and b, above
d. none of the above

Which of the following is a(are) desirable quality(ies) for a solvent to be used
in a physical absorption process’ '

relatively nonyolatile
. nonpolar
NONCOITOSIVE

. both a and b, above
both a and c. above

noon om
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12.

13,

14,

15.

16.

17.

18.

19.

Which of the following conditions is(are) necessary for the adequate collection
of a gaseous pollutant using a physical absorption process?

a. high pollutant solubility in the absorbing medium

b. small pollutant to absorbing medium ratio

c. both a and b, above

d. none of the above

Which of the following should be considered when choosing an absorbent for 2
chemical absorption pollutant sampling process? '

pollutant solubility in absorbent -

reactive properties of the pollutant and the absorbent

both a and b, above

. method of pollutant analysis

all of the above

o pp oW

Which of the following affect(s) the collection efficiency of a liquid abscrber?
sample air flow rate

. bubble size

height of the liquid (absorbent) column

both a and b, above

all of the above

o ap o

The collection efficiency of a liquid absorber @) as the flow rate of
sample air passing through it increases.

a. remains the same

b. increases

c. decreases

The collection efficiency of a liquid absorber (?)____ as the sample air
bubble size decreases. '

a. remains the same

b. increases

¢. decreases

The collection efficiency of a liquid absorber (3 as the length of its
absorbent column increases.

a. remains the same

b. increases

¢. decreases

True or False? The sensitivity of the method used to analyze the poilutant col-
lected in a liquid absorber may limit the height of the absorber’s liquid column.

True or False? The absorbing solution of a liquid absorber should contain an
excess of reactant in order to ensure that all the pollurant that is being sam-
pled is collected and that the reaction rate between the pollutant and the
reactant is at a maximum.
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20.

21,

22,

23,

24.

25.

26.

27.

28.

29.

The collection efficiency of a liquid absorber __ D as the sampled
pollutant's solubility in its absorbent increases.

a. remains the same

b. increases

c. decreases

The collection efficiency of a liquid absorber __ (" __ asthe sampled
pollutant’s partial pressure (concentration) increases.

a. remains the same

b. increases

c. decreases

The collection efficiency of a liquid absorber usually O as sampling
temperature increases.

a. remains the same

b. increases

c. decreases

True or False? The most accurate method of determining the collection effi-
ciency of a liquid absorber is testing it under simulated sampling conditions.

Which of the following is a(are) general liquid absorber(s)?
a. fritted-glass absorbers

b. impingers

c. both a and b, above

d. none of the above

.a—/\"'

True or False? Impingers have somewhat higher collection efficiencies than
fritted-glass absorbers.

Which of the following is a{are) disadvantage(s) of fritted-glass absorbers?

a. possibility of surface reactions at the frit

b. fritred-glass absorbers having frit pore sizes of approximately 50 ym or less
gradually become clogged with use

c. both a and b, above

d. none of the above

Which of the following is a(are) general adsorption mechanism(s)?
a. physical adsorption
b. chemical adsorption
c. both a and b, above

True or False? Critical temperature may be defined as that temperature above
which it is impossible 1o liquify a gas regardless of the external pressure
applied to the gas.

The ability of a gas to be adsorbed 12 as gas boiling point increases.
a. remains the same '

b. increases

c. decreases

B1-5



30.

31.

32.

33,

34,

35.

36.

The ability of a gas to be adsorbed — () g gas critrical temperature
increases.

a. remains the same

b. increases

c. decreases

True or False? Chemical adsorption is enhanced by higher sampling
temperatures.

True or False? Physical adsorption is usually limited to mom:;layer molecular
adsorption.

True or False? Chemical adsorption usually involves multilayer molecular
adsorption.

Which of the following is an(are) optimum condition(s) for the physical
adsorption of a gas?

low adsorbate concentration

large adsorbing surface

no molecules other than adsorbate molecules competing for adsorption sites
high temperature

both b and ¢, above

all of the above

me AN oR

The ability of a gas to be adsorbed ) asics concentration increases.
a. remains the same

b. increases

c. decreases

True or False? An adsorption isotherm describes the relationship between the
quantity of a gas adsorbed at a constant temperature and the gas's concentra-
tion or pressurec. '



$7. Which of the general adsorption isotherms depicted below is(are) associated
with chemical adsorption?

a.
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d. all of the above

38. Which of the general adsorption isotherms depicted in question 37 is(are)
associated with physical adsorption? '
a. isotherm a
b. isotherm b
c. isotherm ¢
d. isotherms a and b
e. isotherms a, b, and ¢



39.

40.

41.

42.

43,

44,

45.

46.

47.

For a gas to be adequately collected by physical adsorption, it must have a
molecular weight thatis 2~ the molecular weight of the normal
components of air.

a. the same as

b. larger than

c. smaller than

True or False? For a gas to be adequately collected by physical adsorption, its
particles must be small enough to allow Brownian motion or gas velocities to
effectively cause contact of the gas with the adsorbent.

An adsorbate’s adsorption rate ) as the number of other substances
competing for adsorption sites of the adsorbent increases.
a. remains the same

b. increases

c. decreases

Which of the following is not a desirable qualiry for an adsorbent?
granular

high resistance to air flow

inert except for a specific adsorbate

. resistant to breakage, deterioration, and corrosion

easily activated

provides an easy release of adsorbate

high adsorptive capacity

m e AD o

An adsorbent’s collection efficiency () asits surface area increases.
a. remains the same

b. increases

c. decreases

True or False? Adsorbent activation involves distilling out various impurities
from the adsorbent, thus forming a larger free surface area for adsorption.

True or False? Adsorbent pore size is an important consideration when
selecting an adsorbent to collect a particular adsorbate.

True or False? The chemical nature of the surface of an adsorbent does not
affect the adsorbent’s collection efficiency.

Which of the following is a(are) general adsorbent property(ies)s
a. polar (exhibiting strong polarity)

b. nonpolar (exhibiting little or no polarity)

c. both a and b, above
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For each of questions 48 through 50, match the adsorbent with its appropriate

characrteristic(s).

48. polar a. prefers molecules that have little or no polarity

49. nonpolar b. strongly prefers polar molecules

50. molecular sieve c. strongly prefers polar molecules, has very high
porosity, 1s specific for adsorbate size and shape,
has high adsorptive capaciry. '

51. True or False? Nonpolar adsorbents are miore selective in adsorbing substances

b2.

53,

54.

than are polar adsorbents.

Which of the following is a(are) characteristic(s) of activated carbon?
a. polar

b. absorbs almost all volatile substances

c. has a high adsorptive capacity

d. both b and c, abave

e. all of the above

Which of the following is a(are) typical adsorption air monitoring problem(s)?
irreversible adsorption of the adsorbate

. variable desorption efficiency of the adsorbate during analysis

both a and b, above

in-situ reactions on the adsorbent during sampling

all of the above

a0 oe

True or False? Grab sampling consists of removing a small representative por-
tion of a large sample within an interval of a few.seconds to a few minutes.



For each of questions 55 through 58, match the grab sampling device with its
appropriate diagram.
55. evacuated flask
56. liquid-displacement
collector

57. gas-displacement
collector

58. bag inflation sampler

a.
4 K
' r
Air flow —a— %4—-— Air flow
d.
b.
¢ Vacuum B?g
pump VT"’
Pump
opening 2~
NN
‘ t\ Plasuc
\\ — bag
\ANFIT
. gy
Container

B1-10



59.

60.

61.

62.

63.

64.

Which of the following is a(are) potential sampling problem(s) when using bag
grab sampling technigues?

sample contamination and memory effects caused by the bag wall.
sample deterioration over time

both a and b, above

in-situ reactions

all of the above

Ao oW

o

True or False? Usually the most sensitive analytical techniques must be used to
detect the small pollutant concentrations found in grab sampies.

True or False? The freezeout sampling method consists of drawing sample air
through collection chambers having progressively lower temperatures. Each
component of the sampie air condenses to 2 liquid and is collected in the
chamber having a temperature which is approximately equal to or less than its
boiling point. '

Which of the following increase(s) the collection efficiency of a freezeout
sampling train?

a. increasing collection chamber cold surface area

b. decreasing the flow rate of sample air through the sampling train

c. both a and b, above

d. none of the above

True or False? Increasing the cold surface area of a freezeout sampling train
allows a shorter sample detention time to be used.

The sample detention time of a freezeout sampling (rain _ () asthe
flow rate of sample air through the sampling train increases.

a. remains the same

b. increases

c. decreases
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Section B-1

Review Exercise Answers

Page(s) of Atmospheric
Sampling: Student Manual

-2, 5-1
B 5-8,5-9
Y 5-1,5-9
A 5-1
< 5-9
L e 5-9
b 5-9
d . 5-10
o 5-10
C e 5-1
e 5-1
O e 5-2
e 5-2
LS 5-3
o 5-5,56-2%
b . 5-%,5-23
b 5-3,5-23
Trae . ... . 5-3.5-4
True ... .. 5-4
b o 5-4
b o . .5-4
C e 5-4
True . . 5-5
C 5-5
False ... ... ... 5-8
o 5-3,5-7
C 5-9
True .. . 5-10
b 5-10
b 5-10
Trae ... ... 5-11
False .. ... .. .. . ... . .. 5-11
False ... .. ... . ... . 5-11
e 5-11
b 5-11
True ..o 5-12
B o 5-12
L= 5-12
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39.
40.
41.
42,
43.

45,
46.
47,
48.
49,
50.
51,
52.
53.
54.
55.
56.
57.
58.
59,
60.
61.
62.
63.
64.

Page(s) of Atmospheric
Sampling: Student Manual

b e 5-1%
TIUe . . e e 5-14
C 5-14
[« S U, 5-14
[+ ST U 5-14
T e o o e e e e 5-16
True .. e 5-15
False . .. ... ... . 5-15
C e 5-15,5-16
b e 5-16
A e B.15
C et e e 5-17
False ... ... . 5-16
d o 5-16
LS 5-17
TrUE . e 5-26
b e 5.28
A o e 5.30
B s e 5-29
T RN 5-31
e e 5-31
True . . e 5-31
TTUe . 5-32
e 5-85
TrUe . 5-35
o e 5-35
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Chapter 5

Gaseous Sampling

Principles of Absorption

Tutmduction : _-

Absorption of pollutants in various media plays an important role in air pollution
monitoring. It is particularly important in the wet-chemical methods of analysis.
Before the advent of continuous monitoring instrumentation, techniques employing
absorption were the most inexpensive and up-to-date methods available.

Absorption is the process “of transferring one or more gaseous components into a
liquid or solid medium in which they dissolve.” Absorption of gaseous pollutants in
solution is frequently utilized in atmospheric sampling because of the numerous
methods available to analyze the resulting solution. These methods inciude
photometric, conductimetric, and titrimetric techniques. Details of sampling and
analysis of specific gaseous pollutants by absorption are given elsewhere. This
discussion concentrates on a description of the gas-liquid absorption process and
factors affecting collection efficiency. Devices frequently utilized in gas-liquid
absorption and several current applications are also discussed.

Types of Absorption |

In gas-liquid absorption the collecting liquid (i.e., the absorbent) may change
either chemically or physically, or both, during the absorption process. In
gas-liquid absorption sampling, two rypes of absorption have been recognized:
(a) physical absorption and (b) chemical absorption.

A typical chemical absorption process would involve drawing a volume of air
through a solution that reacts with the gaseous contaminant to formn a2 nongaseous
compound; for example, an acid mist is drawn through a volume of sodium
hydroxide. The acid reacts with the base to form a stable salt. Titration of the
" unreacted base with standard acid indicates the quantity of pollutant reacred.

Physical Absorption

Physical absorption involves the physical dissolving of the pollutant in a liquid. The
process is usually reversible in that the pollutant exhibits a relatively appreciable
vapor pressure. The solubility of the pollutant in a given absorbent is dependent on
the partial pressure of the poliutant in the atmosphere and the temperature and
purity of the absorbent. An ideal solvent would be relatively nonvolatile, inexpen-
sive, noncorrosive, stable, nonviscous, nonflammable, and nontoxic. In many cases
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distilled water fulfills many of these characteristics and is used as the solvent for
collecting some gases. The suitability of distilled water for several selected gases is

presented in Table 5-1.
Table 5-1. Solubility of selected gases in dimilied water at 20°C.

Volume absorbed
Gus per volume of water®
Nitrogen 0.015
Oxygen 0.08]
Nitric oxide 0.047
Carbon dioxide 0.878
Hydrogen sulfide 2.582 |
Sulfur dioxide 39.374

*Gas volumes reduced to 0°C and 76C mm Hg.

The physical absorption process involves coliecting the pollutant by solution in
the absorbent. The solution is then analyzed for pollutant concentration by a con-
venient analyrical method. In general, low efficiency will be obtained for physical
absorption unless the pollutant is very soluble and the ratio of dissolved gas to
liquid volume is small. For this reason, physical absorption is rarely the only
absorption process involved in collecting gaseous pollutants.

Chemical Absorption

In contrast to physical absorption, chemical absorption is a process that involves a
liquid absorbent that reacts with the pollutant to yield a nonvolatile product. The
solvent selected is one that reacts with the pollutant in an irreversible fashion —for
example, the reactions of ammonia and carbon dioxide gases with acidic and basic
solvents, respectively. These reactions produce carbonic acid (H,CO,) and
ammonium hydroxide (NH,OH). The solubilities of these acids and bases are much
- greater than gaseous CO; or NH,. Primary factors affecting the choice of an absor-
bent in chemical absorption are the solubility of the pollutant, reactive properties
of pollutant and absorbent, and the subsequent analytical method to be used. Care
should be taken to avoid an absorbent that will interfere with subsequent chemical
analysis.

A typical process involving chemical absorption is the reaction of SO, and
aqueous H,O, to produce sulfuric acid. The concentration of SO, is determined by
titrating the H,S50, formed with Ba (C10,);. This procedure is currently the
reference method for determining SO, emissions from stationary sources.

Collection Efficiency

Each absorption sampling device must be assembled from units found to be most
suitable for the specific pollutant involved. It is not necessary to have 100% collec-
tion efficiency; however, the efficiency under sampling conditions should be known
and reproducible. In some circumstances a sampling system having a relarively low
collection efficiency (c. g.. 60 to 70%) could be used provided that the desired sen-
sitivity, reproducibility, and accuracy are obtainable.
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There is much information available in the literature concerning optimum flow
rates for specific pollutants and collection efficiencies with respect to the pollutant
and absorbent for many sampling devices. However, much more information is
needed on the variation of collection efficiency with the rate of sampling concen- -
trations of a variety of compounds, and the nature of the collecting medium. For
available information on gas-liquid absorption theory and the mathematical treat-
ment of the variables affecting collection efficiency, the reader is referred to the
literature (Reference section of this chapter). In the present discussion only 2
qualitative description of the factors affecting collection efficiency has been
attempted. ) , "

Factors Affecting Collection Efficiency -~

The variables affecting the collection efficiency of methods that use absorbers for
the collection of gaseous contaminants may be conveniently considered as: (a) those
associated with the absorber, such as an acceptable flow rate, bubble size, and
height of the liquid column; (b) the chemical characteristics of the sampling situa-
tion, such as the chemical nature and concentration of the pollutant in the air and
the absorbing medium, the chemical nature and concentration of the absorbing
solution, and the reaction rate; and (c) the physical characteristics of the sampling
situation, such as temperature, pressure, and pollutant solubiliry.

Absorber Characteristics

The gas flow rate through the absorber is one of the major factors determining the
collection efficiency of an absorber. Absorption collection efficiency varies inversely
with the flow rate. An increase in the flow rate through the solution will decrease
the probability of adequate gas-liquid conrtact. In addition, high flow rates increase
the possibility of liquid entrainment in the effluent gas. If varying flow rates are
used in sampling, a collection efficiency versus flow rate curve should be deter-
mined for each absorber and absorber type. All other variables (e.g.. temperature,
pollutant and absorbent types, etc.) should be held at the desired values.

The collection efficiency of the absorption process for a gas or vapor by chemical
absorption or physical absorption depends on the probability of successful collisions
of reagent or solvent molecules with gas molecules. For a given concentration of
reagent, this probability of collision will depend on the surface area of the gas
bubbles. on the length of the column of liquid through which the bubbles must
pass, and on the rate at which they rise through the liquid. As the volume of
individua! bubbles decreases, the surface area presented to the liquid increases.
Hence, smaller bubbles have a greater possibility of gas transfer into the absorbent
phase. For this reason many absorption devices use fritted discs as opposed to
injection-type dispersion tubes to achieve a smaller bubble size. However, due to
possible surface reactions that can take place at the frit, fritted bubblers may not
be appropriate for certain types of sampling (e.g.. for ozone). The length of the
column of liquid in the absorber is another prime factor affecting the collection
efficiency. The longer the gas bubble is in contact with the liquid, the more pollu-
tant is transferred. However, in many cases this variable cannot be used to its
maximum advantage; for example, when the sampled pollutant has a low concen-
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tration in the atmosphere, it must be collected in a small absorbent volume so that
it is in the sensitivity range of the subsequent analytical method to be uscd.. Bubble
rise time is a function of bubble size and absorbent height. A compromise 1s
usually reached by having the smallest feasible bubble size combined with the
highest absorbent column possible for the particular analysis.

Chemical Characteristics

The best situation, with respect to collection efficiency, is to choose an absorbent
with a very large capacity for absorbing the pollutant without building up
appreciable vapor pressure. This can be accomplished by choosing a chcxnxcal
reagent that reacts with the pollurant in an irreversible fashion—for example, the
irreversiblie reaction that occurs when carbon dioxide is absorbed.in a sodium
hydroxide solution to form the carbonate (COj3) ion.

The concentration of the absorbing medium to be-used is a function of the
expected concentration of the contaminant encountered, and the rate of the par-
ticular chemical reaction being used. An excess of the reactant in the absorbing
solution is preferable to ensure that all the pollutant is collected and that the reac-
tion rate is at a maximum. Ideally the reaction should be instantaneous since the
period of contact between the poliutant and the absorbent is a short one.

Since the rate of reaction is proportional to concentrations of the reacting
substances, other variables being equal, the rate of the process falls off as the reac-
tion proceeds. This phenomenon must be compensated for by increasing the con-
centration of the absorbing liquid, thereby forcing the reaction to approach com-
pletion rapidly. :

Physical Characteristics

The primary physical characteristics affecting collection efficiency are pressure,
temperature, and pollutant solubility in the absorbing medium. In many sampling
situations, these variables are fixed by ambient conditions.

The solubility of the pollutant in the absorbing medium is related to its partial
pressure (by Henry's law), and the partial pressure of the pollutant in turn is _
related to its concentration. The net effect considering ideal gas behavior is that an
increase in pollutant concentration in the air will result in an increase in poliutant
solubility in the liquid. Increased pollutant solubility, other variables being equal,
results in a higher collection efficiency.

An increase in temperature enhances chemical reactions but decreases pollutant
solubility in the absorbent. In most cases the net effect is a decrease in collection
efficiency with increasing temperature.

Determination of Collection Efficiency

The method of determining collection efficiency will depend on how the results are
1o be used. If the most accurate values are needed, the best available method for
determining collection efficiency should be used. On the other hand, if only
approximate values are needed, a less stringent method for determining collection
efficiency may be satisfactory. In all cases collection efficiency should be defined
with respect to the method of determination.
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The most accurate method of determining the collection efficiency of a par-
ticular absorber is by a trial on a synthetic atmosphere, duplicating in every respect
the actual sampling condirions. Calibration techniques consist of both dynamic
dilution and static dilution systems. In dynamic dilution, a continuous supply of a
known pollutant concentration is available that can be sampled, while the static
system consists of a container holding a known volume of pollutant of a known
concentracion. In both of these calibration procedures the investigator must be
assured that the atmosphere being sampled actually contains the pollutant concen-
tration it is believed to contain.

Another method that may be used for collection efficiency calibration is the
comparison of the technique of interest to a previously calibrated method. In this
technique the conditions of the calibrated method are imposed on the method of
interest. All variables in both methods should be identical, especially with respect
to interferences.

Absorption Devices

A variety of devices have been used for sampling pollutants from the atmosphere.
One of the simplest and mast common devices used is an ordinary gas-washing
bottle containing the absorbent plus a gas-dispersion tube for introduction of the
pollutant into the solution. A rypical device of this type is illustrated in Figure 5-1.

Sample air

Absorbing solution

Figure 5-1. Absorption device adapted from an Erlenmeyer flask.

Gas flows from the unrestricted opening into the absorbent solution. A variety of
absorbers of this type are available. They are usually glass and may be conical or
cylindrical in shape. Typical flow rates through the various devices range from 1 to
5 liters per minute.

The majority of other absorption devices used in atmospheric sampling fall into
two categories: (a) fritted-glass absorbers and (b) impingers. .
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Fritted-glass Absorbers

A great variery of shapes and sizes of these absorbers are being used. A few are
illustrated in Figure 5-2.

6 N
\\ &=L

T
Impinger tube Impinger tube Midger Smog
+ frit + frit mmpinger tube  bubbler
-+ frit

Figure 5-2. Typical fricted-glass abeorbers.

These units usually provide the most efficient collection of gaseous pollutants. In

addition to the commercially available units, homemade devices may be created

using normal gas-dispersion tubes. The fritted part of the dispersion tube is readily

available in the form of a disc or cylinder of various pore size. The coarse and
extra-coarse frits provide good pollutant dispersion with a minimum head loss.

The collection efficiency of any one device will depend on the factors previously

mentioned. However, under optimal conditions of flow rate, absorbing medium

and pollutant type, many of the fritted-glass absorbers have a coliection efficiency
in excess of 90%. Several of their more important characteristics are presented in

Table 5-2.
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Tabie 5-2. Absorption smpling devices.

Sampling
Capaciry rae Efficiency®
Principle of operation | Devices {aml) Umin % Comment
Simple gas-washing Standard (| 125—500 1—5 90100 Bubblers are
boctes. Gas flows from large. Reduc-
unrestricted opening ton of sam-
into solution. Glau, pling rate
conical or cylindrical increases
Several
units in series
raises efficdency
Drechse! | 125—500 15 90—100 | _ Similar o
above
. Fleming 100 1-5 90—100 Difficult to
clean
Modified gas-washing Fricted 100—500 1-5 95— 100 Fritted tubes
bottles bubbler avaiiable for
fAmpie gas
washing, items
above, Smaller
bubblers pro-
vide increased
gas-liquid
contact
Glas bead | 100500 1--5 90— 100 Provides for
bubbler longer gas-
: liquid contact
' smaller bubbles
large bubbler raverses Fsher 275 1-5 90100
path extended by Milligan
spiral glam insert botde
Greiner- | 100—200 1-5 90100 Similar to
Friedrichs Fisher
Milligan
Impingers—designed  |Greenburg-| 500 1-5 90100 Cylindrical
principally for collec- Smith shape
tioh of aeroscls. Used for
coliecton of serosols
Used for collection of Midgert 100 0.1—-0.5 80100
gases. Restricred
opening. Fritted tubes
available which allow
use as bubbler
Smog bubbler Fritted 10—20 1—4 . 95—100
bubbier

*Under opumum conditions of flow rate, absorbing medium, etc., for a paricular pollutant.

Absorbers that use frits with a pore size of approximately 50 micrometers or less

gradually become clogged with use. They may be cleaned by surging the

appropriate cleaning solution back and forth through the frit and then rinsing with
distilled water in the same fashion. Various substances may be removed from the
frits by cleaning with the appropriate solvent (e.g.. hot hydrochloric acid for dirt,
hot concentrated sulfuric acid containing sodium nitrite for organic matter, etc.).
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_ Impingers _
Impingers are often used in sampling for gaseous and vaporous pollutants from the
atmosphere. Two types of impingers are shown in Figure 5-3.

NI

J

]

Greenburg-Smich  Midgert

Figure 5-3. Two types of impingers.

A limited amount of investigation has indicated that the impinger is somewhat
less efficient than the fritted absorber for collecting gaseous pollutants. When
several types of absorbers were operated under optimal conditions, the midget
impingers were found to be less efficient than the fritted-glass absorber. In addi-
tion, the threshold concentration for collection with the midget impinger was found
to be somewhat higher than that for several types of fritted-glass absorbers.

Summary

Gas-liquid absorption is the process by which a gaseous pollutant is dissolved in a
liquid medium. If a chemical reaction occurs between the pollurant (absorbate)
and absorbent, the process is termed chemical absorption, whereas physical solu-
tion of the pollutant in the absorbent is termed physical absorpuon.

The collection efficiency of any particular absorption process is a function of the
characteristics of the absorption device, and the chemical and physical properties
of the absorbate-absorbent pair. A collection efficiency should be determined for
cach sampling analysis situation by a method that gives the accuracy desired.
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Principles of Adsorption

Basic Principles

Adsorption is the phenomenon by which gases, liquids, and solutes within liquids
are attracted, concentrated, and retained at a boundary surface. The boundary
surface may be the interface between a gas and liquid, liquid and liquid, gas and
solid, liquid and solid, or solid and solid. Of the various boundary surfaces, the
adsorption mechanism between liquid and solid, and gas and solid have received
the most attention— the former with respect to removal of substances from solution
with a solid adsorbent (e.g.. purification), and the latter with respect to removing
gaseous pollutants on solid adsorbents of high surface area.

A solid adsorbent has a crystal latrice structure. The atoms at the surface of the
lattice are arranged in a regular sequence, which depends on the particular solid’s
crystalline structure. The vaience or other attractive forces at the surface of a solid
are unsatisfied, or unsaturated, because they are not united with other atoms. As a
result of this unbalanced condition, the solid surfaces will tend to satisfy their
residual forces by atrracting and retaining gases or other substances with which
they come in contact. This surface concentration of substance is the adsorption
process. The attracted substance is known as the adsorbate, while the surface
substance is called the adsorbent.

In air pollution work, adsorption techniques are commonly used for collecting a
specific gas or combination of gases. A typical process consists of passing a gas
stream through a container filled with an adsorbent such as activated charcoal,
alumina, or silica gel. The gas is bound to the adsorbent by molecular forces and,
if condensation does not occur, the gas remains physically and chemically
unchanged. Following collection, the gas may be removed from the absorbent for
analysis or ultimate deposition by applying heat, passing inert carrier gases through
the system, or treating chemically.

