Note: This is a reference cited in AP 42, Compilation of Air Pollutant Emission Factors, Volume I Stationary
Point and Area Sources. APA42 is located on the EPA web site at www.epa.gov/ttn/chief/ap42/

The file name refers to the reference number, the AP42 chapter and section. The file name
"ref02_c01s02.pdf" would mean the reference is from AP42 chapter 1 section 2. The reference may be
from a previous version of the section and no longer cited. The primary source should always be checked.


EPA
Text Box
Note: This is a reference cited in AP 42, Compilation of Air Pollutant Emission Factors, Volume I Stationary Point and Area Sources.  AP42 is located on the EPA web site at www.epa.gov/ttn/chief/ap42/

The file name refers to the reference number, the AP42 chapter and section.  The file name "ref02_c01s02.pdf" would mean the reference is from AP42 chapter 1 section 2.  The reference may be from a previous version of the section and no longer cited.  The primary source should always be checked.



R | - EN-R-01335

' United States Officar of Air Quality -, EPA-45014.a4-oo7p v"
- o o Environmemal Protecuon ‘°lannmg and Standards September 1987
— L ' Agency Research Triangle Park NC 2771 1 e :

Air : et PR S

Locating And}:
EstimatmgA,
~Emissions Fro -
Sources of . -

_P 0' C "01 f Organlc

‘s, y, T ,-3;‘_
M : i o
P - e
~’ - “ . - ) .
' . \‘ . =
P
¢ o
. .
[ >\
-oq
H
{ - .
by
Sy
. y
;
3

R SRR i

S AR R | Hadia_nfi.ibrary-Abstin

G, g
! T e s g, - . l




U402 a1~ |5 EN-R-0/1335

__. EPA-450/4-84-007p
September 1887

Locating And Estimating Air Emissions
| From Sources Of
Polycyclic Organic Matter (POM)

JAN 05 1938

U.S. ENVIRONMENTAL PROTECTION AGENCY
Office Of Air And Radiation

Office Of Air Quality Planning And Standards

Research Triangle Park. North Caroiina 27711

- .
[T
S et

[ S

Frelliogd Latsfa 3, = .’*ius;fm



This report has been reviewed by the Office
Protection Agency, and has been approved for
signify that the contents necessarily reflect t
trade names or commercial products constitu

Of Air Quality Planning And Standards, U.S. Environmental
pubiication as received from the contractor. Approval does not
he views and policies of the Agency, neither does mention of
te endorsement or recommendation for use.

EPA-450/4-84-007p

..,‘._
At



Section

~

TABLE OF CONTENTS

............................................
........................................
.............................
................................................

..................................

Nomenclature and Structure of Selected POMs

..........

Physical Properties of POM

...........................

Chemical Properties of POM

...........................
.......

..........

Persistence and Fate in the Atmosphere

References for Section 3

POM Emission Source Categories

Stationary Combustion of Solid, Liquid, and
Gaseous Fuels for Heat and Power Generation

lobile Sources of 20Y

Municipal, Industrial, and Commercial Waste
Incineration

.........................................

...........................

Petroleum Catalytic Cracking - Catalyst
Regeneration

.........................................

.............

iii

13
13
19
23.
29

33

33

30



ion

Page
Ferroalloy Manufacturing ....................0.oo..... 161
Iron and Steel Foundries ..................oo'uuoo. ... 181
By-product Coke Productionm ................o.oonoon. .. 186
Asphalt Roofing Manufacturing ........................ 204
Hot Mix Asphalt Production ; .......................... 221
Carbon Black Manufacture .....................0........ 236
Secondary Lead Smelting ...................00ovomn. ... 253
Primary Aluminum Production .......................... 262
Wood Charcoal Production ............................. 272
Creosote Wood Treatment .....................ouooonn... 283
Oil Shale Retorting .................couuuuunnnnnnnn.. 292
Asphalt Paving and Coal Tar Pitch and Asphalt
Roofing Operations ...............c.ouuuuuiunnnnnnnn. 304
Transfer and Handling of Coal Tar and Petroleum
Pitch .. 311
Burning Coal Refuse Piles, Outcrops, and Mines ....... 314
Prescribed Burning and Uncontrolled Fore;t Fires ..... 321
Agricultural Burning .................... ... . .. .. . .. . 332
Miscellaneous Open Burning ........................... 337
References for Section & ................. ... .. .. 343
Source Test Procedures .......................... ... ... 359
Sample Collection Methods ............................ 359
Sample Recovery .................couuuuiuiinnnn 371
Identification and Quantification of POM ............. 376
References for Section 5 ..................... ... ... .. 378

iv

p-

Lies]

,-;
i



10

11 -

12

13

14

15

LIST OF TABLES

Page
Physical Properties of Various POM Compounds .............. 11
Percent of Total PAH Associated with Soot Particles
as a Function of Temperature ..................c.ouuumuni... 22
Half Lives (in Hours) of Selected POM in Simulated
Daylight, Subjected to Varying Concentrations of
Atmospheric Oxidants (0zome) .................c.'uumunnii .. 27
POM Emission Factors for Pulverized Coal Ut111ty
Boilers ... .. 44
POM Emission Factors for Coal-fired, Cyclone
Utility Boilers ............oiiiininen e, 46
POM Emission Factors for Coal-fired, Stoker Ucilicy
Bollers ... ... ..o 48
POM Emission Factors for Pulverized Coal Indﬁstrial
Bollers ...... ... 51
POM Emission Factors for Coal-fired, Stoker
Industrial Boilers ................... ... .. .. ... . ... . 52
Uncontrolled POM Emission Factors for Commerc1al
and Residential Coal-fired Boilers ...................... .. 54
POM Emission Factors for Residual Oil Combustion .......... 58
Uncontrolled POM Emission Factors for Distillate
Oil Combustion ................. ... .0 . . . . . . . ... . ... 61
POM Emission Factors for Industrial and Commercial
Wood-fired Boilers ...................c.uuuiiini 62
POM Species Emission Factors for Controlled and
Uncontrolled Wood-fired Industrial Boilers ................ 64
Test Site Descriptions for the Emission Factors
Given in Table 13 ...... ... ... ... ... ... o 65
POM Emission Factors for Wood-fired Resldential
Heating Sources ........... ... ... ... ... 68



16

17

18

19

20

21

22

23

24

25

26

28

29

30

POM Emission Factors for Uncontrolled Wood-fired
Heaters Under Various Burn Conditions .....................
Uncontrolled POM Emission Factors for Natural

Gas-fired Sources

.........................................

- POM Emission Factors for Bagasse-fired Industrial

Boilers

...................................................

Contributions of Various Mobile Source Categories
to Total Mobile Source PAH and 1-Nitropyrene
Emissions in 1979

..........................................

Benzo(a)pyrene Emission Factors at Various Levels
of Emission Control

.......................................

Benzo(a)pyrene Emission Rates at Various Mileage
Intervals

.................................................

Change in Average POM Emissions with Deposit
Condition and POM Content of Fuels ........................
Estimated Particulate Benzo(a)pyrene Emission Factors

for Gasoline Automobiles, Model Years 1966-1976 ...........
Measured and Derived POM Emission Factors for Mobile
Sources ... ...
Average Emission Rates. of Particulate POMs from

Gasoline and Diesel Vehicles in Two Tunnels in Japan

at an Average Speed of 30 mi/hr ................. ... .. ... ..
Average Particulate POM Emission Rates for Gasoline
Vehicles, Model Years 1970-1981, Under FTP and HWFET

Test Cycles ... ... . . i
Emission Rates of Particulates and Particulate POMs

for Various Gasoline and Diesel Automobiles Under

the FTP Test CyCle .................o.oooureoonnnn
POM Compounds Analyzed by HPLC-Fluorescence in

Diesel Automobile Exhaust Particulates ....................
Mean and Range of Concentrations of POMs in Exhaust
Particulate from Four Diesel Cars .........................
Particulate POM Emission Rates from a Turbocharged

Mack Engine at Various Loads

..............................

vi

74
75

-77

83
85
86
88
91

93

94

-

¥4



=

31

32

33

34

35

36

37

38

39

40

42

43

44

45

46

47

Total POM Emission Factors for the Ford Prototype
Diesel Engine

.............................................

POM Compounds Identified by GC/MS Analysis in Exhaust
from a Gas Turbine Engine Burning Kerosene-type Fuel

......

.....

POM Emission Factors for Municipal Waste Incinerators

Locations of Conventional Municipal Waste Incinerators
in the United States

......................................

Locations of Modular Municipal Waste Incinerators
in the United States .......................couuuii ...
Distribution of Emission Control Technologies Applied
to Selected Sewage Sludge Incinerators. Prior to 1978 ......
Distribution of Emission Control Technologies Applied

to Selected Sewage Sludge Incinerators After 1978 .........
POM Emission Factors for a Sewage Sludge Incinerator
Controlled by a Wet Scrubber

..............................

POM Compounds Identified in Sewage Sludge Incinerator
Emissions

.................................................

Approximate Distribution of Sludge Combustion
Facilities by State and Type in 1985 ......................
Locations of Wastewater Treatment Plants Thought

to be Using Sewage Sludge Incinerators ....................
POM Emission Factors for Petroleum Catalytic Cracking
Catalyst Regeneration Units ........................... ..
Locations of Active Petroleum Refineries with

Catalytic Crackers as of January 1986 ............... ...

Locations of Iron and Steel Industry Sinter Plants
in 1977

...................................................

Major Types of Ferroalloys Produced in the United
States

.....................................................

POM Emission Factors for Electric Arc Furnaces
Producing Ferroalloys ..............couuuuuuumnnnnnnnnn .
Locations of Ferroalloys Producers in the United

States in 1984

............................................

vii



48

49

50

51

52

53

54

55

56

57 .

58

59

60

61

62

63

64

Emission Controls Used on POM Emission Sources in
By-product Coke Plants

Specific POM Compounds Detected in Oven Door Leak
Emissions

POM Compounds Detected in Battery Topside Emissions

Specific POM Compounds Detected in Quench Tower
Emissions

POM Emission Factor Data for Slot Oven Coking Sources

POM Emission Factor Data for Coke By-producé Recovery
Processes

Locations of By-product Recovery Process Coke
Production Plants in the United States in 1984

Control Devices Used on POM Emission Sources in
Asphalt Roofing Plants

Summary of POM Emission Factor Data for Sources in
Asphalt Roofing Material Plants

Asphalt Roofing Manufacturing Locations in the
United States in 1986

Production Capacity Distribution for Batch, Continuous,
and Drum-mix Hot Mix Asphalt Plants

Individual POM Species Emission Factors for a Drum-mix
Hot Mix Asphalt Plant Using Virgin Feed Material

Individual POM Species Emission Factors for a Drum-mix
dot Mix Asphalt Plant Using Recycled Feed iaterial

Individual POM Species Emission Factors for a Batch-mix
Hot Mix Asphalt Plant Using Virgin Feed Material

Stream Code for the 0il Furnace Process Illustrated
in Figure 28

Individual POM Compounds Measured in the Test of an
0il-furnace Carbon Black Plant

viii

..................................

...............................................

......

................................................

« 0.

................................................

...........

...................................

..........................

....................................

.............................................

...........................

193

195

196

197

199

200

201

217

218

222

225

235

Fend

N



4

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

Page
Summary of POM Emission Factors for Oil-furnace
Carbon Black Plants .................covuuuurunnnnnnnn . 250
Locations and Annual Capacities of Carbon Black
Producers in 1985 ............ .. ... ... ... 251
POM Concentrations in Stack Gases of a Secondary
Lead Smelter .................uiiiiiiinn 261
Secondary Lead Smelters in the United States in 1985 ...... 263
POM Emission Factors for Primary Aluminum Smelting
Plants . ... . L. 271
POM Compounds Identified in the Emissions of a
Primary Aluminum Smelter .......................... ... ... . 273
List of Primary Aluminum Production Facilities in
the United States in 1985 ........................... ... . .. 275
Charcoal Producers in the United States ................... 284
List of Creosote Wood Impregnation Plants in the
United States ...............oiiuiiiinnnnnn 293
POM Concentrations Measured in Air Around Asphalt
Paving Operations ......................... oo 307
POM Concentrations Released from Freshly Paved
Asphalt Exposed to Light ... ... . .. . 309
POM Concentrations from Freshly Paved Asphalt Under
Differing Light and Humidity Conditions ............ . .. ... 310
POM Concentrations Associated with Asphalt and Coal
Tar Pitch Roofing Operations .......................... . . 312
3urning Coal Refuse Piles, Impoundments, Abandoned
Mines, and Outcrops in the United States by State ......... 322
Particulate POM Emission Factors from Burning Pine
Needles by Fire Type ...........c.oouiiuiunnson 329
Particulate POM Emission Factors from Burning Pine
Needles by Fire Phases - Heading Fire ..................... 330
Total POM and Benzo(a)pyrene Emission Factors from
Burning Pine Needles as a Function of Total Suspended
Particulate Matter Emissions

ix



82

83

84

85

86

87

88

89

Page
Distribution of Prescribed Burnihg in the United
States in 1984 .. ... . . ... 333
POM Emission Factors for Open Burning as a Function
of Total Particulate Matter Emissions ..................... 339
POM Emission Factors for Open Burning as a Function
of the Amount of Waste Burned ................. e 340
POM Emission Factors for the Open Burning of
Municipal Refuse, Automobiles, and Landscaping Refuse ..... 341
Comparison of Modified Method 5 Train/SASS
Characteristics ................c.ouuuunnnnn 361
Distribution of POM in the Particulate and Gas Phase
from Vehicle Exhaust ..................... 0 0iii . 367
Soxhlet Extraction Recoveries of POM from Various
Sample Matrices .................. ... ... . . . . . 372
Recoveries of POM from Air Particulate and Coal Fly
Ash by Ultrasonic Extraction ......................0.o. ..., 375

L |



u

Figure

10
11
12
13

14

15
16
17

18

LIST OF FIGURES

Page
Accepted Nomenclature of Benzo(a)pyrene ................... 8
Structures of Selected Polycyclic Aromatic Organic
Molecules ... ... ... . . .. 9
Absorption Spectrum of Benzo(a)pyrene in Ethanol .......... 12
Hypothesized Ring Closyre for a Polycyclic Organic
Compound . ....... .. ... 17
POM Formation by Pyrolysis .................oouuuu... A 18
Typical Configurations of Conventional Municipal
Waste Incinerators ...................ccuuuurnnnninnnnn. . 110
Typical Configurations of Modular Municipal Waste
Incinerators ........... oo i 112
Cross Section of a Typical Multiple-hearth
Incinerator .......... ... .. i, 126
Cross Section of a Fluidized-bed Sewage Sludge
Incinerator ....... ... ... . ... ... 127
Diagram of a Fluid-bed Catalytic Cracking Process ......... 147
Diagram of a Thermofor Catalytic Cracking Process ......... 149
Diagram of a Houdriflow Catalytic Cracking Process ........ 150
Configuration of a Typical Sintering Facility ............. 159
Typical Electric Arc Furnace Ferroalloy Manufacturing
Process ... ... ... 166
Open Electric Arc FUurnace ..................oeoumunmemnnni.. 168
Semisealed Electric Arc Furnace ........................... 169
Sealed Electric Arc Furnace ...................oouuoeemnnnin. 170
Typical Flow Chart for the Production of.Low-carbon
Ferrochrome by the Exothermic Silicon Reduction
Process ... .. 172

xi



Figure

19
20
21

22

23
24
25
26

27

28

29

1

(%)
]

34

35

36

37

Vacuum Furnace for the Production of Low-carbon
Ferrochrome

Typical Process Flow Diagram for a Sand-cast Iron
and Steel Foundry

General Process Flow Diagram for a By-product Coke
Plant

Typical Asphalt Air Blowing Operation

Typical Configuration of a Vertical Asphalt Air
Blowing Still

Typical Configuration of a Horizontal Asphalt Air
Blowing Still

_Diagram of an Asphalt Roofing Material Manufacturing

Line

Process Flowsheet for an 0il-furnace Carbon Black
Plant

Sequence of Operations at a Typical Secondary Lead
Smelter

Typical Blast Furnace System for Secondary Lead
Production

Typical Reverberatory Furnace System for Secondary
Lead Production

General Flow Diagram for ?rimary Aluminum Production
Aluminum Reduction Cell Diagram
Flow Diagram for the Production of Prebake Anodes

Missouri-type Charcoal Kiln

xii

...............

.......................................

............

.............................................

.....................................

.....................

.........................

-----

.........................

...............................................

.........................................

.....................................................

......

......

.............................................

.......................................................

.....................................................

.....................................................

......

......

173

183

188

208

209

229

231

241

254

256



38

39
40
41
42

43

44

Page
In Situ 0il Shale Retorting ............cc.uvuuununnnnunnin. 302
Principal Areas of 0il Shale Deposits in the
United States ...............coiuiiuniiiinn i, 305
Schematic of Modified Method 5 Sampling Train ............. 362
Schematic of a SASS Sampling Train ........................ 364
Diagram of a Vehicle Exhaust Dilution Sampling
ATTangement ..............uiuniinnntitt e 366
Adsorbent Trap for the Collection of Gas-phase POM
from Vehicle Exhaust ................cooouuiiunmnnnonnii . 368
Condensation Sampling System for Raw Vehicle Exhaust ...... 370

xiii



SECTION 1
PURPOSE OF DOCUMENT

EPA, States and local air pollution control agencies are becoming
increasingly aware of the presence of substances in the ambient air that may
be toxic at certain concentrations. This awareness, in turn, has led to
attempts to identify source/receptor relationships for these substances and
to develop control programs to regulate emissions. Unfortunately, limited
information is aﬁailable on the ambient air concentrations of these
substances or on the sources that may be discharging them to the atmosphere.

To assist groups interested in inventorying air emissions of various
potentially toxic substances, EPA is preparing a series of documents such as
this that compiles available information on sources and emissions of these
substances. This document specifically deals with polycyclic organic matter
(POM). 1Its intended audience includes Federal, State, and local air
pollution personnel and others who are interested in locating potential
emitters of POM and making Preliminary estimates of the potential for air
emissions therefrom. ,

Because of the limited amountsAof data available on POM emissions, and
since the configuration of many sources will not be the same as those
described herein, cthis document is best used as a brimer to inform air
pellution personnel about (1) the type of sources that may emit POM,

(2) process variations and release points that may be expected within these
sources, and (3) available emissions information indicating the potential
for POM to be released into the air from each operation.

The reader is strongly cautioned against using the emissions
information contained in this document to try to develop an exact assessment
of emissions from any particular facility. Since insufficient data are
available to develop statistical estimates of the accuracy of these emission
factors, no estimate can be made of the error that could result when these
factors are used to calculate emissions for any given facility. It is

possible, in some extreme cases, that orders-of-magnitude differences could



result between actual and calculated emissions, depending on differences in
éource configurations, control equipment and operating practices. Thus, in
situations where an accurate assessment of POM emissions is necessary,
source-specific information should be obtained to confirm the existence of
particular emitting operations, the types and effectiveness of control
measures, and the impact of operating practices. A source test should be

considered as the best means to determine air emissions directly from an

operation.
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SECTION 2
OVERVIEW OF DOCUMENT CONTENTS

As noted in Section 1, the purpose of this document is to assist
Federal, State, and local air pollution agencies and others who are
interested in locating potential air emitters of POM and making preliminary
estimates of air emissions therefrom. Because of the limited background
data available, the information summarized in this document does not and
should not be assumed to represent the source configuration or emissions
associate& with any particular facility.

This section provides an overview of the contents of this docuqent. It
briefly outlines the nature, extent, and format of the material presented in
the remaining sections of this report. '

Section 3 of this document provides a brief summary of the physical and
chemical characteristics of POM, its basic formation mechanisms, and its
potential transformations in ambient air. The fourth section of this
document focuses on major sources of POM air emissions. Stationary, mobile,
and natural sources of POM air emissions are discussed. For each air
emission source category described in Section 4, example process
descriptions and flow diagrams are given, potential emission points are
identifiéd, and available emission factor information is summarized. The
emission factors show the potential for POM emissions from uncontrolled
operations as well as operations using controls typically employed in
industry. Also presented are the names and locations of all major
stationary source facilities identified Co be operating and potentially
emitting POM. For area sources of POM emissions such as agricultural
burning or coal refuse fires, geographic areas where such activities
pPrimarily occur are identified.

The fifth section of this document summarizes available procedures for
source sampling and analysis of POM. Details are not prescribed nor is any

EPA endorsement given to any of these sampling and analysis procedures.



Consequently, this document merely provides an overview of applicable source
sampling procedures, citing references for those interested in conducting
source tests. A

This document does not contain any discussion of health or other
environmental effects of POM, nor does it include any discussion of ambient
air levels of POM.