Adsorption can be distinguished from absorption. In absorption the material is
not only retained on the surface, but it passes through the surface and is
distributed throughout the absorbing medium. The term absorption in many cases
implies a chemical reaction between the absorbing medium (absorbent) and the
collected substance (absorbate). For example, water is absorbed by a sponge and by
anhydrous calcium chloride. However, various gases are adsorbed on the surface of
activated carbon. Often when the true process is not known, the term sorption is
used.

Types of Adsorption

Investigation of the adsorption of gases on vatious solid surfaces has revealed that
the operating forces are not the same in all cases. Two types of adsorption have
been recognized: (a) physical, or Van der Waals', adsorption {physiosorption) and
(b) chemical adsorption (chemisorption).
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Physical Adsorprion

In physical adsorption, the attractive forces consist of Van der Waals’ interactions,
dipole-dipole interactions, and/or electrostatic interactions. These forces-are similar
to those causing the condensation of a gas to a liquid. The process is further
characterized by low heats of adsorption, on the order of 2 to 15 kilocalories per
mole of adsorbate, and by the fact that adsorption equilibrium is reversible and
rapidly established.

Physical adsorption is a commonly occurring process. For example, this is the
type of adsorption that occurs when various gases are adsorbed on charcoal. If the
temperature is low enough, any gas will be physically adsorbed to 2 limited extent.
The quantity of various gases adsorbed under the same conditions-is roughly a
function of the ease of condensation of the gases. The higher the boiling point or
 critical temperature® of the gas, the greater is the amount-adsorbed. This concept
will be discussed in more detail subsequently.

Chemical Adsorpuion

In contrast to physical adsorption, chemical adsorption is characterized by high
heats of adsorption, on the order of 20 to 100 kilocalories per mole of adsorbate,
which leads to a much stronger binding of the gas molecules to the surface. Heats
of adsorption are on the same order of magnitude as chemical reactions, and i is
evident that the process involves 2 combination of gas molecules with the adsorbent
to form a surface compound. This type of adsorption resembles chemical bonding
and is called chemical adsorption, activated adsorption, or chemisorption. For
example, in the adsorption of oxygen on tungsten it has been observed that
tungsten trioxide distills from the tungsten surface at about 1200 K. However, even
at temperatures above 1200 K, oxygen remains on the surface, apparently as
tungsten oxide. Additional examples of chemical adsorption are the adsorption of
carbon dioxide on tungsten, oxygen on silver, gold on plaunum and carbon and
hydrogen on nickel.

A companson of physical and chemical adsorpnon can be made by considering
the adsorption of oxygen on charcoal. If oxygen is allowed to reach equilibrium
with the charcoal at 0°C, most of the oxygen may later be removed from the char-
coal by evacuating the system at 0°C with a vacuum pump. However, a small por-
tion of the oxygen cannot be removed from the charcoal no martter how much the
pressure is decreased. If the temperature is now increased, oxygen plus carbon
monoxide and carbon dioxide are released from the charcoal. Thus, most of the
oxygen is physically adsorbed and can be easily removed, but a small quantiry
undergoes a chemical reaction with the adsorbent and is not readily removed. In
some cases, chemical adsorption may be preceded by physical adsorption, the
chemical adsorption occurring after the adsorbent has received the necessary
activation energy.

*Critical temperature may be defined as that temperature above which it is impossible to liquify 2
gas no matcer how high an external pressure is applied.
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In general, with respect to the adsorbent-adsorbate pairs, chemical adsorption is
more specific in nature than physical adsorpion. It is usually a rouch slower proc-
ess, requiring the displacement or selection of the molecules where the reaction is
to occur. The chemisorption process is enhanced at higher temperatures where
existing energy barriers between the adsorbent and adsorbate are overcome. At low
temperatures, chemical adsorption in some systems may be too slow to reach a
measurable amount. In many cases the adsorption occurring is a combination of
both types. At low temperatures physical adsorption may predominate, whereas at
higher temperatures chemisorption may be more prominent. This situation is true
for the adsorption of hydrogen on nickel. However, because of the non-specificity
of Van der Waals' forces, physical adsorption may be occurring but be hidden by
chemisorption. Finally, chemical adsorption is usually limited o the formation of a
single layer of molecules on the adsorbent’s surface (monolayer adsorption),
whereas in physical adsorption the adsorbed layer may be several molecules thick
(multilayer adsorption).

In most of the adsorption equipment in air pollution control work, physical
adsorption plays the most prominent part. .

Variables Affecting Gas Adsorption

The quantity of a particular gas that can be adsorbed by a given amount of
adsorbent will depend on the following factors: (a) concentration of the gas in the
immediate vicinity of the adsorbent; (b) the total surface area of the adsorbent;

{c) the temperature of the system;.(d) the presence of other molecules competing

for a site on the adsorbent; and (e) the characteristics of the adsorbate such as
weight, electrical polarity, and chemical reactivity. Ideal physical adsorption of a gas
would be favored by a high concentration of material to be adsorbed, a large
adsorbing surface, freedom from competing molecules, low temperature, and by
aggregation of the adsorbate into a form that conforms with the pore size of the
attracting adsorbent.

Several of the above listed variables will now be discussed in greatcr detail.

. Adsorption Isotherms

Adsorption processes where physical adsorption rather than chemisorption
represents the final state can be explained in terms of equilibrium measurements.
For a given amount of adsorbent with a given surface area, the amount of gas
adsorbed is dependent on the pressure (or concentration) of the gas surrounding
the adsorbent. The higher the pressure or concentration of the gas at a given
temperature, the greater the amount of gas adsorbed. When an adsorbent and gas
are mixed, the amount adsorbed will gradually increase while the concentration of
the adsorbate in the system decreases until the rate of adsorption becomes equal to
the rate of desorption. Thus, an equilibrium between the two reactions is estab-
lished. If additional gas is added to the system, the amount adsorbed will increase
until equilibrium is again established. Likewise, if the gas concentration is
decreased, the adsorbent will lose gas to its surroundings until equilibrium is again
reached.
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The description of the relationship between the quantity of gas adsorbed at
various concentrations or pressures at constant temperature is calied an adsorption
isotherm. An adsorption isotherm consists of a plot of the data obrained from
measuring the amount of gas adsorbed (e.g., grams adsorbed per gram of adsor-
bent) at various gas concentrations or pressures (e.g., moles per liter or
armospheres), as the case may require, at equilibrium under a condition of
constant temperature. Adsorption isotherms are useful in that they provide a means
of evaluating: (a) the quantity of gas adsorbed at various gas concentrations;

(b) adsorptive capacities at various gas concentrations; (c) the adsorptive capacdity
as a function of concentration and type of gas; and (d) the surface area of a given
amount of adsorbent. :

Types of Adsorption Isotherms -
The graphic plots of adsorption isotherms yield a wide variety of shapes. Six
general types of isotherms have been observed in the adsorption of gases on solids;

these are illustrated in Figure 5-4. In physical adsorprion all six isotherms are
encountered, while in chemisorption only Type 1 occurs.

~ Amount adsorbed

Pressure or concentration

Figure 5-¢. Gas adsorption isotherms.

Type 1~ This type represents the adsorption of a single layer of gas molecules on
the adsorbent. There is no interaction between the adsorbed molecules.

Type 2— This isotherm begins like Type 1 but is modified at high pressure by
multilayer adsorption. There is definite interaction between the layers of
adsorbed gas molecules.

Type 3— This type of isotherm is rare. It occurs only when initial adsorption
favors a very few strong sites. The interaction between adsorbed molecules is so
strong that vacant sires next to occupied sites are stronger than any other vacant

sites. In this type of adsorption the number of effective sites increases with
coverage of the adsorbent.
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Types 4 and 5—These two are similar to Types 2 and 3 respectively, except that
they continue to exhibit adsorption at high adsorbent coverage.

Type 6— This type resembles Type 8 with monolayer adsorption first and then
continued deposition of a multlayer film.

Adsorbate Characteristics

The major adsorbate-characteristics affecting the amount of gas adsorbed are the
ease of liquefaction of the gas, adsorbate size, concentration of the gas, and
presence of other gases. |

Gas Ligquefaction

The specificity by which certain gases are adsorbed on solid adsorbents is illustrated
in Table 5-8, where the volumes of different gases adsorbed by one gram of char-
coal ar 15°C are tabulated.

Table 5-3. Adsorption of gases on one gram of charcoal at 15°C*.

Volume Critical temperaturc

Gas . adsorbed (cc) (K)
H, 4.7 35
N, 8.0 126
co 9.3 134
CH, 16.2 190
CO, 48.0 304
HCQ 72.0 324
H,S 99.0 373
NH, 181.0 406

- Ch 23550 417
SO, 380.0 430

*Volumes of gases have been reduced to standard conditions (0°C and 1 atmosphere pressure).

Table 5-8 indicates that the extent of adsorption paralleils the increase in critical
temperature. This correlation suggests that gases which liquify easily (high crirical
temperatures) are more readily adsorbed. However, it does not imply that the
adsorbates exist as liquids on the adsorbent’s surface. A similar relationship is
obtained with boiling points.

Adsorbate Size

The size of the gas molecule to be removed by adsorption is characterized by a
lower and upper range. The lower size limit is imposed on physical adsorption by
the requirement that the pollutant must be higher in molecular weight than the
normal components of air. In general, gases with molecular weights greater than
45 are readily removed by physical adsorption. This size includes most odorous and
toxic gases of air pollution interest. Gases of interest of lower molecular weight,
such as formaldehyde and ammonia, may be removed by chemical adsorption
methods using appropriately impregnated adsorbents.
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For the upper limit, the individual particles must be sufficiently small so that
Brownian motion, or kineric velocities, will ensure effective contact by collision
between them and the granular adsorbent. Although moderate efficiencies may be
obtained for very fine mists, the upper limit is generally in the range of molecular
size.

Gas Concentration

As seen from the examination of adsorption isotherms, the quantity of gas
adsorbed is a function of the gas concentration or pressure. An increase in concen-
tration or pressure in the vicinity of the adsorbent resuits in an increase of the total

amount of gas adsorbed.

Presence of Other Gases _

Since the presence of additional gas molecules n 2 particular adsorbent-adsorbate
system causes competition for the limited number of adsorption sites present, the
observed effect is a reduction in the amount of adsorbate removed.

Adsorbent Characteristics

Most of the common adsorbents in use are more or less granular in form and are
supported in a column through which the gas to be sampled is drawn. Common
adsorbents have the capacity to adsorb 8 to 40% of their weight. An ideal

" adsorbent should be granilar and of such size and form that it offers little or no
resistance against flow. It should have a high adsorptive capacity; be inert and
specific; be resistant to breakage, deterioration, and corrosion; be easily activated;
and provide an easy reiease of adsorbate. Unfortunately, no one adsorbent possesses
all these characteristics, so it becomes a marter of choosing the best adsorbent for a
particular job. '

Surface Area

All solids are capable of adsorbing gases to some extent. However, since adsorption
is a surface phenomenon, it is not very pronounced unless the adsorbent possesses a
large surface area for a given mass. For this reason, materials like silica gel and
charcoals obtained from wood, bone, coconut shells, and lignite are very effective
adsorbing agents. Since large surface areas are desirable for extensive adsorption,
this factor is of primary importance in determining the amount of absorbate that
can be held by 2 unit of adsorbent. Solid adsorbents may vary in surface area from
less than 1 to over 2000 square meters per gram. Typical approximate surface
areas of several adsorbents are presented in Table 5-4. The latter two substances
owe their high surface area to their porosity. They are thus capable of taking up
large volumes of various gases.

Table 5-4. Typical surface areas of adsorbents.

Adsorbent Ares (m'/g)
Clay 5—15
Asbestos 10—-20
*Chalk 20— 30
Carbon black 50— 100
Silica or alumina gel 200— 800
Activated carbon 500 — 2000
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The extent of adsorption can be further increased by activating the adsorbents
by various methods. For example, wood charcoal is activated by heating to between
850 and 1000°C in a vacuum, in air, in steam, and/or in the presence of other
gases to a point where the adsorption of carbon tetrachloride at 24°C can be
increased from 0.011 gram per gram of charcoal to 1.48 gram. The activation
process involves distilling out various impurities from the adsorbent, thus leading to
the formation of a larger free surface area for adsorption. Occasionally, large sur-
face areas are produced by the original cellular structure of the plant, as in the
case of coconut shell charcoal. However, the activation process will increase the
porosity of the material and may, under some circumstances, cause it to be less
stable as an adsorben:. For example, if the temperature is raised, che porous struc-
ture of the adsorbent may aggregate into larger units that tend to become smooth
and inactive. In many cases the past history of the adsorbent, with respect to
preparation and method of activation, is just as important as the chemical
characteristics in determining the adsorprion capacity.

Often the adsorbent will exhibit an inherent preference for the adsorption of cer-
tain gases. This preference is primarily due to such factors as the method of
preparation and activation, and the chemical nature of the adsorbent’s surface.
Preparation and activation methods not only may increase total adsorptive capac-
ity, but they may also affect the adsorption process with respect to adsorbate size.

Pore Size

The pore size in the more porous adsorbents may vary in diameter from a few to
several hundred angstrom units.' This may become a critical factor in selecting an
adsorbent to remove a particular adsorbate. For example, iodine may be adsorbed
on an adsorbent with a pore size of 10 A in diameter, wieile methylene blue is
excluded by pores having a diameter less than about 15 A.

Chemical Nature

The chemical nature of the adsorbent’s surface is an addirional factor of con-
siderable importance. It is of particular interest in chemical adsorption, where a
rapid rate and a large degree of chemical reaction is desirable. In physical adsorp-
tion the nature of the surface is one of the primary factors influencing the strength
of the adsorbent-absorbate attraction. For example, a pure graphite surface
physically adsorbs hydrophobic (i.e., water-hating) compounds to a large extent,
while oxygenated surfaces are generally required to adsorb hydrophilic (i.e., water-
loving) compounds appreciably at room temperature.

Typical Adsorbents

The various adsorbents used in physical adsorption may be classified according to
their degree of polarity. For example, activated carbon, which is commonly known
as a non-polar adsorbent, is largely composed of neutral atoms of a single species
exhibiting little polarity. The non-polar adsorbents are most effective for gross
decontamination of moist air streamns containing materials of little polarity (e.g..

organic molecules).
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The majority of the commercially important adsorbents other than carbon
derivatives are simple or complex oxides. Their surfaces consist of heterogeneous
distributions of charge on a molecular scale. They are strongly polar in nature.
These adsorbents show a greater selectivity than do the carbon derivatives and
exhibit a much stronger preference for polar than for non-polar molecules. In
separation of various gases, the polar solvents are more useful than carbon
derivatives. However, they are much less useful for overall decontamination of
moist air streams, since the strongly polar water molecules are preferentially
adsorbed.

Carbon

Various forms of carbon serve as efficient adsorbents. It has been shown that the
material from which the carbon is prepared has a demonstrable effect upon the
ability of the carbon to adsorb various gases. Carbon prepared from logwood, for
instance, has approximately twice the capacity for adsorption as carbon from
rosewood. Similarly, coconut shell is about twice as efficient as logwood. Strangely
enough the carbon prepared from harder, denser materials such as peach and
other fruit pits, and coconut shells have the highest adsorptive capacities. Primary
carbon is not nearly’as efficient as activated carbon. The adsorbents “activated
charcoal,” “active carbon,” “adsorbent carbon,” and “adsorbent charcoal” may be
activated in a slightly different manner, but the terms are generally considered

. SynOnymous.

Activated carbon has a high adsorptive capacity, a high degree of hardness, high
reliability, and other premium gualities. Almost all volatile materials, whether they
are chemicals or mixtures of odor-causing substances, are retained within the
microscopic porous structure to some extent. The only gaseous materials that it will
not adsorb very well are low molecular weight gases such as oxygen, nitrogen, and
carbon monoxide. Activated carbon finds its major application in solvent recovery
and odor removal. It is also employed to a limited extent in the removal and
monitoring of hydrogen sulfide, sulfur dioxide, and other toxic gases. Activated
carbon is perhaps the most widely used adsorbent in air pollution control. The
following substances are some of those that have been shown to be appreciably
adsorbed upon activated carbon:

acetic acid iodine

benzene carbon disulfide
ethy! alcohol diethyl ether
carbon tetrachloride ammonia

methyl alcohol hydrochlioric acid
chloroform nitrous oxide
acetone ~ carbon dioxide
acctaldehyde noble gases
mercury vapor PVC
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Molecular Sieve

Molecular sieve adsorbents* are synthetic sodium or calcium alumino-silicate
zeolites of very high porosity. They are another representative of the siliceous
adsorbents.
The structural formula of a typical molecular sieve is
Me./i(A10,),°mH,0

where Me represents exchange cations of charge n. The zeolite is precipitated as a
white powder, bonded with clay, and formed into roughly spherical beads of four
to twelve mesh size. The adsorbent is activated with heat to drive off water of
hydration. The resulting product is 2 crystalline solid of very porous structure.
Again, the adsorptive characteristics are dependent on the method of preparation.

Molecular sieves can be made very specific with respect to pore’size. This
characteristic gives them the outstanding property of being specific on the basis of
adsorbate size and shape. Molecular sicves show a strong preference for the more
polar molecules. For example, these adsorbents will not adsorb organic molecules

‘that match their pore size from a moist stream of air, the accompanying water
molecules being adsorbed in preference. Molecular sieves are truly selective
adsorbents because they can separate mixtures on the basis of differences in
molecular size, degree of polarity, and extent of carbon bond saturation. In addi-
tion to their selective properties, molecular sieves possess a high adsorptive capacity
over wide ranges of concentration and temperature. They also are capabie of
removing impurities to extremely low concentrations. These adsorbents have been
tested successfully on carbon dioxide, hydrogen sulfide, acerylene, ammonia, and
sulfur dioxide. They show promise for adsorption of compounds of low molecular
weight. :

Adsorption Losses in Air Sampling

Each adsorption medium used in atmospheric sampling has different limitations
and problems. The probiems most frequently encountered are:
® irreversible adsorption,
~ & variable desorption efficiency, and
® interference by water vapor.

Activated carbon is used extensively because of its high affinity for organic
substances. Irreversible adsorption and variable desorption efficiencies are two prin-
cipal problem areas associated with carbon sampling devices. Carbon can also serve
as a potent catalyst creating the possibility of m-situ redctions during sampling.

Other aiternative adsorption media that have recently been used extensively in
air sampling are thermally stable, polystyrene divinyl benzene co-polymers. These
media were used at ambient temperatures to collect volatile organic compounds.
The volatile organic compounds were recovered by thermal desorption followed by gas
chromatographic analysis. These polymers are non-polar and have little affmity for
water. Water desorption represents a severe problem in the analysis procedure.
Adsorption sampling devices are being used primarily for the collection of volatile
organic compounds.

* Often referred to as molecular sieve absorbents.
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Current Applications of Adsorption in Atmospheric Sampling

Carbon, porous polymers such as Porapack Q, Porapack P, Tenax GC, XAD-
resins, and polyurethane foam have been used extensively in collecting pesticides,
polychlorinated biphenyls, and other organic compounds in ambient air. These
media can be used in sampling devices, which can be modifications of the
hi-volume sampier (see Figure 5-5). Here polyurethane foam is used to collect
organics, namely PCBs.

Stainless steel throat extension
! / Polyurethane foam
- ' / plug locarion

L

Faceplare
Filter
position
Throat extension
Wire
| retainer
Motor unit
Adapter

Exhaust duct
(3 m minimum length)

Figure 5-5. Assembled nmi:lcr and shelter with exploded view of the filter holder.

'S

Figure 5-6 illustrates an adsorbent sampling cartridge and Figure 5-7 shows a
cartridge placed in a thermal desorption system. Figure 5-8 shows dynamic enrich-
ment, which is repeated absorption from many different cartridges onto a single
cartridge to attain enough of the specie of interest for measurement.
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Figure 5-7. Desorption of pollutants from 2 Tenax-GC carmidge.
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Figure 5-8. Dynamic enrichment on adsorption column (experimental setup).

Summary

The adsorption process is characterized by either physical or chemical forces. In
some cases both types may be involved. Where physical forces predominate, the
process is termed physical adsorption, whereas chemical adsorption describes
chemical action.

Adsorption phenomena may be quantitated by considering such adsorbate-
adsorbent characteristics as gas composition, concentration, and temperature, as
well as adsorbent type, surface area, and pore size.

Selection and Perform‘ance of Wet Collector Media

Introduction

In the design of sampling trains, the most important component of the entire
system is the collector. The process of pollutant removal is generally accomplished
by absorption, adsorption, etc. The collector may take the form of a bubbier,
impinger, etc. The process to be discussed is that of using a wet collector for the
collection of gases, vapors, and particulate matter. Some of the more important
factors to consider are:

gas flow rate,

bubble size,

height of liquid column,

reaction rate, and

solubility of pollutant.
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Absorber Design

General Consideratons

Solubility of Pollutant

The solubility of a pollutant in a solvent must be considered in determining the
type of absorber to choose. It will also determine the conditions under which the
sample will be taken. The absorption coefficient is one method employed to express
the results of solubility measurements with gases. The absorption coefficient « is

given by:
{Eq. 5-7 i
k . ) =
! (V)(p)
Where: V.= the volume of gas dissolved (ml)

V =the volume of solvent (ml)
p=the partial pressure of the gas (atm).

Some typical absorption coefficients are given in Table 5-5.

" Table 5-5. Absorption coefficient of gases at 20°C.

Solvent H. He N| O| CO CO; NO H[S NH|
Warter 017 .009 .015 |- .028 .025 .88 047 2.68 710
Carbon disulfide .031 - .049 - 076 .83 - - -
Chloroform - -— 20 205 177 5.45 - - -
Ethy! alcohol .080 [ .028 | .180 | .14% | .177 | 8.0 - - -
Acetone 065 030 .129 207 .198 6.5 -_ -_ -_—
Echyl ether .12 - 24 415 .38 5.0 - -_ -
Benzene 066 .018 104 .16% 153 - - - —

(Glasstone, S. Textbook of Physical Chemistry, p. 695. D. Van Nostrand, New York, 1946.)

Influence of temperature — When gases dissolve in 2 liquid, there is generally a
liberation of heat; it follows, therefore, that an increase of temperature will result
in a decrease of solubility. It is for this reason that gases may be readily expelled
from solution by boiling. By thermodynamic methods, it is possible to show that an
increase in temperature will decrease the solubility of a gas. This effect can be seen

in Table 5-6.

Table 5-6. Influence of temperature on solubilities of gases in water.

Gas/temp Helium Nitrogen Oxygen Carbon dioxide
0°C 0094 .0255 .0489 1.718
- 50°C -0081 L0134 .0261 .665

(Glasstone, S. Textbook of Physical Chemistry, p. 696.)
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Influence of pressure—The most important factor influencing the solubility of a
gas is pressure; increasing the pressure of the gas will tend to increase its solubility.
The pressure is expressed by Henry's law, which states that the mass of a gas
dissolved by a given volume of solvent. at constant temperature, is proportional to

the pressure of the gas with which it is in equilibrium.

(Eq. 5-9) m=kp

Where: m = mass of gas dissolved by unit volume of solvent ()
p=equilibrium pressure (atm)
k = constant.

Some examples of pressure versus solubiliry effects are given in Table 5-7.

Table 5-7. Influence of i:ruluu on solubility of CO, in various solvenws at - 59°C.

Solvent/pressure| Methyl alcohol Acetane Methyl acerate
100 mm 42.5 67.2 75.8
200 mm 42.7 . 68.0 77.1
400 mm 43.1 69.2 77.6
700 mm 45.3 72.8. 79.0

(Glasstone, S. Textbook of Physical Chemistry, p. 697.)

Rate of Reaction .

All chemical reactions take place at a definite rate, depending on process condi-
tions. The most important factors are concentration of reactants, temperature,
and presence of a catalyst or inhibitor. Some reactions are so rapid that they
appear to be instantaneous, whereas others are 5o slow at ordinary temperatures
that no detectable change would be observed in the course of years. Between these
two extremnes are many processes taking place with measurable velocities at
temperatures casily accessible in the laboratory.

Since the rate of a reaction is proportional to the concentration of the reacting
substances, it s ewdent that the rate of the process must fall off as the reaction
proceeds. This phenomenon can, however, be used to advantage by increasing the
concentration of the absorbing liquid, thereby forcing the reaction to approach

compietion rapidly.

Collection Efficiency

There are three major factors inherent in the design of a bubbler that can affect
the efficiency of the absorber:

¢ flow rate,
® bubble size, and
* height of liquid column.
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Bubble Size

The surface area at the gas-liquid interface is fnversely related to the average
volume of the gas bubble. As the volume of individual bubbles decreases, the sur-
face area at the gas-liquid interface increases.

The efficiency of absorption of a gas or vapor by chemical reaction or physical
absorption depends on the probability of successful collisions with molecules of
Teagent or solvent at the gas-liquid interface. For a given concentration of reagent
this will depend on the surface area of the gas bubbles, on the length of the col-
umn of liquid through which the bubbles must pass, and the rate at which they
rise through the liquid.

Collection efficiency varies inversely with flow rate and bubble size, and varies
directly with the height of the liquid column. B

Flow Rate

The gas flow rate through an absorber is one of the factors determining the effi-
ciency of an absorber. Figure 5-8 shows clcarly that as flow rate increases, for the
absorbers studied, the efficiency decreases. This efficiency versus flow rate curve
should be determined for each absorber and used in any analysis.

10— T T ! T Y

| |
" Greenburg-Smith
impinger

—

Midger impinger

oy
£
£ 80
£ @) 250-ml gas
S | Midget bubbler washing boctle
v M : ] -
:E : Ammonia, 1 ppm.
Pressure = 26.5° Hg
60 Temperature = B0°F (approx.) _
(a) Maximum obtainable
not advisable due to entrainment
50 ] 1 I il ] L 1 $
] 0.1 0.2 0.3 0.4 0.5 a.6 0.7 0.8 0.9

Air flow rate, cubic feet/minute

Figure 5-9. Performance curves—commercially availabie absorbers.

Height of Liquid Column

The length of the column of liquid in an absorber is important in determining effi-
ciency. The velocity of rise of bubbles is approximately constant at 24 cm/sec for
bubble diameters greater than 0.2 cm. Since the bubbles rise at approximately

94 em/sec, they will be in contact with a liquid columnn 24 am long for 1 second,
48 cm long for 2 seconds, etc. The longer the gas bubble is tn contact uith the
liquid, the more pollutant ts transferred from the gas phase to the liquid phase
until gas-liquid equilibrium is approached.

5-23



Retention of Gases and Vapors by Solution
The equation defining Raoult’s law is:
(Eq. 5-10) p=Ngp.

Where: p= partial pressure of gas to be dissolved (atm)
N=mole fraction of gas
po=vapor pressure of gas (atm).

From this relationship one can calculate the solubility of a gas below its critical
temperature, on the assumption that the solution behaves in an ideal manner. For
example, the critical temperature of ethane is 34°C. At 25°C thic pure liquid has a
vapor pressure of 42 amm. According to Raoult's law, therefore, the solubility of
ethane at 25°C and a pressure of 1 aum in any solvent in mole fraction can be
determined by the following:

p ®

since p is 1 atm, and p, is 42 atm. The actual solubility in n-hexane at 25 °C and
1 atm pressure is 0.017 mole fraction. This variation is due to n-hexane being a
non-ideal solvent.

To extend the method for calculating gaseous solubilities to temperatures above
the critical temperature, it is necessary to estimate the hypothetical vapor pressure
of the liquid by a suitable extrapolation. This is best done by using the integrated
form of the Clapeyron-Clausius equation, which is,

P L. [Tz -T, ]

(Eq. 5-11) log 2 =
9 | 8 4576 | T.T,

Where: L.=latent heat of vaporization.

If the vapor pressure at any two temperatures is known, the value at any other
temperature may be evaluated on the assumption that the molar heat of vaporation
remains constant. The critical temperature of methane is 95.5°C, and the
hypothetical vapor pressure of the liquid at 20°C is 310 atm, giving an ideal
solubility at this temperature and a pressure of 1 atm of 1/310= 0.0032 mole frac-
tion; this is very close to the solubilities actually found in n-hexane and m-xylene.
Since the solubility in mole fractions of a gas at 1 amm pressure is equal to 1/p,
where p is the vapor pressure of the liquified gas, it is evident that, for ideal solu-
tions, the lower the vapor pressure at the given temperature, the greater will be the
solubility of the gas. Gases that are liquified only with difficulty, that is to say,
those having very low boiling points, may be regarded as having high vapor
pressures; such gases will, therefore, have low solubilities. It follows that, tn
general, easily liquifiable gases will be the most soluble; this is m agreement with
observation fn most cases. '
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Although the solubility of a gas, in mole fractions, should theoretically be
independent of thenature of the solvent, this is not true in practice because of
departure from ideal behavior. Some data for solutions of gases showing deviations
are listed in Table 5-8. The solubilities in water are exceptionally low; since water
is both polar and associated, and aiso has a very high internal pressure, solutions of
gases of the type mentioned would hardly be expected to behave ideally. Even
chlorine and carbon dioxide, which interact with water and are generally regarded
as relatively soluble gases, have solubilities considerably below the calculated
values, because of their low polarity and internal pressure. A quite different type of
behavior is shown by ammonia, which is a highly polar substance with 2 high inter-
nal pressure. In hydrocarbon solvents, therefore, solubility is considerably below the
ideal value, whereas in alcohol and water the observed solubility is-somewhat
greater than that calculated. If allowance could be made for interaction between
ammonia and the solvent, good agreement would be found. A corollary to the
foregoing conclusions is that for a number of gases of similar polarity and mternal
pressure (e.g., hydrogen, nitrogen, carbon monoxide, oxygen) that do not react
with the solvent, the ratio of the solubilities tn various solvents should be approx-
tmately independent of the nature of the gas. This generalization is roughly true in
practice, and only gases such as carbon dioxide and ammonia, which are not in the
same category, are exceptions. ‘

- Tabie 5-8. 1deal and observed solubilities at 20°C.

Gas Ideal | Nitrobenzene | Ethyl alcohol | Anmiline | Water
Nitrogen 10 - 2.6 5.3 1.1 0.13
. Carbon dioxide 1 8.9 ] 4.5 1.9 0.19
Oxygen 16 - - - 0.17
Argon 2] - 6.5 - 0.17

Retention of Gases and Vapor by Chemical Reaction

The usual objective in the selection of an absorbent for scrubbing a gas is to find a
liquid, possibly a solution, with a very large capacity for absorbing the solute
without building up an appreciable equilibrium back pressure. This can be
accomplished readily by choosing a chemical with which the solute reacts irrever-
sibly, as when an aqueous solution of sodium hydroxide is used to absorb carbon
dioxide. There are indeed very few absorptions of a gas in a liquid that are not
accompanied by a chemical reaction to some degree. Thus, when ammonia
dissolves in water, ionization occurs that may be looked upon as a chemical
change. A similar phenomenon, though potentially weaker, occurs when carbon
dioxide dissolves in water. A much stronger and more definite chemical change
takes place when ammonia is dissolved in an acid, or carbon dioxide in a base.

There ts no sharp line dividing pure physical absorption from absorption con-
trolled by the rate of a chemical reaction. Most cases fall in the intermediate
range, the rate of absorption being limited both by resistance to diffusion and by
the finite rate of reaction. Simultaneous occurrence of 3 chemical reaction renders
the mechanism of absorption more complicated. The theory of purely physical
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absorption rests on the assumption of the two-film concept. This theory may be
carried over to the case where a simultaneous reaction occurs; however, modifica-
tion in film resistance will become apparent. Thus, when carbon dioxide is dissolved
in water, the rate-controlling factor is not the migration of the dissolved carbon
dioxide from the liquid surface into the liquid interior, simply becausc the rate of
solution of the gas in water is small from the very start. On the other hand, if —
absorption of carbon dioxide in a solution of sodium hydroxide is considered, the
rate of absorption is very rapid, and the rate of migration of the carbonate into the
main body of the liquid becomes rate controlling.

These phenomena are complex and, although considerable advances have been
made, the situation is still very obscure. Whenever there is a pronounced chemical
reaction occurring simultaneously with absorption, there are essentially two effects
that must be considered; these pertain to:

* modification of capacity (rate) data, and
* modification of the driving force.

Capacity coefficients will generally, but not always, increase when a chemical
reaction occurs simultaneously with absorption. At present there is no data
available to permit a correlation that will allow for estimation of capacity data.

As far as driving force is concerned, an increase is usually observed as a conse-
quence of a chemical reaction. In many cases the dissolved gas, once having
reacted with a constituent in the liquid, offers virtually no resistance to further
absorption. This is the case when carbon dioxide or sulfur dioxide is dissolved in
basic solutions. ' '

Retention of Particulate Matter

The design of the absorber plays a2 most important par in the retention of par-
ticulate matrer by a liquid. A liquid absorber is highly efficient for retaining par-
ticles only when the velocity of the air at the jet approaches that of sound and the
particles impinge with high velocity on a surface in the liquid. The sudden change
in kinetic energy results in the virtually complete trapping of all particies having a
diameter greater than 1 micromerer.

Principles of Grab Sampling

Introduction

The term “grab sample” suggests two concepts: (a) a sample taken at a particular
time and place within an interval of a few seconds to a minute or two, and (b) a
small representative portion removed from the gross sample with no alteration.
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Grab samples are usually collected in one of the following ways:
e using an evacuated container,

purging (displacement of air),
e displacement of a liquid,

o inflation of a plastic bag
L ]

[ ]

using a syringe, and
using an adsorbent cartridge.

Evacuated Containers
Evacuated containers used for grab sampling are of several types. One common

type is a strong glass tube of 250 to 300 ml capacity, although tubes with volumes
as large as 1 to 2 liters are sometimes used {Figure 5-10).

Scratch

250 to 1000 m!

Figure 5-10. Vacuum tube.

To use this type of container, the tube is evacuated until almost all the air has
been removed. In the last stages of evacuation, the neck is sealed. Then at the
sampling site, the neck is scratched and broken. Sampling is instantaneous, and
will continue until the internal pressure is equivalent to the external pressure. The
broken end is then sealed with wax and sent to the lab for analysis.

There are several advantages in the use of this collector: it is simple to use and
no pump or manometer need be taken to the sampling site. However, the tube
must be redrawn, re-evacuated, and resealed if it is to be used again. There is also
the danger of breakage. -
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An evacuated flask fitted with a stopcock or vacuum cap can also be used in this
type of sampling (Figure 5-11). The flask is evacuated and then sealed by giving
the cap a half turn. When sampling is to occur, the cap is turned to the “open™
position and the air will be drawn into the flask. The cap is closed after sampling
and the flask is returned to the laboratory.

Figure 5-11. Vacuum flask.

During the transport of the evacuated container to the sampling site there is a
" possibility of slow leakage through poorly fitted stopcocks. This would, of course,
compietely invalidate the results. The pollutants to be analyzed may also degrade
or react with other compounds in the evacuated flask. This apparatus has the
advantage of being easy to reuse. Such collectors should be placed in a protective
container or wrapped with adhesive tape to reduce hazards of implosion.

If for some reason the containers are not completely evacuated, it may be
necessary to subtract a residual volume from the volume of the flask to determine
the volume of air sampled. Let ¥, be the volume of the vessel; after evacuation let
the temperature and residual pressure in the flask be T, and P,. The flask is
transported to the sampling site and opened; the flask remperature and pressure
now become T; and P,. The volume of air sampled, V,, is given by:

(Eq. 5-12) V.=V,— V.

where V. is the volume occupied by the residual gas. Assuming gas ideality for the
residual gas: '

(Eq. 5-1%3) PV, BV
) T. T,
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P,T,
Hence: V.=V, |1- =
P T,
If the ratio P,/P, is stall (almost complete evacuation), then the correction can
be neglected and

-V,z Vf .

The presence of the pollutant in the residual gas would further complicate the
Tmatter.

Air Displacement or Purging _-

Cylindrical tubes with stopcocks at each end are used as collectors (Figure 5-12).
The stopcocks are opened and the tube is thoroughly purged. After sampling, the
tube should be held in place until the stopcocks have been closed and the
aspirating device has been removed.

- )
d . .

[ 4 .

X '

'250 to soom( b

Air flow ———

Air flow

)
i
\ 1

Figure 5-12. Gas-displacement collector.

Metal containers of the same general design have been employed, but they have
been found to react with many samples. Their real advantage lies in the fact that
they are virtually unbreakable. :

The sample air is drawn through the container using any of a variety of pumps.
Enough air must be drawn through to completely flush out old, unrepresentative air
that may be present.

The necessary volume of air requ:red will vary, but in all cases it will be at least
several times greater than the volume of the container. Theoretically all of the old
air can never be eliminated by pumping. Since this pumping process may take a
relatively long time, it is not strictly an instantaneous sample. If the concentration
of pollutant in the air changes radically during purging, the results will not
necessarily be close to the average over the ume interval involved.

Liquid Displacement

Another technique used in gas sampling is liquid displacement. In this method a
liquid is allowed to drain from the bottom of 2 container, while an opening at the
top allows the gas to enter and fill the space left by the liquid. Any suitable liquid
that will not dissolve the sample nor react with it can be used. The choice of liquid

will depend upon the ‘material being sampled: some commonly used liquids are
water, brine, mercury, or water saturated with the gas to be sampled.
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Containers used are of two basic types: (a) a glass tube with two stopcocks as
used in air displacement (Figure 5-18) and (b) an aspirator bottle (Figure 5-14).

Air flow

250 to 300 ml

Figure 5-13. Liquid-displacement collector.

Figure 5-14. Aspirator bottie.

In both cases, the liquid is allowed to drain through the lower opening (the rate
can be controlled by adjusting the stopcock), and the gas is drawn in through the
upper stopcock or tube. This method requires a minimum of equipment and no
special training. The container may be calibrated to indicate the volume of gas
sampled.

Inflation

A fourth gas sampling method is the collection of a sample by inflation of a plastic
bag. Plastics of various types have been used. The choice of material will depend
on the gas to be sampled and the storage period. '
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Some hazards to look out for in “bag sampling” are wall effects, memory effects
(where previous constituents linger), sample deteriorarion over titne, sample
deterioration due to sunlight in some cases, and the possibility of reactions among
the various gases in the bag.

The deflated plastic bag is placed in a closed, air-tight box, with only a tube
extending outside the box. An opening in the box itself is connected to a vacuum
source, and the air is pumped out of the box. As the air is removed from the outer
container, the bag will inflace, drawing in the sample. The air may be metered as
it is pumped out of the box, thus indicating the volume of gas sample drawn into
the bag (Figure 5-15).

Vacuum pump ._.@ Bag valve
Pump opening
- 3 o --.;F' A \\ )
ok, Y .
e ) f—— Plastic bag
- 3 -

Figure 5-15. Inflation sampler. .

Conrtainer

Syringes

Syringes may be used in the collection of small gas samples. This technique has
been widely applied in the field of odor measurement.

Grab Sampling Techniques

Grab sampling techniques are preferable to continuous sampling in certain situa-

tions. Some constituents have absorption rates too slow for efficient collection by
absorption. Field conditions (lack of electricity and lab facilities) often necessitate
this type of sampling.

Grab sampling is useful when concentrations vary considerably over a period of
time, and it is necessary to obtain a sample at a specific time. Most grab sampling
techniques utilize 2 minimum of equipment and require little or no special training
or experience on the part of the operator.

Grab sampling has a serious limitation—the sampie obtained is generally not
large enough to detect very small quantities of materials except by the most sen-
sitive techniques.
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Principles of Freezeout Sampling

Introduction

Air pollutants existing as gases can be trapped or removed by the freezeout, or con-
densation, method. Trapping in this discussion refers to the mechanism of sample
collection, and removed implies an air-cleaning mechanism to rid unwanted gas
contaminants from the gas stream. The method has a very high efficiency at
relatively low flow rates. Certain problems are encountered when using the
freezeout method, thus necessitating an appraisal of the method for particular
applications.

Concept

The method consists essentially of drawing air through collection chambers with
progressively lower temperatures. If the temperatures of the chambers are approx-
imately equal to or less than the boiling point (the temperature at which a liquid is
converted to a gas) of the gaseous components of the air passing through it, these
components will exhibit a phase change from the gascous phase to the liguid
phase. The condensate (liquid phase) is collected in the chamber where the phase
change occurs. The gaseous contaminants to be collected will determine the -
temperatures required in the collection chambers. The temperatures of the
chambers can be controlled by using different immersion bath liquids. Con-
taminants with boiling points as low as —195°C can be collected by this method.

Equipment
The type of freezeout equipment required depends to a large extent on the applica-
tion. The required amount of equipment of a given type depends on whether the
sampling apparatus is a single or multistage unit.

The size of the collection chamber varies according to the immersion bath for -
which it was designed. The collection chambers themselves are placed m Dewar
flasks containing the cooling solutions (Figure 5-16).

Coliection chamber

Vacuum

Bath solurion

Dewar flask

Figure 5-16. Freezeout unit.
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Table 5-9 indicates various bath solutions and some sizes of the Dewar flasks that
have been used for each. The volume of the bath solutions and, thus, the size of the
collecting chamber itself are partially duc to factors such as:

* temperature gradients across the collecting chambers as related to the

criticality of the boiling point of the contaminant being collected,
"o the surface area as related to the evaporation rate of the bath solution, and

- the condensation of water vapor in the primary collection chambers, thus

necessitating a larger volumne.

Table 5-9. Bath smolutions.

- Bath solution Temperature Volume of solution
Tee + sale - 16°C =2 liter
Dry ice & acetone or
methyl-cellosolve - 80%C 750 ml
Liguid oxygen -183°C 100 mi
Liquid nitrogen -195°C 100 ml

The level of the solutions in the baths should be kept at 2 to 4" within the top
of the collection chambers in an attempt to maintain a constant temperature
throughout the chamber.

Among the collection chambers utilized, U-shaped and spirai-shaped tubes are
prominent. Large radius bends should be designed into the tubes to facilitate
smooth airflow and to prevent ice accurnulartion at the bends. Freezeout devices can
be classified into two categories, single-stage and multistage units.

Single-stage Units

A single-stage unit (Figure 5-16) consists of one collection chamber (glass or metal)
immersed in a bath solution. As has aiready been mentioned, the temperature of
the bath and, consequently, the liquid of the bath will depend on the particular

gas to be sampied.

Multistage Units

Multistage units consist of a series of collection chambers. These chambers can be
arranged in either horizontal or vertical trains (Figures 5-17 and 5-18). In these
trains the temperatures of the baths are progressively lower. This allows for con-
densation of different gases in different chambers.
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Air intake . Dewar flask

To flow meter
and pump

| . : S i L ) #— Liquid nitrogen
Ice salt — . T

Dry ice {CO,) " =
and acetone
Dewar
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Figure 5-17. Freezeout equipment for atmospheric samples (horizontal sampling train).

Air intake

Insulating boxes

Immersed trap

'_\/_L |! " Vacuum pump

Figure 5-18. Freczeout equipment for ammospheric samples {vertical sampling Tain).
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Efficiency

The collection efficiencies of the previously described systems are not very good. To
efficiently condense gases it is necessary for the gas to come in contact with the
cold surface of the collection chamber. Therefore, the efficiency of collection by

freezeout can be improved by: (a) filling the collection chamber with some type of
material that will increase the cold surface area and (b) reducing the flow rate.

Packing Materials

To increase the cold surface area within the collection chamber, various materials
such as glass beads, metal packing, and activated carbon have been used (Figure
_5-19). In one application, for collecting benzene and formaldehyde, the glass beads
and metal packing increased the cfficiency from 50% to 65% and B80%, respec-
“tively. The lower collection efficiency of the unpacked train was due partly to the
formation of a fine mist that was not retained by the walls of the traps.

Collection chamber

Vacuum

Figure 5-19. Freereout unit showing packing material.

In another application using activated carbon, a collection efficiency of 100%
was reported for xenon and krypton. The activated carbon gave a much larger sur-
face area for the gas to pass over. The use of activated carbon will give the added
advantage of adsorbing gases from the air stream. '

Flow Rate

The flow rate through the train should be such that a sufficient “detention time”
(time allowed for the gas to come into equilibrium with its surrounding
temperature) is available to allow the desired collection efficiency. For an
unpacked train the detention time must be relatively large due to the small, cold
surface area. By packing the train with a surface-area-increasing material, the cold
surface area will increase and the detention time can become smaller. With a
smaller required detention time, the rate of flow through the train can be greater.
Flow rates on the order of 0.1 to 0.2 cfm have been reported for unpacked trains,
while 1 to 2 cfm have been reported for trains packed with activated carbon.
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Another factor affecting flow rate is the formation of ice crystals in the bends of
the collection chambers. This will be discussed in another section.

Erron

One possible source of error is that gases soluble in water will be removed to some
extent prior to their removal in a collection chamber. Other errors may be
introduced when electrostatic precipitators, drying towers, etc., are placed ahead of
the freezcout train. Electrostatic precipitators will aid in the removal of particulate
mazrter, but they may also alter the gas chemically. Adsorption of vapors by a
desiccant placed before the collection chamber has also been reported. This
adsorption might introduce errors in the final results.

Sensitivity
The sensitivity of the freezeout method depends primarily on the gas collected,
volume of air sampled. and how the collected gas is analyzed. Hydrocarbon
_ samples were analyzed on a mass spectrometer to detect pollutant concentrations of
10" ppm from a 1-liter sample. With larger sample volumes,. concentrations on the
order of 10™ ppm have been reported.

Applications

The freezeout method has proved useful in sampling gases. The freezeout device

can be used as a collecting train itself, or it can be used in conjunction with other

sample coliection devices. Also, freczeout traps are used in the lab to concentrate

trace amounts of pollutants (such as halogenated hydrocarbons) desorbed from

adsorption cartridges in order to increase their detectibilities. This probably is its

chief use today. ' -
Freezeout Train

Trains composed of several collection chambers have the ability of collecting
several gases at the same time. This may aid in the gross analysis of the sample
because the sample will be broken into fractional parts according to the various
boiling points of the gases.

Probably the main disadvantage of a freezeout train is the plugging of the collec-
tion chambers by ice crystals. Drying towers placed on the inlet side of the train
will help alleviate this problem as well as filter some particulate matter. Flow rates
of 1 to 2 cfm have been reported when using a drying tower.

Liquid oxygen creates another problem when it is used as a bath solurion or
when collected in a collection chamber. When used as a bath solution. extreme
care must be employed because of the ability of liquid oxygen to support combus-
tion. Therefore, a restricted personnel area around the sampler must be main-
tained. Oxygen (B.P. = — 183°C) will condense when liquid nitrogen
(B.P.= —196°C) is used as a bath solution. This is undesirable since it will dilute
the collected contaminants. If the solution is allowed to warm up after sampling, 2
portion of the contaminants may be carried off by the escaping oxygen.
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Multicollecdon Train

The freezeout train may be part of a larger train where particulate matter filters,
electrostatic precipitators, activated charcoal cartridges, etc., make up the rest of
the train. The major advantage of such a train would be the removal of particles
and gases that were not of interest. Probably the main disadvantage of the larger
train is the possibility of aitering the chemical composition of the gas of interest.

Summary

Freezeout trains have proved to be an efficient collection device. Collection efficien-
cies of 100% for flow rates up to 2 cfm have been reported for certain con-
taminants. Problems such as water vapor condensation with subséquent plugging of
collccting chambers can be alleviated by using a desiccant on the inlet side of the
train. Collection efficiency improvements such as increasing the cold surface area
can be accomplished by using a packing material. The use of freezeour devices for
“field” operations has its limitations because of its bulkiness and the problem of
keeping the bath solutions at a constant level.
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Section B-2

Preparation of Calibration Gases

Reading Assignment
Pages 6-1 through 6-31 of EPA 450/2-80-004 APTI Course 435 Atmospheric
Sampling: Student Manual.

Reading Assignment Topics

® Static systems for the preparation of calibration gases
* Dynamic systems for the preparation of calibration gases
® Preparation of zero air

Learning Goal and Objectives
Learning Goal

The purpose of this section is to familiarize you with the preparation of calibration
gases.

Learning Objectives

At the end of this section, you should be able to:
1. recognize two general systems for the preparation of calibration gases.
2. identify three static systems for the preparation of calibration gases.
3. recognize optimum conditions for the preparation of calibration gases using
compressed gas cylinders, bags, and permeation tubes.
4. calculate concentrations of calibration gases prepared using bags, permeation
tubes, single dilution systems, and double dilution systems.
identify NO; and SO, permeation tubes.
recognize a method of preparing ozone calibration gas.
define zero air for air sampling purposes.
identify and recognize characteristics of three adsorbents which are commonly
used in the preparation of zero air.
9. name three methods of removing water vapor from a gas stream and identify
advantages and disadvantages of three adsorbents commonly used.

@ o
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Reading Guidance

Preparation of calibration gases using compressed gas cylinders, permeation
tubes, and other dynamic calibration devices is discussed in this reading
assignment. EPA will verify your compressed gas standards, permeation tube
rates, and calibration device outputs at no cost to you. If you would like to use
this service, contact: U.S. EPA, Quality Assurance Division, Standards
Laboratory, EMSL, MD 77, Research Triangle Park, North Carolina 27711
(telephone: Commercial: (919) 541-2366, FTS: 629-2366).

Refer often to the equations and figures of the assigned reading material as
you progress through the assignment.

When you have finished the reading assignment, complete the review exercise
for Section B-3. It begins on the following page.

After you have answered the review exercise questions, check your answers.
The correct answers are listed on the page immediately following the review
exercise.

For any review exercise questions that you answered incorrectly, review the
page(s) of the reading assignment indicated on the answers page.

After you have reviewed your incorrect answers (if any), take Quiz 2. Follow
the directions listed in the Course Introduction section of this guidebook.
After completing Quiz 2, proceed to Section B-4 of this guidebook.
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Review Exercise

Now that you've completed the assignment for Section B-3, please answer the
following questions. These will help you determine whether or not you are
mastering the material.

”1 1. Which of the following is a(are) general system(s) for the preparation of
S calibration gases?
a. static system
"y b. dynamic system
c. both 2 and b, above
d. none of the above

2. Which of the following is a(are) general static system(s)?
a. pressurized system (compressed gas cylinder)
b. permeation system
¢. bag system
d. both a and ¢, above
e. all of the above

8. Which of the following is an(are) important consideration(s) in preparing
calibration gases using compressed gas cylinders?

a. Due to compressional heating, the cylinder should be allowed to equilibrate
to room temperature before reading the gas pressure to be used in
calculating the concentration of the calibration gas,

b. Gases should be thoroughly mixed after their introduction to the gas
cylinder to avoid gas layering.

c. both a and b, above

d. none of the abave

4, @) p#l of 100% carbon monoxide must be introduced into a 10¢ bag to
prepare 10f of 50 ppm (uf/f) calibration gas.
a. b
b. 0.2
c. 50
d. 500

5. Which of the following is an(are) important consideration(s) in preparing
calibration gases using bags?
a. Pollutant gas should be introduced into the stream of the diluent gas as the
bag is filling.
b. Calibration gas will deteriorate over time in a bag.
both a and b, above
d. none of the above

]

B2-3



10.

True or False? A permeation tube consists of a tube which is partially filled
with a liquified gas. The gas above the liquid is able to permeate through the
walls of the tube.

. The permeation rate of a permeation tube _____(_?)____._ as the temperature of

the permeation tube increases.
a. remains the same

b. increases

c. decreases

The pollutant concentration generated by a permeation system _®
as the diluent gas flow rate of the system increases.

a. remains the same

b. increases

c. decreases

. If an SO, (molecular weight: 64 g/g=mol) permeation tube has a permeation

rate of 1.000 pg/min at a temperature of 25°C and a pressure of 760 mm of
mercury. What is the SO, concentration (ppm) at EPA’s STP conditions
generated by a permeation system using the permeation tube and having 2
total dilution flow rate of 1.000 {/min?

a. 0.382

b. 2.62

c. 0.350

d. 2.86

Which of the following is an{are) important consideration(s) in using a

permeation tube system?

a. Absorbed moisture on a permeation tube can form acids that may cause
tube blistering, thus changing the tube’s permeation rate.

b. Diluent gas which passes over the permeation tube must be kept at a con-
stant temperature and zero humidity in order to maintain a constant
permeation rate.

¢. Permeation tubes should be equilibrated at their operating temperatures
and zero humidity for two to three days before they are used to generate
calibration gas.

d. both a and b, above

e. all of the above
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For each of questions 11 and 12, match the permeation tube with its appropriate
diagram.
11. NO, permeation tube a.

12. SO, permeation tube

-—— Teflon tube

" Yt— Glass tube

Liquified gas

Liquified Teflon tube
gas

18. What is the SO, concentration (ppm) generated by a single dilution system if
the system’s undiluted SO, concentration is 100 ppm, the flow rate of
undiluted SOy is 1 ¢/min, and the flow rate of diluent gas is 9 ¢/min?

a. 80
b, 11
c. 10
d. 100
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14.