Comments on the contents or usefulness of this document are welcomed,
as is any information on process descriptions, operating practices, control
measures and emissions information that would enable EPA to improve its

contents. All comments should be sent to:

Chief, Noncriteria Emissions Section (MD-14)
Air Management Technology Branch

U. S. Environmental Protection Agency .
Research Triangle Park, North Carolina 27711



SECTION 3
BACKGROUND

NATURE OF POLLUTANT

The term polycyclic organic matter (POM) defines a broad class of
compounds which generally includes all organic structures having two or more
fused aromatic rings (i.e., rings which share a common border). Polycyclic
organic matter has been identified with up to seven fused rings. Theoreti-
cally, millions of POM compounds could be formed; however, only about
100 species have been identified and studied.1

Eight major categories of compounds have been defined by the U. §.
Environmental Protection Agency to constitute the class known as POM.z'3

The categories are as follows.

1. Polycyclic aromatic hydrocarbons (PAHs) - the PAHs include
naphthalene, phenanthrene, anthracene, fluoranthene,
acenaphthalene, chrysene, benzo(a)anthracene,
éyclopenta(c,d)pyrene, the benzpyrenes, indeno(1,2,3-c,d)pyrene,
benzo(g,h,i)perylene, coronene, and some of the alkyl derivacives
of these compounds. PaHs are also known as polynuclear aromatics
(PNAs) .

2. AZa arenes - aza arenes are aromatic hydrocarbons containing a
ring nitrogen.

3. Imino arenes - these are aromatic hydrocarbons containing a ring
nitrogen with a hydrogen.

4. Carbonyl arenes - these are aromatic hydrocarbons containing one
ring carbonyl group.

5. Dicarbonyl arenes - these are also known as quinones, and contain
two ring carbonyl groups:

6. Hydroxy carbonyl arenes - these are ring carbonyl arenes

containing hydroxy groups and possibly alkoxy or aéyloxy groups.



7. Oxa arenes and thia arenes - oxa arenes contain a ring oxygen
atom, while thia arenes contain a ring sulfur atom.

8. Polyhalo compounds - some polyhalo compounds, such as
polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated
dibenzofurans (PCDFs), may be considered as POM although they do

not have two or more fused aromatic rings.

These categories were developed to better define and standardize the types

of compounds considered to be POM.

The two POM chemical groups most commonly found in emission source
exhaust and ambient air are PAHs, which contain carbon and hydrogen only,
and the PAH-nitrogen analogs. Information available in the literature on
POM compounds generally pertains to these PAH groups. Because of the
dominance of PAH information (as opposed to other POM categories) in the
literature, many reference sources have inaccurately used the terms POM and
PAH interchangeably. The majority of information in this section on POM
physical/chemical properties, formation mechanisms, and atmospheric

persistence pertains to PAH compounds .

Because POM is not one compound but several, it is not possible to
describe the nature of all POMs including such information as physical and
chemical properties, formation mechanisms, and environmental persistence.
Instead, these types of descriptive background information are provided for
the primary POM compounds, such as PAHs, that have been identified to exist
in alr smissions and ambient air. Considerably more oluminous ind complex
data on POM compound properties and formation theories exist than are
presented in this document. The prevalent, more génerally applicable
information is provided here to build a foundation for understanding the
basic nature of POM compounds and POM compound emissions. The literature
references cited in this document are excellent sources of specific and

greater detail information on POM compounds .

I
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NOMENCLATURE AND STRUCTURE OF SELECTED POMs

In the past, the nomenclature of POM compounds has not been
standardized and ambiguities have existed due to different peripheral
numbering systems. The currently accepted nomenclature is that adopted by
the International Union of Pure and Applied Chemistry (IUPAC) and by the
Chemical Abstracts Servicé.4 The following rules help determine the

orientation from which the numbering is assigned:

1. The maximum number of rings lie in a horizontal row;
As many rings as possible are above and to the right of the
horizontal row; and

3. If more than one orientation meets these requirements, the one

. - . . 5
with the minimum number of rings at the lower left igs chosen.

The carbons are then numbered in a clockwise fashion, starting with the
first counterclockwise carbon which is not paft of another ring and is not
engaged in a ring fusion. Letters are assigned in alphabetical order to
faces of rings, beginning with "a" for the side between carbon atoms 1 and 2
and continuing clockwise around the molecule. Ring faces common to two
rings are not lettered. Using these rules, benzo(a)pyrene would have a
benzene ring fused to the "a" bond of the parent pyrene structure as shown

in Figure 1.

The molecular structures of the more predominantly identified and

studied POM compounds ‘mainiy PAHs) ars shown in Figure 2
PHYSICAL PROPERTIES OF POM

Most POM compoﬁnds are high melting point/high boiling point solids
that appear to be extremely insoluble in water. The PAHs are primarily
. planar, nonpolar compounds which melt at temperatures well above room
temperature. Melting points have been identified for a number of compounds

‘and most values are considerably over 100°%¢ (212°F). Phenanthrene, with a
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Figure 1. Accepted nomenclature for benzo(a)pyrene.7
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Structures of selected polycyclic aromatic organic molecules.7
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melting point of 101°% (214° F) and benzo(c)phenanthrene, with a melting’
point of 68°¢ (154° F) are two exceptions. An important factor which tends
to accompany an increase in melting point is the increase in the number of
vertical planes of symmetfy. For example, perylene, benzo(a)pyrene,

benzo(e)pyrene, and penzo(k)fluoranthrene all have the same molecular

weight; however, perylene has the highest melting point and the greatest

number of vertical planes of symmetry of the four compounds.6 Coronene,
with six vertical planes of symmetry in addition to its relatively high
molecular weight, has a very high melting point of 438°C (820°F) The

molecular weights, melting points, and boiling points of selected POM
species are listed in Table 1.

The vapor pressures of POM compounds vary depending upon the ring size
and the molecular weight of each species. The vapor pressure of pure
compounds varies from 6.8 x 10-4 Torr for phenanthrene (3 rings and
14 carbons) to 1.5 x 10'12 Torr for coronene (7 rings and 24 carbons).7 A
POM compound's vapor pressure has considerable impact on the amount of POM
that is adsorbed ontovparticulaCe matter in the atmosphere and retained on
particulate matter during collection of air sampling and during laboratory
handling. Retention of POM species on pafticulates during collection and
handling also depends upon, temperature, velocity of the air stream during
collection, properties of the particulate matter, and the adsorption
characteristic of the individual POMs. Table 1 includes vapor pressures at
30°C (86°F) for selected POMs.

The ultraviolet absorption spectra are also available for many POM
compounds. Most of the PAHs absorb light strongly at wavelengths longer
than 300 nm. The absorption spectra for benzo(a)pyrene, shown in Flgure 3,
is typical of most of the PAHs. 7 Most of the polycyclic aromatic
hydrocarbons absorb light at wavelengths found in sunlight (>300 nm) and are
believed to be photochemically reactive by direct excitation. The available
spectra data reflect characteristics of PAHs in organic solvents; however,

PAHs in the environment are usually particulate-bound and as such may have
considerably different absorption properties.

10
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Figure 3. Absorption spectrum of benzo(a)pyrene in ethanol:
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2250 (4.44)].
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CHEMICAL PROPERTIES OF POM

The chemistry of POMs is quite complex and differs from one compound to
another. Most of the information available in the literature concerns the
polycyclic aromatic hydrocarbons. Generally, the PAHs are more reactive
than benzen# and the reactivities toward methyl radicals tend to increase
with greater conjugation.6 Conjugated fings are structures which have

double bonds that alternate with single bonds. Conjugated compounds are
generally more sE;gig ﬁﬁt, éoﬁard free radical add£;i5n,>they are more
reactive.8 For example, in comparison to benzene, napﬁthalene and
benz(a)anthracene, which have greater conjugation, react with methyl

radicals 22 and 468 times faster, respectively.

The PAHs undergo electrophilic substitution reactions quite readily.
An electrophilic reagent attaches to the ring to form an intermediate
carbonium ion; to restore the stable aromatic system, the carbonium ion then
gives up a proton. Oxidation and reduction reactions occur to the stage
where a substituted benzene ring is formed. Rates of electrophilic,

nucleophilic, and free radical substitution reactions are typically greater
for the PAHs than for benzene.

Environmental factors also influence the reactivity of PAHs.
Temperature, light, oxygen, ozone, other chemical agents, catalysts., and the
surface areas of particulates that the PAHs are adsorbed onto may play a key

role in the chemical reactivity of PAHs.
POM FORMATION MECHANISMS IN COMBUSTION SOURCES

Polycyclic organic matter formation occurs as a result of combustion of
carbonaceous material under reducing conditions. The detailed mechanisms
are not well understood; however, it is widely accepted that POM is formed
via a free radical mechanism which occurs in the gas phase.9 As a result,

POM originates as a vapor. There is also overwhelming evidence that POM is

13



present in the atmosphere pfedominantly in particulate form.10 Therefore, a
vapor to particle conversion must take place between the points of formation

of POM in the combustion source and its entry to the atmosphere.

It has been recognized that soot (a product of coal combustion) is
similar in some structural characteristics to polycyclic aromatic molecules
and that both soot and POM are products of combustion. 11 Comparisons of the

two types of molecules give rise to the first clue as to how POM may be

formed in combustion, namely by incomplete combustion and degradation of =
large fuel molecules such as‘coal. It is also known, however, that carbon
black and soot are produced by burning methane (CHA) Thus, it is believed
that POMs are not only produced by degrading large fuel molecules, but are
also produced by polymerizing small organic fragments in rich gaseous
hydrocarbon flames. Before examining POM formation per se, it is
instructive to first examine carbon (soot) forhation in combustion. The two
are similar phenomena and a closer examination of some of the earlier

studies on soot formation is helpful in understanding POM formation and
behavior.

Soot produced in a flame takes on a number of specific characteristics.
Soot or carbon particles may be hard and brittle, soft and fatty, brown to
black, and contain anywhere from almost 0 to 50 percent hydrogen
(atomically). Generally, it is observed that flame-produced soot is a
fluffy, soft material made up of single, almost spherical particles which
stick together. Soot properties appear to be independent of the fuel burned
in a homogeneous zas flame. However, if hydrocarbon gases (such as methane,
propane, or benzene) are passed down a hot tube, the carbon product is quite
different from the flame-produced socot. The heterogeneously produced
Products are hard, long crystals that are shiny and vitreous. The
carbon-carbon bonding in these two products is substantially different. The
soft, soot product generated from the gas flame possesses carbon-carbon
distances of 3.61 to 3.70 X, while the hard, heterogeneously produced
product has a carbon-carbon distance of 3.46 to 3.54 8.11'12

14
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Carbon-producing flames have been identified and labeled as either the
acetylenic type or the benzene type. The acetylenic type flame is one in
which carbon, as observed in Cz-radiation, is emitted from all parts of the
flame. Carbon produced in low molecular weight hydrocarbon flames is made
up of benzéne and other aromatics (benzene type). Instead of C2-radiation
being emitted from all parts of the flame, a carbon streak is observed that
is emitted from the tip of the flame. The basis for the two flame types is
related-to differences in diffusion properties between the fuel molecule and
oxygen. Where the fuel and oxygen are of about the same molecular weight,
carbon is observed uniformly in the flame front; where the two differ
substantially, enriched pockets of fuel and oxygen occur, and one observes
the carbon streak. Thus, the nature of the soot molecule may be independent
of the fuel molecule, but its formation is quite dependent on the nature of

the fuel and on the method of combustion.11

Over the past 20 years, procedures have been devéloped for analyzing
the microstructure and detailed kinetics of processes occurring in flames.
A number of investigators have been applying these techniques to studying
POM formation in gaseous hydrocarbon flames.lz'l3 In one procedure, a
pre-mixed hydrocarbon-air flame is stabilized on a burner (usually as a flat
flame) and reactants and products are removed with the aid of a microprobe

and analyzed by electron microscope or other techniques.12

Basically, investigators have been attempting to answer the question:
Is POM a precursor to soot formation or is it a by-product of soot
formation? It has been observed that the carbon number of cthe CxH' fragment
increases and the hydrogen number deceases with distance from the 5rimary
flame zone. Most of the CxHy fragments contain an even number of carbon
atoms. The occurrence of a rapid steady state or equilibrium process has

been illustrated by the following steps:

»

2C H, =——mC H. + H

22 472 2
b. CAH?. + 02H —>c6H2 + H
c. CZnHZ + CZH —.—C2n+2}{2 + H

15



Changes in the molecular weight of POM products as they pass through
the flame have been documented. Just above the flame, a large number of POM
products are observed, while farther downstream the number of products is

considerably reduced.13 Based on this observation, it appears that a large

number of reactive POM products are produced just past the flame zone.

These POMs are referred to as reactive POMs, in that they contain many
organic side chains (CH2, CZHS’ etq.) attached to the rings of the basic POM
structures. The.reactive POMs, however, degrade_in the hot region of the
flames so that further downstream only the more stable condensed ring
structures are observed. )

The changes in POM structure noted above are corroborated in other

studies.12’13

It has been shown that with time a steady increase occurs in
the production of lower molecular weight POMs (e.g., anthracene,
phenanthrene, fluoranthene, and pyrene), while the higher molecular weight
POMs such as benzopyrene, benzoperylene, and coronene reach a maximum and
then decline in concentration with increasing distance from the flame.
Studies by Toqan et al. show that soot is formed in the region of the flame
where a sharp decline of POM compouné is observed. They conclude that the
POM (particularly PAH) compounds are precursors to soot formation.13 From
the preceding discussion, it is apparent that POM may be a precursor as well

as a by-product of soot formation.

The question of how the polyacetylenes (that are produced by a sequence
of rapid reaction steps) cyclize still remains. One theory is that the
polyacetylene chain bends around the carbon atoms and eventually bonds into
the coﬁdensed ring structures. Another plausible hypothesis is illustrated
in Figure 4. The association shown requires minimum atomic rearrangements.
Also, it is highly exothermic, thereby providing sufficient energy to -

dissociate terminal groups and the free valences to produce reactive and
stable POMs.

Pyrolytic studies of aromatic and straight chain hydrocarbons have been
conducted which offer logical mechanisms for explaining POM format:ion.14
Some examples for explaining the formation of fluoranthene, phenanthrene,
and 3,4-benzopyrene are shown in Figure 5. 1In this instance, the example

16
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'through hydrogen bonding.

illustrates how phenyl-, butadienyl-, and phenyl butadienyl radicals
produced in the pyrolysis of phenylbutadiene may react with naphthalene to
produce the three POM products.

In conclusion, there is no single, dominant mechanism for POM formation
in flames. 1In rich gas flames, polyacetylenes can be built up via a C2H
polymerization mechanism. In coal and oil droplet flames, pyrolytic .
degradation mechanisms prevail. In either instance, soot and POM are
related and persist in post-rich flames due to a deficiency of hydroxide

radicals.
CONVERSION OF POM FROM VAPOR TO PARTICULATE

Polycyclic organic matter formed during combustion is thought to exist
primarily in the vapor phase at the temperatures encountered near the flame.
However, POM encountered in the ambient atmosphere is almost exclusively in
the form of particulate material.ls It is thought that the vapor phase
material formed initially becomes associated with particles by adsorption as
the gas stream cools or possibly by condensation and subsequent

15,16

nucleation. The lack of open-channel porosity, the large concentration

of oxygen functional groups on the surface of particulates such as soot, and
the adherence of airborne benzo(a)pyrene to the particle in a manner that
allows for ready extraction indicate that benzo(a)pyrene and presumably

other POM compounds are primarily adsorbed on the surface of particulates
10

The physical state of POM in ambient air is determined in part by the
amount of particulate generated by the source. Natusch and Tomkins contend
that the extent of POM adsorption onto particulate is proportional to the
frequency of collision of POM molecules with available surface area,
resulting in preferential enrichment of smaller diameter particulates.17 In
areas of high particulate concentrations, such as the stack of a fossil fuel
power plant, one would expect nearly complete adsorption of the POM onto

particulates. As particulate concentration decreases, as in internal

combustion engines, one would expect to find more POM in the condensed

19



phase. 1In general, fhe largest concentration of POM per unit of particulate
mass will be found in the smaller diameter aerosol particulates. Natusch
has developed a detailed mathematical model describing the adsorption and
condensation mechanisms of POM compounds.l8 The model can describe the
temperature dependence of both adsorption and condensation for several

different surface behavioral scenarios.

While both adsorption and condensation may be in operétion, it appears
that the POM vapor pressures encountered in most combustion sources are not
high enough for condensation or nucleation to occur (see Table 1). The
saturation vapor pressure or dew point of POM must be attained for these
processes to taﬁe place. Conversely, adsorption of POM vapor.onto the
surface of particulate material present in stack or exhaust gases can
certainly take place and could account for the occurrence of the particulate
POM at ambient atmospheric temperatures. Specifically, the modeling

exercises conducted by Natusch have shown that:

1. The most important parameters to be considered in an adsorption
model are the adsorption energetics, the surface area, and the
vapor phase concentration of the adsorbate.

2. Surface heterogeneity will broaden the température range where
adsorption becomes significant.

3. The particle surface temperature determines the adsorption
'characteristics._ The gas phase temperature is of secondary
importance.

4, For conditions found in a typical coal-fired power plant,
homogenous condensation is not highly favored since —apor phase
levels of POM are, in most cases, below the saturated vapor
concentration.

5. The kinetics of adsorption are predicted to be fast, suggesting
that an equilibrium model may be adequate for modeling the

adsorption behavior of POM.19

Field measurement studies have been conducted to investigate the
occurrence of vapor to particle conversion in a combustion source.18

Measurements were made in the stack system and in the emitted plume of a
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small coal-fired power plant possessing no particle contrgl equipment. Fly
ash samples were collected during the same time periods both inside the
stack [temperature at 290°¢ (SS&OF)] and from the emitted plume [temperature
at 5% (hloF)]. Collected material was extracted and analyzed for POM.
Only crude vapor traps were employed during sample collection so no
quantitative measure of vapor phase POM was obtained. It was assumed that
all POM collected was in the particulate phase. The results of this field
test show that considerably more particulate POM is associated with fly ash
collected from the plume at a temperature of 5% (AIOE) than from that
collected from the same stream at a temperature of 290°¢ (554°F).
Furthermore, since the two collection points were only 30.5 m (100 ft)

apart, quite rapid vapor to particle conversion is indicated.

Laboratory studies have been conducted to determine the rate and extent
of POM adsorption onto particulate matter. In one study, a stream of air
containing pyrene was passed over a bed of fresh coal fly ash which had
previously been shown to contain no detectable POM.9 The objective was to
expoée all particles to the same concentration of pyrene for different
amounts of time and to determine the specific concentratians of adsorbed
pyrene as a function of time at different temperatures. The results of this
experiment shqy that the amount of adsorbed pyrene required to saturate the
fly ash increased significantly with decreasing temperature. The rate at
which the adsorption process takes place, even at ambient temperatures, is
very rapid; on the order of a few seconds. In another study, PAH and soot
were sampled from the exhaust gases of a laminar, premixed flat flame under
laboratory conditions.zo Sampling at different filter temperatures was
studied to assess partitioning of PAH between vapor phase and soot. The
data shown in Table 2 indicate that at low temperatures [QOOC (104°F)], the
compounds were adsorbed or condensed on the soot particles, while at high
temperatures [200°C (392°F)], only the heaviest species were condensed to
any significant extent. While these experiments are essentially
qualitative, they do establish that coal fly ash and soot will strongly
adsorb various POM species, and that the saturation capacity of the

adsorbate is inversely related to temperature.
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TABLE 2. PERCENT OF TOTAL PAH ASSOCIATED WITH SOOT
PARTICLES AS A FUNCTION OF TEMPERATUREzo

Compound 40°¢c 55°¢C 85°¢ 200°¢
Naphthalene 56 6.5 4.3 0.11
Methylnaphthalene 39 a 20 0.00
Biphenylmu 89 |77 48 6;46
Biphenylene 88 70 66 0.09
Fluorene 98 94 b 2.1
Phenanthrene and . - 90 92 71 4.6
An;hracene
4H-cyclopenta- 97 b 85 2.3
(d,e, f)phenanthrene
Fluoranthene » 99 b 82 38
Pyrene and 99 b . 83 33
Benzacenaphthylene

aGC/MS analysis not available.

b ' ] .
Toé much background from contaminants to determine accurate values.
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PERSISTENCE AND FATE IN THE ATMOSPHERE

Polycyclic organic matter emitted as primary pollutants present on
particulate matter can be subject to further chemical transformation through
gas-particle interactions occurring either in exhaust systems, stacks,
emission plumes, or during atmospheric tramsport. When emitted into
polluted urban atmospheres, especially photochemical smog with its highv
gaseous co-pollutants. These include highly reactive intermediates, both
free radicals and excited molecular species and stable molecules. Seasonal
variation in transformation reactions of PAH have been observed. During
winter, with conditions of low temperature and low irradiation, the major
pathway for PAH degradation is probably reactions with nitrogen oxides,
sulfur oxides and with the corresponding acids. During summer months, with
conditions of high temperatures and intense irradiation, photochemical
reactions with oxygen and secondary air pollutants produced by photolysis,

such as ozone and hydroxyl and hydroperoxyl radicals, are impo:tant:.21

The PAH group of POM compounds in pure solid or solution form undergo
different transformation rates than PAH adsorbed onto other substrates.
Because atmospheric PAH is predominately found adsorbed onco particulates,
transformation mechanisms discussed in this section concentrate on that
form. Numerous studies have shown differences in transformation reactions
when various PAHs are present as a pure solid, in solution, or adsorbed onto

other solid subst:rates.g']‘6’22’23

Atmospheric Physics

Because of the high melting and boiling points of materials classified
as POM, the bulk of POM is believed to be linked to aerosols in the
atmosphere. As POM is mixed with aerosols in the atmosphere, it is spread.
among particles of widely varied sizes by collision processes. Some
information is available on the relationship of POMs to particle size. In

one study, DeMaio and Corn found that more than 75 percent of the weight of
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selected polycyclic hydrocarbons was associated with aerosol particles less
than 2.5 um in ra,dius.24 However, Thomas et al. found that the amount of
benzo(a)pyrene per unit weight of soot was constant in the sources tested.10
A problem in determining the size fractionation of POM-containing aerosols
may be due to current sampling methods. Some of the POM may be lost by
vaporization from the smaller particles during sample collection. Katz and
Pierce observed that the size-mass distribution of PAH-containing
particulates varied with collection site. Particulate sampling near
vehicular traffic resulted in a group of PAH-particulate compounds in éﬂgmr o
submicron range, presumably from exhaust, and a second group of large size
PAH-particulates (>7.0 um), presumably from roadway reentrainment.25
Sampling stations located away from highways resulted in over 70 percent of
the PAH-particulate mass associated with particles less than or equal to

1.0 um in diameter, which is in agreement with earlier studies.