15.

16.

17.

18.
19.

20.

21.
22.

23.

What is the SO, concentration (ppm) generated by a double dilution system if
the initial dilution system’s undiluted SO; concentration is 100 ppm, the flow
rate of undiluted SO, is 1 £/min, and the flow rate of diluent gas is 9 &/min;
and the final dilution system’s flow rate of diluent gas is 10 £/min?

a. 0.5

b. 5.0

c. 10

d. 4.5

Which of the following is a(are) method(s) of preparing ozone calibration gas?
a. mixing ozone with nitrogen in compressed gas cylinders

b. irradiating oxygen with an ultraviolet light

c. both a and b, above

d. none of the above

True or False? Some calibration gases can be prepared by injecting liquid
pollutant into a moving diluent gas stream.

True or False? Zero air can be defined as air that is free of contaminants and
interferences for a particular analytical technique.

True or False? Regardless of its use, zero air always has the same composition.

True or False? Activated charcoal can remove ozone, SO, NO,, and many
organic vapors from a gas stream.

True or False? Neither soda lime nor Ascarite can remove CO, from a gas
stream.

True or False? Ascarite can remove acid gases from a gas stream.

Which of the following is a(are) general method(s) of removing water vapor
from a gas stream?

adsorption

impaction

condensation

both a and c, above

all of the above

o apow

Which of the following is a(are) general method(s) of removing gaseous
contaminants from a gas stream?

impaction

adsorption

absorption

both b and ¢, above

both a and b, above

Poan o
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24. Which of the following is a(are) common absorbent(s) for removing water
vapor from a gas stream?
a. silica gel
b. calcium sulfate
¢. anhydrous magnesium perchlorate
d. all of the above

For each of questions 25 through 27, match the adsorbent with its advantage(s).

25, silica gel a. very high efficiency for removing water

26. calcium sulfate vapor

27. anhydrous magnesium b. easy to handle, can be indefinitely
perchlorate regenerated

c. easy to regenerate, has a constant water
vapor rernoval efficiency over a wide
range of temperatures

For each of questions 28 through 30, match the adsorbent with its disadvantage(s).

28. silica gel a. not the most efficient adsorbent for

29. calcium sulfate removing water vapor

30. anhydrous magnesium b. not the most efficient absorbent for
perchlorate ‘ removing water vapor, cannot be

indefinitely regenerated

¢. may explode in the presence of organic
vapors, melts when removing water vapor
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Chapter 6

Generation of Standard
Test Atmospheres

Introduction
Calibration of atmospheric sampling equipment is very important for air moni-
toring, and it must be done to ensure that the data generated by air monitors
represent the actual concentration of pollutants in air. Many factors may affect the
calibration of sampling or monitoring devices, preventing them from providing a
true measure of the atmospheric contaminant concentrations. The generation of
standard test atmospheres is essential to the calibration procedures for continuous
air monitoring instrumentation.

There is 2 need for reliable, accurate methods to generate pollutant gases of
known concentration. For example, an air monitor may be designed to operate at a
certain efficiency, but due to factors such as reagent deterioration, electrical or
electronic component variability, and flow rate changes, data generated by an air
monitor may differ from the true concentration of a pollutant in air. To evaluate
the performance of sampling equipment, known contaminant concentrations must
be introduced; by knowing the input concentration, the output of the monitor can '
be determined for accuracy and a function generated showing the relationship
between the input concentration and output instrument response. The purpose of
 this section is to discuss the methods of preparing gases of known concentration.

The most important factor in the preparation of these standard atmospheres is
devising a2 method of preparing gases of known concentration. Moreover, in the
preparation of the standard atmospheres, devising a method of creating accurate
calibration gases at the extremely small concentrations typically found in the
atmosphere is often difficult. Many methods are now available for creating gases in
high concentrations, but atmospheric testing often requires concentrations in the
sub-part-per-million range.

Static Systems

Pressurized Systems

Although pressurized tanks of known contaminant concentrations are usually pur-
chased, they may be prepared by the following procedures. Cylinders containing a
pollutant gas are prepared by adding a known volume of pollutant gas and then
pressurizing the cylinder with a diluent gas. The gas is then of known concentra-
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tion and can be used for calibration purposes. The range of concentradons that
can be achieved by this method is typically less than 100 ppm to more than 5000
ppm, depending on the stability of the gaseous pollutant. The concentration of the
mixture can be calculated as follows:

10°%x 7. 10%.

(Eq. 6-1) _ Com =T P

ar
10tx ¥, 10%,
Vi + I’: Pr -

(Eq. 6-2) Cq =

Where: C,om = COTiCentration of gas mixture, ppm by volume
¢y, = concentration of gas mixture, percent
V.= wlume of contaminant gas
V.= volume of diluent gases
p-=partial pressure of contammant ga.s
p-=total pressure of the gas mixture

Using the rigid container procedure, it is necessary to construct a gas-handling
manifold that interconnects the vacuum source, the calibrated volume, the source
of contaminant gas, and the gas cylinder. Subsequently, the entire system is
evacuated; the known calibration volume is flushed and filled at atmospheric
pressurc with the contaminant gas and isolated, and connecting lines are again
evacuated. The contaminant gas is then swept by diluent carrier gas into the
cylinder, and the cylinder is pressurized with diluent gas to the desired pressure.
Because of compressional heating, the cylinder should be allowed to ethbrate at
room temperature before reading the pressure to be used in the concentration
calculacions. The concentration of the mixture is calculated as follows:

(Eq. 6-8) 10°xX V. X P,
i Corm Ve X P.
Where: Cppm = CORCENtration of mixture, ppm by volume.

V.= volume of pure contaminant gas
Vo =volume of cylinder

P. = barometric pressure at time of ﬁllmg
P.= final total pressure of cylinder

One factor that must be watched closely when preparing gas mixtures by this
method is the thoroughness of the mixing. When introducing the gases into the
cylinder one at a time, a layering effect may occur and result in incomplete

mixing. This effect can be counteracted by allowing for adequate mixing time
before use.
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It should be noted that at room temperature and pressure most gas mixtures
conform closely to the ideal gas law. However, at the higher pressurcs that are
present in the cylinders, gaseous mixtures can deviate from this law and create
crroriofupto!ﬂ_%.Thiscanbecorrectcdbyusingaqmtityca]ledthccnm-
pressibility factor (K). The units for the pressure and volume are not important as
long as P. and P, are in the same units and ¥, and V, are in the same units, since
both parts-per-million and percent are unitless quantities.

In commercial practice, compressed gas cylinders of calibration gases are often
prepared using high load mass balances; in this procedure, a precise tare weight
for an evacuated cylinder is obtained, and the cylinder is weighed again following
tlie addition of the desired trace constituent and after the addition of the diluent
gas (prepurified nitrogen in most cases) under pressure. The mass fraction of the
contaminant gas is converted to a volumetric concentration by application of the
usual formula involving molecular weight and molar volume..

When prepared by the user, a pressure dilution technique of some sort is
generally necessary. Here the volume of the contaminant gas introduced, V., the
volume of the cylinder, V., the evacuation pressure, P,.., and the final total
pressure in the cylinder, P., must be known.

Using this procedure the cylinder is evacuated using a vacuum pump capable of
producing a very low pressure. Depending on the exact capacity of the pump, the
previous contents and size of the cylinder, and the final pressure to be used, the
evacuation pressure may be ignored in the calculations. For example, if the
cylinder was evacuated 1o a few torrs and the final pressure was 30 atmospheves,
the calculation error in ignoring the evacuation pressure (i.c., assuming it is zero)
would only be about 1 part in 10,000. Following the evacuation of the cylinder, the
contaminant gas is introduced using a syringe technique, as described in the bag
procedure, or using a small rigid container of precisely known volume.

* As a matter of good practice, cylinders should be continued in the same service
and not interchanged; for example, a cylinder formerly used for SO, span gas
should not be converted to NO, service. Further, cylinder materials consistent with
the gases to be contained therein should be used.

For certain purposes of Federally mandated monitoring, the EPA requires that
the concentrations of calibration gases contained in compressed gas cylinders be
determined by measuring pollutant concentrations generated by the gases using
ambient air quality analyzers that have been calibrated using NBS standard
reference materials (SRMs) or certified reference materials (CRMs). An EPA-

- recommended procedure for these determinations, entitled “Traceability Protocol
for Establishing True Concentrations of Gases Used for Calibration and Audits of
Air Pollution Analyzers (Protocol No. 2)," is contained in EPA 600/4-77-027a

Quality Assurance Handbook for Avr Pollution Measurement Systems: Volume II.
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Rigid Chambers

Rigid chambers such as the one illustrated in Figure 6-1 are another method of
preparing an analytical gas standard. _

The gaseous contaminant is introduced into the vessel, mixed with the diluent
gas, and sampled. The volume of the chamber may vary with the type of applica-
tion, but the principle remains the same. Preparation of standard gas mixtures by
this procedure has been largely replaced by more accurate permeation devices and
pressurized cylinders containing a specified pollutant concentration.

Contaminant inlet Rubber septum (for—i:;jection of poliucant)
Control valve ——D-% Q‘—— Control vaive
Diluent gas ————p-- . ) ; ——— 3 Gas mixture

\‘3 _/ gl—— Container of known volume

Figure 6-1. Rigid chamber used for producing standard gas mixrure.

Nonrigid Chambers—Bag Samples

In this procedure, a bag, usually of a flexible, nonreactive plastic material, is filled
with a known volume of diluent gas, and a known volume of contaminant gas is
added to the system. The diluent gas should be cleaned of all interfering consti-
tuents and be nonreactive to the desired contaminant. After allowing for complete
mixing in the bag, a sample can be drawn off for calibration purposes. The con-
centration of contaminant in the bag mixture can be calculated by (if the initial
contaminant concentration is 100%):

V.
. 64 c=
Fq ) Vit V.
Where: ¢ = concentration of diluted contamsnant, ppm by volume

V.=volume of contaminant gas, pl
V.=volume of diluent gas, {.
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One of the first and most important steps in this preparation is the selection of
the bag. The bag must be of a flexibie material and be chemically inert to the
gases it will contain. Chemical inertness is very important; if the contaminant gas
reacts with the bag, the amount of contaminant will decrease and the actual con-
centration of the bag mixture will be unknown. Teflon®, Mylar® and copolymer
Tedlar® bags have been widely used because they are inert to most materials. Before
any bag is to be used, it should be tested with the contaminant gas to be sure that
no reaction will take place between the bag and the gas. After the bag has been
selected, it should be checked for leaks, particularly the seams of the bag and the
area around the valve, before the sample is introduced. The bag should be flushed
and evacuated at least three times to ensure that all unwanted contaminants have
been removed. The actual filling of the bag must be done under controlled condi-
tions to guarantee measurement of the volume. Clean air is pumped into the bag
through an accurately calibrated flowmeter. The flow rate of the diluent gas must
be kept as constant as possible throughout the filling procedure to obtain an
accurate measure of volume. After the flow rate is set, a stopwatch is used to get
an accurate filling time. The product of the flow rate and the filling time is the
total volume of diluent gas added to the system. .

The contaminant sample should be introduced into the stream of diluent gas as
the bag is filling. This should be done after the bag has filled to about one-quarter
of the desired volume. By introducing the sample at this time, mixing can take
place as the bag fills to its final volume. The sample is introduced into the diluent
g3 stream with the use of a syringe. A rubber septum and tee assembly is located
in the filling line for insertion of the syringe. Care must be used when handling the
syringe to ensure that the desired quantity of contaminant is introduced.

The syringe should have a graduated barrel so that the amount of contaminant
entered can be read directly. The plunger of the syringe must be gas-tight so no
sample will escape while being injected into the diluent gas stream. A Teflon® cap
can be fitted over the plunger to eliminate gas escaping during introduction. The
sample gas is extracted with the syringe from a source of known concentration.
When drawing the sample, the syringe should be filled and evacuated at least six .
times with the sample gas to eliminate any air that may have been present in the
ncedle. The plunger of the syringe should be drawn well past the desired volume
when entering the sample. Just before introducing the sample into the diluent gas
stream, the syringe should be adjusted to the desired volume to eliminate any error
from air that may have diffused into the needle. Care should be taken in handling
the syringe; it should never be held by the barrel or the needle. Heat from the
hand of an analyst will cause the gas in the syringe to expand and part of the sam-
ple will be lost from the needle. When introducing the sample, the tip of the
needle should be in the middle of the diluent gas stream to prevent the sample
from being lost on the walls of the filling lines. After depressing the plunger,
remove the needle from the gas stream immediately to ensure that none of the
sample will diffuse out of the needle and into the gas stream, giving a higher
resulting concentration. Mixing time can be decreased by kneading the bag for
several minutes.
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The concentration of the calibrated gas will change during storage. The decay
rate will depend upon the substance being stored, the relative humidiy, and the
bag material. Substances such as nitrogen dioxide and ozone will decay faster than
carbon monoxide and hydrocarbons. Figure 6-2 illustrates the rate of decay with
time of a known concentration of SO, stored in a bag. The decay rate can be
decreased if the bag is preconditioned. The preconditioning requires that the bag
be flushed several times with the sample gas. The bag should be left overnight at
least once with a sample gas in it as a preconditioning step.
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Figure 6-2. Rate of decay of $O, concentration in a hag.

It should be noted that the bag-filling method is only an approximate method of
preparing a known gas-mixture concentration. A reference method should be used
- to determine the actual concentration of the bag mixture.

Polasek and Bullin (1978) found that sample stability depends clearly on the com-
pound and type of bag material used. Table 6-1 gives the resuits of carbon mon-
oxide deterioration with time in bags of various materials.
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Table 6-1. Carbon monoxide sample deterioration with time in bags of various materials.

, Aluminited
Bag material pvc Tedlar Snout* polyester
No. of bags tested 10 10 5 3
Concn of calibration gas used 9.0 9.0 8.2 8.2
to fill bags, ppm
0 h after filling, av ppm 8.9 8.5 8.2 8.0
Av deviation, ppm — 0.12 - 0.5 0 —0.17
Av 3qd deviation, ppm! 0.056 0.352 0.012 0.030
24 h after filling, av ppm 8.5 7.5 8.0 7.9
Av deviation, ppm — 0.50 - 15 —0.16 -0.50
Av 3q4 deviation, ppm* 0.506 4.2 0.048 0.097
48 h after filling, av ppm - 8.4 6.8 8.3 8.2
Av deviation, ppm — 0.63 - 22 0.10 —0.03
Av sqd deviation, ppm* 0.497 1.7 0.010 0.010
100 h after filling. av ppm 7.9 5.2 8.0 7.7
Av deviation, ppm - 1.2 - 38 —-0.18 —0.50
Av sqd deviation, ppm? 1.5 17.8 ©.066 0.25

*Consists of layers of polyester, polyvinyl chioride, aluminum, polyamide, and polyethylene.

Dynamic Systems

Permeation Systems

The use of permeation techmques for prcpmuon of standard mixtures is very
useful for some contaminants. The method is based on the theory that a gas con-
fined above its liquefied form at a constant temperature will permeate through
some materials at a constant rate. By putting a liquefied gas into a Teflon® tube,
for example, permeation of the vapor through the tube will take place because of
the concentration gradient that exists between the inner and outer tube walls. By
passing different flows of diluent gas' over the tube, gases of varying concentration
can be generated.

The actual concentration of a sample gas at the EPA’s STP (25°C, 760 mm Hg)
can be calculated by Equation 6-5.

( 24 .46 )
- (PR)\ M
Q

“Where: ¢ = concentration, pf/ or ppm by volume
PR = permeation rate, ug/mimn
Q =total flow rate, corrected to STP, std #/min
M = molecular weight of the permeating gas, ug/p-mole
24.46 = molar volume (V) of any gas at 25°C and 760 mm Hg, uf/p-mole

(Eq. 6-5)
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Permeation tubes allow for the generation of gases with concentrations in the
sub-part-per-million range.

Permeation tubes are made from a variety of different materials. The material
mustallowthediﬁulionoftheoontaminantguthmughthewallsandalsobeinert
to the diffusing gas. If some reaction took place between the tube material and the
gas, the permeation rate would be affected and might no longer be constant.
Teflon®, Mylar®, and Saran Wrap® are materials often used because of their
chemical inermess and good permeation properties. Before any material is used for
the permeation tube, it should be tested to ensure that no changes will occur in the
material when it comes in contact with liquefied gas. To test the material, a piece
should be placed in some of the liquefied gas it will contain. The material should
be removed after a few days and checked to see if any changes in-the material have
occurred (i.e., brittleness, holes, stickiness, etc.). If there are no apparent changes,
the material is probably suitable for usec.

The first step in the construction of the tube is to compress the desired sampie
gas to a liquid state. The liquefied gas is then put into a tube and the tbe ends
are scaled. One method of sealing the tube ends is to force glass beads or stainless
steel balls into the tube ends. To seal properly, these beads should be approxi-
mately one and one-half times the inside diameter of the tube. Once the tube has
been prepared, it should be stored for at least 36 hours in order to equilibrate.
Since the permeation rate is extremely dependent on temperature and relative
humidity, the permeation tube should be stored at a constant temperature with dry
air or nitrogen passing over it. After equilibration, the permeation rate of the tube
can be determined either gravimetrically or by usc of 2 calibrated analyzer.

For the gravimetric determination, the tube should be weighed on an analytical
balance and replaced in the storage area. Time required to weigh the tube should
be minimized and kept constant to compensate for the effects of moisture absorp-
tion. High humidity will cause the permeation tube to absorb moisture, thereby
increasing the tube weight. This will yield an erroneously low value for the permea-
don rate. Absorbed moisture on the tube can form acids that may cause tube
blistering, thus changing the permeation rate. The tube should be stored and
weighed several times to yield enough data to demonstrate that the permeation rate
is constant. The results of these weighings should be plotted on a graph as weight
' versus time. From the slope of the resulting best “fit” line, the permeation rate can
be calculated in micrograms per minute as shown in Figure 6-3.

For certain purposes of Federally mandated monitoring, the EPA requires that
permecation rates of permeation tubes used in routine mionitoring be determined by
measuring pollutant concentrations generated by the tubes using ambient air qual-

ity analyzers that have been calibrated using NBS standard reference materials
(SRM:s) or certified reference materials (CRMs). An EPA-recommended procedure
for this type of permeation rate determination, entitled “Traceability Protocol for
Establishing True Concentrations of Gases Used for Calibration and Audits of Air
Pollution Analyzers (Protocol No. £)," is contained in EPA 600/4-77-027a Quality
Assurance Handbook for Air Pollution Measurement Systems: Volume II.
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Figure 6-3. Calibration of two permeation tubes.

Once the tube has been calibrated, it can be used to generate test gases of
known concentration. The permeation tube is placed in a stream of diluent gas.
The gas passes over the tube and the permeated gas is mixed into the gas stream.
The desired -concentration can be varied by varying the flow rate of the diluent gas
or by varying the permeation tube length. The diluent gas must be kept at a con-
stant temperature during the time the calibration gas is being generated to be sure
the permeation rate is constant. The temperature dependence of the permeation
rate is illustrated for four gases in Figure 6-4. To accomplish this, the diluent gas is
drawn through a constant temperature chamber before passing over the tube as in
Figure 6-5. Permeation tubes are commercially available from many sources offer-
ing a variety of precalibrated tubes with different permeation rates. The National
Bureau of Standards offers some reference sources. Table 6-2 lists permeation rates
of a number of compounds through a Teflon® film. A number of configurations
other than the original tube design are also commercially available. Some of these
are designed to provide a longer useful life. Table 6-3 lists some materials used to

construct 2 permeation tube.

6-9



1000

Permeation rate, ng/cm/min

100 |
35 30 25 20 15 10 5
Temperature, °C

Figure 6-4. Permeation rate vi. wemperature for four gases.
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Figure 6-5. Component and flow of a typical permeadion sysem.
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Table 6-2. Permeation rates of some typical compounds through FEP Teflor®.

. Permeation
Thickness Temperature rate
Compound (in.) *Q (ng/cm/min)
50, 0.012 20+ 0.5 21%
0.03%0 20+ 0.5 138
0.012 20.1 203
0.012 29,1 196
NO, 0.012 15.8 605
0.012 21.1 1110
0.012 29.1 . 2290
Propane 0.012 21.1 53
0.012 29.1 119
Butane 0.012 15.5 64
0.012 29.1 22.3
CHF,Cl 0.012 20 2.8
CF,CHCIBr 0.016 93 1.3
CH,= CHCH, 0.030 1 0.29
n-C,H,, 0.016 93 0.065
CsH,CH, 0.030 20 0.00006

Table 6-5. Some materials used t construct a permeation tube.

, Thickness
Material Trade name {in.)

Fluorinated ethylene propylene resin| FEP Teflon 0.0%0
Fluorinated ethylene propylene resin| FEP Teflon 0.012
Fluorinated ethylene propylene resin { FEP Teflon 0.001
Polyethylene - 0.027 10 0.526
Polyethylene Alathon 0.025
Polyethylene - 0.001 to 0.037
Polyvinyl acetate - 0.135 10 1.352
Polyvinylidene chloride Saran Wrap | 0.025
Polyamide ' Nylon 6 0.113
Polyester Mylar 0.031
Polyethylene tercphthalate Mylar '} 0.00031 o 0.006
Polythene Diothene 0.0635 to 0.0254 mm

The performance of a permeation device depends on the polymer films used to
construct these tubes and the pollutant for which a standard concentration is
needed. The important factors to be considered in the use of a permeation device
are temperature, humidity, gas stability, equilibration time, etc. These parameters
have been studied for nitrogen dioxide, sulfur dioxide, and recently for numerous
halogenated hydrocarbons and for permeation tubes constructed with FEP
(fluorinated ethylene propylene copolymer) Teflon® . In the case of nitrogen diox-
ide, the permeation device demonstrating the greatest stability and utility in terms
of equilibration time and lifetime is Hustrated in Figure 6-6.

¥
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Teflon tube

Glass tube —-

Liquefied
nitrogen diaxide

Figure 6-6. Nitrogen dioxide permeation device.

Experimental results indicated that a small permeating area of Teflon® was
required for NO, due to the rapid permeation rate of NO, through the
Teflon® wall. Tubes constructed as in Figure 6-6 have a usable lifetime of up to two
years. In contrast, the permeation rate of sulfur dioxide through the same
Teflon® wall is considerably slower. Permeation tubes containing this pollutant are

constructed as shown in Figure 6-7.

Liquefied - ] -
SO, gas Teflon® tube

Figure 6-7. SO, permeation rube (NBS—standard reference material).
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To determine the rate of permeation in this type of device, the tube may simply
be removed from the permeation system and weighed to the nearest 0.1 mg on an
analytical balance. Generally weighings can be made daily, weekly, or monthly,
depending on the gas and type of permeation device. As indicated previously, the
permeation rate can be determined by measuring the slope of the least-squares
error line used to fit the weight vs. time data. A more rapid calibration, however,
can be obtained by using the apparatus shown in Figure 6-8.

Weighing unit

Purge air
' Control unit
Recorder
Constant ,
temperature Permeation tube
bath +£0.1°C E}-P________
1\=nfernnnt
monitor

Pugers |

Figure 6-8. Gravimerric calibration apparatus.

In addition to rapid calibration, this apparatus has the advantage of continuous
direct read-out of weight change (Figure 6-9), and the permeation tube is main-
tained in the constant temperature bath at all times. The potential problem of
spurious weight increase due to the hygroscopic nature of some pollutants (e.g.,
$0,, NO,) is eliminated with this device, for the tube need never have to leave the
constant temperature bath.
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Figure 6-3. Typical stripchart read-out from an in situ gravimetric apparatus,

Dilution Systems

- Single Dilut_:ion
A simple system for diluting gas entails mixing the gas with the diluent in 2 mixing
chamber after measuring their flow rates. A single dilution system using rotameters

to measure flow is illustrated in Figure 6-10. The concentration of the test mixture
can be calculated with the following formula:

(Eq. 6-6) aQe=cdQu+QJ
0
(Q.+QJ

Where: ¢.= concentration of undiluted contamsnant gas

C«= concentration of diluted test mixture
Q. = flow of undiluted contemsnant gas
Q«=flow of diluent gas.

Flow measuring devices other than rotameters are frequently used to increase the
accuracy and precision of the test mixture concentration.
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Figure 6-10. Single diludon system.

Multiple Dilution
Low-level concentrations of pollutants may be obtained by a multiple dilution
system. A system such as that shown in Figure 6-11 for a double dilution avoids
high dilution ratios and the use of low flow rotameters. Other methods for measur-
* ing and controlling flow (i.c., orifices, mass flowmeters, etc.) in a multiple dilution
system provide a variety of means for constructing multiple dilution: systems. The
test mixture concentration can be calculated with the following equation:

%)
-+
(Eq. 6-7) Com = Q-+ Qa 0~
Qe+ Qe
Where (see Figure 6-11): Q. = flow of undiluted contamsnant gas
1 =flow of first diluent gas
Q. =flow of first diluent mixture
Qs = flow of second dsluent gas
c.= concentration of undiluted contaminant gas
Cm = COnCentration of final test mexiure.
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Figure 6-11. Sketch of a system for making double dilutions.

Ozone Generation

Ozone is unlike most of the gaseous pollutants in that there are no gaseous calibra-
tion standards available. This is due to ozone's instability, which makes it impossi-
ble to produce gas cylinders of standardized ozone concentrations or ozone permea-
tion tubes. The only means available for the calibration of ozone monitors is to
produce stable, known amounts of ozone at the site of calibration.

Ozonce is most commonly produced by irradiating oxygen with an ultraviolet light
source in an ozone generator. An ozone generator may utilize a tubular quartz
chamber into which ozone-free air is admitted at 2 controlied, constant rate., This
incoming air (from a zero air source) is subjected to ultraviolet radiation from a
mercury vapor lamp.

The mercury vapor lamp is housed within an aluminum shield which can be
adjusted to expose a selected portion of the lamp, thereby controlling the amount
of ultravioler radiation to which the air stream is exposed. In this way, varying
amounts of ozone can be produced by simply moving the shield to a number of
positions across the mercury lamp. Using a pressure regulator to assure a stable
flow through the generator plus a constant line source ransformer to assure con-
stant voltage to the UV lamp, the ozone generator can be expected to give stable
ozone concentrations which vary by no more than + 10 parts per billion.