Particles containing POM are dispersed in air and may be transported
great distances from their origin by winds. They are eventually removed
from the atmosphere by sedimentation or deposition. Removal is enhanced by
washout from under rain clouds and by rainout from within ciouds.zs’27
Deposition of large particles by gravitational settling is important, as
well as deposition by impaction as-air masses flow around obstacles such as

rocks, building and vegetation.

Rain clouds play an important role in the reméval of POM-laden aerosols
from the aCmosphere.27 Aerosols provide centers for nucleation of water
droplets in the atmosvhere after che air becomes supersaturatad with water
vapor. Aerosols inside clouds are captured in droplets and rainout occurs.
This in-cloud scavenging of particulates is a result of diffusion,
interception, and impaction. When precipitation begins to fall from clouds,
the droplets sweep out smaller particles and gas-phase POMs during their
fall toward the ground. This process, termed washout or below-cloud
scavenging, is believed to be significant in removing many pollutants,"
including POM, from the atmosphere.
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The atmospheric half-life (time required for half the material to be
removed or destroyed) of POM as a class is estimated to be approximately 100
to 1000 hours under dry conditions for particulafe-bound POM.28 Recent
studies of urban aerosols in Pittsburgh, Pennsylvania demonstrated residence
times, without precipitation, of from 4 to 40 days for particles less than
1 um in diameter and 0.4 to 4 days for particles 1 to 10 um.in diameter.2a

Under precipitation conditions, these times are believed to be somewhat

shorter. Studies in Brazil found that under prevailing meteorological and

atmospheric conditions, half-life times from 3 days for benzo(a)pyrene to

12.4 days for perylene were typical.29

Some of the highly reactive POM compounds are degraded in the
atmosphere by reactions with oxidants and by photooxidation.3o Chemical
reactivity of different POM species in the atmosphere may lead to shorter
half-lives. Chemical reactivity in the presence of sunlight may lead to
transition of POM adsorbed on soot to other material in several hours. A
number of different types of POM reactions which occur in the atmosphere and
which may affect atmospheric persistence are described in the following

sections.

Gas-particle interaction between molecular oxygen and several POM in
the absence of irradiation appears to be very slow. Long range transport of
POM has been reported in the Nordic councries.21 In the absence of, or
under irradiation with low-intensity light, little evidence for degradation
of adsorbed PAH has been shown. However, substantial evidence has been
found for photochemical transformation of POM adsorbed on a variety of
solids.26 The photosensitivity of adsorbed PAH is strongly dependent on the
nature of the surface on which the compound is adsorbed.19 A study by
Taskar, et al. has shown differences in the reaction of pyrene when adsorbed
oﬁ carbon, silica and alumina.22 The half-lives for the degradation qf
pyrene adsorbed on the three types of particles were similar when in the
presence of light. In the dark, however, the half-life of pyrene was
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approximately twice as long as in light for both silica-bound pyrene, and

alumina-bound pyrene, but no difference was observed for carbon-bound

Pyrene.

A study by Inscoe compared the photo modification of 15 different PAH,
deposited on 4 different adsorbents (silica gel, alumina, cellulose, and
acetylated cellulose), under exposure to actinic ultraviolet light and room
1ight.31 Four of the PAHs did not react under any of the test conditions
(chrysene, phenanthrene, picene and triphenylene). The other 11 PAH
compounds underwent pronounced changes when adsorbed on silica gel and
alumina. On the less polar substrates of cellulose and acetylated
cellulose, transformations of PAHs were observed but were less extensive and

developed more slowly.

Other studies have shown that PAHs adsorbed onto coal fly ash are
generally stabilized against photochemical oxidation by comparison with the
same cbmpounds present in solution, as the pure sélid, or adsorbed onto
substrates such as alumina or silica gel.32’33 This effect has been
explained by the hypothesis that the energetic'adsorption of PAH onto a
highly active surface, such as that of coal fly ash or activated carbon,
effectively stabilizes PAH against photooxidation which either increases the

electronic excitation energy or decreases the lifetime of the excited state.
Reactions with Ozone

Degradation studies of PAH in solution exposed to ozone may not bhe
relevant to the determination of their half-life on atmospheric particles.
Irradiation does not seem to significantly affect the reactivity of PAHs
exposed to ozone.34 Lane and Katz have shown the kinetics of the dark
reaction of ozone toward several PAH to be very fast at nearly ambient ozone
concentrations.35 These studies have shown an inverse relationship between
the half-life of benzo(a)pyrene and the measured ambient ozone
concentrations. Table 3 shows the half-lives of three POM species in
simulated daylight subjected to varying concentrations of ozone. It can be

seen that as ozone levels increase, the half-lives of each species decrease.
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TABLE 3. HALF LIVES IN HOURS OF SELECTED POM IN SIMULATED
DAYLIGHT,a SUBJECTED TO VARYING CONCENTRATIONS
OF ATMOSPHERIC OXIDANTS (OZONE)35

?:;:; Benzo(k)fluoranthene Benzo(a)pyrene Benzo(b)fluoranthene
0.0 %.1 5.3 8.7
0.19 3.9 0.58 4.2
0.70 3.1 0.20 3.6
2.28 0.9 0.08 | 1.9

aQuartzline lamp.
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Studies of various PAH compounds adsorbed onto diesel exhaust
particulate matter and exposed to ozone have approximated half-lives on the
order of 0.5 - 1 hour for most PAH measured.26 This high reactivity of PAH
toward ozone on a natural carbonaceous matrix is probably related to the
large specific surface of diesel soot particles as well as to its high
adsorptive capacity for several gaseous compounds. Experiments also
indicate significant conﬁersion at lower, nearly ambient ozone levels.21
Eisenberg, et al. have shown that PAH on particulate surfaces are oxidized

by low levels of singlet oxygen generated under environmental conditions.36

Qther Reactions

Two types of free radical processes ma} be important for particulate
organic matter: the gas-particle interactions between hydroiide radicals
from the gas phase and particle-associated PAH, or a direct interaction of
organic free radicals present at the particle surface. The larger PAHs are
extremely sensitive to electrophilic substitution and to oxidation.
Nitrogen oxides or dilute nitric acid can either add to, substitute in, or
oxidize polycyclic aromatic hydrocarbons. Transformation of some PAH to
nitro-PAH has been observed in experiments using relatively low
concentrations of nitrogen dioxide and ‘nitric acid.37’38 The reactions
appear to be electrophilic, as electron-donating substituents enhance the
reactivity and electron-attracting substituents diminish it. Similar
reactions of PAH with atmospheric sulfur dioxide, sulfur trioxide, and

sulfuric acid hﬁve also been observed.39
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SECTION 4
POM EMISSION SOURCE CATEGORIES

STATIONARY COMBUSTION OF SOLID, LIQUID, AND GASEOUS FUELS
FOR HEAT AND POWER GENERATION

The combustion of solid, liquid, and gaseous fuels such as coal,

lignite, wood, bagasse, fuel o0il, and natural gas has been shown through

numerous tests to be a source of POM emissions. Polycyclic organic
compounds are formed in these sources as products of incomplete combustion.
The rates of POM formation and emission are dependent on both fuel
characteristics and combustion process characteristics. Emissions of POM
can originate from POM compounds contained .in fuels that are released during
combustion or from high teﬁperature transformations of organic comﬁounds in

the combustion zone.l.3

Two important fuel characteristics affecting POM formation in
combustion sources are (1) the carbon to hydrogen ratio and molecular
structure of the fuel and (2) the chlorine and bromine content of the fuel.l
In general, the higher the carbon to hydrogen ratio, the greater the
probability of POM compound formation. Holding other combustion variables
constant, the tendency for hydrocarbons present in a fuel to form POM

compounds is as follows.

aromatics > cycloolefins > olefins > paraffins

Based on both carbon to hydrogen ratio and molecular structure

considerations, the tendency for the combustion of various fuels to form POM
compounds is as follows.l’a

coal > lignite > wood > waste oil > residual oil > distillate oil
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In the formation of chlorinated and brominated POM compounds during
stationary source fuel combustion, the chlorine and bromine content of the
fuel plays a major role. Based on the chlorine content of fuels, the

tendency to form chlorinated POM compounds during combustion is:
bituminous coal > wood > lignite > residual oil > distillate oil

Similarly, based on the bromine content of fuels, the tendency to form

brominated POM comﬁaﬁnds dﬁiinéméombustion is:
bituminous coal > lignite > residual oil > distillate oil > wood

The primary combustion process characteristics affecting POM compound

formation and emissions are: 137
- combustion zone temperature,
- residence time in the combustion Zones,
- turbulence or mixing efficiency between air and fuel,

- air/fuel ratio, and

- fuel feed size.

With adequate residence time and efficient mixing, temperatures in the
800-1000°¢ (1472-1832°F) range will cause complete destruction of POM
compounds such as polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated
dibenzofurans (PCDFs), and polychlorinated biphenyls (PCBs). Concentrations

of polyaromatic hydrocarbons (PAHs) also'decrease rapidly with increasing

L
temperature.

The most important reason for incomplete combustion of fuel, thereby
resulting in POM formation, is insufficient mixing between air, fuel, and
combustion products. Mixing is a function of the combustion unit's
operating practices and fuel firing configuration. Hand- and stoker-fired
solid fuel combustion sources generally exhibit very poor air and fuel
mixing relative to oﬁher types of combustion sources. Liquid fuel units and

pulverized solid fuel units provide good air and fuel mixing.1’5‘7

34



The air/fuel ratio'present in combustion environments is important in
POM formation because certain quantities of air (i.e., oxygen) are needed to
stoichiometrically carry out complete combustion. Air supply is
particularly important in systems with poor air and fuel mixing. Combustion
environments with a poor air supply will generally have lower combustion
temperatures and will not be capable of completely oxidizing all fuel
present. Systems experiencing frequent start-up and shut-down will also
have poor air/fuel ratios. Unburned hydrocarbons, many as POM compounds,
can exist in such systems and eventually be emitted through the source
stack. Generally, stoker and hand-fired solid fuel combustion sources have
problems with insufficient air supply and tend to generate relatively large

quantities of POM as a result.1’6’7

In solid and liquid fuel combustion sources, fuel feed size can
influence combustion rate and efficiency, therefore, POM compound formation -
is affected. For liquid fuel oils, a poor initial fuel droplet size
distribution is conducive to poor combustion conditions and an enhanced
probability of POM formation. In most cases, fuel droplet size distribution
is primarily influenced by fuel viscosity. As fuel viscosity increases, the
efficiency of atomization decreases and the droplet size distribution shifts
to the direction of larger diameters. Therefore, distillate oils are more
readily atomized than residual oils and result in finer droplet size

distribution. This behavior combined with distillate oil's lower carbon to

- hydrogen ratio means that residual oil sources inherently have a higher

probability of POM formation and emission then distillate oil sources.l's’6

For solid fuels, fuel size affects POM formation by significancly
impacting combustion rate. Solid fuel combustion involves a series of
repeated steps, each with the potential to form POM compounds. First, the
volatile components near the surface of a fuel particle are burned followed
by burning of the residual solid structure. As fresh, unreacted solid
material is exposed, the process is repeated. Thus, the larger the fuel
particle, the greater the number of times this sequence is repeated and the

longer the residence time required to complete the combustion process. With
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succeeding reﬁetitions, the‘greater the probability of incomplete combustion
and POM formation. Again, stoker and hand-fired solid fuel combustion units
represent the greatest potential for POM emissions due to fuel size
considerations.1

Polycyclic organic matter can be emitted from fuel combustion sources
in both gaseous and particulate phases. The compounds are initially formed
as gases, but as the flue gas stream cools, a portion of the POM
constituents adsorb to solid fly ash particles present in the stream. The
rate of adsorption is dependent on temperature, and on fly ash and POM
compound characteristics. -At temperatures above 150°C (302°F), most POM
compounds are expected to exist primarily in“gaseous form. 1In several types
of fuel combustion systems, it has been shown that POM compounds are
preferentially adsorbed to smaller (submicron) fly ash particles because of
their larger surface area to mass ratios. These behavioral characteristics
of POM emissions are important in designing and assessing POM emission

control systems.l'6'8'9

The primary stationary combustion sourcés emitting POM compounds are
boilers, furnaces,_hcatcrs, stoves, and fireplaces used to generate heat
and/or power in the utility, industrial, commercial, and residential use
sectors. A description of the combustion sources and their typical emission

control equipment within each of these major use sectors is given below.

Utility Sector--

The utility combustion sector consists of units burning predominancly
coal, oil, and natural gas to generate steam for electricity production.
Coal combustion at utilities is accomplished by using pulverized coal (dry
or wet bottom) boilers, cyclone boilers, or spreader stoker boilers.
Pulverized dry bottom coal boilers currently domlnate the utility sector and
are expected to increase in dominance in the future. Pulverized wet bottom
and cyclone coal boilers are no longer sold due to their inability to meet

nitrogen oxides (NO ) emission standards. Stoker coal boilers, currently
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accounting for less than 1 percent of the utility sector total, are obsolete
due to their inefficiency and are now being retired. Variation in the types
of o0il- and gas-fired units used in the utility sector is not as great as
for coal units. Most oil-fired and gas-fired boilers utilize a tangential

firing design.a’6

Utility boilers are generally the best controlled of all fuel
combustion sources. Existing emission regulations for total particulate
matter (PM) and sulfur'dioxide (SOZ) have necessitated controls on coal- and
oil-fired utility sources. Emission controls are not required on natural
gas boilers because uncentrolled emissions are inherently low relative to
coal and oil units.6 Baghouses, ESPs, wet scrubbers, and multicyclones have
been applied for PM control in the utility sector. Particulate POM,
particularly fine particles, would be controlled most effectively by
baghouses or ESPs. No control of gaseous POMs would be achieved by baghouse
and ESP systems. Wet scrubbers could potentially be effective for
controlling particulate and gaseous POM. Scrubbers would condense the POM
compound§ existing as vapors and collect them as the gas stream is saturated
in the scrubber. Multicyclones would be the poorest control system for POM
emissions because they are ineffective on fine particles and would have no

control effect on gaseous POM.a’6

The most common 802 control technology currently used on utilicy
boilers is lime/limestone flue gas desulfurization (FGD). This technology
employs a wet scrubber for 502 removal and is often preceded by an ESP,
which accomplishes the bulk of PM control. Wet FGD/ESP systems, while
providing for the control of POM condensed on particulate matter ac the
entrance to ﬁhe ESP, have been shown to poorly control vapor phase POM.
Tests examining benzo(a)pyrene showed that condensation of the vapor phase
POM compound would occur in the scrubber, but significant collection of POM

particles remaining in the gas flow through the scrubber was not
achieved. 4.6
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A more recently applied 302 control technique for utility boilers is
spray drying. 1In this process, the gas stream is cooled in the spray dryer
but remains above the saturation temperature. A fabric filter or an ESP is
located downstream of the spray dryer, thus providing for significant
control of both particulate and vapor phase POM because the vapor phase

compounds are condensed before they reach the baghouse or ESP.A'6 ,

Nitrogen oxide control techniques for utility boilers such as low
excess air firing and staged combustion may act to increase POM compound
formation. The principle of these NOx control techniques is to limit the
oxygen available for NOx formation in the combustion zone. Limiting oxygen
effects a lower air/fuel ratio and may cause increased POM formation. Data
to completely characterize the effect of combustion source NOx controls on

POM emissions are very limited and inconsistent.a’6

Industrial Sector--

Boilers are used in industry primarily to generate process steam and to
provide for space heating. The most common type of coal-fired industrial
unit is a pulverized coal boiler; however, stoker units (mainly spreader
stokers) are also prevalent. A need for large coal-fired boilers is usually
serviced with pulverized coal units. Smaller needs are typically met with
underfeed and overfeed stokers. Spreader stokers are found across the

. . . . . 4,6
entire industrial boiler size range. ’

For sources burning oil or natural gas, the most common combustion
designs are watertube and firetube boilers. Wood-Ffired and bagasse-firad
industrial boilers are predominantly stoker designs. Wood boilers are often

equipped with multicyclones to capture large, partially burned material and
reinject it to the boiler.a’6

Emission controls for coal-fired industrial boilers and their effect on
POM emissions are very similar to those previously described for coal-fired

utility boilers. Particulate matter control in the industrial sector is
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being achieved by the use of baghouses, ESPs, wet scrubbers, and
multicyclones. For SO2 control, FGD systems are much less frequent in the
industrial sector as opposed to the utility sector; however, they are used.
Generally, in the industrial sector, SO2 regulations are met through the

burning of lower sulfur content compliance coals.a'6

Particulate matter emissions from oil-fired industrial boilers are
generally not controlled under existing regulations because emission rates
are low relative to coal-fired sources. Some areas may limit SO2 emissions
from oil firing by specifying the use of lower sulfur content oils. Natural
gas industrial boilérs are not subject to current PM or SO2 emission

. ¢ s : 4,6
standards because of very low emissions relative to coal and oil sources.

Wood-fired industrial boilers are typically controlled by multicyclonés
followed by venturi or impingement-type wet scrubbers. A limited number of
wood-fired boiler installations have also used ESPs for control. The effect

of both of these control systems on POM emissions reduction is estimated to

be similar to that obtained at coal-fired units using the same technology

(i.e., potentially good particulate and vaporous POM control with scrubbers
and effective particulate POM, but no vaporous POM control with ESPs).
Bagasse-fired boilers are also controlled with predominantly wet scrubbers

. 4.6
and, to a lesser extent, multicyclones.

Commercial/Institutional Sector--

The commercial/institutional category includes such facilities as
hospitals, schools, office buildings, and apartment buildings. Boilers and
furnaces at commercial/institutional facilities are used primarily to
provide space heat. O0il- and natural gas-fired units predominate over coal
in this category. These units are generally of a firetube or cast iron
design. Coal-fired boilers are primarily underfeed stokers, with some

pulverized coal and spreader stoker units in use at large facilities.4'6
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Unless the facilities are unusually large, emissions control at
commercial/institutional sources is marginal or even nonexistent. In
boilers with controls, the control system generally only consists of
multicyclones. Multicyclones would effect some control on larger
particulate POM, but would have no control impact on fine particulate POM

and gase¢ous POM compounds.a’6

Residential Sector--

The residential sector includes furnaces burning coal, oil, and natural
gas and stoves and fireplaces burning coal and wood to produce heat for
individual homes. Residential coal-fired furnaces are usually underfeed or
hand-stoked units. 0il- and gas-fired residential furnaces are designed
with varying burner configuratioms, each attempting to optimize fuel
combustion efficiency. 1In oil-fired units, pressure or vaporization is used
to atomize fuel oil in an effort to produce finer droplets for combustion.
Finer droplets generally mean more complete combustion and less POM
formation. In gas-fired units, excess air is often premixed with the
natural gas fuel prior to injection in the burner to increase combustion
efficiency. Wood-fired stoves have varying designs based on the use or
non-use of baffles and catalysts, the extent of combustion chamber sealing,
and differences in air intake and exhaust systems. Wood stove design and

operation practices are important determinants of POM formation in wood-fired

4,6
sources.