Varying concentrations of ozone can also be obrained by dilution of a stable
azone source (from an ozone generator) with varying amounts of zero air (ozone-
free air). One or more of the dilution techniques previously mentioned can be
employed.
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Evaporative Systems

Gases may be introduced into a test atmosphere by injection of the gas in the
liquid phase into the moving diluent gas stream. Figures 6-12 through 6-14
exemplify several types of systems for introducing a liquefied gas into a system that
will produce an atmosphere of known concentrations.

Careful consideration should be given to the specific pollutant and the type of
injection used. For example, syringe injection of nitrogen dioxide into a bag
through a rubber septum is unadvisable since nitrogen dioxide will react with the
rubber, giving rise to spurious concentrations. , .

The approximate concentration of the test mixture can be calculated with the
following formula.

Vio¢

. 6-8 = %—

*q. &8 = T
Where: ¢ = concentration of test mixture, m ppm

Q,= flow of liguid contamsnant, tn mé/men

o= density of liquid, tn g/m!

V= molar wlume of ideal gas at operating temperature and
 pressure, in {/mole

M = molecular weight of contaminant, tn g/gm-mole

Q.= flow of diluent gas, tn £/mm

10¢ = conversion to ppm

Diluent gas —s—io-

Figure 6-12. Method for injecting liquids and gases into 2 test aumosphere.
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T

Liquid

Figure 6-13. Methods for injecting liquids into 2 test acmosphere.

Figure 6-14. Methods for injecting liquids into a test atmosphere.

Preparation of Zero Air

Introduction

Zero air can be defined as air that is free of contaminants and interferences for a
particular analysis technique. It is important to note that a zero air for one analysis
may not be a zero air for another analysis. For example, an analysis technique may
require a zero air that has only sulfur dioxide and water vapor removed while
another analysis technique may call for only hydrocarbons to be removed.

Zero gases are used extensively in atmospheric sampling, both in laboratory and
field applications. Many continuous monitors require a2 constant supply of zero air
for parallel path reference cells. Cylinder air can be used, but by applying the
proper adsorption or absorption column on the inlet gas stream, zero gas can be
continuously produced from atmospheric air. This can cut costs and eliminate the
necessity of replenishing zero air cylinders. The contaminants and their typical con-
centrations found in clean, dry ambient air are summarized in Table 6-4.
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“Fable 6-4. Typical composition of clean, dry air near level.

. L
Component Formula % by Volume ppm

Nitrogen N, 78.09 780,800
Oxygen O, . 20.94 209.400
Argon Ar 0.93 9,300
Carbon dioxide CO, 0.083 LL T
Neon Ne 18x10™ 18
Helium He 5.2x10™ 5.2
Methane CH, 1.5x10™ 1.5
Krypton - Kr 1.0x10™ 1.0

| Hydrogen H, © 0.5x10% 0.5
Nitrous oxide N,C 0.5 x10™ 0.5
Xenon Xe 0.08 x 10™ - 0.08
Ozonc” O, 0.08 x 107 0.0%
Ammonia NH, 0.01 x10™ 0.01
Iodine I, 0.01 x 10™ 0.01
Nitrogen dioxide NO, 0.001 x 107 0.001
Sulfur dioxide " 80, 0.0002 x 10~ 0.0002
Carbon monoxide co 0 to trace —

*Ozone content in winter is 0.02 ppm and in summer s 0.05 ppm.

There are many techniques for producing zero air. The purpose of this section is
1o discuss the most widely used methods for removing contaminants from a gas
stream to produce a zero air. It should be noted that water vapor is a contaminant
that must be removed from many gas streams. This is especially true when
introducing a gas stream into a permeation tube system where the gas must be free
from water vapor. This ensures proper permeation through the walls of the
permeation tube. For this reason, a separate discussion of drying a gas stream is
provided in this section. '

Gaseous Contaminant Remouval

There are many ways of removing a gascous contaminant from a gas stream,
including the use of catalytic devices, adsorption, and absorption. Figure 6-15 lists
the more commonly used materials.
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Material
1. Activated charcoal
{6 x 16 mesh)

2. NO oxidizer
{(a) Chromium trioxide (CrO,)

(b) Humidifier

3. Triethanolamine (TEA)

Removes many gases such as

ozone, $O,, NO,, higher molecu-

lar weight organic vapors. Does
not compietely remove CO, CO,.

Converts NO to NO, for subse-
quent removal with TEA or soda
lime .4

Furnishes water vapor for proper
operation of oxidizer.

Removes NO,.

6-20

Preparation

Commercially activated coconut
hull charcoal 6 x 16 mesh.* Place
in 2 inch I.D. X 18 inch long sec-
tion of plastic pipe. Use giass
wool plugs to retain charcoal in
place. Plastic pipe caps on each
end of cylinder are drilled and
threaded to accept mandard 14
inch O.D. tube firings. Con-
tainers of other materials and
similar configuration and volume
may be used,
Soak firebrick or alumina 15-40
mesh-in a solution containing
16 g CrO, in 100 m] of water.
Drain, dry in an oven at
105-115°C for 3¢ wo 60 minutes
and cool. Spread a thin layer of
the dry pellets in a dish and
place in 2 desiccator containing
a saturated salt solution which
maintains the relative humidity
(RH) between 50 to 70%,. The
reddish color changes to a2 golden
orange when equilibrated. Place
in a ¥ inch I.D.x 15 inch glass
tube. Use glass wool plugs to
hold pellets in place. (Caution:
protect eyes and skin when
breathe oxidirer dust. ) Before
using, pass air containing 30 to
70% RH through the oxidizer
for about 1 hour at 0.5 &min to
condition. Discard when more

" than ¥ of the oxidizer bed

depth turns brown.

Pams dilute NO air stream over
water at a fixed temperature
such that the humidity of the air
siream is maintained within

50+ 20% RH.

Soak firebrick 10-20 mesh in a
20% aqueous solution of TEA.
Drain, spread on a dish and dry
for 30 to 60 min at 95°C. Pellets
should be free-flowing. Place in
a ¥ inch O.D. (7/16 inch
1.D.)x 15 inch long polyethyiene
or stainless steel tube with stan-
dard ¥ inch O.D. tube fitungs
on cach end. Use glass wool
plugs to hold the peliets in place.



4. Desiccant

5. Carbon monoxide
- Oxidirer (Hopcalite)

6. COy absorber

Catalytically oxidizes CO to CO,
for subsequent removal with
Ascarite or soda lime.

Removes CO,, Hgo .

Commercial 6 x 16 mesh silica
gel with color indicator.® Place
in 3 inch 1.D. x 24 inch long
clear plastc cylinder capped at
both ends. Caps are drilled and
threaded to accommodate stan-
dard ¥ inch O.D. rube fittings.
Use glass woal to hold granules
in place. When the change in
color exceeds ¥ of the desiccant
bed depth, regenerate by expos-
ing the silica gel o 120°C
aumosphere overnight. .
Commercial mixture of copper
and manganese oxides.© Place
granules in a ¥ inch O.D. (7/16
inch 1.D.) x 15 inch long section
of copper pipe with standard %
inch O.D. tube fittings on each
end. Use glass wool to hold
granules in place.

a. Soda lime*: commercial

tion of caldum and
sodium hydroxides; 4 to
8 mesh.

b. Ascarite*: a commercial
preparation of sodium
hydroxide in an asbestos
matrix, 8-50 mesh.

" Place soda limme or Ascarite in 2 2

inch 1.D. x 15 inch long section
of plastic pipe. Plastic caps at
both ends are drilied and
threaded to accept standard ¥
inch O.D. tube fittings.

=Activated coconut hull charcoal, Type PCB 6 x 16 mesh, Pittsburgh Activated Charcoal,
Merk & Co., Inc. Pitsburgh, PA 15230.

*Silica gel, indicating, 6 x 1
*Carbon monoxide purifier,

Vemon, CA 90058.

6 mesh, Grace Davison Chemical, Baltimore, MD 21226.
(Hopcalire) Model RAF-BCHDI, Robbins, Aviation, Inc.,

“Soda lime, 4 to 8 mesh, J. T. Baker Chemical Co:, Phillipsburg, NJ 08865.
ps

*Ascarite, 8-30 mesh, ibid.

Figure 6-15. Materials used in producing zero air up to 30 Umin.
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Catalytic devices have been used to selectively remove a gas from the sample
stream. This leaves a reference or zero gas that is minus only the pollutant to be
measured. Using this method, the change in output when the catalyst bed is
bypassed will be due only to the pollutant measured. An example of a specialized
catalytic conversion is the UV absorption ozone monitor. Ozone is selectively
removed from the sample using a manganese dioxide catalyst that reduces ozone to
oxygen. This ozone-free sample, which still contains all other gases, is the reference,
or zero, air for the UV ozone monitor and is used as the baseline. The gas stream
then bypasses the catalyst, and the ozone-carrying gas enters the monitor where the
change in-output can be actrributed specifically to the ozone.

Adsorption
Adsorption is a widely used method for removing contaminants from a gas stream
to form a reference, or zero, air. Solid adsorbents have the ability to absorb quan-
tities of gases because they have extremely high surface areas per unit weight; e.g.,
activated carbon has a surface area ranging from 300 to 1400 m*/gm. A more
detailed discussion of the porous quality of adsorbents may be found in the
literature (Hersh 1961; Mantell 1951; Pittsburgh Activated Carbon Co.). Table 6-5
~ lists the properties of some common adsorbents.

Table 6-5. Typical properties of adnr!:enu.

Exwernal Pore Maz. gus 5p. bems,
surisce velume Rencrivation Dow, 4 Typical
Adsorbent Form area, /b '/ semp., *F CFH/Mb | Bo/(Ib*R) ndsorbaus
Activared Pellens 10.5—25.5 {0.010-—-0.013} 200-1000 / 0.25 CH., through
carbon Beads (G) 15.0--24.0 2001000 / 0.2% n-CoH,y. CO,, H,S
Silica gel Beads (G) 5.0—-16.0 |0.007 250450 ™ L E - CH, through
Beads (S) 6.0 - 500 —450 75 0.25 CHu. GH,
' through CH,.
. . H,0. HS, 50,
Activated Beads (G) 7.0—-18.5 |0.006 350 — 500 50 0.22 H,O, H,S
slumins Beads (5) 40— 3.0 350— 1000 50 0.25 Qil vapors -
Molecular Pelicts 9.0-14.5 / 300600 ? 0.23 See Tabiex 6-7
sieves ’ 6-8, and 6-9
Beads (G) 520 / 300 —&00 / 0.8
Beads ($) 7.5—125 / 300 — 600 / .23
G= Granules
5 = Spheroids

Activated carbon and molecular sieves are the most widely used solid adsorbents
for the removal of contaminants. Activated carbon has been used extensively for
the adsorption of many contaminant gases in a sample stream not only in
atmospheric sampling and in laboratory use but also as an industrial adsorbent in
continuous flowing adsorption towers. The term “activated” carbon derives from a
method of enhancing the adsorption properties of regular carbon. The carbon is
“activated” by heating at 900°C in a reducing aumosphere to increase the porous
nature of the carbon, thereby increasing the adsorbency of the carbon. Activated
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carbon can be made from many substances including soft coal, fruit pits, nut
shells, and coconut-shells. Coconut shell carbon is the desired form of activated
carbon because of its porous nature. Table 6-6 lists the adsorpuve capacity of
activated carbon for several gases.

Table 6-6. Adsorpcion of gases by carbon {1 gm of adsorbent, temperature 15°0). .

Gus Volume adsorbed, om?
50, 380
CH,Cl 277
NH, 181
H,S 99
HCl h 72
- CGH, 49
CO, 48 -
CH, 16
co 9
O, L}
N, 8
H; 5

Molecular sieves are also widely used as adsorbents because of their porous
nature. The molecular sieves are usually made from synthetic zeolite crystals or
metal aluminosilicates. The diameter of the pores or passageways of the molecular
sieve regulates the size of the molecules that may pass through the sieve. Because of
this, molecular sieves have been used extensively in the fractionation of organic
gases (hydrocarbons) as packing material in gas chromatographic columns. Various
properties of molecular sieves are summarized in Tables 6-7, 6-8, and 6-9.

Table 6-7. Molecular sieve adsorption characteristics.

Adsorbed on 4A and Adsorbed on 5A but not Not adsorbed on 5A or 4A
5A molecular sieve 4A molecular sieve molecular sieve

Water Propane and higher Iroburane and all
gg, n-paraffins to Gy, iso-paraffins
H,S Butene and higher n-olefins Isopropano! and all iso-,
SO, sec- and tert-aicohols
NH,
NO,* n-butanol and higher Benzene and-all aromatics
0,* n-alcohols
CH,*
Methanol Cyclopropane Cyclohexane and all cyclics

- Ethane Freon 12 with at least 4 numbered
Ethylene rings
Acetylene -
Propylene Carbon tetrachloride
n-Propanol Sulfur hexafluoride

. Ethylene oxide Hexachlorobutadiene

1 Freon 114 and 11

1 Boron triflucride

. Moiecuies larger than s5A

* Adsorbed beiow — 20°F.
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Table 6-8. Molecular sieves—Linde type.

Nominal pore
Type| diameter, um Molecules adsorbed* Remarks
‘SA 0.003 <3 A cffective diameter |- Used for drying
(e.g.. H:O, NH,) and dehydration
4A 0.004 <4 A diameter (e.g.. H,yS,; Scavenge water
ethanol, CO,, SO, GH., from solvents and
and C;H,) sat. hydrocarbons (HC)
5A 0.005 <5 A diameter (e.g., Separates n-paraffins
n-CH,-OH from branched and
n-CHyy, GiHi to Cully) cyclic HC
10X 0.008 <B A diameter (c.g.. iso- | Separates aromaric HC
paraffin and olefins, C,H,) -
18X 0.010 <10 A diameter Drying, H,S and mer-
captan removal (gas
sweetening)

*Each type adsorbs listed molecules plus those of preceding types.

Table 6-9. Effective sorption capacities of molecular sieves.

Amount sorbed @ 25°C
Zeolicwe _ (g/100g of molecular sieve)
H,O n-CH,, | Cyclohexane

4A 2¢4.5 - ) -

S5A 245 . 12.0 -

B 20.0 -— -
X 31.5 16.8 - 18.%
Y - 28.0 16.5 19.0
Erionite 11.8 4.4 6.7
Offretite 16.6 8.6 5.3
Mordentite 13.3 6.1 7.5

Acid gases in the atmosphere can prove to be interferences for analytical and
continuous monitoring techniques. An adsorbent often used for these gases is
Ascarite. This strongly basic adsorbent, 91% NaOH, will remove acid gases from
the sample stream. Ascarite has also been used extensively for selectively removing
carbon dioxide from a gas stream.

Absorption

Absorption is also 2 means of removing unwanted gases from the sample stream.
One absorptive method could be much like the sampling of gases through
impingers: the contaminant could be scrubbed from the system using a liquid solu-
tion. Solid absorbents are also used. Levaggi et al. (1972) discuss 2 method of
absorbing nitrogen dioxide from a gas stream by using triethanolamine on
firebrick. This will selectively absorb nitrogen dioxide while allowing the passage of
nitric oxide. '
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Water Vapor Removal

As mentioned previously, water vapor removal is very important in the preparation
of calibration gases using permeation tubes. Water vapor removal is also important
when using some catalysts or adsorbents. For example, water vapor must be
removed before passing a gas stream over a bed of Hopcalite, because water vapor
causes Hopcalite to lose its oxidizing properties. There are many other situations
where water vapor must be removed. The three most widely used laboratory and
air sampling methods of removing water vapor (drying) from a gas stream are
adsorption, absorption, and condensation.

. Adsorption
Adsorption of water vapor on solid desiccants is the most common method of
drying a gas stream. This is because solid desiccants are readily available, easy to
handle and store, can be regenerated, and can be prepared with an indicator
material in them that changes color when the desiccant is spent.

The choice of a drying agent should not be based solely on its drying ability.
Other factors, such as stability, temperature dependency, ability to perform in high
humidity situations, emission of gases through reaction with the moisture, etc.,
should be taken into account. -

The three most widely used drying adsorbents are silica gel, calcium sulfate, and
anhydrous magnesium perchlorate. Efficiency and capacities of these and other
. ‘solid desiccants are listed in Tables 6-10 and 6-11.

Table 6-10. Comparative efficiency of various drying sgents.

Volume of air |Tocal vol. of air Residual water
per hr per ml per ml of vapor per liter of
. Material desiccant, ml desiccant, litexs air, mg
. CuSO, (anhy.) 36 to 50 045t 0.7 .| 2.8(2.7-2.9)
CaCl, (gran.) 65 to 165 6110242 | 1.5(1.41.6)
CaCl, (1ech. anhy.) 115 to 150 40t 5.8 1.25 (1.28-1.27)
ZaCl, (sticks) 120 wo 335 0Bw?2.l ©.98 (0.94-1.02)
Ba(ClO,): (anhy.) 26 to 36 28 w37 0.82 (0.76-0.88)
NaOH (sticks) 75 to 170 2351w 8.9 0.80 (0.78-0.83)
CaCl; (anhy.) 75 to 240 1.2t 7.8 0.56 (0.33-0.38)
Mg(Cl1O,), » 3H,O 65 wo 160 4010 7.2 0.0%1 (0.028-0.033)
Silica gel 65 o 135 6.5 0 7.7 0.08 (0.02-0.04)
KOH (sticks) 55 1o 65 3.2t 7.2 0.014 {0.010-0.017)
Al O, 65 to 135 65w 7.7 0.005 (0.004-0.009)
CaSO, (anhy.) 75 to 150 1.2 to 18.5 0.005 (0.004-0.006)
Ca0 60 co 90 7.6 10 10.1 0.003 (0.003-0.004)
MEg(Cl10,); (amhy.) 95 to 130 6.4t 15.2 0.002 (0.002-0.003)
Ba0 64 to 66 10.6 to 25.0 |0.00065 (0.006-0.0008)
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Table 6-11. Comparative efficiencies and capacities of various solid desiccanss in drymg a

stream of nitrogen.®
Pc_nmdon irements| Average Relative
Drying time] ] emperature| efficiency® | capacity®
Desiccant Initial composition {hr) (*0 (mg/Liter) (Licers)

Sodium hydroxides NaOH+0.03 H,0 -~ - 0.513 178
Anhydrous barium

perchlorate Ba (C10,), 16 127 0.599 28
Calcium oxide CaO 6 500, 900 0.656 51
Magnesium oxide MgO 6 800 0.753 22
Potassium hydroxide§s| KOH+0.52 H,0 - - 0.939 - 18.4
Mekohbite$ 68.7% NaOH - - 1.878 - 68
Anhydrous magnes- . -

ium perchlorate? | Mg(C10,),+0.12 H,O 48° 245° 0.0002 1168
Anhydrone?: { Mg(ClO,);*1.48 H,0O - 240 0.0015 1157
Barium oxide 96.2% BaO - 1000 0.0028 244
Activated alumina ALO, 6118 175, 400 0.0029 263
Phosphorus

pentoxides P,0, - - 0.0035 566
Moiecular sieve 5A! | Calcium aluminum

silicate - - 0.0039 215

Indicating anhydrous | 88% Mg (CIO,); and

magnesium 0.86% KMnO,
. perchlorated 48° 240° 0.0044 435
Anhydrous lithium

perchioratef LiClo, 12, 12 70°, 110 0.013 267

chloridel CaCl,+0.18 H,0 16° 127 0.067 33
Drieritef CaS0,+0.02 H,0 lwo?2 200 0 225 0.067 232
Silica gel - 12 118 1o 127 0.070 817
Ascaritef 91.0% NaOH - - 0.093 “
Calcium chloride$ CaCl,+0.28 H,0 - 200° 0.099 57
Anhydrous calcium

chloridef CaCl, 16¢ 245 0.187 L))
Anhydrocelf | CaS0,+0.21 H,0 lw?2 200 o 225 0.207 683

ANitrogen at an average flow rate of 225 ml/min was passed through a drying train consisting of
three Swartz drying tubes (14 mm i.d. by 150 mm deep) maintsined at 25°C.

PThe average amount of water remaining in the nitrogen

after it was dried te equilibrium.

“The average maximum volume of nitrogen dried at the specified efficiency for a given volume of

desiccant.
dHygroscopic.
€Dried in a vacuum.
fTrade name.
fDeliquescent.

Silica gel is easy to handle, and it can readily and indefinitely be regenerated at
temperatures near 120°C. Artempting to regencrate silica gel above 260°C will

cause loss of the water vapor extractive properties. More often, a series of
adsorbents are used for drying 2 gas stream. A popular series method for water
vapor removal is silica gel followed by molecular sieve. The silica gel, which can be
regencrated easily, removes a major portion of the water vapor, then the molecular
sieve, which is a more efficient drying agent, removes most of the remaining water

vapor.
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Calcium sulfate also has excellent regenerative capabilities (1 to 2 hours at
200°C); however, unlike silica gel, it will gradually lose its drying properties because
of the destruction and reformation of the dehydration elements. Calcium sulfate is
also able to operate at 2 constant efficiency over a wide range of temperatures.
Drierite® and Anhydrocel® are trade names for commercially available calcium
sulfate mixtures, and, as with silica gel, these adsorbents are available in indicating
and non-indicating forms. Anhydrous magnesium perchlorate has the best drying
efficiency of the compounds named, but it has a certain drawback: explosive com-
pounds may be formed if the regeneration step occurs in the presence of organic
vapors. For this reason, hydrocarbons must be removed from the gas stream before
regeneration. Anhydrous magnesium perchlorate is also deliquescent; i.e., it will
meit when removing moisture from the air.

Absorption

Absorption is another method of drying a gas stream. Absorption, usually with

- liquid desiccants, is not as efficient as with solid desiccants, but it has-a higher
drying capacity because the liquid can be constantly recirculating. This process
with liquid desiccants takes place in much the same way as in a scrubbing tower:
the gas comes into contact with the liquid and the water vapor is absorbed. Strong
acids and bases are good liquid desiccants, but they will emit corrosive vapors.

Condensation

Drying gases by condensation (cooling) is an excellent method for some purposes;
all that is required is that the gas be cooled below its dew point, thereby removing
the water vapor from the gas stream. The process is quite simple; the sample gas
enters a vessel and is cooled. When the gas has been cooled below the dew point,
the water vapor condenses on the inner walls of the vessel and is removed from the
gas stream; e.g., a solution of dry ice and acetone at a temperature of —78.5°C
will remove all but 0.01 mg/liter, and a cooling bath of liquid nitrogen at a
temperature of — 196°C will remove all but 1x10™ mg of water vapor/liter of air.
Table 6-12 lists various cold bath solutions and their temperatures.
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Table 6-12. Summary of cold bath solutions.

Coolant Temperature, *C
lce and water* 0
Jee and NaCl - 21
Carbon tetrachloride shush®-? - 229
Chlorobenzene siush®-b - 45.2
Chloroform shush®:P - 63.5
Dry ice and acetone® - 78.5
Dry ice and cellosoive® - 785 .
Dry.ice and isopropanol* - 78.5
Ethyl acetate slush®-? - 8.6
Toluene slush® ~ 95
Carbon disulfide slush®-b -111.6 -
Methyi cyclohexane siush®-b —-126.%
n— Pentane slush® - 130
Liquid air - 147
Isopentane slush® -160.5
Liquid oxygen —188
Liquid nigogen -~ 196

*Adequate for secondary temperacure standard.
*The siushes may be prepared by placing solvent in a Dewar vessel and adding small increments of
liquid nitrogen with rapid stirring until the consistency of & thick milkshake is obtained.

Mechanical refrigeration devices especially designed for water removal are com-
mercially available.

Summary

Molecular sieves and activated carbon are used extensively for removal of gaseous
contaminants. These solid adsorbents have a porous quality that gives them an
extremely high surface area per unit weight, thus i mcreasmg their adsorptive
‘capacidies.

There are adsorbents and absorbents that will selectively remave one gas from an
air stream and leave the others. These include Hopcalitc‘ for selectively removing
CO from an air stream, manganese dioxide for removing ozone from an air stream,
Ascarite for rcmovmg CO; from an air stream, and triethanolamine on firebrick
for selectively removing NO, from an air or NO, stream.

For the removal of water vapor, there are basically three methods used: conden-
'~ sation, absorption and adsorption. Condensation is the most efficient means of
drying a gas stream, but may be awkward to use. Absorption, using liquid desic-
cants, has the greatest capacity for drying a gas stream because the liquid can be
recirculated continuously. This method, toc, may be awkward for field work.
Adsorption of water vapor using solid adsorbents is used extensively because of the
easc of handling and storage and the advantage of the regenerative properties.
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Sample Problems
Problem 1

A samplie gas stream containing sulfur dioxide is to be scrubbed with an adsorbent
while the sample collection is performed. The 50, concentration is known to be
approximately 10 ppm (10 4£/8). The adsorbent to be used is activated carbon. The
sampling rate is 200 £/min to be maintained for 24 hours. How much activated
carbon would be needed to remove all of the SO, for the entire length of the
sampling period?

, Solution .
The total amount of sampled air can be calculated 200 £/min x 60 min/hour X 24
hours = 288,000 liters. -

The total amount of SO, that must be scrubbed from the sample is calculated:
988,000 £ of air x 10 pf of SO/¢ of air= 2,880,000 uf of SO, to be removed. For
the purposes of this example 1 mf=1 cm® (this will actually add very little error).
2.88 X 10* uf SO,y X 10~ mé/ufx 1 cm?®/mf= 2880 cm? of SO, to be removed.

From Table 6-6, activated carbon will adsorb 380 cm* of 50; per gram of
adsorbent (assuming adsorption takes place at 15°C).

The total carbon that is necessary can be calculated:

2880 cm® SO,

$80 cm?® SO,/1 g carbon .

7.6 grams of carbon would be nceded to cifectively remove the SO, from the gas
sample. This is an approximate amount.

Problem 2

A sample stream contains approximately 2% (by weight) water vapor, which must
_ be removed. Molecular sieve Type 4A has been chosen as the drying agent.
Sampling is to be performed at 2.5 #/min for 8 hours. How much 4A molecular
sieve is needed to dry the air for the length of the sample period? (Assume adsorp-
tion takes place at 25°C.) ' ‘

= 7.6 g carbon.

Solution
The total amount of air sampled:
2.5 /min X 60 min/hour X 8 hours= 1200 liters.
The density of air at 25°C and 1 atm is 1.1844 mg/ml.
The weight of the air sampled: '
= 1200 liters X 1000 mé/f X 1,1844 mg/mf= 1,421,300 mg of air sampied.
The weight of water vapor to be removed: '
1,421,500 mg x 0.001 g/mg x 0.02 = 28.43 g. |
From Table 6-9, 4A molecular sieves will remove 24.5 g of H;O per 100 g of
sieve. The amount of sieve necessary to fully dry the air stream (this is an approx-
imate value):

28.43 g Hgo

— =116 g of molecular sicve Type 4A.
24.5 g H,0/100 g sieve
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Summary

Standard test atmospheres are very important as calibration sources for
atmospheric monitors. The bag-filling method is best suited for “batch” calibration
purposes where only a small amount of calibrated gas is needed at one time. For
example, a series of known CO concentrations can be made very quickly with this
technique. The cylinder method, permeation tube method, and ozone generators
are best used where a constant flow of calibration gas is needed. Some continuous
atinospheric monitors and all manual sampling trains require this type of calibra-
tion technique because of the finite time required to obtain an adequate sample.
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Section B-3

Introduction to the Reference Methods and
Reference Measurement Principles for the
Criteria Pollutants, Continuous Air Quality
Monitors, and Design of Air Quality
Monitoring Networks

Reading Assignment

Pages 7-1 through 9-11 of EPA 450/2-80-004 APTI Course 435 Atmospheric Sampling:
Student Manual.

Reading Assignment Topics

» Reference Methods and Reference Measurement Principles for the Criteria
Pollutants

« Continuous Air Quality Monitors

» Design of Air Quality Monitoring Networks

Learning Goal and Objectives

Learning Goai

The purpose of this section is to familiarize you with the reference methods and reference
measurement principles for the criteria pollutants, continuous air quality monitors, and
the design of air guality monitoring networks. '

Learning Objectives

At the end of this section. you should be able to
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1. locate the National Ambient Air Quality Standards (NAAQS), descriptions of
the reference methods and reference measurement principles, and designation
requirements for reference and equivalent methods in the Code of Federal
Regulations.

2. identify the four general types of reference and equivalent methods.

3. describe requirements for the designation of automated reference methods
and manual and automated equivalent methods.

4. identify the reference method or reference measurement principle for each
criteria pollutant. ' .

S. identify advantages of using continuous instrumental methods for monitoring
ambient air quality.

6. identify advantages and disadvantages of coulometric, amperometric, second

derivative spectroscopic, flame ptiotometric, fluorescence,

chemiluminescence, ultraviolet photometric, and nondispersive infrared air
quality monitors.

identify two major subsystems of an air quality monitoring network.

identify major considerations in designing an air quality monitoning network.

9. associate typical spatial scales of representativeness with their corresponding
linear dimensions.

10. identify and define network design considerations unique to particulate
monitoring.

oo =

Reading Guidance

1.

]

Three correspondence courses concerning the siting of ambient air quality monitors,
APTI Course 432 Site Selection for the Monitoring of SO; in Ambient Air, APTI
Course 433: Network Design and Site Selection for Monitoring PMa s and PM g in
Ambient Air, and APTI Course 437: Site Selection for the Monitoring of CO and
Photochemical Pollutants in Ambient Air have been prepared for EPA. If you would
like information concerning these courses, contact EPA's Air Pollution Training
Institute at the address or phone number given in the Course Introduction section of
this guidebook.

Refer often to the equations and figures of the assigned reading material as you
progress through the assignment. _

When you have finished the reading assignment, complete the review exercise for
Section B-3. It begins on the following page. After you have answered the review
exercise questions, check your answers. The correct answers are listed on the page
immediately following the review exercise.

For any review exercise questions that you answered incorrectly, review the page(s)
of the reading assignment indicated on the answers page.

After you have reviewed your incorrect answers (if any) take the final examination
for the course. Follow the directions listed in the Course Introduction section of this
guidebook. ‘

Your course grade results will be mailed to you.
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Review Exercise

Now that you've completed the assignment for Section B-3, please answer the following
guestions. These will help you determine whether or not you are mastering the material.

For each of questions 1 through 3, match the item with its location in the Code of Federal
Regulations.

Ite ‘ Location
1. Natignal Ambient Air a. Title 40 Part 53
Quatity Standards (NAAQS) b. Title 40 Part 50
— C. Appendices of
Title 40 Part 50

2. descriptions of the reference
methods and reference
measurement principles for
monitoring pollutants having
NAAQS

3. designation requirements for
reference and equivalent
methods __

4. Which of the following 1s a(are) general type(s) of reference methods?

manual method
automated method
both a and b, above
none of the above

an o
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5. Which of the following is(are) necessary for the designation of an automated
equivalent method?

a Performance specifications for automated methods must be met.
b. A measurement principle different from the reference
_ measurement principle must be used.
c. both a and b, above
d. none of the above

For each of questions 6 through 12, match the pollutant with the description of its
reference method or reference measurement principle.

Potlutant Description
o a. pararosaniline method
6. sulfur dioxide ___ o _
b. chemiluminescence with ozone
c. chemiluminescence with ethylene
d. low-volume sampling method

7. nitrogen dioxide ___
e. high-volume sampler, atomic
absorption spectrophotometric
analysis
8. carbon monoxide -t

‘nondispersive infrared spectrometry

g. high-volume sampling method

0. lead __

10. PM2s _

11.PMyp

12. 0z0ne ____
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13. Which of the following is a(are) potential problem(s) when using the lead
reference method?

a. nonuniform distributions of lead on high-volume sampler filters
when sampling near heavily traveled roadways

b. chemical and light scattering interferences during lead analysis
c. both a and b, above
d. none of the above

14. Which of the following is an(are) advantage(s) of using continuous
instrumental methods for monitoring ambient air quality?

real-time Jata output

in-situ measurements

ability to transmit data directly into cornpuler systems
all of the above

e r oo
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For each of guestions 15 through 22, match the instrumental method with its description.

15.

I6.

17.

18.

19.

20.

21.

22.

Method

nondispersive infrared

coulometric

flame photometric

fluorescence

amperometric

second derivative
spectroscopic ____

chemiluminescence

ultraviolet photometric

B3-6

Description

uses an electrical charge
generated by oxidation-
reduction reactions occuming in
an electrolytic cell to measure
gaseous poltutant concentration

uses the light emitted due to the
excitation of a gaseous pollutant
with ultraviolet-visible light

relates the slope and curvature
characieristics of encrgy
absorption bands to gaseous
pollutant concentration

uses the energy emitted by a
pollutant in a hydrogen-rich
flame to measure the pollutant's
concentration

uses the energy emitted due (o
electronic transitions to measure
poliutant concentration

uses the light emitted due to the
reaction of a gaseous pollutant
with a reagent gas 10 Tneasure
the pollutant’s concentration

nses the absorption of energy
due to electronic transitions o
measure pollutant concentration

uses the absorption of infrared
energy to measure poliutant
concentration



Metho”

23, flame photometric _

24. coulometric/amperometric

25. second dertvative
spectroscopic ___

26. fluorescence

B3-7

For each of questions 23 through 26. match the instrumental method with its
advantage(s).

Advantiages

highly specific for pollutant
monitored, no support gases are
needed for its operation

no support gases are needed for
its operation

no support gases are needed for
its operation, relatively
insensitive to temperature and
sample air flow variations

highly specific for sulfur
compounds, no chemical
solutions are needed for its
operation, low maintenance
requirements, high sensitivity
for su!fur compounds, fast
response



For each of questions 27 through 30, match the instrumental method with its

disadvantage(s).

Method

27. fluorescence

28. second derivative
spectroscopic

29. flame photometric ___

30. coulometric/amperometric

Disadvantages

must use a scrubber to remove
sample air components that
react with halogens

complexity of measurement
principie

if monitoring for a specific
sulfur compound, must use a
scrubber to remove other sulfur
compounds from the sample air;
potential carbon dioxide
interference; must use hydrogen
must use a scrubber 1o remove
hydrocarbons from the sample
air

31. In the PM, s reference method, an electrically powered air sampler draws air
at a constant flow rate into a specially shaped inlet and through a(n})
particle size separator (impactor) where the suspended particulate

matter in the PM> s range is separated for collection on a

specified sampling period.

a0 T

volumetric / inertial / cellulose
volumetric / cyclonic / glass fiber
volumetric / inertial / PTFE
volumetric / cyclonic / PTFE

filter over the

32. True or False? Sampling flow rate is NOT a potential source of error with the

PM ; reference method.

a. True
b. False
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33. Which of the following is a(are) major subsystem(s) of a data system?

data recording and transmission systemn
data processing system

both a and b, above

none of the above

a0 o

34, True or False? Before designing an air quality monitoring network, the uses of
the data that will be generated by the network should be established.

a. True
b. False

For each of questions 35 through 39, match the spatial scale of representativeness with its
corresponding dimension.

Scale Dimension

35. microscale 100 meters to 0.5 kilometer

— a.
b.- greater than 50 kilometers
c. less than 100 meters
36, middle seale d. 4 to 50 kilometers
e 0.5 to 4 kilometers

37. neighborhood scale
38. urban scale

39. regional scale
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40. Which of the following should be considered when determining what
poliutants to monitor?

pollutants having air quality standards

~ pollutants suspected of being hazardous to public health/welfare
both a and b, above
none of the above

Do

41. True or False? Most of the EPA ambient air monitoring regulations are found
in Title 40 Part 58 of the Code of Federal Regulations.

a. True
b. False

42. True or False? When designing a data transmission system, the speed with
which the data will be used should be determined.

a. True
b. False

43. Which of the following is a(are) component(s) of a data processing system?

data format
data validation
data analysis
all of the above

o o

44. True or False? A data format is a systematic listing of the data recorded.

a. True
b. False

45. True or False? Data validation should be performed by an independent
operator not intimately familiar with the network in question. -

a. True
b, False
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46. Which of the following is NOT a basic type of monitoring station”?

a. SLAMS

b. WAMS

C. NAMS

d. IMPROVE

47. MPA boundaries may consist of aggregates of

counties,

census blocks.

established air quality management districts.
all of the ahove

&0 o

48. True or False? A community monitoring zone is designed to represent the
total PM1 s measurement for that population area.

a. True
b. Faise

49, PM- < monitors are intended to represent

maximum concentrations.
minimum concentrations.
“hot spots.”

all of the above

aoop

50, Which of the following should be considered as a siting consideration when
placing PMa s momitors?

exposure 10 large buildings or nearby trees
distance from nearby emitters

proximity to other measurements

all of the above

fan oe
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Section B-3

Review Exercise Answers

Page(s) of
Atmaspheric
Sampling:
Student Manual
b 7-1
2. € 7-1
3. d e 7-1
4. Coiiiiinieiiiiins 7-1
5. il 7-1
6. @i 7-2
T.0b o 7-2
8 f. 7-2
T 72
100d .o 72
Ihog .o 7-2
12.¢ o 7-2
3¢l 7-2
d.d . B-1 '
IS.ho 8-14 through 8-20
16,8 .o 8-21 through 8-24
17.d o 8-2 through 8-4
18 b 8-4 through 8-6
19 ¢, 8-21 through 8-24
20.C e 8-12 through 8-14
20 F 8-7 through 8-9
22.e . 8-10 through 8-11
23.d e 8-2 through 8-4
24 b 8-21 through 8-24
25.a o 8-12 through 8-14

26.c
27.
28.b
29, ¢
30.a
3l.c
32.b
3.c
34 2a
35.¢
36.a
3. e
38.d
39.

41. a

. 42.a

B3-12

43.

45.
46.
47.d
48.
49, a

Page(s) of
Atmospheric
Sampling:
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................... 8-4 through 8-6
................... 8-4 through 8-6
8-12 through 8-14
.................. 8-2 through 8-4
................... 8-21 through 8-24
7-3

..................

.9-8
-1,9-2

..................

..................

..................

..................

..................
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Chapter 7
Standard Methods for Criteria Pollutants

Introduction

To protect the public health from harmful air pollution, the 1970 Amendments to the Clean Air
Act (CAA) authorized the US Environmental Protection Agency (EPA) to specify national
ambient air quality standards (NAAQS). The NAAQS regulate ambient concentrations of criteria
pollutants as outlined in “National Primary and Secondary Ambient Air Quality Standards,” Part
50 of Chapter 40 of the Code of Federal Regulations (40 CFR 50). States may choose to adopt
either the NAAQS or more stringent standards.

To demonstrate compliance with the NAAQS, a network of national air monitoring stations
(NAMS), State and local air monitoring stations (SLAMS), and prevention of significant
deterioration (PSD) monitoring stations are operated nationwide. These stations test the ambient
air and report the results to EPA. To ensure nationwide uniformity of these results, EPA
established reference test methods for use in this network of stations. These methods are detailed
in the appendices to 40 CFR 50.

Reference Method and Equivalent Method

A reference method uses a measurement principle specified in one of the appendices to 40 CFR
50. An equivalent method is a method which uses a different measurement principle, but which
achieves a high degree of correlation to the reference method.

The responsibility for reviewing applications, designating reference and equivalent methods,
and approving modifications resides with the Reference and Equivalent Methods (R&E)
Program. Currently, this Program is part of the EPA’s Office of Research and Development of
the National Exposure Research Laboratory (NERL).

Reference and equivalent methods designated by the R&E Program may be either manual or
automated. If a manual method is to be considered for equivalent designation, it must
demonstrate a consistent relationship to the reference method when both methods are used to
measure pollutant concentrations in a real atmosphere.

' The distinction between automated reference and equivalent methods is based on the
measurement principle that an instrument employs. For example, the reference measurement
principle for automated methods for the detection of the oxides of nitrogen is based on the
chemiluminescent reaction of nitric oxide with ozone. Any instrument, therefore, which meets
the performance specification for automated methods and uses a chemiluminescent reaction of
nitric oxide with ozone for detection is a reference method. Instruments using other measurement

-principles would be designated equivalent methods, provided they meet the performance
specifications. The exception is PM, ; methods, where certain parts of the sampling device must
be identical to the Federal specifications in form and function, as well as performance.

This section is designed to provide a brief overview of the reference methods as they are
described in the Code of Federal Regulations, and discuss potential problem areas and some

r
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quality assurance considerations from a practical standpoint. With the exception of sulfur dioxide
(see below), equivalent methods are not discussed in detail in this section.

Criteria Pollutants and Measurement Methods

The United States has established National Ambient Air Quality Standards (NAAQS) for six
pollutants. These standards have been promulgated by the US Environmental Protection Agency
(EPA) to protect public health and welfare.
There are two types of NAAQS: primary and secondary. Primary standards are designed to
protect public health, while secondary standards protect public welfare, including effects of air
pollution on vegetation, materials, and visibility. These pollutants and standards are listed in

Table 7-1.
Table 7-1. National ambient air quality standards.
Pollutant Type of standard | Averaging Frequency Concentration Reference
time Parameter pg/m® | ppm | method/principle
Carbon Primary and 1hr Maximum?® 40,000 35 Nondispersive
monoxide (CO) secondary 8 hr Maximum?® 10,000 9 infrared photometry
Nitrogen dioxide Primary and lyr Arithmetic mean 100 0.053 Gas-phase
{(NOy) secondary chemiluminescence
Ozone (O,) Primary and &hr Daily maximum® — 0.08 Gas-phase
secondary chemiluminescence
with ethylene
Particuiate matter
- PM,; Primary 24 hr Maximum® 65 o Low-volume
sampling method
Secondary lyr Three year annual 15 .
average
-PM,, Primary 24 hr . Maximum 150 . High-volume
) sampling method
Secondary 1yr Three year annual 50 .
average
Sulfur dicxide Primary 24 hr Maximum® 365 0.14 Pararosaniline
(50,) lyr Annual geometric 80 0.03 Method
mean
Secondary 3hr Maximuom® 1,300 0.5
Lead Primary and Qtr Arithmetic mean 1.5 _ High-volume
Secondary sampling with
atomic absorption
analysis

three-year period.

Not to be exceeded more than once per year.
As a guide to be used in assessing implementation plans for achieving the annual maximum 24-hour standard.
The expected number of days exceeding the standard should not exceed one per year averaged over the previous




The national monitoring networks used to determine compliance with these NAAQS must
use methods approved through the R&E Program. Following is a brief discussion regarding each
of these pollutants and its associated reference method.

Particulate Matter

PM,

The reference method for PM, , provides for the measurement of the mass concentration of fine
-particulate matter having an aerodynamic diameter less than or equal to a nominal 2.5 pm in
ambient air. The method requires sampling over a 24-hour period for purposes of determining
whether the primary and secondary NAAQS are met.

B An electrically powered air sampler draws ambient air at a constant volumetric flow rate into
a specially shaped inlet and through an inertial particle size separator (impactor) where the
suspended particulate matter in the PM, ; range is separated for collection on a
polytetrafluoroethylene (PTFE) filter over the specified sampling period.

Each filter is weighed (after moisture and temperature conditioning) before and after sample
collection to determine the net gain due to collected PM, ;. The total volume of air sampled is
determined by the sampler from the measured flow rate (at actual ambient temperature and
pressure) and the sampling time. The mass concentration of PM, 5 in the ambient air is computed
as the total mass of collected particles in the PM, ; size range divided by the actual volume of air
sampled, and is expressed in micrograms per cubic meter of air (ug/m’).

The problems with this method are the nonuniformity of sampling flow rate, artifact
formation of sulfates and nitrates, loss of volatiles, filter ha:idling errors, hygroscopic particulate
matter, nonsampled particulate matter, and timing errors. These problems are discussed more
fully in Chapter 4, Particulate Matter Sampling.



5

7

Ambient
Air Flow

!

Flowto W INS Impacior

Figure 7-i. Schematic image of PM,_S sampler.

PM,,

The reference method for PM,, provides for the measurement of the mass concentration of fine
particulate matter having an aerodynamic diameter less than or equal to a nominal 10
micrometers in ambient air. The method requires sampling over a 24-hour period for purposes of
determining whether the primary and secondary NAAQS are met.

An air sampler draws ambient air at a constant flow rate into a specially shaped inlet where
the suspended particulate matter is inertially separated into one or more size fractions within the
PM,, size range. Each size fraction in the PM,, size range is then collected on a separate filter
over the specified sampling period.

Each filter is weighed (after moisture equilibration) before and after use to determine the net
weight (mass) gain due to collected PM,,. The total volume of air sampled, corrected to EPA
reference conditions (25°C, 101.3 kPa), is determined from the measured flow rate and the
sampling time. The mass concentration of PM,, in the ambient air is computed as the total mass
of collected particles in the PM,, size range divided by the total volume of air sampled, and is
expressed in micrograms per standard cubic meter (ug/std m®).

The problems with this method are the nonuniformity of sampling flow rate, artifact
formation of sulfates and nitrates, loss of volatiles, filter handling errors, hygroscopic particulate
matter, nonsampled particulate matter, and timing errors. These problems are discussed more
fully in Chapter 4, Particulate Matter Sampling.
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Ozone

The reference measurement principle for the measurement of ozone is the gas-phase
chemiluminescence resulting from the reaction of ozone with ethylene. Ambient air and ethylene
are delivered simultaneously to a mixing zone where the ozone in the air reacts with ethylene to
emit light, which is detected by a photomultiplier tube. The resulting photocurrent is amplified
and is either read directly or displayed on a recorder.

The unstable nature of ozone requires that ozone be generated in sifu in order to calibrate
ozone monitors. Ultraviolet (UV) photometry has been designated as the calibration procedure. A
schematic of a typical UV photometric calibration system is shown in Figure 7-3.

Most ozone monitoring locations now use the equivalent method, which is an ultraviolet
method.
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Figure 7-3. Schematic diagram of a typical photometric calibration system.

Carbon Monoxide

The reference measurement principle used to measure ambient levels of carbon monoxide 1s
nondispersive infrared (NDIR) photometry. A complete discussion of the operations of NDIR
photometers is contained in Chapter 8. In brief, a signal is produced as a result of the infrared
absorption of carbon monoxide which can be related to the absolute CO concentration by
calibrating the photometer as specified in Appendix C of 40 CFR 50.

The problem areas associated with this method are the broad band absorption of carbon
dioxide and water vapor. These two compounds' absorption results in an interference. The
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techniques of “negative filtering” or gas filter correlation (discussed in detail in Chapter 8)
alleviate these problems.

Nitrogen Dioxide

The reference measurement principle for the determination of nitrogen dioxide is the gas-phase
chemiluminescence reaction of nitric oxide with ozone (Eq. 7-1). A more complete discussion of
themiluminescence will be given in Chapter 8.

i"(Eq. 7-1) NO + O3 - NOy + Oy + hv (light)

Nitrogen dioxide is measured indirectly by measuring total oxides of nitrogen (NOy = NO?
+ NOJ and electronically subtracting the nitric oxide concentration, yielding a nitrogen dioxide
determination. A measure of the total oxides of nitrogen is obtained by passing the sample across
a catalytic converter, which reduces nitrogen dioxide to nitric oxide (Eq. 7-2).

(Eq. 7-2) NO2 + catalytic converter — NO + O

The calibration of the NO and NOy, channels of the instrument is accomplished by diluting a
pressurized tank of NO. The calibration of the NO> channel is accomplished with a permeation
device or the gas-phase titration of an NO standard gas with ozone. The gas-phase titration
‘involves the following reaction (Eq. 7-3).

{Eq. 7-3) " NO + 03 - NO3 + 0>

This produces a known amount of nitrogen dioxide which allows one to calibrate the NO?
channel of the monitor. The other calibration procedure specified in Appendix F, 40 CFR 50,
uses a dynamic dilution system in combination with a permeation device to produce a known
amount of NO). The use of permeation devices and dynamic calibration procedures is discussed
in Chapter 6 of this manual.

The problem areas associated with this method are interferences such as peroxyacetyl nitrate
and other nitrogen-containing compounds. In periods of high photochemical activity, corrections
for these interferences may be necessary. A smog chamber study (Joshi and Bufalini 1978)
indicated that the presence of high levels of halocarbons gave a positive interference in a
reference method N> analyzer.

The chemical composition of the atmosphere plays an important role in determining the
validity of the nitrogen dioxide measurements obtained using a reference method analyzer. For
most ambient air measurements, however, interferences such as the ones mentioned previously
are minimal. The frequency of calibration and other maintenance (e.g., replacement of charcoal
ozone filter, check of converter efficiency, etc.) are important quality assurance considerations.

Sulfur Dioxide

The reference method for the measurement of Sulfur dioxide in ambient air is a manual wet-
chemical method—the pararosaniline method. Sulfur dioxide is bubbled through a solution of
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potassium tetrachloromercurate (TCM) which forms a monochlorosulfonatomercurate complex.
This complex forms an intensely colored solution upon addition of pararosaniline dye and
formaldehyde. The concentration of sulfur dioxide can be determined spectrophotometrically by
measuring the absorbance of the colored solution.

The potential problems associated with interferences are minimized by the procedures listed
in Table 7-2. '

Table 7-2. Parasaniline interferences.

Interference Corrective procedure
Ozone Time delay
Heavy metals Addition of EDTA and phosphoric acid
Oxides of nitrogen Addition of sulfamic acid

Other precautions to be considered relate to the sampling train (Figure 7-4) and to sampling
conditions. The inner diameter of the tip of the impinger stem should be checked to make sure
that a No. 79 jeweler's drill bit will pass through, but a No. 78 jeweler’s drill bit wll not. The
temperature instability of the monochlorosulfonatomercurate complex during sampling also
poses potential problems. This is minimized by using a temperature control device to maintain a
temperature of 15° + 10°C during sampling. Collected samples must be kept at a temperature of
5° + 5°C. Since this method involves a laboratory analysis of the sample after collection in the
field, care should be taken in handling the sample once it has been collected to avord
contamination.

[NOTE: Most current monitoring sites do not use this reference method for sulfur dioxide
sampling. The majority of sulfur dioxide monitoring sites utilize a continuous equivalent

method.]
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Figure 7-4. SO, sampling train for 24-hour sampling.
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Lead

The reference method for lead consists of measuring the lead content of particulate matter
collected by the total suspended particulate reference method's high-volume sampling procedure
as described below. After sample collection, lead is acid-extracted from the particulate matter of
a % in. x 8§ in. strip of the high-volume filter. Finally, the lead content of the resulting solution is
determined by atomic absorption spectrometry.

In the high-volume method, air is drawn through a filter composed of glass fibers or other
relatively inert, nonhygroscopic material, and the amount of particulate matter collected is
determined gravimetrically. A flow rate measurement device for the sampler is calibrated against
actual air flow with a flow rate transfer standard, which is first calibrated against a positive
displacement standard volume meter.

The problems with this method are the nonuniformity of sampling flow rate, artifact
formation of sulfates and nitrates, loss of volatiles, filter handling errors, hygroscopic particulate
matter, nonsampled particulate matter, timing errors, recirculation of sampler exhaust, and the
wind direction sensitivity of the sampler.

Potential problems exist in the analysis portion of the method as well. In addition to the
sampling problems associated with the high-volume method, lead is nonuniformly distributed
across the filter when sampling near heavily traveled roadways. The problem can be alleviated by
analyzing a larger portion of the filter. Chemical and light-scattering interferences may be
encountered during the atomic absorption spectrophotometric analysis. Chemical interferences
can be overcome using the method of standard additions. Light-scattering interferences can be
corrected using a duai-channel atomic absorption spectrophotometer equipped with a continuum
light source, by using a nonabsorbing wavelength that is near the lead analytical wavelength, or
by using a chelating agent to chemically isolate potential interferences during the analysis so that
they do not interfere. Furthermore, for accurate particulate lead analyses, it is necessary that the
variation of lead content from filter 1o filter within a given batch of blank filters be small.
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Chapter 8

Continuous Air Monitoring
Instrumentation

Introduction

Instrumental {automated, continuous) methods are assumning an increasingly prom-
inent role in monitoring gaseous pollutants in air. The advantages of instrumental
_ methods, together with advances in the associated technology, have made many
manual, older wet-chemical methods largely obsolete. Real-time data output,
greater sensitivity in meeting the requirements of specific applications, m-situ
measurement, and the ability to transmit data directly into computer systems
represent major advantages of instrumental methods over manual methods.