Residential combustion sources are generally not equipped with
particulate matter or gaseous pollutant cbncrol devices. In coal- and
wood-fired sources, stove design and operating practice changes have been
made to effect lower particulate matter, hydrocarbon, and carbon monoxide
emissions. Changes include modified combustion air flow control, better
thermal control and heat storage, and the use of combustion catalysts. Such

changes can conceivably lead to reduced POM formation and emission.a'6
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Emissions data for stationary fuel combustion sources constitutes the
bulk of the POM emissions data available in the literature. Because of
their propensity to form and release POM emissions, fuel combustion sources
have been air emission tested in much greater numbers than any other POM
emission source category. In the evaluation and comparison of POM emission

factors for the fuel combustion source category, consideration should be

“given to: T T

- the methods used to take and analyze samples,

- the measurement of particulate POM only or of gaseous and
particulate POM,

- the physical phase in which emissions predominantly occur,
- the number of POM compounds analyzed for, and

- the specific POM compounds analyzed for.

The literature contains POM emission factor data that span from the early
1960s to the present. Methods used in past source tests to sample for and

analyze POM compounds from combustion sources have varied considerably with

respect to sample collection, preservation, preparation, and component

analysis techniques. Because of this variability, it is often difficult to

make wvalid comparisons of POM emission results because the forms, species,

and sensitivity of measurements may be grossly different between tests even

though both report a total POM result,

Jne important facrtor arfecting the comparability of results involves
whether the sample collectiﬁﬁ technique attempted to collect gaseous as well
as particulate POM. Many of the earlier source tests used only a standard
EPA Method 5 sample collection procedure and thus did a less than adequate
job of collecting many POM compounds emitted in gaseous form. More
recently, a Modified Method 5 approach has become popular for combustion
source testing. The Modified Method 5 approach empléys a resin filter to

trap condensible organics including POM. Because gaseous POM have been
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shown to often be dominant in total combustion source POM emissions, the
inclusion of a gaseous POM collection procedure is important. Knowing the
physical forms of POM sampled for in a‘tesc is crucial to being able to
compare one test's results with those of another test of thg same or similar

source.

In the evaluation and comparison of any total POM emissions data, some
definition must be known or established as to what constitutes total POM.
~ As discussed in Section 3, the number of POM -compounds-that conceivably may
be formed during combustion processes runs into the hundreds. Few, if any,
source tests analyze for that many compounds. The majority of the
combustion source POM emission tests in the literature analyzed for less
than 25 specific POM compounds. The largest number of compounds analyzed
for was 56. Thus, when one test analyzed for only 10 POM compounds and one

other for 25 POM compounds, total POM results will not be comparable between
the two tests.

In assessing the number of specific POM compounds analyzed, the
specific compounds analyzed for should also be carefully evaluated. In many
combustion source tests for POM emissions, the 25 POM compounds expected to
occur in the largest quantity are analyzed for. Other tests, however,
analyze for POM compounds on the basis of compound toxicity such that
several compounds that may occur in only minute proportions, but are highly

toxic, are analyzed for at the expense of high volume/low toxicity

compounds .

The exclusion or inclusion of specific compounds can be nighly
important in the evaluation and comparison of POM em1s51ons data.
Naphthalene generally constituted a sizable portion of total POM emissions
in the tests where it was measured. However, it is viewed as having a low
toxicity relative to other POM compounds [e.g., benzo(a)pyrenme]. Other
tests, more concerned with the quantification of toxic POM emissions from
combustion sources, did not include naphthalene in ﬁhe list of analyzed

compounds and, therefore, had a significantly lower total POM value than
those that did. ‘
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The technical literature contains emission factor data for POM for the

following categories of fuel combustion.

- utility coal combustion

- industrial coal combustion

- commercial and residential coal combustion
- residual oil combustion

- distillate oil combustion

- industrial and commercial wood combustion
- residential wood combustion

- natural gas combustion

- bagasse combustion

- waste oil combustion

The factors for each category are presented in Tables 4 to 18 and are
described below.

Utility Coal Combustion--

Emissions data on ?OM from coal-fired utility boilers are presented in:
Table 4 (bulvérized coal units), Table 5 (cyclone units), and Table 4
(stoker units). For pulverized coal boilers controlled with ESPs, total POM
emissions (particulate and gaseous) have been reported to range from 0.30 to

8.0 pg/J (0.7 to 18.5 lb/lO12 Btu). Naphthalene and phenanthrene accounted

for the majority of total POM emissions.>’’’ -0 12

" Pulverized céal boilers controlled by a.multicyclone/ESP combinatioﬁ.
exhibited a total particulate POM emissions range of 0.30 to 0.95 pg/J (0.7
to 2.2 1b/1012 Btu). Predominant POM compounds in these emissions were
pyrene, fluoranthene, benzo(a)pyrene, and benzo(g,h,i)perylene. Total
particulate and gaseous PbM emissions from multicycléne/ESP-controlled _
pulverized coal boilers ranged from 0.014 to 8.0 pg/J (0.033 to 18.6 1b/1012.

Btu). ' Naphthalene and biphenyl constituted the bulk of total particulate
and gaseous POM emissions.>’’ 10-12
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TABLE 5. POM EMISSION FACTORS FOR COAL-FIRED,
CYCLONE UTILITY BOILERS

Total POM Emission Factor
Pg/J-heat input

Coal Type Controls Used (1b/1012 Btu-heat input) Reference
a ESP 0.5 - 3.2 (1.2 - 7.4)° 12
a ) a 1.8 (4.1)€ 7
Bituminous ESP’ 0.88 (2.04)% 10
Bituminous ESP 0.20 (0.46)% 10
Bituminous ESP 2.6 (57.2)%F 11
Bituminous ESP | 1.2 (2.7)%°8 11
Lignite ESP 0.05 (0.11)®'P 11
Lignite ESP 0.68 (1.6)°1 11
Bituminous ESP 2.4 (5.6)%"3 11
Bituminous Wet Scrubber 7.0 16.)%% 11

a . . ;
Data were not reported in the available literature.

Factor represents predominantly particulate POM emissions. Ten specific
POM compounds were analyzed for during these tests. Specific compounds
identified were benzo(a)pyrene, pyrene, benzo(e)pyrene, perylene,
benzo(g,h,i)perylene, coronene, and fluoranthene. Pyrene, benzo(e)pyrene,

benzo(a)pyrene, and benzo(g,h,i)perylene accounted for the majority of total
POM emissions.

C . .. ; ..
ractor represents. only particulate POM emissions. The. principal ) ,
constituents of total POM emissions were pPyrene (53 percent), benzo(e)pyrene

(20 percent), benzo(a)pyrene (11 percent), benzo(g,h,i)perylene (10 percent)
and fluoranthene (4 percent).

1

dFactor represents both particulate and gaseous POM emissions. Nine specifié
POM compounds were analyzed for during these tests. Specific compounds
identified were naphthalene, fluorene, phenanthrene, and chrysene.
Naphthalene constituted from 90 to 99 percent of total POM emissions.

eFacto_r represents both particulate and gaseous POM emissions. Fifty-six
specific POM compounds were analyzed for during these tests.

fReported value is for naphthalene. No other POM compounds were detected.
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TABLE 5. POM EMISSION FACTORS FOR COAL-FIRED,
CYCLONE UTILITY BOILERS (Continued)

gReported value is for phenyl naphthalene. No other POM compounds were
detected.

.hReported value is for biphenyl. No other POM compounds were detected.

iReparted value is for trimethyl propenyl naphthalene. No other POM
compounds were detected.

JSpecific compounds identified were ethyl biphenyl, phenanthrene, and —————

methylphenthrene. Methylphenthrene constituted 84 percent of total POM
emissions.

kSpecific compounds identified were biphenyl, decahydronaphthalene, ditert-
butyl naphthalene, dimethyl isopropyl naphthalene, hexamethyl biphenyl,
hexamethyl hexahydro indacene, dihydronaphthalene, C1 substituted
naphthalene, C substituted decahydronaphthalene, meghyl naphthalene,
anthracene/phenanthrene, 9,10-dihydronaphthalene/1-1' diphenylethene,
1,1'-bis (p—ethylphenyl)-ethane/tetramethyl biphenyl, 5-methyl-benz-c-
acridine, and 2,3-dimethyl decahydronaphthalene. Biphenyl, 1,1-bis(p-
ethylphenyl)-ethann/tetramethyl biphenyl, and methyl naphthalene constitute
almost 80 percent of total POM emissions.
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Total particulate POM emissions from multicyclone-controlled pulverized
coal boilers were found to range from 0.34 to 2.0 PE/J (0.8 to 4.6 1b/1012
Btu). Benzo(g,h,i)perylene, fluoranthene, and benzo(e)pyrene generally
constituted the bulk of total particulate POM from this source. Total
particulate and gaseous POM emissions from pulverized coal units controlled
by multicyclones fanged from 0.78 to 7.9 pg/J (1.8 to 18.3 1b/1012 Btu),

with trimethyl propenyl naphthalene constituting 100 percent of the

emissions 7,10-12

Pulverized coal boilers controlled by wet scrubbers had the largest
variability in total POM emissions of the controlled pulverized coal utility
boilers. Total particulate and gaseous POM emissions ranged from 3.68 to
243.1 pg/J (8.55 to 565 1b/1012 Btu), with naphthalene, phenanthrene,

benzo(g h,i)perylene, and o- phenylenepyrene constituting the majority of
5,7,10-12
total POM emissions.

Total particulate and gaseous POM emissions from ESP-controlled cyclone
utilicy boilers were found to range from 0.05 to 24 6 pg/J (0.11 to
57.2 1b/10 Btu), with the average being 4.3 pg/J (14.2 lb/1012 Btu). The

. dominant compounds constituting total particulate and gaseous POM emissions

were naphthalene, biphenyl, phenanthrene, and trimethyl propenyl

naphthalene. Total particulate POM emissions from ESP-controlled cyclone
boilers ranged from 0.5 to 3.2 pg/J (1.2 to 7.4 lb/lO12 Btu), with pyrene,
benzo(e)pyrene, benzo(a)pyrene, and benzo(g,h,i)perylene constituting the

majority of the emissions. The single test of a cyclone boiler controlled

by a wet scrubber showed total particulate_and gaseous POM em1551ons to be

7.0 pg/J (16.2 Lb/iO‘“ Btu) Naphthalene and biphenyl compounas accounted
for the bulk of total POM em1531ons.7 10-12

Stoker utility boilers with known multicyclone controls had reported
total particulate and gaseous POM emissions ranging from 5.2 to 6.3 pg/J
(12.0 to 14.6 1b/1012 tu). The bulk of these emissions consisted of

' naphthalene and biphenyl compounds. Total particulate POM emissions from

stokers equipped with multicyclones ranged from 0.054 to 0.20 pg/J (0.13 to
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0.47 1b/1012 Btu). ‘The major constituents of total particulate POM
emissions were pyrene, fluoranthene, benzo(e)pyiene, and benzo(a)pyrene.

" The discrepanc& between the total particulate POM and the total particulate

and gaseous POM emissions levels for multicyclone-controlled stokers in part

illustrates the significance of unmeasured gaseous POM emissions in the

former éase.5’7’11’12

Total particulate and gaseous POM emissions from a stoker controlled by
a baghouse wers found €6 be 39.6 pg/J (92.1 1b/10'2 Beu). Naphthalene —— - -
constituted 97 percent of these emissions.11 ’

The available test results for POM emissions from utility boilers
indicate that gaseous POM emissions are a significant part of total POM. 1In
all cases where total particulate POM and total particulate and gaseous POM
emissions data are available for sources, total particulate and gaseous POM
levels are five to ten times higher than total particulate POM alone.
Therefore, test procedures only measuring for particulate POM may

significantly underestimate POM emissions from utility coal combustion
sources.

Industrial Coal Combustion--

Polycyclic organic matter emissions data are available for pulverized
coal (Table 7) and stoker (Table 8) type industrial boilers. For pulverized
coal units controlled by an ESP, total particulate and gaseous POM ranged
from 29.3 to 52.1 rg/J (68 to 121 1b/1012 Btu), with benzofluoranthenes,
:anchraéene/phenanthrene, fluoranthene, 4dnd chtyséne/benz(é)anthracene
constituting the bulk of the emissions. Total particulate and gaseous POM
emissions from a pulverized coal boiler controlled by a multicyclone/ESP
combination were significantly less, 2.8 Pg/J (6.6 1b/1012 Btu), than the
ESP control only tests. Phenanthrene and naphthalene accounted for

93 porceﬁt of the total POM emissions from the multicyclone/ESP-controlled
13,14 '
unit, "’
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The single value available for total particulate POM emissions from a
multicyclone-controlled pulverized coal boiler [1.2 pg/J (2.8 1b/1012 Btu) ]
further confirms the significance of gaseous POM emissions from combustion
sourcas.5 Although only controlled by a multicyclone, total particulate POM
emissions are very low compared to the ESP-controlled total particulate and
gaseous POM case indicating probably a large loss of gaseous POM through the

multicyclone and some loss of gaseous POM from the ESP.

The POM emission factor data for stoker industrial boilers are
conflicting and inconsistent in relation to expected POM emission trends
under the given control scenarios. Uncontrolled total particulate POM
emissions from stokers were found to range from 1.18 to 84.7 pg/J (2.97 to
197 1b/1012 Btu). However, uncontrolled total particulate and gaseous POM
emissions only ranged from 4.3 to 14.2 pg/J (10.0 to 32.9 1b/1012 Btu). The
significance of gaseous POM emissions can not be observed froﬁ these data.
The inconsistency of the results are further compounded when the number of
POM compounds analyzed for in each data set is considered. The total
particulate and gaseous POM tests analyzed for twice as many compound§ as

the total particulate POM tests. The single data point for a controlled

,totaljpérﬁiculatq and gaseous POM emissions case lessens the abiliry to draw

concluéions or establish trends from the stoker boiler POM data in Table 8.

Total pafticulate and g&seous POM emissions from a multicyclone/ESP-

controlled stoker were found in one case to be 178 pg/J (413 lb/lO12 Btu).

Reconciling this data point with an uncontrolled total particulate POM

emission factor of 1.18 pg/J (2.7 1b/1012 Btu) or with an uncontrolled total

particulate and gaseous POM emission factor of 4.3 pg/J (10.0 lb/lolz;Btu)

. CL . . 1 aqa s - S - - : 5,13,1
is not possible with the available information from the source Cests.S’L vL3
Commercial and Residential Coal Combustion--

The total POM emission factor data for commercial and residential
boilers given in Table 9 span a wide range from 4.2 to 36,392 pg/J (9.7 to
84,561 1b/1012 Btu). Uncontrolled total particulate POM emissions from

commercial and residential units (primarily stokers) range from 5.9 to

53



L)

81 maag.ﬂv 098 snouywnilg 103§ pIIjirapup
81 4(000°81) 9ve*y snouymniig 13%03g paajiapun
i o.—:.uuv 9°6 ajrdvayiuy  1an03g paajiapuq
{1 o._?m: v 89 u:unu‘ﬁi 19%0138 padjaapuyp
I3 oty (¥LE) 191 1) 337ul1q passanoly 1ay03g paajaapug
u =.~aeno.¢~ 378 | snoutEnIty I[1IN[OA-MOT : 193018 peajaspup
L l.-_::{: 109 snoutwnyIqqng 193018 paajiapug
L l._ao_o.: €69 snourEn3Iqqns 19018 pasjrapun
3 we((899) €82 snouteniiqqng 191038 pa9jiapup
L u ((0S1°2) ST6 snoutEni1qqng 1an01g paagispup
,: we((0L6°T) 898 snoutEn1qqng 197038 pasj1apun
L C meg(Y¥8) €% snoutmEnIrg 3{1ITI0A-4B Y . 1903 pasjaapun
3] we(08€° 1) v6¢ snoutmnTg 3TIv[oA-uSIy aan01g paajispup
L1 l.—aono.: 98 snoutEn3ig d[rIeioA-q¥1y ] 183038 pe2jrapup
L1 w1 (009°€) 6%S°1 snoutEn)ITg P1T1I9{0A-4yS 1y aano1g paszispup
{1 l.—aes.uc 60S‘S snoutanyig .n.m.u-._n;uzu:._ ’ ‘2038 pIIjaIpupn
a1 ue ((00%°€T) £9L°S snoutwn3tg 3(3etop-y3ry 195018 pasiiapun
91 ~Anﬁnv (1741 snouTEn)Tg 191038 padjaapun
9t ~Ac¢0.mv 105°t snoutenity 18%038 pev3idpun
t 2+q(195°¥8) T6¢°9¢ v sawuang 11y J0m penolg puey
14 [+q(008°2E) 9TT* 1 v 9awuing 11y 300 paolg pusy
(4] m.._:n: 3 L AdeuIng 11y JOR 19038 padjispup
4| n.a:-.: 018 v Aaseuing 11y J0K 183038 pIsjiapup
14} -.aaonc.s €69 . 133038 pasjiapu)
4 39q(S82°C) 1ot . 183038 PIIJ1dpupn
S U.ancnn.nv 6LL't . JoeUINg 11Y IOH PINOIG pusy
S v.nAO-Nv Y 06 . 13018 pasjiapup uoll Isw)
S u.nac.n: 6°S L 1330318 paajispuy
U2 1939y (Induy 1e2y-nig __01/91) adLy w0y od4] asrtoq
Indug u.ﬂ..t:un :
2030e4 uotssieg HOJ [®I01

S3ATI08 QAAII-TVOD IVIINAAISAE ANV TVIDHINWOD ¥0A SHOIOVA NOISSIHA HOd AITIONLNOINA *6 aT9V]

54



ca

. *audxkd(y'w)ozuaqip puw

‘auaakd(1‘w)ozuaqrp .o~0u-a-o~u.uvou=onmv ‘suddeaqrue(y‘w)ozuaqrp ‘auathiad(1'y‘d)ozvaq .m:auxaav.onn.m._vocmvcu .o=0u:u=-.ogu_>;uon»n
‘auayharad ‘ausa4d(a)ozuaq .acou»aa-VOueoa..coaogucnuo=~u0ucua .ucou-uAuﬂtA-vu:ua_»:~m5_1|~_.h *sauasLiyd [Ayram .u:ou.u:ucoanvuaoa
‘suasfayd .o=u~:a=q=a=aaouoncon ‘auayjurionyy ‘saudovayrur jAyjom ‘ausryiurvayd ‘ousseayrue Papnio01 103 pazdieve spunodmos Yy

‘81833 3243 Butranp 103 paziisue a31am spunodwo> ROd 2131dads oay-Ljuamg “SUOTIISIMI Hog Snoased puw 1minoriaed yroq. sivasaadaz uouuqm_

T(Iuada3d g) uaild(w)ozuaq pue ‘(1n9d12d gz) audayjusuayd '(wad1ad 47) u314d "' (jusriad 67) auayiuwioniy azam

SUOTESTMS HO4 (%103 Jo suanitisuos Kiempad ayg ‘SUOISSImWa 383Y) U PITJTIUAP! OF[E 213m 3 3j0u300y U1 palsy| spunodwod wog uajy —~<x

. . ' *(uadriad g)
suajfiad(1'y‘S)ozuaq pue ‘(Iwddaad 11) ,9uaxdd( v)ozuaq ‘(Iusd13d ¢1) auaryyusuayd ‘(ad1ad gr) auaisd ‘(1uadzad auv.oco:unquoa_u 31am
SUOTSSTEA HOd [PI0T JO sJuINITIsUOD Kiem1ad ayg “8UOISSTWD 2934) UT PITJIIUIPT OS [ d10M 3 23043003 1 parsty spunodwod yog ua) 1y,

‘(Iuddaad gz) suaikd pue ‘(1u9210d 97) suaayjusuayd ‘(Fu3d1ad gg) suayruwionyy aaran FUCTISTID HO4 [¥I0I JO sIuUaNITIZUOS
Aiwmyzd 3y;  csuorssims 983Y) 4T PATJIINGPY OB (¥ 913A 2uIIYIAPYIUY puw 2uau0105 Id3rXd B 2310u3003 u1 paist| spunodwos woq ual v,

*(juad1ed @) 2ud1/d(e)ozuaq pur ‘(1m301ad 61) u:oa»n..~u=muuum 07) auaiqiueuayd . (juasirad L€) ®uvayjuwionyy s13m
FUOTSSTED JOJ T¥I0T JO ¥Iuan)Tiswod Kiemyad ®YL °SUOTESIWI IFIYI UT PITIIIUIPI 05 [® Diam 9 210u3003 vl paiety spunodwos Hog ua) _~<z

*(usd1ad ¢) Juazkd(w)ozuaq pue ‘(ued13d gp) auayjuvionyy ‘(jusdied (7) suvaikd ‘(uad1ad 4p) fuaigiueuayd asaa suotesiwd Hog
1¥3071 jo sjuanitisuod Liemrad ayg TSROTSSIND 233Y) Ul PATITIUIPT OS|® II3M IUSUCI10 1dasxs 2 310u3003. 11 paist] spunodmwod Hog uajy 1ivg

*(3w3313d ¢) suaswayrue pue ‘(juadsad oz) suaikd ,Awawuuua Il) svayjustonyj ‘(juasiad 19y) auaaygiususyd aiam

.