The methods that are used for the measurement of oxides of nitrogen exemplify
the advantages of an instrumental method. The wet-chemical methods involve '
analyzing 2 grab sample (phenoldisulfonic acid method) for source samples and a
24-hour sample (TGS-ANSA or Sodium Arsenite method) for ambient samples.
These methods, while reliable and relatively inexpensive, require considerable sam-
ple handling and lack real-time data output. The development of a continuous
instrumental method that measures the chemiluminescence produced by the reac-

_tion of nitric oxide with ozone has provided a reliable real-time method for the
‘measurement of oxides of nitrogen. This mecthod has been applied to both source
and ambient m-situ monitoring. |

Optical techniques that measure chemiluminescence and other spectroscopic
properties of molecules provide the basis for many continuous-air monitoring
i nstruments. These instruments utilize characteristics of a gaseous poliutant that
are relatively specific for the pollutant. The absorption of ultraviolet light by ozone
and absorption of infrared light by carbon monoxide are examples of the spec-
troscopic properties measured in instrumental methods. The ability of a particular
pollutant to oxidize halogens is also used in continuous monitors. This section deals
with the advantages, disadvantages, principles of operation, and current applica-
tions of several of the many instruments using physical and chemical properties of
air pollutants.
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Flame Photometric Instruments

Principles of Operation
Instruments using flame photometric detection measure the emission intensity at a
selected wavelength while the pollutant is introduced into a hydrogen-rich flame.

Figure 8-1 illustrates the principal components of a flame photometric detector
(FPD).

Figure 8-1. Flame photometric detector.

The sample gas containing sulfur pollutants is introduced into the hydrogen-rich
flame, producing an S, species that reacts with the available hydrogen and hydroxyl
radicals to produce a high-energy species S;. The principal reactions invoived in
the formation of the high- energy St from the sulfur-containing pollutant are
discussed in an excellent review by Farwell et al. (1976) They are briefly sum-
marized in Equations 8-1 through 8-8.

(Eq. 8-1) Sulfur compound h_e_t.zt S atoms or t'nd:'re&tly by
(Eq. 8-2) Sulfur compound heat g s

(Eq. 8-3) H,S+ «H—HS+ H,

(Eq. 8-1) HS+ +«H—S+ H,
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Excited S; molecules are formed in the cool outer cone of the tlame by the
following set of reactions:

(Eq. 8-5) oH+ «H+5—H;+ 5S¢

where the recombination of atomic hydrogen furnishes the excitation energy for
5;—5,"* or by the reaction :

(Eq. 8-6) ' H+ «OH + S;—S2+ HyO

where the formation of HyO supplies the excitation energy for 5;—Sx.

The mechanism for the production of a strong luminescent emission with the
—concurrent conversion of the high-energy Sg to the lower-energy-state S; may be
summarized:

(Eq. 8-7) Sy+ «H+ +H—SI+H,
Si—Sy+hv

or S+ S+M~—S8:+M (where M is a third body)

(Eq. 8-8) S1=Sy+ hv.

The observed luminescent emission (kv) is related to the concentration of the
sulfur pollutant by Equation 8-9. ‘

(Eq. 8-9) | Is, = LIS}

Where Is, = observed intensity of the molecular emission due to the S, species
_ [S])= concentration of sulfur atoms
1,= constant under given expersmental conditions
n= constant (usually assumed to be 2) under given experimental
conditions

‘The concentration of sulfur pollutant is not linearly proportional to the observed
intensity. Most instruments, however, use linearizing electronic circuitry to yield a
linear voltage output. Morecover, instruments using FPD must be calibrated with
various concentrations of the particular pollutant gas since this measurement is not
absolute.

Recent Applications

The flame photometric detector is most frequendy used in the detection of ambient
sulfur dioxide. This instrument uses a scrubber to remove potential interferences
(usually sulfur compounds other than S0O,) and the signal is converted to a linear
ppm 50, output. The flame photometric detector, in combination with gas
chromatography, has been used to detect mixtures of sulfur-containing pollutants
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(S0,, H,S, CH,SH, and others). Stevens et al. (1970), for example, described 2 gas
chromatographic system using flame photometric detection to separate and quan-
titate various sulfur pollutants.

Potential Interferences

Instrumentation designed to monitor for a specific sulfur compound, such as SOy,
must contain scrubbers that remove all other sulfur-containing compounds. This is
because the flame photometric detector does not discriminate between different
sulfur-containing compounds. Moreover, as noted by Farwell (1976), the presence
of other organic compounds in the sample gas (as well as variable carbon dioxide)
may result in a change in the response of the FPD. This change in responsc may be
attributed to “the inactivation of the excited S species by their tombination or col-
lision with organic compounds and/or the organic degradation products.” Ambient
relative hurnidity may represent another potential interference.

Advantages

The principal advantages of FPD analyzers are low maintenance, high sensitiviry,
fast response, and selectivity for sulfur compounds. No solutions are needed, and
the only reagents for the flame are hydrogen and air.

Fluorescence Instruments

Fluorescence emission can be differentiated from other kinds of luminescence by
the excitation energy employed. Chemiluminescence, for exampie. uses a chemical
reaction, x-ray fluorescence uses x-rays, and fluorescence uses ultraviolet-visible
light. Fluorescence can be distinguished from phosphorescence mechanistically and
empirically-by observing the lifetime of the excited states (~ 107 second for
fluorescence; several seconds for phosphorescence). The energy level diagram in
Figure 8-2 illustrates the mechanism involved in fluorescence emission.

In fluorescence, the molecule is in a high vibrational state after an electronic
transition occurs (e.g., So—35,). Upon loss of some energy by vibrational relaxation,
the molecule reverts to the lower energy state and emits light in the process (e.g..
S,~So). This radiation is termed fluorescence.
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Figure 8-2. Energy levels in fluorescence emision.
Recent Applications

The principal application of fluorescence spectroscopy is for the measurement of
ambient and source sulfur dioxide. Okabe et al. (1973) first applied this mode of
detection to the measurement of sulfur dioxide. Since that time, commercial
monitors have been developed, and these instruments have been designated by
_the Environmental Protection Agency as equivalent methods for monitoring
ambient SO;. One method, termed pulsed fluorescence, uses a short-pulsed, high-
intensity ultraviolet light source in the 210-nm region to excite the SO, molecules.
The subsequent fluorescence emission is detected by a photomultiplier tube and
processed electronically to yield direct ppm SO, (Figure 8-3). These instruments
must be calibrated with different concentrations of standard SO, since, like other
luminescence methods, the method is not absolute.

Advantages

These instruments use no consumable gases, as does the FPD, and the inherent
stability enables them to operate for long unattended periods. The instruments pro-
duce linear measurements over a wide range (0.5 to 5000 ppm) and are insensitive
to temperature and flow variations. :
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Poteﬁtial Interferences and Disadvantages

The interferences in UV fluorescence instruments are related primarily to the
quenching effects of O,, N,, CO,, and water vapor. For ambient monitoring, the
levels of O,, N,, and, for the most part, CO, and water vapor are constant; thus,
the quenching effect is fairly constant. In flue gases, however, the levels of CO,,
warer vapor, and O, vary considerably. Consequently, the SO, values may be
spurious. Jahnke et al. (1976) have obtained approximate values for the quenching
coefficients of these gases providing corrections for different concentrations of CO,,
N:, and O,. Hydrocarbons may also interfere, but all equsvalent analyzers now
come equipped with a hydrocarbon scrubber (“cutter”) to eliminate this potential

problem.
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Chemiluminescence Instruments

Principles of Operation

Chemiluminescence instruments used in air pollution monitoring measure the emis-
sion of light produced by the reaction of a gascous pollutant with 2 reagent gas.
The process involved in homogeneous gas-phase chemiluminescence is summarized
in Equations 8-10 and 8-11.

(Eq. 8-10) A+B=—C*+D

(Eq. 8-11) C*—~C+hv

The reaction of pollutant A with excess reagent gas B produces a chemi-excited
species C*, which reverts to a lower energy state by emission of light (hv). The light
produced passes through an optical filter to isolate a given spectral region and
strikes a photomultiplier tube (PMT). The PMT signal is amplified and is directly
proportional to the concentration of pollutant.

Instruments using chemiluminescence as described above are compound or pollu-
tant specific and should be distinguished from the flame detector (flame
photometric detector) described previously, which is element specific. The
chemiluminescence instruments discussed here use a reagent gas rather than a

- hydrogen-rich flame to produce a chemi-excited species.

Figure 8-4 illustrates the basic components and gas flow of a compound-specific
cherniluminescence detector. Sample gas containing the pollutant enters the reac-
tion chamber and reacts with the reagent gas. -

Power
supply

Light filter

Photomultiplier
tube

Amplifier
and read-out

pump

Figure 8-4. Compound specific chemiluminescence detector.
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The intensity of the light produced is related to the concentration of poltutant
and reagent gas (Equation 8-12).

(Eq. 8-12) I=kAJB]

Where: I=1intensity of light emitted
k=rate coefficient (a constant)
[A]= concentration of pollutant
[B]= concentration of reagent gas

Since the reagent gas is usually present in large excess, its concentration is
assumed to be constant. Equation 8-18 can be used to relate the intensity to the
concentration of pollutant.

(Eq. 8-13) I=l.ciA] e s

Where: I=ntensity of light emitted
¢ = constant under given experimental conditions
[A]= concentration of pollutant

Recent Applications

Chemiluminescence techniques are routinely used for the measurement of ozone
and oxides of nitrogen. The chemiluminescence resulting from an ethylene/ozone
reaction was first reported by Nederbragt et al. (1965) and forms the basis for
present ozone monitors using homogeneous gas-phase chemiluminescence. This
reaction produces an excited aldehyde linkage that emits light. After extensive field
testing and evaluation of prototype instruments, ozone/ethylene chemiluminescence
was designated as the reference principle for ozone detection by the Environmental
Protection Agency. :

The reaction of ozone (O,) with nitric oxide (NO) produces an emission spec-
trum that is shown in Figure 8-5.

This spectrum results from the chemiluminescence of ozone and nitric oxide
shown in Equations 8-14 and 8-15.

(Eq. 8-14) NO+ 0y—=NO:* + Oy
(Eq. 8-15) NO;*—NO; + hv

Nitric oxide is measured directly. Nitrogen dioxide measurements can be made
by catalytic conversion of nitrogen dioxide to nitric oxide with carbon-based or
metal converters, resulting in a total oxide of nitrogen concentration

[NO,]=[NO]+[NQ,]. The difference between total oxides of nitrogen
[NO,]+[NO] and nitric oxide is a measure of nitrogen dioxide concentration.
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Potential Interferences

For a positive interference, a species must react with the reagent to yield
chemiluminescence in the spectral region of the pollutant emission. In nitric oxide
detectors a filter that absorbs emissions below 600 nm is placed between the reac-
tion chamber and photomultiplier tube.. This eliminates emissions from the reac-
tion of ozone with olefins that could produce a positive interference. Ambient
instruments also respond to other nitrogen pollutants such as peroxyacetyl nitrate,
ammonia, and other organic nitrates. Thesc nitrogen compounds are converted to
NO in the converter. Quenching effects are a source of negative interference. In
ambient air, molecular nitrogén and oxygen are the predominate quenching
agents; but, since these agents do not vary significantly in concentration, the
quenching effect is generally constant.

Advantages

The advantage of gas-phase chemiluminescence is that emissions are relatively
specific for the pollutant being monitored. Gas-phase reactions in instruments using
continuous flow are insensitive to changes in surface properties in the reaction
chamber. Furthermore, a linear response in the range of 4 ppb to 100 ppm can be
obtained.
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Ultraviolet Photometric Instruments

Principle of Operation

The visible and ultraviolet absorption of molecules is associated with electronic

~ energy level transitions. For example, *—x* or g~ 0¢* transitions could resuit in
ultraviolet absorption. Instruments making use of the ultraviolet absorption of

pollutants measure the absorption at a specific wavelength that can be related to
the concentration of the pollutant by Beer's law (Equadion 8-16).

Recent Applications

The ultraviolet absorption of ozone is shown in Figure 8-6. This characteristic of
ozone is used by the Environmental Protection Agency. to calibrate ozone monitors
using chemiluminescent detection. Figure 8-7 shows the gas flow and components
of an instrument using UV photometry for the detection of ozone.

1000 I 1 1 ] i) |

Absorption coeflicient

0.1 ] ! _ 1 | | i
180 200 220 240 260 280 300 320
Wavelength, nm |

Figure 8-6. Ultravioiet absorpdon of ozone.
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Figure 8-7. Flow and components of ozone detector using UV photamerry.

Advantages

The UV photometric method for calibrating ozone monitors eliminated a wet-
chemical method—the NBKI procedure, which had demonstrated “some inherent
short-comings” (43 Fed. Reg., no. 121). In source applications, instruments
measure the difference in absorption of radiation (in the UV-visible region) by the

“'stack gas at two different wavelengths. This provides continuous measurement of
gascous pollutants (NO,, SOy, etc.) in stacks. These instruments have several
advantages over wet-chemical techniques, which require considerable sample
handling and lack continuous data output.
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Second Derivative Spectroscopic Instruments

Principles of Operation

In direct absorption spectroscopy, pollutant gases absorb ecnergy at a specific
wavelength of light (\), and the absorption is related to concentration by
Beer's law: :

(Eq. 8-16) 10V = L(e — o<t

Where: IO\ = incident intensity at A
I(\) = observed intensity at \
¢ = concentration of absorbing gas
= path length of light through thegas . ... .. . .
a(N) = absorption coefficient of the gas at
e = natural log function.

Second derivative instruments, on the other hand, relate the slope and curvature
characteristics of absorption bands to the concentration of gaseous pollutants.
These instruments, rather than produce a second derivacive spectrum, produce a
signal from which a voltage output proportional to the second derivative can be
extracted. This can be accomplished by using phase lock amplifier circuits. The
second derivative voltage output produced by the instrument is directly related to
concentration by Equation 8-17. ' '

(_é'i)

) - d)t’ e = I d'I. — d'a)

(Eq. 8-17) | S T T (d)\' )“ ct (d)\' .
signal from consant, term linear
derivative independent  with gas
spectrometer of intensity concentration

with fixed
pathlength

Where: X =the wavelength of the absorption peak maximum
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The method for producing a second derivative signal consists of using a wobbler
to modulate with time essentially monochromatic light with the amplitude of light
approximately equal to the band width being detected. This light is passed through
the sample gas and strikes a photomultiplier tube. The (d*I/dA*)/I second
derivative portion of the signal is extracted by the electronics— “signal
analysis” —and can be related to the concentration of the pollutant. Figure 8-8
illustrates the arrangement of the optics employed to produce a second derivativ. -
signal. Since second derivative instruments, like direct absorption spectrometers, do
not provide absolute measurements, they must be calibrated with various concen-
trations of the pollutant being measured.

Sample
exhaust Monochromator
) Wavelength
Sample i Vacoum : scanner
; Mirror
L
Photomultiplier tube Ul'l:ro::l;iet
Sampie cell
[}
i
Signal
analysis
electronics
Figure 8-8. Typical second derivative spectrometer.
Recent Applications

Second derivative spectrometers are used to measure both source and ambient
pollutants. They have been used to measure nitrogen dioxide, sulfur dioxide, and
ammonia concentrations in air. Another interesting application has been the deter-
mination of trace nitrogen dioxide concentrations in high-purity argon.

Advantages

Second derivative spectrometers have the advantage of being highly specific for
trace analysis of complex mixtures of atmospheric pollutants. Broad band
absorption by interfering gases and light scattering by particulate matter are
minimized by these instruments. Also, these instruments have been adapted to
n-situ stack sampling and unauended ambient monitoring. Furthermore, no sup-
port gases or reactive solutions are required. '

8-13



Disadvantages

As a practical consideration, the high cost of these instruments in comparison to
other instrumental and wet-chemical techniques is the major disadvantage. The
matkematical basis for the instument is complex, and the lack of trained per-

8. "'ij - install and maintain these instruments are further disadvantages.

Pt

NDIR Instruments

Principle of Operation

Nondispersive infrared (NDIR) analyzers have been developed to-monitor SOy,
NO,, CO, CO,, hydrocarbons, and other gases that absorb infrared radiation, a
form of thermal energy. They are termed nondispersive -analyzers because they do
not use a prism or grating to disperse the infrared radiation. A narrow band-pass
filter that absorbs infrared radiation at all wavelengths except the ones of interest s
used. Figure 8-9 illustrates the essential components and gas flow of a typical Luft-
type NDIR carbon monoxide analyzer.

Sample
Beam air Exhaust

chopper

Infrared _ |

Sample cell
Diaphragm

Motor

Band-pass
filter - -
©=COo
O = nonabsorbing gas

Figure 8-9. Typical Luft-type carbon monoxide NDIR analyzer.
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Infrared radiation is emitted at the same intensity by two infrared radiation
sources. The radiation from one source passes through a sample cell containing
ambient air. Radiation from the other source passes through a reference cell con-
taining a nonabsorbing gas, such as nitrogen. After passing through either the
sample cell or the reference cell, the infrared radiation enters a detector cell con-
taining carbon monoxide which is divided into two sections by a thin metal
diaphragm. Any distention of the diaphragm produces a capacitance change that is
converted to a voltage output. The voltage output is used to activate a device, such
as a strip chart recorder, that displays carbon monoxide concentrations in parts per
million. ‘

If the sample air doesn't contain carbon monoxide, the same amount of infrared
radiation enters the sample section of the detector as enters the reference section.
Therefore, the same amount of radiation is absorbed by the carbon monoxide in
the sample section of the detector as is absorbed in the reference section. Further-
more, pressure resulting from the absorption of radiation is equal in both sections
. of the detector. The diaphragm which separates the detector section doesn't move
because equal pressure is being exerted on both sides of it. Hence, no voltage is
created to activate the analyzer's strip chart recorder, so a zero carbon monoxide
concentration reading is displayed. ‘

If the sample air contains carbon monoxide, less infrared radiation enters the
sample section of the detector than enters the reference section, because some of
the radiation is absorbed by the carbon monoxide in the sample cell. Therefore,
less pressure is produced in the detector’s sample section than in the reference sec-
tion. This causes less pressure to be exerted against the diaphragm by the sample
section than by the reference section, thus creating a distention of the diaphragm.
The distention, which is directly proportional to the concentration of carbon
monoxide in the sample cell, creates a voltage output which is used to indicate the
carbon monoxide concentration in parts per million on a strip chart recorder. The
beam chopper simply creates an alternating current (AC) signal that can be easily
amplified. - '

This technique, while seemingly specific for CO, suffers from interferences due
to the broad band absorption of carbon dioxide, water-vapor, and hydrocarbons
(HC). Figure 8-10 shows the absorption of carbon monoxide and the broad band
interferences.

Hoo -
:. ~ ~ -
_ : 1
£ Carbon
monoxide Interferences
(pollutant) {CO,, water
vapor, HC)

Wavelength —»

Figure 8-10. Overlap of carbon monoxide and broad band absorption curves.
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If broad band interferences were present, the NDIR depicted in Figure 8-9
would yield a higher CO concentration than was actually present.

Luft-type NDIR analyzers have been designed to minimize these broad band
interferences. In one instrument, two detector cells are placed in series as shown in
Figure 8-11.

Strip chart
Electronics recorder

Diaphragm
Sample in Exhaust
Beam chopper Sample cell

Band-
Reference cell aghgm Front Rear
measuring measuring
O = nonabsorbing gas chamber chamber

@ =CO ———
Detecror

Figure 8-11. “Neguative filter” analyzer.

As infrared radiation enters the sample cell, the sample air absorbs energy in the
CO spectral region. The carbon monoxide in the front detector cell absorbs the
reduced energy from the sample cell, principally from the center wavelengths of the
CO band (Figure 8-12a). The rear measuring chamber absorbs the remaining
energy (Figure 8-12b). The longer cell path of the rear measuring chamber allows
for more absorption in the rear chamber. The resulting distention in the
diaphragm, then, is a ratio of the CO absorption in the front and rear measuring
chambers. If the interferences are basically linear across the CO absorption band,
this ratio will accurately reflect the CO concentration; that is, the absorbances in
the front and rear chambers will increase by the same amount due to interferences,
but the ratio will be constant regardless of the amount of positive interference.
This technique differs significantly from the NDIR discussed previously and is

termed negatrve filtering.
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Figure 8-12. Infrared absorption in the detector of .a “negacive filter” NDIR analyzer.

In another type of analyzer (Figure 8-13), sample air continuously flows through
a reference cell as well as through a sample cell. However, before flowing through
the reference cell, the sample air passes through a catalytic converter that
transforms any CO present in the sample air to CO,. Therefore, any interfering
species present in the sample cell are also present in the reference cell in the same
concentrations, except possibly for CO;, since any CO present in the sample air is
converted to CO, before entering the reference cell. However, because of the large
ratio of CO; to CO in ambient air, any difference between the amounts of CO,
present in the reference cell and the sample cell is negligible. Sample air in the
reference cell allows the absorption of infrared radiation by interfering species in
the sample cell to be offset by interfering species in the reference cell.

Sample  Sample

air exhaust
Detector
‘ Sensor
Sample cell
Reference cell
CO—CO, - ;
converter
- Recorder
Sample
O =Co air  Exhaust

Figure 8-13. Flowing reference cell NDIR carbon monoxide analyzer.
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Recently, NDIR CO analyzers based on gas filter correlation have been
developed. In an NDIR gas filter correlation CO analyzer, chopped radiation from
an infrared source alternately passes through a cell filled with CO (the reference
beam) and a cell filled with nitrogen that is aligned with a neutral density filter
(the measure beam) before entering the analyzer's sample chamber. After leaving
the sample chamber and passing through 2 band-pass filter, the alternating radia-
tion beams are measured by an electronic detector to obtain the carbon monoxide
concentration of the sample air.

Multiple oprical pass
sample chamber

Figure 8-1.4. Gas filer correlation NDIR CO analyzer.

The CO cell absorbs any radiation that can be absorbed by CO present in the
sample air contained in the sample chamber. No absorption takes place in the
nitrogen cell. However, after leaving the nitrogen cell, infrared radiation passes
through a neutral density filter that reduces its energy to equal the remaining
energy of the infrared beam that passed through the CO cell.

The detector determines the CO concentration of the sample air by measuring
the difference in energy of the two infrared beams. Any energy difference creates
an electronic signal that is proportional to CO concentration. If no CO is present
in the sample air, no absorption of the infrared beam that passed through the
nitrogen cell takes place. Therefore, the energies of both beams measured by the
detector will be equal, and no electronic signal related to CO concentration will be
generated (Figure 8-15a). However, if CO is present in the sample air, some of the
infrared radiation that passed through the nitrogen cell will be absorbed.
Therefore, its energy will be less than the energy of the infrared radiation that
passed through the CQ cell, and an electronic signal will be generated by the
detector (Figure 8-15b). .
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For a component of the sample air having a spectral pattern that perfectly cor-
relates (overlaps) the spectral pattern of CO, the analyzer would erroneously
indicate a positive CO concentration (Figure 8-15¢). Conversely, the analyzer would
erroneously indicate a negative CO concentration for a sample air component
having a spectral pattern that perfectly anti-correlates (does not overlap) the spec-
tral pattern of CO (Figure 8-15d). This is caused by more infrared energy being
lost from the reference beam than from the measure beam, because absorption of
the reference beam takes place at higher radiation intensities than does absorption
of the measure beam.

Fortunately, spectra of sample air components are usually uncorrelated
(neither perfectly correlated nor perfectly anti-correlated). Components of the sam-
ple air having totally uncorrelated absorption spectra (having equal amounts of
correlated and anti-correlated absorbances) absorb the same amounts of infrared
radiation in both the measure and reference beams, thus producing no erroneous
indication of CO concentration (Figure 8-15¢). However, usually the spectra of

- sample air components are not totally uncorrelated, so a small CO interference
could occur (Thermo Electron Corporation).

Recent Applications and Advantages

NDIR analyzers in ambient monitoring are used principally for the measurement of
carbon monoxide. The NDIR photometric technique has been designated as the
reference measurement principle for the continuous measurement of carbon
monoxide in air by the Environmental Protection Agency. It is a relatively inexpen-
sive, reliable method that does not require highly trained pmonne} for its
operation. :

Potential Interferences and Disadvantages

Since NDIR -photometry is most frequently used in the measurement of carbon
monoxide, the two most prominent interferences are carbon dioxide and water
vapor. These interferences must be removed from sample air measured by Luft-
type analyzers, or Luft-type analyzers must be modified (e.g., flowing reference
cell, “negative fiitering™) to minimize their effects. Gas filter correlation analyzers
greatly reduce the effects of potental interferences. Furthermore, hydrocarbon con-
centrations usually encountered in ambient air are too small to cause significant
interference.
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Coulometric and Amperometric Lnstrumciats

Principles of Operation

Coulometric analytical techniques use the electrical charge generated by oxidation-
reduction reactions occurring in an electrolytic cell to measure gaseous poltutant
concentrations. The air sample containing the pollutant flows through the cell and
oxidizes (or reduces) part of the solution at one electrode. A balancing reaction
occurs at the other electrode, causing a small current to flow across the cell. The
concentration can be determined by Faraday's law, which states that one gram-
equivalent of a material is oxidized or reduced by one Faraday of electricity. By
measuring the current across the cell, the concentration of the sample may be
determined, since the quantity of electricity (Q. coulombs) is given as the integral
of curren (i, amperes) over the time interval (t, seconds):

¢
(Eq. 8-17) J‘ ()dt=Q= mF
0 M
Where: m = mass tn grams of the species consumed or produced during
electrolysts '

M= gram molecular weight of pollutani being analyzed

2=number of Faradays (equivalents) of electricity required per
gram mole (i.e., the number of electrons appearing in the
equation for the net reaction of tnterest)

F= proportionality constant: 96,494 coulombs/mole.

This coulometric technique measures the amount (i.e., coulombs) of clectricity
directly produced as the result of a reaction of a pollutant at the electrode.

In present instrumentation, however, pollutant concentration is determined
_indirectly by measuring the current required to maintain a constant halogen con-
centration. These halogens are typically bromine (Br,) or iodine (I;). The sample
gas passes through an electrolytic cell and reduces the halogen to halide (for exam-
ple, Br, + pollutant —Br”), thereby reducing the halogen concentration. The cur-
rent required to maintain the electrochemical balance is directly proportional to -
the pollutant concentration. Since electric current and not charge is measured,
these analyzers are properly termed amperometric analyzers.

Recent Applications

Amperometric techniques have been most widely applied to analyzing ambient
_sulfur dioxide. A constant iodine concentration can be generated by application of

2 constant current to the electrodes in the detector cell. Upon entering the cell,

sulfur dioxide undergoes hydrolysis, and the hydrolysis product reduces the steady
_state concentration of iodine in the electrolytic cell.