SUOTSS TS HOJ (7103 JO sIUINITITMEd Livmyad oyg ‘OUOTSITEI 3IY) UY PATJTINIPT OF[e D13m 3 3j0ujooy utl paisy| spunodmod og ua? Ty
*(wadi1ad o1) aua1fd(v)ozuaq puw ‘(madiad o) r:aoahsuca ‘(wad1ad ¢r) aunikd ‘(wad1ad ¢7) auayjuesoniy

‘(uad1ad ¢z) ausaqyusuayd si1am SUOSISINS HOJ [®303 JO #3UINILISUOY Kiewrid ayg ‘dusyjuwion (] pue ‘auaiyjusuayd ‘auddrwayjue
‘awdayiurylue ‘susthiad ‘susuvoios ‘3udtL1ad(1'y*2)ozuaq ‘auaidd(a)ozuaq ‘auaidd ‘auaifkd(wyozuaq aaan Patjiuapt spunodmos u_uwuammo

: *(uasiad g)

du314d pue *(7jusdiad 1€) auaiyjuenayd ‘(jusdzad 0S) 2uayiusionyy 213 suorsstme Hoq (0107 Jo #juanitisuod Aremyad ayg *suayjuvionyy
pur ‘3uaiyjusuayd ‘dusuciod ‘oudtkrad(1'y‘B)ozuaq ‘auaafd(a)ozaaq ‘eua1fd ‘aua1hd(w)ozuaq a3ianm pP3tjriuapt spunodmod ouuuuuamv

J

*(ud339d 91) suaayyuvuayd puw ‘(Ivad1ad 47) ausikd ‘(uad1ad [g) SUIYIURIONT] II3A SUCTEISTIW ROJ [P30)
Jo sjuanjrisuod Lavmyad sy ‘dudyjuvion|y pue ‘susiyjusuayd ‘auaikd(a)ozuaq *dusisd ‘aua1kd( e)ozuaq 31an parjruapt spunodmos u_umoaamu

"$31831 233y} Rurinp io3 pazlieus aiam spunodmod jog dtj1oads uay ‘SUOTssTWa HOg 3IW[NIT1ind A{riewrad Juasaidax -uouu-hn
‘3IMI1R1331] 3(qriteAe 3Y) uy pajriodaa jou LRl

61 arb(YLZ'Y) €98°1 snoutmnitg : o035 puwy
61 Arb(ZE9'T) SET°T  snouymnarg . . Pass surzeswy
61 aebLL1'8) 9T snoutenitg pasg sutzedey
61 1b(8°LS) 8792 _ © o aamovaypuy © Ppanolg puey
61 gep(L°6) T°% LREELEL P pa34 Juyzetey
61 20p(7°6Y) €12 a11ov1yIuy paag surzedey
2du12Jay (induy Iwag-nig o1/41) adL1 1e0y adky aaytog

ndug unvnjmv.s
103>%4 uwoIseYINMg NOJ [vIOL

(panutiuo)) SYAT1I108 INIA-TVOD TVILNAAISAY ANV TVIDUIHROD ¥0d SWOLOVA NOISSINA W0d J3TTOMINOONN °6 ATAV]

‘. ‘ ; . ,,..Z!‘lu ~ , w.., 8 . X 1 ® 3 S <
.. SV oo S SO S B S S S e




ca

‘ *suoYITPUO) DIE1
01Ing 3I919pOM 13pUN PIIINPUC) SEA 188} Yl °(Iadzad ) swIskiyd> puw ‘(IuwIdaad ¢) 2wapkrad(pa-gz’[)ruapur ‘(Iuddiad ¢) suIdeIYIUE
‘(u®d13d 9) suIvIYIVE(w)ozuaq ‘(Iusdsed 9) dudikd ‘(Iusdied [) suaioniy f(Ivesiad g) auayjuesonyy *(1u2313d §) uayjursonyj(y)ozuaq

‘(madxad (1) sudayjmwmanyd ‘(Iusd1sd [[) susihyiydsuacw ‘(jued1dd [{) susjeyigdeu 313A SUOISSTEd WOJ (9101 JO sjuanyyysuod Kismtad swr,
*SUOYITPUOD 8IWI UING AO] ISPUN PITINPUOI SEA 183) 9YL °(IJuddiad §) BUIGTIYIU( T)03UIq
pue ‘(3juad18d ¢) ausakd(w)ozuaq ‘(Iuadiad g9) auaikd ‘(jusdaed /) susyiuwion(y ‘(Iuasied g) auazonyy ‘(I1uadiad g) suwayjueronyj(y)ozuaq
‘(u3d13d ¢) Iusseryjue ‘(Iudd2ad g91) suviyjuwuayd ‘(ua3123d §1) susteyiudvu 919A suUOTSITmMI HOJ [TI0) JO SIUINITISUOD Kiewtad L,
*SU0T11pUOd 232 uing Y31y 13pun pIPNPuod seA 1833
ayy *(juerisd y) sueyIusION]j(%)Ozudq .pus ‘(Jusdiad ¢) swalonij ‘(Iusdied ¢) auaikd ‘(3juddaad ¢) euaderyjue ‘(juadiad g) susyjuwionyjy
‘(usd3ed y1) sudagijuswayd ‘(Imad3ad g1) suseyIndvu ‘(Iuedied y7) 1 A4Iudrasrs 2I3A sSUOTESIWI WOJ [EI1071 JO sImaInyTIsuod Kaewrad gL
*SUOTITPUCI BIWI UING IIWIIPOE 1SPUN PIIINPUOI SEA 193] YL  °(Juddied ¢) Iusefiy> pue t(iuadiad g) avaikd '(1ued1ad Q) susyruriongy
‘(med1ad 91) suathqigdsusoe ‘(usdaad O7) swaaqiuwuayd *(Jusd1ad [g) susyeniydeu 219A svotssimd Hod [B107 JO SIUINITIFVOD K1vmyad u...—.u
*$EOYITPUOD 31T1 uUINg AO| IIPUN PAIINPUOI SEA 3] YL °*(IuIdiad ¢)

Jusyruvionij(n)osusq pus ‘(jussisd y) IIITIYIUE(v)ozuIq (nsd1ad y) swarhyjydeuasw ‘(juadriad g) suarpiydeuaose ‘(ued13d ¢9) dgaskayd
‘(uarasd ¢[) sweikd ‘(madzad ¢7) susiqiusudyd ‘(Jusdrasd gz) suayjurioni) 2I13A sUOISITEA HO4 (9101 JO §IUINITISUOD Kawmyad g,

*#uO LI IPNOD

23%1 uinq w81y 23pun PeIINPUOI SEA ¥ YL °(Iudd1ad [[) susjeyigdwu va.- ‘(1u3a19d () susdIfIUR(T)0zUaq ‘(JuIniad 71) susskay
‘(9d19d ¢]) susikd ‘(Jusdiad g[) susyjuvionijy ‘(3uoraed ¢7) wsayjusueyd 213A suotssIma HOJ (%101 JO SIUINITISUOD Kavmyad L,

<3897 239y) Suranp 103) pexkieus s1sa spunodwod NOJ 21j1oads uwseiySty csuoTsSIME HO4 snoaged pue d3v(no111ed Yroq suasvidaa 103005,
*PRTJIIUSPT 10u 1A peanseem spunodwod HOJ [PNPIATPN] "SUOTSSIWA HoJ SNOIsEd pue 218 nagr1ed qroq sIuasaadaa 103084,

*S3USQIUTION[JOIUSG PUT ‘FUSITIGIUN( #)2udq/3usslip ‘dudikd fauayjustonyy ‘seusseayiue {Ayjom
‘3UINIYIUS IIIA UOTISNGWOD [FOI I TIRIYIUE puw 1eyd> 231ultf pIssadoxd Buranp Sut13ind00 spunodmod HOg Iuruymopd id L,

‘susayjusuayd
*susyjuvioniy/eusikd [Ayjsw pur ‘susikd ‘ssudshatp (hqrem *auaderyjue( B)zuaq/eussfi1y> ‘auayjueioni) ‘sIuIdeiyjue

1éy39m ‘susiqiusuadyd ‘IUIITIYIUT IASA UOTISNQWOD [FOD SNROUTEMIIG I[fIT(0oA-MO| Suranp Jugaindd0 spunodwod ROJ IuvuImopaad g,
*ouayjuvioniy/auazkd (Ayrom pue *aunikd ‘suayjueaoni} ‘sIuddeiyiue

tAq19m ‘auaagiuwuadyd ‘uIdeIYIUT I13A UOTISNGEWOI [ROD SNOUIEWNIIq a11Injoa-y3ry Buranp Burzandoe spunodwod Ko Jueu 1wopa ad L

(P3nuTINO0)) S¥ATION GAYIA-TVOD TVIINAAISIE ANV TVIDUANHOO ¥OJ -SHOLIVA NOISSINA HO4d- A2TT08INOONA 6 ATAVL

56



|

36,392 pg/J (13.8 to 84,561 _1b/1012 Btu), with the average factor being
6,410 pg/J (14,893 1b/1012 Btu). Uncontrolled total particulate and gaseous
POM emissions range from 4.2 to 7,746 pg/J (9.7 to 18,000 1b/1012 Bru), with
the average emission factor being 1471 pg/J (3412 1b/1012 Btu).5'12’17-19

As with the industrial coal combustion data, the reported total POM emission
data for commercial and residential boilers are inconsistent given the
expected significance of gaseous POM emissions and the fact that the total
particulate and gaseous POM emissions data examined twice the number of POM

compounds covered in the ﬁ;tal>particulate only tests.

" The prinary constituents of uncontrolled POM emissions from commercial
and residential boilers burning coal are fluoranthene, phenanthrene,

anthracene, pyrene, and chrysene/benz(a)anthrgcene.5'12’17'19

Residual 041 Combustion--

Emission factors for POM from residual oil combustion sources are
pPresented in Table 10. Total particulate and gaseous POM emissions from
uncontrolled residual oil combustion range from 0.029 to 33.3 pg/J (0.066 to

£ 77.3 16/10"2 Bu), with the average being 3.2 pg/J (7.6 1b/10%2 Brwy. -1f

the upper value of the range (33.3 pg/J) 1is excluded, the average emission
factor becomes 0.70 pg/J (1.6 lb/lO12 Btu). The principal constituents of
total particulate and gaseous POM emissions are naphthalene, biphenyl,
phenanthrene, anthracene, and fluoranthene. Uncontrolled total particulate
POM emission factor data had less variability and only ranged from 0.95 to
A.A.pg/J (2.2.to 10.2 lb/lO12 Btu), with the average being 2.4 pg/J

(5.7 lb/lO12 Btu). Total.parciculaté PQM emissions coﬁsisted primariiy ofv

phenanthrene, fluoranthene, methyl anthracenes/phenanthrenes, and
pyfene.5'11’13'16’20

Only one POM emission factor was identified for controlled emissions
from residual oil combus;ion. Totallparticulate and gaseous POM emissions
from a cyclone-controlled utility boiler were 2.5 pg/J (5.8 1b/1012 Btu).
Naphthalene and biphenyl constituted 100 percent of this emission factor.11
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Distillate 0il Combustion--

For distillate oil combustion (Table 11), emission factors are only
available for total particulate POM emissions and not total particulate and
gaseous emissions. Uncontrolled emissions range from 0.12 to 17.7 pg/J
(0.28 to 41.2 1b/10'% Btu), with the average being 9.7 pg/J (22.5 1b/102
Btu). Fluoranthene, pyrene, phenanthrene, benzo(a)pyrene, and anthracene
account for the bulk of distillate oil combustion POM emissions. Overall,
POM emissions- from distillate. oil combustion appear to run slightly higher
. than emissions from residual oil combustion. One possible cause of this
apparent trend would be that distillate oil combustion sources have less
efficient combustion systems than larger, residual oil combustion sources.

Less efficient combustion promotes increased POM formation and release.5

Industrial and Commercial Wood Combustion--

Polycyclic organic matter emission factors for industrial and
commercial wood-fired boilers are presented in Tables 12 and 13. Expressed
in terms of mass of fuel burned (inclusive of moisture), uncontrolled total
particulate and gaseous POM emissions from wood-fired boilers have been
shown to range from 10 to 1150 mg/kg (average of 214 mg/kg) In Table 12,
uncontrolled total particulate and gaseous POM emissions, expressed in .terms
of mass of dry fuel burned, range from 0.22 to 4.23 mg/kg (average of
1.7 mg/kg). Data are not available to readily explain the wide variance .
between the emission factors for these seemingly similar emission sources.
The predominant POM compounds measured in uncontrolled POM emissions from
wood-fired boi}.ers were naphthalene, phenanthrene, anthracerie, Dvrene,
benzo(a)anthracene, benzo(b and k)flﬁoranthene, and benzo(a and

e)pyrene.l3’16’22’23

Uncontrolled total particulate and gaseous emissions from wood-fired
boilers (Table 12), expressed in terms of heat input, reportedly range from
10.1 to 26,299 pg/J (23.4 to 60,993 1b/1012 Btu), with the average emission
factor being 7,224 rg/J (16,752 1b/1012 Btu). Naphthalene, phenanthrene,
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TABLEill. UNCONTROLLED POM EMISSION FACTORS FOR
DISTILLATE OIL COMBUSTION )

Total POM Emission Factor

Boiler rg/J-heat input

Boiler Type Application (1b/1012 Btu-heat input)a Reference
Watertube Process Heating <0.12 (<0.28)b 5
Scotch Marine Hospital Heating 17.7 (41.2)c 5
Cast Iron . Home Heating <14.9 (<34.6)d 5
Sectional

Hot Air Furnace’ Home Heating <0.14 (<0.33)® 5

Hot Air Furnace Home Heating <15.4 (<35.9)f 5

#Factors represent primarily particulate POM emissions. Eleven specific
POM compounds were analyzed for during these tests.

bSpecific compounds identified were benzo(a)pyrene, Pyrene, and fluoranthene.

Fluoranthene accounted for 45 percent of total POM emissions, pyrene
39 percent, and benzo(a)pyrene 16 percent.

cSpecific compounds identified were benzo(a)pyrene, pyrene, benzo(g,h,1i)-
perylene, coronene, anthracene, phenanthrene, and fluoranthene. Primary
constituents of total POM emissions were pyrene (33 percent), anthracene
(21 percent), phenanthrene (19 percent), and coronene (1l percent).

Specific compounds identified were benzo(a)pyrene, pyrene, phenanthrene,
and fluoranthrene. Phenanthrene constituted 57 percent of total POM
emissions, fluoranthene 32 percent, and pyrene 1l percent.

eSpecific compounds identified were benzo(a)pyrene, pyrene, and fluoranthene.
Fluoranthene constituted 50 percent of total POM emissions, benzo(a)pyrene
40 percent, and pyrene 10 percent.

ISpecific compounds identified were benzo(a)pyrene, pyrene, and fluoranthene.
Fluoranthene accounted for 92 percent of total POM emissions, pyrene
7 percent, and benzo(a)pyrene 1 percent.
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5,26
Mean Emission
PON Campound Kl X2 EL] EL2 Wl w2 w3 Factor
Nephthalene 1.4% 1.79 0.46 1.8 0.80 0.41 0.087 1.31
Biphenyl e c 3 c c 3 ] -
Fluorene 4 ¢ ] d 0.15 0.23 0.25 0.051
Phenanthrene 0.044 d 0.065 0.012 0.45 0.62 0.53 0.11
Aathracene 0.007 0.085 0.029 0.29 0.13 0.22 0.22 0.064
Carbazole a e 4 ¢ ‘ a 0.009 0.0004
1-Methylphenanthrene ¢ d 4 d 4 4 L) 0.003
9-Matbylanthracene ¢ c 0.02¢ c 4 d c 0.003
Fluoraathene ¢ d 4 0.1} < ¢ 0.009 0.007
Pyrese e 0.060 0.038 ¢ 0.071 4 < 0.025
Benzo(s )snthracene 4 0.032 0.016 d 0.078 0.011 0.008 0.02¢
Chryseae d d L] d ¢ 0.003 d 0.008
Benzo(b)flucranthene® 0.038 0.044 d 4 d d 0.020 0.010
Beazo(k)fluoranthene 4 4 4 d d 0.010
7,12-dimethylbens(adenthracens ] : d 4 [ d d d [
Bense(e)pyrene 0.013 - a.029 ] 4 .0.016 0.028 0.034 .. 0.008
Beazo(adpyrene 0.02¢ 0.018 d d 0.015 0.020 0.024 " 0.007
Perylene L] 4 d d L] 4 4 [
3-Methylcholanthene d d d ¢ d d [ 0
Indeno(),2,3-¢c,d)pyrene ] L] ] L] d d d 0.002
Dibensa(e, h)enthracene L] d ] d [ 4 L] 0.002
Beazo(g,h,i)perylens 0.023% d¢ 4 d L] d d 0.008
Total rom 1.6 2.06 0.64 4.23 6.70 1.53% 1.21 2.06

“See Table 14 for s description of each test site.

Wmission factors represest perticulate and gaseous POM emissioms.
eCaumnd peak obecured by sliphatic peak.

‘Cupu-d sot detected.

“Pesk resolation sot swtficient to differentiate these two compout
'I.!io-l Buresw of Stamdards match mot possible for peak idemtif|



b«

" =m . T

re

—
| S

TABLE 14. TEST SITE DESCRIPTIONS FOR THE EMISSION
FACTORS GIVEN IN TABLE 13
Test Site Boiler Type Fuel Type Controls Used
K1l HRT® Green Ash None
K2 HRT® Green Ash None
K3 HRT® Green Ash None
EAl Watertube Dry Oak Multicyclone
EA2 Watertube Dry Oak Multicyclone
EA3 Watertube Green Sawdust " Multicyclone
EA4 Watertube Green Sawdust Multicyclone
BP1 HRT? Dry Hardwood Multicyclone
BP2 HRT® - Dry Hardwood Multicyclone
HH1 Underfeed Stoker Dry Hardwood Multicyclone
HH2 . Underfeed Stoker Dry Hardwood Multicyclone
HH3 Underfeed Stoker Dry Hardwood Multicyclone
SFl HRT? Dry Hardwood None
SF2 HRT? Dry Hardwood None
SF3 HRT? Dry Hardwood None
ELl HRT? Green Pine None
: Sawdust/Bark
EL2 HRT? Green Pine None
Sawdust/Bark
wwl Fluidized Bed Green Bark Multicyclone
ww2 Fluidized Bed Green Bark Multicyclone
ww3 Fluidized Bed Green Bark Multicyclone

aHorizont:al return tube.
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pyrene, fluoranthene, benzo(g,h,i)perylene, and benzo(a)pyrene were the
primary components of the uncontrolled POM emissions measured on a heat

input basis.13'16

Multicyclone-controlled total particulate and gaseous POM emissions
from wood boilers (Table 12), expressed on a mass of fuel burned (inclusive
of moisture) basis, were found to range from 1.2 to 3.4 mg/kg, with an
average emission level being 1.9 mg/kg. Multicyclone-controlled total
particulate and gaseous POM emissions, expressed in terms of mass of dry-—
fuel burned (Table 13), ranged from 0.02 to 3.47 mg/kg, with the average
being 1.6 mg/kg. The major POM compounds detected in the emissions of
multicyclone-controlled wood-fired boilers were phenanthrene, pyrene,

fluoranthene, naphthalene, anthracene, and fluorsme.zlp26

As with much of the combustion source POM emissions data, available
factors for controlled total particulate and gaseous POM from wood-fired
boilers, expressed on a heat ‘input basis, are highly variable and
inconsistent. Wet scrubber-controlled total POM emissions have been found
to range from 118 to 783 pg/J (27& to 1816 lb/1012 Btu), with the average
factor being 451 pg/J (1045 lb/lo Btu}). Cyclone- controlled total POM .
emissions from wood-fired boilers have been shown to range from 0 (not.

detected) to 0.047 pPg/J (0 to 0.11 lb/lO12 Btu), with the average level

being 0.014 pg/J (0.03 lb/lO12 Btu). Given that wet scrubbers should be
more effective at controlling POM emissions from wood-fired boilers, the

available results reemphasize the unpredictability of POM formation in

13,16
combustion sources.