(Eq. 8-18) $0,+ I+ 2H,0~S0,"+ 2I" + 4H"
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Since the iodine concentration has been reduced, the cell loses the capacity to
carry the full applied anodic current to the cathode. As a result, current flows
through the reference electrode until the electrochemical balance in the cell has
been restored. Figure B-16 illustrates the flow of current and the reactions occur-
ring at each electrode.

Iy o
[ | Platinum anode (21~ —1,+2,~)
D:;;::or{ L 1, :Refermu: clectrode .
LV T
: I ! —~4 Recorder
L Platinum
Constant cathode
current (Ly+2,— —217)
source l
I‘ C

*Gas phase @ple is continuously introduced
into detector cell

Figure 8-16. Amperometric titration of iodine.

Instrumentation also employing this type of amperometric titration measures the
reduction of bromine rather than iodine. Typically, the bromine concentration is
maintained at a2 constant level by a set of sensor-reference electrodes and by the elec-
tronic circuits. As sulfur dioxide is introduced into the detector cells, the bromine
(Bry) concentration is reduced by the reaction given in Equation 8-19.

(Eq. 8-19) 503+ Bry+ 2H,0—~2H,S0, + 2Br~+ 2H*

This reaction disturbs the Br,/Br™ ratio, and this change is measured by sensor-
reference electrodes. The current reguired to regenerate the bromine (Br,) through
the generator-auxiliary electrodes is proportional to the sulfur dioxide concentra-
tion. Figure 8-17 illustrates the four electrodes and the circuit employed in this
type of instrument.
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H,50,
2Br~ = Br, + 2e”

Meter

Figure 8-17. Amperometric titration of bromine.

Lindqvist (1978) described a sulfur dioxide monitor based on the anodic oxida-
tion of sulfur dioxide in a galvanic cell. In this type of instrument, sulfur dioxide is
oxidized directly by the electrode, and the resulting current can be related to the
sulfur dioxide in ambient air. The design of this detector is unique in that current
generated by interferences is eliminated by a differential measuring technique.

The cell contains two anodes. One anode is the reference electrode; the other,
the measuring electrode. By measuring the potential difference (AV) across the cell
section when the air flow is equal in both anode sections, the current generated by
interferences will be eliminated, and the current will be due solely to the presence
of sulfur dioxide. The oxidation of sulfur dioxide at the measuring anode in Equa-
tion 8-20 can be related to concentration by Faraday's law.

(Eq. 8-20) 50+ 2H,0—50,"+4H +2¢”

Advantages

As Lindqvist has noted, one of the principal advantages of coulometric/ampero-
metric analyzers for ambient SO, monitoring is that these instruments require Do
compressed gases as do instruments using gas chromatography and flame
photometric methods. Therefore, they can be used in aircraft and at other sites
where the use of compressed hydrogen might pose a potential explosion hazard.

3
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The major advantage is that coulometric/amperometric analyzers require minimal
maintenance. The halide contained in the cell is regenerated, and voladilization of
the halogen is not a problem. The electrolyte solution lost by evaporation can be
replaced by condensation from air, or a thermistor (a device for temperature
measurement) can be used to automatically maintain the reservoir at a certain
level. -

Potential Interferences and Disadvantages

The potential interferences in the sulfur dioxide (5O,) coulometric/amperometric
instruments described are compounds that are able to oxidize halogens, reduce
halogens, or combine with halogens. Sulfur compounds such as hydrogen sulfide,
mercaptans, organic sulfides, and organic disulfides are the most notable
interferences. Nitric oxide (NO), ozone (O,), nitrogen dioxide (NO¢), chlorine (Cl,),
and ethane (CH,CH,), among others, are also interferences, but of much less :
significance than sulfur compounds. Chemical filters used to remove these
interferences are usually incorporated into coulometric/amperometric sulfur
dioxide analyzers.
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Chapter 9
Design of Surveillance Networks

Elements of Surveillance Networks

All ambient air surveillance networks are composed of several major elements that can be
divided into two subsystems: a sensor subsystem and a data subsystem. The latter subsystemn tan
be further divided into a data recording and transmission system, and a data processing system.
~This chapter will describe the elements of each subsystem, along with the basic considerations
necessary for overall design. It should be remembered throughout this process that designing an
ambient air surveillance network is a complex process requiring some experience. There are no
easy procedures to follow that will eliminate all potential problems. This chapter will introduce
you to a basic approach and will provide you with sufficient information to design basic air
monitoring networks.

Defining Network Uses and Objectives

“Before beginning considerations for system components for your surveillance network, the

_nltimate uses of the data must first be identified. The design of an effective network must
establish these uses and employ them throughout the design process. For example, several of the
major uses for sulfur dioxide (SO,) data are:

1. Judging attainment of SO, NAAQS;

2. Evaluating progress in achieving/maintaining the NAAQS or State/local standards;

3. Developing or revising State Implementation Plans (SIPs) to attain/maintain NAAQS;
evaluating control strategies;

4. Reviewing new sources;

5. Establishing baseline air quality levels for preventing significant.deterioration (PSD) and for
air quality maintenance planning (AQMP); '

6. Developing or revising national SO, control policies, e.g., new source performance standards
(NSPS), tall stacks, supplementary control systems (SCS);

7. Providing data for model development and validation;

8. Providing data to implement the provisions of the Energy Supply and Environmental
Coordination Act (ESECA) of 1974;

9. Supporting enforcement actions;

_10. Documenting episodes and initiating episode controls;

11. Documenting population exposure and heaith research;

12. Providing information to:
a. public air pollution indices; and
b. city/regional planners, air quality policy/decision makers - for activities related to

programs such as air quality maintenance planning (AQMP), prevention of significant
deterioration (PSD). and the preparation of environmental impact statements.
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These uses are broad and program-oriented and, therefore, serve 1o delineate the direction of
the whole program. The second step in the design process is to generate a list of specific
objectives from the above design criteria. To continue the example of SO,, some of the specific
objectives and the associated data uses are as follows (data use numbers refer to above list of
SO, data uses).

I. Determination of peak concentrations in urban areas
- major data uses: 1, 2, and 3.
« other data uses: 8, 9, and 12.
2. Determination of the impact of individual point sources in multisource urban settings
» major data uses: 3,4, 6, 8,and 9.
« other data uses: 12.
3. Determination of the impact of isolated point sources
- major data uses: 3. 4,6, 8, and 9.
» other data uses: 5 and 12.
4. Assessment of interregional SO, transport
» major data uses: 2, 3, 5, and 12.
5. Determination of base concentrations in areas of projected growth
- major data uses: 5 and 12.
6. Initiation of emergency episode abatement actions
« major data uses: 10 and 12.
7. Determination of population exposure
» major data uses: 11 and 12.
8. Assessment of background concentrations in rural areas
- major data uses: 5 and 12.
« other data uses: 2 and 3.

Having identified specific objectives, there are some additional general considerations that
must be discussed before beginning the actual design of the two subsystems. It should be
remembered, however, that these objectives should be the basis for the total design of the
surveillance network. They should be prioritized on the basis of several points, including legal -
requirements, topography, population data, source characteristics, administrative and political
concerns, and, of course, cost. Some of these topics will be covered in the section following on
specific siting procedures. By organizing these objectives by priorities, it should be possible to
minimize expense while still meeting the identified needs.

Sensor Subsystem

Having established the ““‘why” of our monitoring network, we can now begin to choose a sensor
system. The first step in choosing an appropriate sensor is to identify what is to be monitored. If
we are monitoring for more than one poliutant, it may be necessary to have more than one type
of shelter probe and monitoring location. For example, measurements made in a street canyon
may be valid for determining maximum CO concentrations, but probably are not valid for
regional SO, measurements. This problem centers around the spatial scale of representativeness



of a site. A spatial scale of representativeness is the volume of air surrounding an air monitoring
site that can be described by measurements made at the site.

‘It is important o be aware of the distinction between the spatial scale desired to be
represented by a measurement. and the spatial scale acrually represented by that measurement
The spatial scales and the corresponding dimensions characterizing each are:

« Microscale. Ambient air volumes with dimensions ranging from meters up to about 100

meters are associated with this scale.

« Middle Seale. This scale represents dimensions of the order from about 100 meters to 0.5
kilometers and characterizes areas up to several city blocks in size.

« Neighborhood Scale. Neighborhood scale measurements would characterize conditions
over areas with dimensions in the 0.5 to 4.0 kilometer range.

« Urban Scale. Urban scale measurements would be made to represent conditions over
areas with dimensions on the order of 4 to 50 kilometers.

« Regional Scale. Conditions over areas with dimensions of as much as hundreds of
kilometers would be represented by regional-scale measurements. These measurements
would be applicable mainly to large homogeneous areas, particularly sparsely populated
areas.

« National and Global Scales. These measurement scales represent concentrations
characterizing the nation and the globe as a whole.

These dimensions are approximate, but provide useful divisions for defining the final site.
“Within each scale, there may be more than one site required to define the area: for pollutants that
“have large, individual sources; for areas with steep concentration gradients (concentrations

changing rapidly over relatively short distances); and for reactive pollutants. The concentration
gradients would be determined from previous sampling or dispersion modeling.

The choice of “what” will be monitored should be based on the needs, uses, and objectives
that we defined. At this stage, we should prioritize these needs based on the individual
considerations of each case. Each case will represent a unique situation. Some common
Tonsiderations include:

« Pollutants with legal standards;

« Available resources, material, and personnel;

« Political factors;

» Problem pollutants - expected hazards.

The importance given each of these factors will vary with each case.

Monitoring Methods

Once we have decided what we 'te going to monitor, we can move to the next step in designing
the sensor subsystem- how are we going to monitor? If a criteria pollutant is being monitored.
_one of the EPA Federal reference methods should be considered. These are included in the
appendix of this manual. Also available from EPA” is the “List of Designated Reference and
“Equivalent Methods™ which provides a current listing of all EPA-approved methods for
measuring ambient concentrations of criteria air pollutants. There are cases where you will be
required to use a reference or equivalent method. such as when monitoring for State

¥
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Implementation Plans (SIPs) or most monitoring required under the Prevention of Significant
Deterioration (PSD) regulations (40 CFR 51.24). If use of the EPA Federal reference or
equivalent methods is not required, it is important to ascertain if the method of sampling is
specified by a law or statute. If the data is to be used in legal proceedings. this fact may be of
considerable importance. Other sources of analytical methods exist. including the National
Institute for Occupational Safety and Health (NIOSH) Manual of Analytical Methods and
Methods of Air Sampling and Analysis. published by the American Public Health association.

if using an automated or instrumental method. maintenance and calibration are important. It
can be difficult to estimate time and money costs for these items. but there are sources of
information available. For maintenance, the manufacturer should be able to provide some
estimates. It has been noted that these estimates can be somewhat optimistic. Another source may
be others who are or who have used the instrument. Experience can be an accurate. if time-
consuming. instructor. There may even exist previous in-house maintenance records that will
provide valuable information.

For calibration requirements, again the manufacturer should provide some estimates.
However, there may be legal requirements such as those specified in the appendices to 40 CFR
58 detailing minimum requirements for PSD or SIP monitoring. Calibration guidance is also
contained in the Quality Assurance Handbook for Air Pollution Measurement Systems, Volumes
I and 11. The time requirements for calibration and the frequency of audits may vary as in-house
records establishing performance are developed. For example, with a new instrument, calibration
may be weekly for the first 3 months, then biweekly with weekly audits, and. finally. monthly
with biweekly audits as performance parameters are documented for that particular instrument.
Of course, detailed records of maintenance and calibration must be maintained.

Monitoring Stations

There are five basic types of monitoring stations which comprise existing surveillance networks.
Preexisting sites from some or all of these station types may be used when developing a new
surveillance network.

1. SLAMS — State and Local Air Monitoring Stations
a. Required for SIP networks
b. Data used for local air pollution control purposes
¢. Operated by State or local air poilution control agencies with the approval of the
appropriate EPA regional office

2. NAMS — National Air Menitoring Stations
a. Subset of SLAMS
b. ‘Primarily the data used for national policy decisions
c. Operated by State or local air pollution control agencies with the approval of EPA’s
Office of Air Quality Planning and Standards '

3. PAMS — Photochemical Assessment Monitoring Stations

a. Track trends in ozone precursor emissions
b. Primarily used for regional-scale ozone assessment
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c. Operated by State or local air pollution control agencies with the approval of EPA's
Office of Air Quality Planning and Standards

4. IMPROVE — Interagency Monitoring of Protected Visual Environments
a. Provide long-term measurements of PM, ; and other visibility-related observables in
National Parks and Wildernesses
b. May qualify as background or transport sites for PM, ; networks
¢. Operated by State or local air poliution contro! agencies with the approval of EPA's
Office of Air Quality Planning and Standards

.  SPMS — Special Purpose Monitoring Stations
a. Not required for SIP networks
b. Operated by State or local air pollution control agencies
¢. No EPA approval necessary uniess data are used for SIP purposes
d. Example: PSD — Prevention of Significant Deterioration Stations

Siting
Having established “why,” “how,” and “what,” the next step in designing the sensor system is
“where.” This topic involves properly siting the sensor to collect representative data. Since 1975,
the EPA has issued several documents detailing a procedure for selecting the proper site for a
pollutant for different purposes. By following the procedure outlined in these documents, it is
possible to logically select a proper site for a particular purpose and to clearly document the
- procedure followed. This allows for a subsequent audit or review of the site selection process to

react to changing conditions without having to duplicate earlier work. The documents available
are:

“Selecting Sites for Carbon Monoxide Monitoring.”
September 1973. EPA 450/3-75-077.

“Optimum Site Exposure Criteria for SO, Monitoring.”
" April 1977. EPA 450/3-77-013.

“Site Selection for the Monitoring of Photochemical Air Pollutants.”
April 1978. EPA 450/3-78-013.

“Enhanced Ozone Monitoring Network Design and Siting Criteria Guideline Document.”
November 1991, EPA 450/4-91-033.

“Guideline on Ozone Monitoring Site Selection.”™
April. 1998. EPA 454/R-98-002.

““Guidance for Siting Ambient Air Monitors Around Stationary Lead Sources.”
August 1997. EPA 454/R-92-009R.



“Selecting Sites for Monitoring Total Suspended Particulates.”
June 1977. EPA 450/3-77-018.

“Guidance for Network Design and Optimum Site Exposure for PM. ¢ and PM,."
December 1997. Finalized Version. U.S. EPA. Research Triangle Park. NC.

Generally speaking, sites should be designed to meet at least one of six basic monitoring
objectives:

. Determine highest concentrations expected to occur in the area covered by the
network. A

7. Determine representative concentrations in areas of high population density.

3. Determine the impact on ambient pollution levels of significant sources or source
categories.

4. Determine general background concentration levels.

5. Determine the extent of Regional poliutant transport among populated areas, and in
support of secondary standards.

6. Determine the welfare-related impacts in more rural and remote areas (such as
visibility impairment and effects on vegetation).

However, it should also be noted that each siting case may be unique and the “proper site” 1s
not necessarily an absolute, fixed item. Given the same background information and a similar
siting objective, two ““experts” may arrive at different site locations. Often there is a lack of
needed information, and even under the best of conditions, siting sensors invoives the abstract
correlation of large amounts of chemical, meteorological, geographical, and political
information. There are no “instant experts” or short cuts 10 actual experience. However, by
following a set of logical procedures, it is possible to arrive at a site location that will adequately
meet the program objectives and allow for concise documentation of the selection process.

Section 40 CFR 58.20 requires an annual review of each surveillance network. These
changes to the EPA monitoring regulations were promulgated August 12, 1994. In addition to
organizing and revising almost all of the EPA ambient monitoring regulations into one section of
the Code of Federal Regulations, there is also siting and network design guidance contained in
Appendix D of these regulations. The guidance in Appendix D is consistent, both in approach
and content, with that contained in the individual siting documents. The documents contain more
detail and greater depth than is possible in the regulations.

The location of the sensor is only part of the answer to the “where” of monitoring. Besides
locating the sensor, it is also important to obtain a correct probe location. In this instance,
““probe” refers to the actual mechanical portion of the sensor where sampling occurs. The
location of the probe depends on the chernistry of the specie sampled and, of course, the
monitoring objectives. Guidance on probe location is contained in the siting documents and also
in Appendix E of 40 CFR 58. By adopting a uniform probe Jocation for each poliutant,
comparison of the data from different projects and times is simplified. As mentioned earlier for
sensor location, the probe location may vary for each pollutant and each objective. The final
choice would represent an optimal compromise between needs and resources.

As part of our network design system, we have specified the “why,” “how,” “what,” and
“where™ of our sensor package and network. There are two remaining systems of the data



subsystem to define: the recording and transmission system, and the data processing system.
Both of these systems are concerned with the collection and processing of the data or signals
produced by the sensor system, and there is some overlapping. It is important to spend time on
properly planning each of these, as a great deal of resources have been expended needlessly in
these areas. We will discuss each separately.

Data Subsystem

Data Recording

—The first part of this subsystem concerns data recording. We may have an electrical signal from
“one or more instruments from one or more locations. or a set of analytical results from manual
‘methods. In either case, the data must be recorded. If we have an electrical output from an
analyzer. several choices are available. We can manually read a meter and record data. use a strip
chart recorder. record on punch cards or paper tape. or record on machine-readable magnetic tape
or discs. When designing data systems, the major problem is usually optimizing man and
machine interactions. in some cases you may have excess manpower and little automation, while
the opposite may be true in other cases. Therefore. the first step in this process is to identify the
needs. Is data required or produced continuously, are all outputs from analyzers matched, is there
-a mix of manual and automated sensor systems. and, finally, is the data for immediate or future
use? If the data is to be used for a daily Pollutant Standards Index or 10 operate a Supplemental
Control System, there may be a need for automated recording and processing. However, if the
data is to be used for annual trend reports, monthly strip charts may be the best choice.

With the needs identified, available resources should be assessed. This assessment allows a
realistic data system to be designed. Again, the goal here should be to meet the program
requirements while minimizing costs. Too often, overly elaborate systems have been designed
with no consideration of needs. Needs must be prioritized, separating necessary items from
desirable, but less essential, components. The total mix of components in a system must also be
accounted for in the design. If grounding and interface problems exist, it may be advantageous to
solve these separately and use one data logger for each station rather than separate strip charts or
other separate recorders. Unfortunately, no hard and fast rules exist to assist in making these
decisions. Advice should be sought from competent systems engineers or other personnel
familiar with the equipment involved.

Data Transmission

As with the data recording subsystem, it is important not to overdesign the data transmission
system and thus waste resources. In reviewing the data needs. speed of utilization must be
determined. If it arrives quickly, but is not going to be processed for a month, a simpler system
may be more cost-effective. The best rule to follow is to make it as simple and inexpensive as is
feasible. The choice between on-site pickup of data versus telemetered data will be based on data
meeds. resources available. and the existing network. Signal conditioning must be designed by a
competent electrician to avoid later problems.

Data processing comprises the final part of the Data Subsystem. The data processing system
involves the selection of a format. validation. analysis storage. and retrieval. A format is simply a
systematic listing of the data recorded. All ambient air quality data for SO,. CO. O,. NO.. Pb.
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PM,,. and PM, (must be coded into the format used by the AIRS Air Quality Subsystem. or
AQS. This subsystem contains all the air quality data that used to be in the SAROAD system and
includes air toxic data as well as trace metals data from the National Filter Analysis Network.

Data Validation

After the data are recorded using the chosen format. validation can begin. The validation should
be performed by an air pollution professional with intimate knowledge of the sensors. recording
system. transmission system. as well as any peculiarities of the air poltution problem in the area.
This validation should be performed at the lowest level possible to permit the maximum possible
recovery of valid data. For example. if there is a two-week period in a month's data that has
values three times the “normal” values. several possibilities exist. The data may have been
anatyzed by a substitute while the usual person was on vacation and a factor of three may have
been dropped from the denominator of an equation; the instrument may have malfunctioned;
meteorological conditions (poor dispersion, stable atmosphere, low mixing depth) may have
resulted in increased concentrations. Obviously, in the first case the data can be corrected by
including the factor and recomputing; in the second case the data probably will have to be
invalidated uniess an accurate correction factor can be determined; and in the third case, the data
are correct. Only an air pollution professional would recognize the difference, and the closer that
-person is to the network, the less expensive this process will be. Computer validation 1s possible
to identify outliers, or abnormal values, but manual checking is needed to perform final

validation.

Data Analysis

After the data have been validated, the final analysis can be performed. Depending on the nature
of the data and the final data use, a variety of statistical procedures can be used. These techniques
and their use with aerometric data are complex and a professional statistician should be
consulted. The type of analysis may be dictated by the standard (requiring arithmetic or
geometric means}, of the data (iong-term trends represented by log-normal distributions). Advice
from a statistician can help prevent erroneous conclustons.

Storage of the data and/or the samples should prevent physical deterioration, provide a
jogical system. and should be secure to provide a legal chain-of-custody. If using thermally
sensitive chart paper. storage in a warehouse subject to elevated daytime temperatures would
prove problematic and soon the records would be uniformly gray. A logical system provides
continuity and, along with a secure storage area and sign-off sheets. helps establish a legal chain-
of-custody for records.

The storage system should not, however, prevent €asy access to the data by the proper
personnel. Retrieval procedures should not be overly complex, yet must provide a systematic
procedure ensuring data security. In automated systems, provisions can be made to restrict access
with confidential identification codes or restricted data discs.

After designing the sensor and data subsystems, one final item requiring aliocation of
resources exists. This is to incorporate a comprehensive quality control program to assurc the
data produced are correct. Guidance on these programs 1s contained in the Quality Assurance
Handbooks mentioned earlier and in Appendices A and B of 40 CFR 58. Without adequate



quality control of each subsystem, the question of ultimate data validity may be impossible to
answer.

9-9



PM, ; Network Design Considerations

The material presented so far in this chapter provides a general overview of network design and
site selection for any criteria pollutant. There are. however, certain special considerations in the
case of particulate monitoring which must be addressed separately. [NOTE: This is a very brief
overview of some of the unique elements of PM, , network design and siting. These are covered
at length in S1:433. Nenvork Design and Site Selection for Monitoring PM3 5 and PMgin
Ambient Air. as well as in an instructional video available from EPA’s Air Pollution Training
Institute -- U.S. Environmental Protection Agency, Education and Outreach Group (MD-17).
Research Triangle Park, NC 27711. PHONE: 919-541-3724. FAX: 919-541-3513.]

in July of 1997, the Federal Register presented the new NAAQS for particulate matter,
introducing required monitoring of PM, ,, or particles 2.5 microns or smaller in diameter. These
NAAQS focus on particulates in this range because studies have shown them to be the most
threatening to human health and well-being. due (o their tendency to be absorbed or penetrate
deeply into human lung tissue. Based on the epidemiological data used to set the standards, PM,
monitoring networks are designed somewhat differently and engender some new concepts,
among them community-oriented monitoring and spatial averaging. PM,; networks are
intended to monitor the exposure levels of people where they live, work, and play.

The basic planning unit for PM, monitoring is the Monitoring Planning Area, or MPA. An
MPA is a contiguous geographic area with established, well-defined boundaries. These
boundaries may include aggregates of:

Counties

e Zip code regions

¢ Census blocks

« Established air quality management districts

Community-Oriented Monitoring

Community-oriented monitoring sites are intended to measure ambient PM, , concentrations
representative of areas at least 0.5 km in diameter. These measurements should approximate both
the short- and long-term exposures of people within an area of neighborhood to urban-scale zone
of representation. Data from these sites are eligible for comparison to the annual and 24-hour
PM, ; NAAQS. as long as they are outside the zone of influence of a specific emitter. Data
collected from sites that are representative of relatively unique population-oriented micro-scale
and middle-scale impact sites (that is, within the zone of influence of a specific emitter) are
~ ONLY eligible for comparison to the 24-hour NAAQS.

In addition. PM, ; monitoring introduces the concept of the core site. which is sited to
represent community-wide air quality, and is a subset of the SLAMS network.

Community Monitoring Zones

The community monitoring zone, or CMZ, is applicable only to PM, ;. It is intended to represent
the spatial uniformity of PM, , concentrations, and should have dimensions of 4 to 50 km with
boundaries defined by existing political demarcations with population attributes. Each CMZ
would ideally equal the collective zone of representation of one or more commupity-oriented
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monitors within that zone. Ideally, an MPA should be completely covered by one or more
contiguous CMZs when spatial averaging (see below) 1s used.

More than one monitor may be needed to evaluate the spatial uniformity of PM, ;
concentrations and to accurately calculate the spatial average for comparison with the annual
NAAQS.

Spatial Averaging

The annual PM. , standard allows annual average concentrations among eligible monitors within

a CMZ to be averaged. This provides an indicator of average PM, . air quality which may be
_more reflective of the exposure levels of the people who live. work. and play in that area. Annual
“average concentrations from PM. ; monitors are not intended to represent hot spots.

In order to be eligibie for inclusion in a CMZ’s spatial average. a site must first represent a
neighborhood or iarger spatial measurement scale. Then. the annual averages for that site must be
within = 20% of the CMZ-wide average on an annual basis, be influenced by similar sources. and
be reasonably correlated (r > 0.6) on a daily basis.

In addition. there are several other factors which should be considered when placing PM, ;
monitors within a CMZ for spatial averaging, including the following:

e Year-to-year variability of each site

Effect of changing emissions over time

Relative distribution of concentrations among the sites

Spatial patterns within the CMZ

Similarities and differences in speciated PM, ,, and

Relationships between population density and air quality patierns.

Other Siting Considerations

in addition to the new elements of network design required by the new particulate matter
-standards, there are also external monitor placement requirements to consider. These external
siting criteria refer to the environs surrounding a measurement location.

e Exposure — Large nearby buildings and trees extending above the height of the monitor
may present barriers or deposition surfaces for PM. Certain trees may also be sources of
PM in the form of detritus, pollen, or insect parts. Locate monitors at a safe distance
away from these obstacies.

s Distance from Nearby Emitters — The monitor should be outside the zone of influence of
sources located within the designated zone of representation for the monitor site. In this
instance, for example. the monitor on the factory “fence post™ would not be a good siting
choice.

e Proximity to Other Measurements — Other air quality and meteorological measurements
can aid in the interpretation of high PM levels. and. with all other considerations being
equal. PM, ; sites should give preference to existing sites that make other measurements.
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