. Available POM emissions data for cyclone/wet scrubber-controlled
boilers further confirm the problems inherent in assessing POM emissions
from wood-fired combustion sources. Total POM emissions from this type of
source have been found to range from 0 (not detected) to 0.067 pg/J (0 to
0.16 1b/10'? Btw), with the average being 0.022 pg/J (0.051 1b/10%2 Beu).l3
These data are slightly greate} than the levels from cyclone-controlled

sources, which would be unpredicted; however, the cyclone/wet scrubber
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- benzofluoranthenes.

numbers are four orders of magnitude less than the case for wet scrubber
control alone. The gross difference between the wet scrubber only and
cyclone/wet scrubber numbers are not reconcilable with the information

available in the appropriate source test reports.

Residential Wood Combustion--

Emission factors for POM emissions from wood-fired residential heating
sources are presented in Table 15. Disregarding wood type; “uncontrolled
total particulate and gaseous POM emissions from woodstove units were found
to range from 0.096 to 451.2 mg/kg of wood burned. The average uncontrolled
emissions level is 189.5 mg/kg. From the literature, it appears that the
tests ylelding the lower end of the range (0.096 mg/kg) may have not
effectively measured gaseous POM emissions. If this data set is excluded
from the range, the new range of uncontrolled total particulate and gaseous
POM emissions from woodstoves becomes 8.0 to 451.2 mg/kg, with the average
factor being 211.6 mg/kg. The principal constituents of POM emissions from
residential wood heating sources consistently were naphthalene,

phenanthrene, anthracene, fluoranthene, pyrene, 1 methylphenanthrene, and
3,27-32,34, 35

One set of data were available for baghouse-controlled total
particulate and gaseous POM emissions from wood heaters; however, the data
are somewhat inconsistent with the uncontrolled wood heater results. The
baghouse-controlled POM emission factor range is 148.3 to 155.2 mg/kg, with
the average factor being 151.8 mg/kg. 27 Comparing uncontrolled to
oagnouse controxled, a more significant difference in average emission
factors would be expected. 1In addition, approximately one-third of the

uncontrolled factors were one to one and a half orders of magnitude lower
than the controlled values.

Both uncontrolled total particulate POM and uncontrolled total
particulate and gaseous POM emission factors are available for fireplaces.

Total particulate POM emissions have been found to range from 0.017 to
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TABLE 15.

RESIDENTIAL HEATING SOURCES

POM EMISSION FACTORS FOR WOOD-FIRED

Total POM

Emission Factor

Reference mg/kg Fuel Burned Source Type Fuel Type
27 155.28’b’e Fluidized-bed Home Pine Wood Chips
Heating Furnace
27 148,320 % Fluidized-bed Home ~ Pine Wood Chips
Heating Furnace
27 265.8%°¢18 Fluidized-bed Home Pine Wood Chips
Heating Furnace
27 341.5% /B Fluidized-bed Home Pine Wood Chips
Heating Furnace
27 61.6a'd’i Fluidized-bed Home Pine Wood Chips
Heating Furnace
27 hSl.Za’d’j Fluidized-bed Home Pine Wood Chips
Heating Furnace -
27 8.Oa'd’k Cyclone-fired Home Pine Wood Chips
_ Heating Furnace
27 9.Oa’d’l Cyclone-fired Home Pine Wood Chips
Heating Furnace
27 97.Sa,b,m Woodstove Oak Logs
3, 28 4,10 Woodstove Unknown
3, 28 8.5¢ ™P Woodstove Unknown
29-32 24,959 F Fireplace Seasoned Oak
29-32 36.55° %S Fireplace Seasoned Oak
29-32 36,01t Fireplace Green Pine
29-32 212.1°4¢ Baffled Woodstove Seasoned Qak
29-32 371.5c,q,j Baffled Woodstove Seasoned Pine
29-32 188.5%° 1V Nonbaffled Woodstove Seasoned Oak
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TABLE 15.

POM EMISSION FACTORS FOR WOOD-FIRED

RESIDENTIAL HEATING SOURCES (Continued)

Total POM
Emission Factor

Reference mg/kg Fuel Burned Source Type Fuel Type
29-32 318.7% 1% Norbaffled Woodstove  Green Pine
29-32. 26.5 1Y Nonbaffled Woodstove  Green Pine

33 0.017¢%°2 Fireplace Alder Logs
33 0.023%'2 Fireplace ° Douglas Fir Logs
3 0.017¢%2 Fireplace Pine Logs
34 0.096 - 3.36°:9-82 Woodstove Oak, Maple, and
- Pine Logs
35 250.7c’q’bb Nonbaffled Woodstove Oak Brands and
Red Oak Logs
35 47.2%c¢ Nonbaffled, Catalytic Red Oak Logs
Woodstove
35 20,1.7c.'q'dd ‘ Nonbaffled Woodstove Red Oak Logs
with Add-on Catalytic )
Combustor
35 163.2¢-9.¢%e Baffled, Catalytic Red Oak Logs
Woodstove
35 76.7c’q’ff Woodstove with

Secondary Combustion

Red Oak Logs

a . \ . . Ca .
ractors represent both particulate and gaseous POM emissions. Twenty-five
specific POM compounds were analyzed for during these tests.

Factor represents emissions after control by a baghouse.

cFac;or represents uncontrolled emissions.

dFactor represents the constituen

chamber.

" ®The Primary constituents of to
(29 percent),

naphthalene (22 percent),
(11 percent), and fluorene (6 percent).

ts of emissions sampled in the combustion
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TABLE 15. POM EMISSION FACTORS FOR WOOD-FIRED
RESIDENTIAL HEATING SOURCES (Continued)

fThc primary constituents of total POM emissions were naphthalene
(34 percent), fluorene (15 percent), pyrene (13 percent), phenanthrene/

anthracene (12 percent), fluoranthene (12 percent), and l-methylphenanthrene
(8 percent).

2The primary constituents of total POM emissions were naphthalene (16 percent),
pyrene (15 percent, anthracene (12 percent), phenanthrene (12 percent),

fluoranthene (10 percent), fluorene (9 percent), and l-methylphenanthrene
(7 percent).

e primary constituents of total POM emissions were pyrene (17 percent),
fluoranthene (16 percent), phenanthrene (16 percent), naphthalene
(11 percent), benzo(a)pyrene (7 percent), anthracene (6 percent), fluorene
(6 percent), and benzo(a)anthracene (5 percent).

The primary constituents of total POM emissions were naphthalene (71 percent),
phenanthrene (10 percent), pyrene (6 percent), and fluoranthene (5 percent).

jThe primary constituents of total POM emissions were naphthalene (72 percent),

i

phenanthrene (11 percent), pyrene (5 percent), and fluoranthene (4 percent).

e primary constituents of total POM emissions were phenanthrene
(43 percent), pyrene (17 percent), naphthalene (11 percent), fluoranthene
(11 percent), biphenyl (5 percent), and l-methylphenanthrene (5 percent).

1The primary constituents of total POM emissions were naphthalene (61 percent),
phenanthrene/anthracene (11 percent), l-methylphenanthrene (8 percent),
fluoranthene (8 percent), and pyrene (6 percent).

"The primary constituents of total POM emissions were naphthalene (38 percent),
l-methylphenanthrene (15 percent), biphenyl (12 percent), phenanthrene
(10 percent), anthracene (6 percent), and fluorene (5 percent). Factor
represents the average results of two emission tests.

Pavailable literature did not indicate whether both particulate and gaseous
POM emissions were analyzed for during these tests. The factors presented
represent uncontrolled POM emissions. ' '

°The Primary constituents of total POM emissions were phenanthrene/anthracene
(21 percent), unidentified POMs (17 percent), benz(a)anthracene/chrysene
(11 percent), C -phenanthrenes/anthracenes (10 percent), pyrenes (8 percenctc)

fluoranthene (6 percent), high molecular weight POMs (6 percent), and
benz(a)£fluorene (6 percent).

PThe Primary constituents of total POM emissions were phenanthrene/anthracene
(27 percent), benz(a)anthracene/chrysene (16 percent), pyrenes (16 percent),
unidentified POMs (15 percent), and high molecular weight POMs (15 percent).

TFactor represents both particulate and gaseous POM emissions.
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TABLE 15. POM EMISSION FACTORS FOR WOOD-FIRED
RESIDENTIAL HEATING SOURCES (Continued)

TThe Primary constituents of total POM emissions were anthracene/phenanthrene
(33 percent) and methyl anthracenes/phenanthrenes (11 percent). Remaining
POM emissions consisted of ten POM compounds each constituting an
unquantifiable portion of the total.

*The Primary constituents of total POM emissions were anthracene/phenanthrene
(31 percent), C -alkyl-benzanthracenes/benzophenanthrenes/chrysenes
(25 percent), mzthyl anthracenes/phenanthrenes (9 percent), fluoranthene
(7 percent), pyrene (7 percent), methyl fluoranthenes/pyrenes (6 percent),
benzofluoranthenes (6 percent), and benz(a)anthracene/chrysene (5 percent).

“The primary constituents of total POM emissions were methyl anthracenes/
phenanthrenes (23 percent), anthracene/phenanthrene (19 percent),
fluoranthene (4 percent), pyrene (4 percent), methyl fluoranthenes/pyrenes
(4 percent), methyl bcnzanthracenes/benzphenanthrenes/chrysenes (4 percent),
benzofluoranthenes (4 percent), benzo(g,h,i)perylene (4 percent),
benzopyrenes/perylene (4 percent), C -alkyl anthracenes/phenanthrenes
(4 percent), and benz(a)anthracene/cgrysene (4 percent).

“The primary constituents of total POM emissions were anthrécene/phenanthrene
(35 percent), methyl anthracenes/phenanthrenes (10 percent), fluoranthene
(8 percent), pyrene (7 percent), benzofluoranthenes (6 percent), methyl

fluoranthenes /pyrenes (6 percent), and benz(a)anthracene/chrysene
(6 percent).

vThe,primary constituents of total POM emissions were anthracene/phenanthrene
(39 percent), methyl anthracenes/phenanthrenes (14 percent), fluoranthene
(9 percent), pyrene (6 percent), methyl fluoranthenes/pyrenes (4 percent),
benzofluoranthenes (4 percent), and benz(a)anthracene/chrysene (4 percent).

YThe primary constituents of total POM emissions were anthracene/phenanthrene
(33 percent), fluoranthene (11 percent), pyrene (9 percent), methyl
anthracenes/phenanthrenes (9 percent), benzofluoranthenes (6 percent),

methyl fluoranthenes/pyrenes (5 percent), and benzopyrenes/perylene
(4 percent).

XThe Primary constituents of total POM emissions were anthracene/phenanthrene
(32 percent), methyl anthracenes/phenanthrenes (16 percent), benz(a)-
anthracene/chrysene, (12 percent), fluoranthene (6 percent), pyrene
(6 percent), methyl fluoranthenes/pyrenes (4 percent), benzofluoranthenes
(4 percent), and cyclopenta(c,d)pyrene (4 percent).

YThe primary constituents of total POM emissions were anthracene/phenanthrene
(39 percent), methyl anthracenes/phenanthrenes (11 percent), methyl
fluoranthenes/pyrenes (6 percent), benzofluoranthenes (6 percent), pyrene

(5 percent), benz(a)anthracene/chrysene (5 percent), and fluoranthene
(5 percent).

. .
Factor represents only particulate POM emissions.
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TABLE 15. POM EMISSION FACTORS FOR WOOD-FIRED
RESIDENTIAL HEATING SOURCES (Continued)

aaPractically no POM compounds were measured in the gaseous phase. Factor
shown represents primarily particulate POM emissions.

bbi‘».ct:m: represents the average POM emissions for 15 source tests conducted

over the full range of wood loads and damper settings. Specific POM
compounds identified were naphthalene/methyl naphthalenes/phenyl-
naphthalenes, acenaphthylene, acenaphthene, fluorene, phenanthrene/
anthracene, fluoranthene, pyrene, benzo(g,h,i)fluoranthene, chrysene/
benzo(a)anthracene, benzo(b) fluoranthene/benz/fluoranthene, benzo(a)pyrene,
indeno(l,2,3-c,d)pyrene/benzo(g,h,i)perylene, and dibenzo(a,h)anthracene.
The primary constituents of total POM emissions were naphthalene/methyl
naphthalenes/phenylnaphthalenes (49 percent), phenanthrene/anthracene

(16 percent), acenaphthylene (10 percent), and chrysene/benzo(a)anthracene
(4 percent). All POM compounds measured were in the gaseous phase except
for one test where particulate POM compounds were detected.

®CFactor represents the average POM emissions for six source tests conducted
over the full range of wood loads and damper settings. All of the POM:
compounds listed in footnote bb were detected in these tests except for
acenaphthene and dibenzo(a,h)anthracene. The primary constituents of total
POM emissions were naphthalene/methyl naphthalenes/phenylnaphthalenses
(48 percent), phenanthrene/anthracene (22 percent), acenaphthylene
(9 percent), fluorene (4 percent), fluoranthene (4 percent), and pyrene
(4 percent). All POM emissions were found to be in the gaseous phase.

ddFactor represents the average POM emissions for six source tests conducted
over tha full range .of wood loads and damper settings. All of the POM
compounds listed in footnote bb were also detected in these tests. The
primary constituents of total POM emissions were naphthalene/methyl
naphthalenes/phenylnaphthalenes (51 percent), phenanthrene/anthracene
(18 percent), acenaphthylene (7 percent), acenaphthene (4 percent), and

chrysene/benzo(a)anthracene (4 percent). All POM emissions were found to
be in the gaseous phase.

®®Factor represents the average POM emissions for two source tests conducted
at high and low wood loads at a 30 percent damper setting. All of the POM
compounds listed in footnote bb were detected in these tests except for
dibenzo(a,h)ancthracene. The primary constituents of total POM emissions
were naphthalene/methyl naphthalenes/phenylnaphthalenes (53 percent),
phenanthrene/anthracene (18 percent), acenaphthylene (9 percent),
acenaphthene (3 percent), and fluoranthene (3 percent). All POM emissions
were found to be in the gaseous phase.

Factor represents the average POM emissions for two source tests conducted
at high and low wood loads at a 30 percent damper setting. All of the POM
compounds listed in footnote bb were detected in these tests except for
indeno(1,2,3-c,d)pyrene/benzo(g,h,i)perylene and dibenzo(a,h)anthracene.
The primary constituents of total POM emissions were naphthalene/methyl
naphthalenes/phenylnaphthalenes (54 percent), phenanthrene/anthracene

(19 percent), acenaphthylene (10 percent), acenaphthene (3 percent), and

fluoranthene (3 percent). All POM emissions were found to be in the
gaseous phase.
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0.023 mg/kg (average of 0.019 mg/kg). Total particulate and gaseous POM
emissions have been measured to range from 24.9 to 36.5 mg/kg, with an
average factor being 32.5 mg/kg. Although not directly comparable, the two
sets of results do reaffirm the probable importance of gaseous POM emissions
from wood combustion sources. Anthracene, phenanthrene, fluoranthene, and

methyl anthracenes/phenanthrenes constituted the bulk of the POM emissions
29-33
measured from fireplaces.

A more discrete aﬁalysis of total POM emissions from wood-fired

residential heaters is provided in Table 16. Total POM emission factors

_under various burn rate conditions are presented for an oak fuel and a fir

fuel test. For the oak fuel test, it appears that total POM emissions are
generally greatest under low burn rate conditions and less under high burn
conditions. This behavior is consistent with the general theory of PoM

formation in combustion systems. 36

For the_fir fuel test, somewhat different results occurred which
indicate highesé POM emissions during the medium burn rate period and the

lowest emissions during the low burn rate period. No data were presented in

.the emission test report to explain the change in the emission pattern when

the fir fuel was used. 36

Natural Gas Combustion--

As shown in Table 17, POM emission factors are predominantly only
available for total particulate POM emissions from natural gas combustion.
Uncontrolled total particulate POM emissions from natural gas combustion
sources ranged from 0.28 to 27.5 pg/J (0.65 to 63.8 lb/lO12 Btu), with the
average factor being 11.2 pg/J (26.0 1b/1012 Btu). Pyrene, fluoranthene,
coronene, and benzo(g,h,i)perylene accounted for the majority of total

particulate POM measured from natural gas combustion.12
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TABLE 17. UNCONTROLLED POM EMISSION FACTORS
FOR NATURAL GAS-FIRED SOURCES

Total POM Emission Factor
pg/J-Heat Input

Boiler Type Application (1b/1012 Btu-heat Input) Reference

Firetube Process heating 0.28 (0.65)3’b 12
"7 Scotch marine Hospital heating  27.4 (63.5)*'¢ 12

_ Double shell Home heating 0.48 (1.1)2'¢ 12

Hot air furnace Home heating . 0.33 (0.77)3’e 12

Wall space. Home heating 27.5 (63.8)a'f 12

heater

Data not Process heating 14.3 (33.25g 16

available

AFactors represent primarily particulate POM compounds. Ten specific POM
compounds were analyzed for during these tests.

Specific compounds identified were benzo(a)pyrene, pyrene, coronene, and

fluoranthene. Pyrene and fluoranthene constituted 88.percent of total POM
emissions. . ’

c s , .

Specific compounds identified were benzo(a)pyrene, benzo(e)pyrene,
benzo(g,h,i)perylene, pyrene, coronene, anthanthrene, and fluoranthene. The
primary constituents of total POM emissions were pyrene (62 percent),

coronene (18 percent), fluoranthene (10 percent), and benzo(g,h,i)perylene
(6 percent).

dSpecific compounds identified were benzo(a)pyrene, pyrene, and fluoranthene.
Fluoranthene accounted for 63 percent of total POM emissions, pyrene
33 percent, and benzo(a)pyrene 4 percent.

e s . .

Specific compounds identified were benzo(a)pyrene, benzo(e)pyrene, pyrene,
phenanthrene, and fluoranthene. Pyrene, fluoranthene, and phenanthrene
accounted for 89 percent of total POM emissions.

fSpecific compounds identified were benzo(a)pyrene, benzo(e)pyrene,
benzo(g,h,i)perylene, pyrene, coronene, anthanthrene, and fluoranthene. The
primary constituents of total POM emissions were pyrene (55 percent),
fluoranthene (28 percent), benzo(g,h,i)perylene (8 percent), and
benzo(e)pyrene (5 percent).

8Factor represents both particulate and gaseous POM emissions. Specific
compounds identified were naphthalene, biphenyl, phenanthrene, 2-methyl-
phenanthrene, fluoranthene, and pyrene.” Naphthalene accounted for 44 percent
of total POM emissions, fluoranthene 25 percent, and biphenyl 23 percent.
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One POM emission factor of 14.3 pg/J (33.2 1b/10'2 Beu) was fdentified
for total particulate and gaseous POM emissions from natural gas combustion.

The major POM components of this factor were naphthalene, fluoranthene, and
16
biphenyl.

Bagasse Combustion--

"~ Polyecyclic organic matter emission factors for bagasse combustion are
very limited as indicated in Table 18 Total particulate and gaseous POM
enisgsions from multicyclone-controlled bagasse boilers have been found to
range from 17.2 to 77.5 pg/J (40 to 180 1b/10'? Btu), with the average
.emission rate being 54.5 pg/J (127 1b/1012 Btu). The predominant POM
compounds that have been measured in bagasse boiler emissions are
3-methylcholanthrene and 7,12-dimet:hy1benz(a)anthracene.37 In coal, oil,
and natural gas combustion, emissions of these POM compounds either were not
found or were only present in trace amounts. Although data are limited, it
appears in general that POM emissions from bagasse combustion are, on a unit
basis, more significant than those from other fuel combustion sources with
the exception of wood-fired combustion sources. One possible reason for
.these higher emissions is the relatively high moisture content of bagasse.

A high fuel moisture content causes lower combustion temperatures, less

efficient combustion, and more smoldering whieh in turn promotes POM
formation.

Waste 0il Combustion- -

Polyecyeclic organic macter emissions Ffrom waste oil combustion in space
heaters have been measured and reported in the literature.38 Waste
automotive crankcase oil was burned in a vaporizing pot burner type space
heater and an air atomizing burner type space heater. Emissions were
analyzed to identify and quantify the amounts of 18 different POM compounds
possibly present. Total particulate and gaseous POM emissions from the
vaporizing pot type heater ranged from 13.3 ug/l (50.2 ug/gal) to 25.1 ug/1
(94.4 ug/gal), with the average being 19.2 ug/1 (72.3 ug/gal). The
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TABLE 18. POM EMISSION FACTORS FOR BAGASSE-FIRED INDUSTRIAL BOILERS37

Total POM Emjssion Factors

Source kg/Mg (1b/ton)? pg/J (1b/10%2 Bewy®
[ ' c,d e e
| Bagasse Boiler A 0.00085 (0.0016) 77.5 (180)
re Bagasse Boiler BS'8 0.00015 - 0.00074% 17.2 - 68.9%
é ‘ ———— - R — e e
(0.00035 - 0.0014)% 40 - 160)F
{i %Units are expressed in terms of mass total POM emitted per mass of

bagasse burned.

f
i bUnits are expressed in terms of mass total POM emitted per unit .of heat
L input to the boiler.

- cEight specific POM compounds were analyzed for in these tests.

{, Source A represents the emissions of two bagasse-fired boilers each
controlled by a multicyclone and vented to one common exhaust stack.

gt ®Emissions consist of 3-methylcholanthrene and an unknown POM compound.

. Results represent particulate and gaseous POM emissions.

. fEmissions consist of 7,12-dimethy1benz(a)anthracene, 3-methylcholanthrene,

_ and two unknown POM compounds. Results represent particulate and gaseous
o POM emissions. '

. Bsource B represents the emissions of a single bagasse-fired boiler
controlled by a multicyclone.

%‘
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predominant POM compounds measured in the waste oil combustion emissions

were phenanthrene, naphthalene, benzo(a)pyrene, benzo(e)pyrene, perylene,

and benzofluoranthenes.38

Total particulate and gaseous POM emissions from the air atomizing type
heater ranged from 1.3 ug/l (6.0 ug/gal) to 2.2 ug/l (10.1 ug/gal). As with
the vaporizing pot heater, phenanthrene was the predominant POM compound

measured in emissions from the air atomizing type heater. Naphthalene,

" fluorene, pyrene, péfylene. fluoranthene, and indeno(1l,2;3~c;d)pyrene were

also relatively major constituents of total POM emissions.38

If a heating value for waste oil of 115,875 Btu/gal is assuned,39 POM
emissions from the vaporizing pot type space heater can be shown to be
comparable to several of the POM emission factors for residual oil
combustion in Table 10 and greater than several of the factors for POM
emissions from distillate oil in Table 11. Using the 115,875 Btu/gal
figure, total POM emissions from the vaporizing pot type heater would range
from 0.41 to 0.77 pg/J (0.95 to 1.8 1b/1012 Btu), with the average emission
factor being 0.59 pg/J (1.4 1b/10%2 Beu).3® Total POM emissions from the
air atomizing type heater would be only 0.049 to 0.083 pg/J (0.11 to
0.19 ib/lO12 Btu), and therefore do not appear to be comparable to POM

emissions from either residual or distillate oil combustion.
ocation

The sheer numbers of individual sources within each of the major
stationary combustion sectors (utility, induscrial, commercial, residential)
prohibit site specific listings in this document. However, locgtion trends
and contact groups for individual source identification can be presented.

In the utility sector, coal-fired sources are concentrated in the States of
Ohio, Indiana, West Virginia, Pennsylvania, and Illinois. Other States with

substantigl coal-fired capacity are Texas, Georgia, Kentucky, Michigan,
Missouri, North Carolina, Alabama, and Tennesseeis'ko
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Residual oil-fired utility boilers are located primarily in New York,
Florida, Massachusetts, Connecticut, and California. 1In 19 States, little
or no residual oil is burned for utility boiler purposes. The majority of
natural gas burned for utility purposes occurs in Texas, Califormia, and
Louisiana. Other States with significant utility sector natural gas
combustion include Florida, New York, New Jersey, and Mississippi.6'ao

Information on precise utility plant locations can be obtained by
contacting utility industry trade associations like—the Electric Power
Research Institute (EPRI) in Palo Alto, California (415-855-2000); the
Edison Electric Institute (EEI) in Wéshington, D.C. (202-828-7400); or the
Energy Information Administration (EIA) of the U. §S. Department of Energy
(DOE) in Washington, D.C. Publications by EIA/DOE on the utilitf industry
such as, Inventory of Power Plants in the United States - 1984.11
[DOE/EIA-0095(84), July 1985] also would be useful in determining specific
facility locations, sizes, and fuel use.

Industrial fuel combustion soﬁrces are located throughout the United
States, but tend to follow industry and population location trends. Most of
the coal-fired industrial boiler sources are located in the Great Lakes,
Great Plains, Appalachian, and Southeast regions. O0Qil-fired boilers are
common in the New England, Southeast, and Upper Atlantic regions, while the
highest concentration of natural gas-fired units is found in the Gulf Coast
and Pacific Southwest regiods.G’ao Wood-fired boilers tend to be located
almost exclusively at pulp and paper, lumber products and furniture industry
facilities. These industries are concentrated in the Southeast, Gulf Coast,
Appalachian, and Pacific Northwest regions.6 Trade associations such as the
American Boiler Manufacturers Association (ABMA) in Arlington, Virginia
(703-522-7350) and the Council of Industrial Boiler Owners (CIBO) in Fairfax
Station, Virginia (703-250-9042) would also be good groups to contact
regarding industrial boiler locations and trends; ’

Commercial fuel combustion sources are generally tied directly to
population locations. The size of a commercial unit will probably dictate

the ease with which it can be located. Larger units may be on a par with
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some industrial sources and ABMA or CIBO may be a source of information.
State air agency'permits may also be good sources of information on
locations and characteristics of commercial combustion units, except that
most States have cut-offs for reporting and permitting of boilers and many

commercial units fall below the cut-off.

Fuel use patterns for commercial boilers are likely to parallel those
described above for industrial boilers, since fuel choice decisions in both
categories are made on the basis of fuel availability and prices (including
transportation costs). The greatest coal consumption for commercial
combustion occurs in Pennsylvania, Ohio, Indiana, and Kentucky. Commercial
fuel oil consumption is greatest in the States of New York, Louisiana,
California, and New Jersey. For commercial combustion purposes, California,

Illinois, Texas, and Michigan consume the largest amounts of natural
6,40 '
gas.

Locations of residential combustion sources are also tied directly to
population trends with the exception of wood-fired sources. Wood-fired
residential units are generally concentrated in heavily forested areas of
the United States, which again reflects fuel selection based on availabilicy
and price. Coal consumption for residential combustion purposes occurs
mainly in Pennsylvania, Ohio, New York, and Indiana. Residential oil
consumption is greatest in New York, New Jersey, Massachusetts, and
Pennsylvania. California, Illinois, Ohio, and Michigan have the largest

natural gas consumption for residential combustion purposes.

YOBILE SOURCES OF POM

es €

The internal combustion engines of mobile sources emit gas-phase
hydrocarbons and particulate organic material as pré&ucts of incomplete
combustion and as noncombusted (leaked) fuel, fuel additives, and
lubricants. Some POM, such as the nitro derivatives, are formed after the

exhaust is released to the atmosphere. Nitro-PAH is formed when PAH in the
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particulate reacts with nitrogen oxides in the exhaust.Al Temperatures in

~ the combustion chamber and exhaust system and volume flow rates influence

POM formation and emission rate. These factors are, in turn, affected by

engine size, design, working load, and operating speed.

Gasoline engine combustion occurs at temperatures around 3500°C
(6332°F) at near-stoichiometric oxygen levels. Exhaust from gasoline
engines is generally at temperatures between 400 and 600°C (752 to 1112°F).
Diesel engines operate at combustion temperatures of about 2000°C with an

excess of oxygen. Diesel exhaust temperatures range from 200 to 400°C (392

to 752°F).%2

After exhaust is released from a vehicle, it is diluted approximately
1000-fold in the first few seconds and cools very rapidly.42 Polycyclic
organic matter and other vapor-phase organic chemicals often condense on
carbon nuclei and other particles in the exhaust that are also products of
incomplete combustion. Polycyclic organic matter emissions from gasoline
engine vehicles with oxidation catalysts are generally sulfuric acid
droplets less than 0.1 um in diameter that have organic compounds adsorbed
on their quf:faces.[‘2 Particulate emissions from diesels are predominately
elemental carbon particles that form chains or clusters approximately

0.15 um in diameter onto which the organic compounds are adsorbed.42

The heavier POMs, such as benzo(a)pyrene, are found predominantly on
particles less than 1 um in diameter, while the lighter POMs are mostly in
the vapor phase.45 Since the majority of POMs with the greatest
mutagenicity are the heavier POMs, particulate POM emissions from mobile

sources have generally been of the most interest.

Engine oil accumulates PAHs and may emit them when the o0il leaks into
the combustion chamber or the exhaust system and survives the emission
process. Peake and Parker43 estimated that crankcase oil accumulates up to

ten times as much POM per mile traveled as is emitted in the exhaust.
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Handa et al.aa calculated that between 28 and 36 percent of the
benzo(a)pyrene, benzo(a)anthracene, chrysene, and pyrene in engine oil that

leaks into an automobile's combustion chamber or exhaust system is emitted.

Two-cycle, or two-stroke, engines are internal combustion engines that
do not have oil crankcases. They operate on a mixture of oil and gas, with
the oil being the sole source of lubrication in the system. Motorcycles,
outboard motors, lawnmowers, and chain saws are examples of equipment that
- typically -use-two-cycle engines.

The contributions of various types of mobile sources to total mobile
source PAH (the major subset of POM) and l-nitropyrene emissions in 1979 are
shown in Table 19. Most of the PAH emissions from mobile sources in 1979
originated from older gasoline automobiles not equipped with catalytic
converters. However, emissions from this category are declining as older
gasoline automobiles are taken out of service. The use of diesel fuel is

increasing,az’46 so emissions from diesel vehicles are expected to increase.

Factors Influencing POM Emissions
Gasoline-Fueled Vehicles--

Emissions of POM from gasoline automobiles and trucks are influenced by

a number of factors. These include vehicle effects, such as:

- air-to-fuel ratio,
- presence of emission controls,
- mode of operation, and

- extent of deterioration; and
fuel effects, such as:

- aromaticity,
- POM content, and

- the presence of additives or lubricants.
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TABLE 19. CONTRIBUTIONS OF VARIOUS MOBILE SOURCE CATEGORIES TO TOTAL
MOBILE SOURCE PAH AND 1-NITROPYRENE EMISSIONS IN 197942

1-Nitropyrene

Category PAH Emission, % Emission, $%
Motox Vehicles:
Passenger cars:
Noncatalyst 29.1 0.9
Oxidation catalyst 3.8 0.6
Diesel 0.6 1.3
Trucks, <33,000 1b:
Spark-ignition 14.7 0.5
Diesel 0.6 1.2
Trucks, >33,000 1b:
Spark-ignition 0.7 0.02
Diesel 11.8 25.1 -
Buses:
Spark-ignition 0.3 0.01
Diesel 0.6 1.0
Motorcycles 0.3 62.5 0,01 30.6
ther Mobi urces:
Railroads 3.3 6.9
Ships 7.1 13.7
Aircraft 16.8 34.7
Farm 4.0 6.8
Military 0.6 1.3
Miscellaneous 6.0 37.8 2.6 69.0
100.3 99.6
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Air-to-fuel ratios less than stoichiometric promote incomplete
combustion and therefore increase emissions of carbon monoxide and POM. It
has been estimated that 30 times more benzo(a)pyrene is produced at an
air-to-fuel ratio of 10:1 than at 14:1.%

Modifications to vehicles since 1967 reduced benzo(a)pyrene emissions
by 85 percent by the early 1970s. 42 Table 20 shows benzo(a)pyrene emission
factors measured for automobiles produced between 1958 and the early 1970s

and having different levels of emission control.

The effect of vehicle operation mode is related to the air-to-fuel
ratio. Cold-start operation will cause higher POM emissions because the
engine is operating in a choked, or fuel-rich, condition. Higher engine
load also may increase POM emissions during cold starts. The temperature of
the engine coolant, however, was'not found to affect POM emissions.45
Hangebrauck et al. 48 measured benzo(a)pyrene emissions from a 6-cylinder
dynamometer-mounted engine at various modes of operation They found that

the highest benzo(a)pyrene emission rate occurred during acceleration.

The extent of deterioration, or the mileage, of a vehicle has been
shown to affect POM emission rates significantly. Increasing deterioration
over a threshold level causes increased emission rates. Hangebrauck et al.4
found that benzo(a)pyrene emission rates of both 6-cylinder and V-8
automobiles increased sharply at 50,000 miles. While the overall
benzo(a)pyrene emission rate was 28 ug/mile, the average emission rate for
the newer, lower-mileage automobiles was 5.5 ug/mile. "Table 21 shows
benzo(a)pyrene emission rates estimated by several researchers that suggest
that emissions increase with vehicle mileage. All the emission rates in
Table 21 were measured by sampling particulate emissions from a V-8 gasoline
engine mounted on a dynamometer and operated to simulate city driving. More

recently, Handa et al. 9:estimated that average POM emission rates increase
linearly with mileage above 12,000 miles.
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TABLE 20. BENZO(A)PYRENE EMISSION FACTORS AT
VARIOUS LEVELS OF EMISSION CONTROLF7

Benzo(a)pyrene
Emission Factors

(ug/gal of

Level of Control fuel consumed)

Uncont£olle§ (1956 - 1964) 170
Uncontrolled (1966) 45 - 70
Vehicle modification (1968) 20 - 30
Thermal reactors and catalyti; converters - <10

(early 1970s)
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TABLE 21. BENZO(A)PYRENE EMISSION RATES AT VARIOUS MILEAGE IN'I‘ERVALS48

BaP Emission Rate

Mileag# Interval | (ug/mile)a
8,000 - 12,000 25P
19,300 - 25,500 16
25,500 - 29,000 24
29,000 - 33,000 74°

aug/mile calculated from emissions measured in ug/min based on 23 mph
average cycle speed. '

Includes high BaP content of condenser-collected tar.

“Malfunction of engine was reported for this emission rate.
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Increased oil consumption is a primary cause of the increased POM
emissions with mileage. Hoffman et al.50 observed about a 12-fold increase
in benzo(a)pyrene emissions when oil consumption increased from 1 quart per
1600 miles to 1 quart per 200 miles. The higher quantities of oil in older,
more worn cylinders provides more intermediates for POM formation, and POM

becomes concentrated in the oi.l.42

. Another cause of increased POM emissions with mileage is the formation

i of deposits in the combustion chamber. Total hydrocarbon emissions increase
with mileage until the deposits become stabilized at several thousand

{§ .miles.42 Gr03351 found that gasoline vehicles with unstabilized deposits

emit five to six times more benzo(a)pyrene when fuel containing high levels

ey
B

of polynuclear aromatics (PNA) is used than when low-PNA fuel is used.
Vehicles with stabilized deposits emit two to three times more

f° benzo(a)pyrene with the high-PNA fuels. Table 22 summarizes the results of
‘ this study.

Several early studies suggested that POM emissions increased with
increasing aromatic content of fue1.52-54 Most of these studies used
experimental fuel mixtures rather than commercially available fuels.

Gross'55 data show that POM emissions did not increase at higher fuel

nature of the combustion chamber deposits may offset the increase in POM

E“ aromaticity in unleaded gasoline vehicles with stabilized deposits. The
[_ emissions that may be caused by high fuel aromaticity. However,

Hoffman et al.56 found no such relationship. Gross55 observed progressive

. stabilization of the deposits, a subsequent gradual decline in POM
{” smissions, and the possible carry-over of POM from a high-POM fuel in one
- test to emissions in the following test. His observations indicate that a
‘; process of depo;étion and subsequent emission may be the way in which fuel

POM is emitted.

Diesel-Fueled Vehicles--

" Polycyclic organic matter emissions from diesel-fueled vehicles are
increased by overloading and poor engine maintenance.47 However, even under
normal operating conditions, diesel vehicles emit more POM than gasoline
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TABLE 22.

CHANGE IN AVERAGE POM EMISSIONS WITH DEPOSIT

CONDITION AND POM CONTENT OF FUELS

51

Average Ratio of a

Emissions with High/Low POM Fuels
Deposit Condition Benzo(a)pyrene Benzo(a)anthracene
Unstabilized 5.6 7.0
Stabilized 2.4 2.1

2POM emissions averaged for a variety of emission test fuels and three
automobiles: 1966 Plymouth, 1968 Chevrolet, and 1970 Chevrolet.
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vehicles. This may be due, in part, to the lower combustion chamber
temperatures typical of diesel engines.47 Diesel automobiles emit 30 to
100 times more particulate-matter per mile than gasoline automobiles
equipped with catalytic converters.47 Engine o0il is probably not a
significant source of POM in diesel exhaust because diesel combustion

chambers do not operate under vacuum and, therefore, oil is less likely to
be drawn into the chamber.57

Fuel POM content appears to be insignifican; in‘detefmining the rate of
POM emission from diesel engines. Twenty different diesel fuels, ranging
widely in POM content, were found to differ very little in the rate of POM
emissions associated with t:hem.s8 The diesel fuels contained lower POM

concentrations (1 to 420 ppb benzo(a)pyrene] than gasoline [up to 3100 ppb
benzo(a)pyrene].58

Over 50 nitro-PAH compounds (a subset of POM) have been found in diesel
particulate emissions.42 1-Nitropyrene is by far the most abundant
nitro-PAH in diesel exhaust. Gasoline automobiles have been found to emit

only two nitro-PAH: l-nitropyrene and l-nitrochrysene.49

Two-Cycle Engines--

A study on emissions of a two-cycle motorcycle engine suggests that

- benzo(a)pyrene emissions are directly related to the oil concentration in

the gasoline/oil fuel mixture.47 However, Levin et al.59 attributed POM in
two-cycle engine exhaust predominantly to unburned gasoline released by the
engine. The oil in the fuel was not considered important. This conclusion
was determined by using chromatography to analyze the gasoline fuel with and
without two-cycle oil. The chromatographs showed no significant change in
POM content with the oil addition. Consequently, since the chromatographs

of the emission samples and the gasoline were so similar, it was theorized
that the gasoline was the source of the POM.
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Aircraft--

Very limited information is available in the literature on POM
emissions from aircraft. However, the data that are available suggest the

following.60

1. Emissions of POM from aircraft turbine engines increase at lower

power settings.

2. __Emissions of POM from aircraft increase with decreases in fuel

sulfur content.

Rubber Tire Wear--

Carbon black and other tire materials that may contain POM are released

to the atmosphere through normal tire wear.47 Tire burning for disposal may

be a larger source of POH.47

Emisajon Factors

Gasoline Vehicles--

Automobiles--The U. S. EPA estimated emission factors for
. , 6 . .
benzo(a)pyrene using data from Gross.55 1 Minimum, maximum, and
intermediate emission factors were developed for particulate emissions

sampled by filtration during cold-start cycles.62 These emission factors
are shown in Table 23.

The Committee on Pyrene and Selected Analogues summarized what it
called the best current measurements of POM emissions from mobile sources.
Committee members compiled emission rates (ug/gal of fuel) for numerous POMs
and their derivatives from nine studies conducted between 1977 and 198i.42
The Committee also derived emission factors from the existing factors for

vehicle categories ‘for which no data were available. The measured and
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TABLE 23. ESTIMATED PARTICULATE BENZO(A)PYRENE EMISSION F. ETORS
FOR GASOLINE AUTOMOBILES, MODEL YEARS 1966-1976

Model _____Emi§§iﬂn—EQEEQL—QQELEQll———g—
Year Fuel Type Control M

inimum Maximum Intermediate

e 1966 Leaded None 130 330 170¢
, - ~ 1966 Unleaded None 76 460 160
L 1966 Unleaded Engine 8.7 180 29
modification
£§ 1968 Leaded Engine --- --- 36°
modification
{ 1968 Leaded RAM thermal fen --- 1.6°
.- reactor -
I“ 1970 " Leaded  °  Engine ° 8.0 28 28°
. modification
. 1970 Unleaded Engine 12 72 14
{4 modification ‘
. 1970 Unleaded Monel/PTX-5 - ae- 1.1°
( catalyst
1976  Weighted by 1976 .-- 21 49 34

auto population

pra——
" i

a R .
Geometric means, unless noted otherwise.

I‘ Best estimates of emissions for the same series of tests and using the
same fuels.
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derived factors are shown in Table 24. The derived emission factors have an
: 4
uncertainty of a factor of two or more 2 and are generally overestimates

compared to values reported in the literature.

More recently, Handa et al. estimated particulate PAH and nitro-PAH
emission rates for diesel and gasoline motor vehicles from traffic densities
and atmospheric levels of the particulates in two tunnels in Jépan.49
Average emission rates (ug/h) estimated in the Nih&nzaka and Tsuburano
tunnels were averaged and divided by the average vehicle speed in the tunnel
(80 km/hour, or approximately 50 mi/hour) to calcul#te emission rates in
ug/mi. These emission rates are shown in Table 25. The emission rates of
the six PAHs measured were higher for gasoline automobiles than for diesels,

whereas nitro-PAH emission rates were higher for diesels.

Lang et al. measured total particulate and dichloromethane (DCM) -
soluble organic fraction (SOF) emission rates from gasoline automobiles
using two sequential test procedures: the cold start Federal Test Procedure
(FTP) followed by the repetitive hot start Highway Fuel Economy Test
(HWFET).63 Benzo(a)pyrene, pyrene, and nitropyrene were analyzed from tﬁe
organics. Particulates were sampled by a dilution-filtrate method. The
authors indicated that because the filtrate procedure was used, the POM
emission rates may not indicate total exhaust emissions, but they are a
relative measure of the compounds assayed for mutagenicity in the same
study. Considerable uncertainty is associated with the pyrene emission
rates. The conventional filtration procedures used do not allow
quantitative measurements of pyrene because pyrene is distributed between

the gaseous and particulate phases.sz"65 In addition, DCM is not the best

. . 63
solvent for extracting POM from particulate matter. The results of the

two emission tests for leaded and unleaded gasoline vehicles are shown in
Table 26.

All particulate organic emissions except nitro-pyrene were higher from
leaded than from unleaded gasoline vehicles. Total particulate organic

emission rates from leaded gasoline vehicles were 2.7 times higher under
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TABLE 25. AVERAGE EMISSION RATES OF PARTICULATE POMs FROM.
GASOLINE AND DIESEL VEHICLES IN TWO TUNNELS IN
JAPAN AT AN AVERAGE SPEED OF S0 mi/hr44

Gasoline Diesel
POM ' (ug/mi) (ug/mi)
Pyrene ' 109 5.5
Chrysene 9.1 6.4
Benzo(a)anthracene 5.5 . i 5.2
Peryiene . ) 0.93 ' ' 0.52
Benzo(a)pyrene 4.0 ‘ 2.1
Benzo(g,h,i)perylene 5.6 2.0
1-Nitropyrene | 0.028% 0.31P
1-Nitrochrysene® 0.012 0.20

‘Average of emission rate at low-load conditions (0.013 ug/mi) and high-load
conditions (0.044 ug/mi).

bAweragezbf'emissibn'raée at. low-load conditions (O.131ug/mi).and high-load .
conditions (0.48 ug/mi).

Cr . . ; s
. Emission rate at high-load conditions.
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TABLE 26.

AVERAGE PARTICULATE POM EMISSION RATES FOR
GASOLINE VEHICLES, MODEL YEARS 1970-1981,

UNDER FTP AND HWFET TEST CYCLES63

FTP HWFET
Leaded Unleaded® Leaded Unleaded?
Fuel Fuel Fuel Fuel

DCM Soluble 21.1 + 13.6 14.4%38.2 23.5 + 17.3 11.5 + 20.3—-
Organic Fraction
(mg/mi)
Benzo(a)pyrene 14.6 + 15.7 3.2 + 5.6 0.90 -+ 0.65 0.6 +1.8
(ug/mi)
Pyrene (ug/mi) 18.8 + 19.7 10.0 + 23.6 5.9 + 8.6 1.3 +3.5
Nitro-pyrene 0.20 + 0.13 © 0.24 + 0.41 0.39 + 0.34 0.16 + 0.23
(ug/mi) '

antalyst-equipped vehicles;
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HWFET than under FTP conditions. However, catalyst-equipped unleaded
gasoline vehicles emitted fewer particulates under HWFET conditions. 1In

addition, emissions varied more between vehicles than between operating mode
for a given vehicle.

Benzo(a)pyrene emission rates for gasoline were higher under cold-start
FIP conditions than hot-start HWFET conditions and higher for leaded-fuel
vehicles than for unleaded fuel vehicles. Nitro-pyrene emission rates,
however, were similar for leaded and unleaded gasoline vehicles. 44 -
Nitro-pyrene emissions from diesel vehicles have been found to be 20 to
30 times higher than those from gasoline vehicles. 69

Lang et al. also addressed the activity of POM in the exhaust by
exposing POM to filtered exhaust.63 They found that the particulate can
react with nitrogen oxides in exhaust to form nitro-PAH compounds. The
authors suggest that nitro-PAH formed in this vay during particulate

sampling may account for a significant portion of the direct mutagenicity of
diesel particulate emissions.

Handa et al. performed factor analysis on measured POM emissions from :
test runs of more than 48,279 km (30,000 miles) on 26 Japanese gasollne
automobiles in city serv:Lce.44 They found that average POM emission rate is
linearly related to average car mileage and is significanﬁly affected by

engine oil consumption.

Trucks - Comparisons of Gasoline and Diesel--Dietzmann et al. measured

gaseous and particulace POM emissions from’ gasol~ne and diesel delivery

70
. trucks. They used a chassis version of the transient test cycles

developed by the Environmental Protection Agency in 1979 for all
measurements to compare emissions of diesel and gasoline trucks in

service. They found benzo(a)pyrené emission rates of 1.6 ug/mi for the
Caterpillar 3208 diésel truck, 17.7 ug/mi for the International .
Harvester 345 gasoline truck, and 61.2 ué/mi for the Ford 370 gasbline

truck. The authors indicated that these emission rates are comparable to
those reported by Williams et al. 72
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Automobiles - Comparisons of Gasoline and Diesel--Gibson measured the
emission rates of total particulates, pyrene, nitro-pyrene, benzo(a)pyrene,
and nitro-benzo(a)pyrene from gasoline and diesel automobiles.73 Exhaust
samples were collected using a chassis dynamometer and dilution tunnel
during the 23-minute hot-start phase of the Federal Test Procedure.
Commercial gasoline and No. 2 diesel fuels were used in every case.
Concentrations of the POM were determined by high performance liquid

chromatography (HPLC) with fluorescence detection.41 The resulting emission

" “rates are shown in Table 27. The rate of POM emissioh parallels the rate of

overall particulate matter emission, which is higher in diesels. The
experimental diesel-trap automobile, however, had 79 percent less
particulate, 71 percent less pyrene, 80 percent less benzo(a)pyrene, and

63 percent less l-nitropyrene emissions per mile than the conventional
73
diesel vehicle.

Diesel Vehicles--

Automobiles--General Motors researchers Gibson et al. measured the
concentrations of PAH and their derivatives in particulate samples of diesel
- automobile exhaust 41 The nitro-PAH were of particular interesc because
GC/MS and thin layer chromatography-ultraviolet (TLC-UV) spectroscoplc
analyses have indicated that these compounds are important in the
mutagenicity of diesel particulate matter. These researchers used

high-performance liquid chromatography with fluorescence detection for their
analyses. '

'The PAH speciés found in the ‘particulate samples are shown in Table 28.
The average concentrations (ng/mg of particulate) of five of the PAH are
shown in Table 29. These results are similar to those of Choudhury and
Bush, who found that the major components of diesel exhaust particulates
from-a:Volkswagon Rabbit were ldwsmolecular-weighﬁ PAH.s.-,.4

Trucks--Bricklemyer and Spindt measured particulate benzo(a)pyrene and

benzo(a)anthracene in diesel exhaust from a turbocharged Mack engine at no

load, half load, and full load.75 Exhaust particulates were collected by
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TABLE 27. EMISSION RATES OF OVERALL PARTICULATE MATTER AND
PARTICULATE POMs FOR VARIOUS GASOLINE AND DIESEL
AUTOMOBILES UNDER THE FTP TEST CYCLB73

6-Nitro-

1-Nitro- Benzo(a)- Benzo(a)-

: Particulage Pyrene a pyrene - pyrene _ pPyrene a
Source Type (mg/mile) (ug/mile) (ug/mile) (ug/mile) (ug/mile)

Unleaded Auto® 23.3#3.6  13.3+2.4  0.10+0.09  4.17+40.68 0.40+0.22

(no catalyst)

Catalyst Auto® 38.2 1.00 0.046 0.07 0.012
Precgtalyst 44.5+0.8 6.76+0  0.174#0.063 2.72+0.085 1.46+0.74
Auto (leaded) ) ’

Diesel Auto® 397+48 24.7+8.4 3.2+1.2 0.8740.08  <0.15
(production)

Diesgl-Trap 82.4+1.2 7.2 1.2 0.11 0.01
Auto

aValue_s represent mean + standard deviation, when available.

b1980

.3-liter 8-cylinder automobile with its cﬁtal&st removed.
e .
- -1981

.3-1liter 4-cylinder catalyst automobile.

€1980

£

4
2
d1974 5.7-liter 8-cylinder precatalyst automobile.
5.7-liter 8-cylinder production model diesel automobile.
5

1980 5.7-liter diesel automobile equipped with an experimental tube-ctype
trap coated with ceramic fibers to filter the exhaust. The fuel used in
this vehicle was No. 2 diesel containing 3.0 g/gal of copper napthenate

additive to promote combustion of particles in the trap.
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TABLE 28. POM COMPOUNDS ANALYZED BY HPLC-FLUORESCENCE
IN DIESEL AUTOMOBILE EXHAUST PARTICULATES41

2-Aminofluorene?

3-Aminofluoranthene

1-Aminopyrene

Aniquenz(a)ggthgacenea

6-Aminochrysenea

6-Aminobenzo(a)pyrene

Aminobenzo(k)fluoranthene

Phenanthrene

Fluoranthene

Benzo(c)fluorene

Pyrene

Benzo(k)fluoranthene

'Péfylene

Benzo(a)pyrene

*Not detected in this study.
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TABLE 29. MEAN AND RANGE OF CONCENTRATIONS OF POMs IN

EXHAUST PARTICULATE FROM FOUR DIESEL CAR541

Mean (ng/mg Range (ng/mg

POM Compound particulate) particulate)
Pyrene 57.5 18.6 - 105.0

Benzo(a)pyrene o o 3.9 1.3 - 7.3
Fluoranthene 125 45.2 - 203.0
1l-Nitro-pyrene 8.2 6.4 - 9.8
6-Nitro-benzo(a)pyrene- 0.88 <0.1 -1.8
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‘the exhaust manifold.

dilution sampling followed by the injection of
and filtration.

1l‘Carhon radioactive tracers
The POMs were analyzed by ultraviolet-spectrophotometry.

The POM emission rates in ug/kg of fuel and ug/m3 of exhaust are shown in
Table 30.

Polycyclic organic matter emissions from a test truck powered by a

prototype stratified-charge engine, equipped with a catalytic converter,

were measured by Lee et al.76 The exhaust was sampled under steady-speed

(30 mph) conditions with a dilution tube and filter-plus-absorbent

collection system. The authors suggested that, because the sampling method

used had questionable applicability to real-world conditions, the POM

enission factors should be used as relative, rather than absolute, measures

of emissions. Both filter and 8as trap samples were analyzed using solvent

extraction and a POM-enrichment step, followed by HPLC and GC/MS analysis.
The results of the HPLC and GC/MS techniques agreed within +10 to

50 percent. The results of the HPLC data are presented in Table 31. They

indicate that POM emissions were reduced by 25 to 94 percent by the use of

an oxidation catalytic converter. henzo(a)pyrene was reduced by 78 percent.

,Dq,gt,gl.‘collectqdﬁparﬁiculagesgsmallet than 1.2 um in di#meter in the

combustion chamber of an operating diesel engine.77
the

They found that, while
concentrations of POMs such as Pyrene, benzo(a)pyrene,

benz(k)fluoranthene, and fluoranthene were much higher in the combustion

chamber than in the exhaust, the concentration of the nitro-PAH

l-nitropyrene was four times higher in the exhaust.

The authors concluded
that particulate matter is significantly oxidized‘be

tween the cylinder and
Benzo(é)éyréne was measured at a concentration of

92 ug/m3 in the combustion chamber and estimated at 1.8 ug/m3
exhaust.

in the

Two-Cycle Engines-- -.

- Polycyclic organic matter emissions have been qualitatively and

quantitatively identified in the exhausts of two-

cyélé engines. 1In one
study,

emissions of a two-cycle motorcycle engine were tested and found to
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TABLE 30. PARTICULATE POM EMISSION RATES FROM A TURBOCHARGED
MACK ENGINE AT VARIOUS ENGINE LOADS75

a 3 a
——ug/kg of Fuel” === ____ ug/m” of Exhaust™
Benzo(a)- Benzo(a)- Benzo(a) - Benzo(a)-
pyrene anthracene pyrene anthracene
No Load - 25 68 0.36 0.96
1260 rpm
Half Load - 8 32 0.28 1.10
1260 rpm
Full Load -
1800 rpm 16 16 0.63 0.68

®Emission rates correctefafor POM losses during sample collection and
analysis by the use of ~ Carbon radiocactive tracers.
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TABLE 31. TOTAL POM EMISSION FACTORS FOR THE
FORD PROTOTYPE DIESEL ENGINE76

Withouta With b
Catalyst Catalyst Percent
POM Compound (ug/mi) (ug/mi) Reduction
Phenanthrene 3.0 0.32 89
Anthracene 0.96 _ 0.064 93
Fluoranthrene 3. 0.32 91
Pyrene 4, 2.4 49
Chrysene plus benzo(a)anthracene 11 0.64 94
Perylene 1.9 0.64 66
Benzo(a)pyrene 1.4 0.32 78
Benzo(e)pyrene 4.5 0.64 86
Dibenzopyrenes 0.48 0.32 33
Coronene ‘ 0.64 0.48 25
Picene plus dibenzoanthracene 0. 0.48 40
Benzo(g,h,i)perylene 2. N.0.¢ ---
_Anthanthrene 1.1 ~ N.O. ---
t dentified b t Qua ed:
Fluorene, Benzophenanthrene,
Benzofluorenes, Benzofluoranthene,
Benzo(a)anthracene
?articu;atg_ . - - 43-50 mg/km .8-10 mg/km
Organic extractables 90% 30%
Free carbon 6% 50%
Sulfate 4% 203

a . . .
Average of four measurements.
Average of two measurements.

cN.O. = Not observed.
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47

emit 11,000 ug of benzo(a)pyrene per gallon of oil used. The study
theorized that benzo(a)pyrene formation and emissions were a direct function
of the oil concentration in the gasoline/oil fuel mixture.47 No

information was provided on the sampling procedures used to derive the
emission factor. Therefore, it is not known whether this factor represents

particulate, gaseous, or total benzo(a)pyrene.

In che only other identified work on two-cycle engine POM emissions,
POM concentrations in chain saw engine exhausts were measured.59
Concentrations were determined in a laboratory environment and in the field.
The sampling procedure used in these tests employed equipment to collect
both particulate and gaseous POM. The total POM concentrations were
dominated by naphthalene and other two-ring POM compounds} Other POM
compounds identified in the exhausts include 2-methylnaphthalene, biphenyl,
fluorene, anthracene, pyrene, benz(a)anthracene, benzo(a)pyrene, and
benzo(g,h,i)perylene. The typical concentrations of total POM, naphthalene

and benzo(a)pyrene measured in the laboratory chain saw exhausts are as
.follows.sg

naphthalene - 14 mg/m>
total POM " - 75 mg/m3
benzo(a)pyrene - 0.005 mg/m3

The POM concentrations in the chain saw engine exhausts during the

field sampling procedure are given below.59
naphthaléne- - 11 to 22 ug/m3
total POM - 19 to 42 ug/m3

benzo(a)pyrene - 0.05 ng/m3

A comparison of the laboratory and field results shows the- field data
concentrations to be three to five orders of magnitude less than the
laboratory concentrations. This significant difference is attributed to
differences in weather and logging conditions during sampling.59
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Aircraft Turbine Engines--Robertson et al. characterized POM associated
with particulate emissions from the combustion of kerosene fuels in a gas
turbine engine.78 The POM compounds identified are shown in Tabie 32. The
majority of the POM found were smaller 3- and 4-fused-ring compounds. Very
few 5- and 6-fused-ring compounds were found and those found were in low
concentrations. No nitrosamines were found and very few, and low
concentrations, of phenols were identified. Polycyclic organic matter
concentrations in the exhaust decreased with increasing power settings,
while concentrations were higher in exhaust from combustion of lower sulfur
fuels. Packed-bed filter studies showed that less than 1 percent of the

organic matter emitted by this engine was adsorbed onto particulate matter.
MUNICIPAL, INDUSTRIAL, AND COMMERCIAL WASTE INCINERATION

The bulk of the information available in the literature on POM
emissions from waste incineration pertains to municipal solid waste
incineration. Consequently, discussions in this part of the document will
Predominantly concern municipal waste incineration. Industrial and
commercial waste incineration is described in relation to POM emissions to

the extent Rossible from readily available literature information.
Process Description
Municipal Waste Incineration--

Municipal wastes are incinerated Primarily as a means of volume
reduction for eventual waéte:disposél. Heat eneréy récoveryAmay also be
associated with municipal waste incineration for economic reasons if
consumers can be found for the .recovered energy. Municipal waste
incin-racipn 1s practiced as.a reasonable alternative to the more
Predominant solid waste disposal method of landfilling. The wastes burned -
ih-municipal incineration units come pPrimarily from residential sources;
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TABLE 32. POM COMPOUNDS IDENTIFIED BY GC/MS ANALYSIS IN EXHAUST
FROM A GAS TURBINE ENGINE BURNING KEROSENE-TYPE FUEL78

Fluorene
Anthracene-phenanthrene
Methyl fluorene
Methyl-Claﬂlo o — o

Fluoranthene

Pyrene

Aceanthrylene

Benzofluorene

Benzofluoranthene

Chrysene + Napthacene
a

Benzopyrenes

Perylene

aBenio(é)pyréne and benzo(e)pyrene with most of signal due to benzo(e)pyrene.
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however, commercial and industrial sources can in some areas contribute
significant quantities to the total waste load. Incineration is a
particularly important and useful waste disposal option in space limited

areas such as large, densely populated metropolitan cities and cities in

coastal zones.

[. There are two broad categories of incinerators currently used in the

United States to perform municipal waste incineration, conventional

—incinerators and modular or package incinerators. The-most significant
difference between these categories is the designed waste throughput

ti capacities of typical units. Conventional incinerators are large units that
} have throughput rates in excess of 45 Mg (50 tons)/day. Conventional units
currently in operation have waste throughputs as high as 2,700 Mg

o ey

- (3,000 tons)/day. Modular units are designed to be much smaller in terms of
3 the waste load a single unit can handle. Modular incineration units

I generally have waste handling capacities of less than 45 Mg (50 tons)/day
and the majority are less than 27 Mg (30 tons)/day.79'8o

-

ro—m—
[y o

Large conventional incinerators generally are more applicable in
{ - . situations of,cohtinqouslqgeracion where a large and constant or steady
stream or waste material is generated. Disadvantages to using conventional

Incinerators include a long planning and start-up period before actual

oy
1% -

operation is realized and a condition of being subject to Federal and State
[j air pollution control regulations (thereby dictating an added cost for

overall incinerator installation and operation).

{; ' The increased use of modular LnCLneracors for funicipal waste dlaDOS&L
is a relatively new trend in the United States that has taken place
primarily in the last ten years. a typical, self-contained modular
incinerator unit contains the incinerator itself, refuse handling equipment

|§ - standard utility connections, and if appllcable, emlssion control equlpment
Modular units are designed to be off-the- shelf incinerators that are easily'
) and quickly combined with similar self- -contained units of the same given
l% type to enable a facility to increase its waste handling ability without
k
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having to purchase a whole new incineration system. Overall, modular units
are better suited to handling batch waste disposal operations that are

characteristic of sporadic or fluctuating waste material loads.

The majority of existing municipal waste incinerators in the United
States use a basic multiple chamber combustion design for waste
incineration. These chambers are either refractory-lined or water-walled
and are equipped with grates upon which waste is burned. Grates are used
- to thoroughly mix refuse which helps facilitate more complete combustion.
Depending on the particular incinerator design, these grates may be
traveling, rocking, circular, or reciprocating. Other design variables that’
may be incorporated into the basic multiple chamber incinerator include
manual or automatic stoking and starved or excess air.79'80

The combustion process in a multiple chamber waste incinerator
(conventional or modular) occurs in two stages. The first stage takes place
in the primary combusted chamber where the solid waste fuel is dried,
ignited, and combusted. .This chamber operates with less than stoicﬁiometric
amounts of oxygen (i.e., under starved air conditions). In most cases,
natural draft or. slight induced draft is used. to pull air up through the
support grate to carry out the primary combustlon process. In most '
conventional and modular municipal waste incineration systems, the
temperature immediately above the burning grate in the primary chamber
ranges from 760 to 90009 (1400 to 1652°F). The combustion gases from the
primary chamber, which are made up of the volatile components of the waste
and the products of combustion, are then passed through a flame port
connécting the primary ‘chamber to the secondary combustion chamber. The-
temperature of the gases leaving the primary combustion chamber range from
871 to 982°% (1600 to 1800° F). From the flame port, the heated gases flow
into the secondary chamber where secondary air is added for mixing and
'ox1dat10n purposes. Abrupt changes in the speed and directlon of the
primary combustion products causes ‘turbulent mixing wich the secondary air
and more complete oxidation is achieved. Depending on the design of the
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incinerator, the hot gases exiting the secondary chamber may be either
processed to recover their heat energy and then exhausted to a control

device or ducted directly to an emission control system.79’80

The basic configurations of several conventional municipal waste
incinerators are illustrated in Figure 6.81 Prevalent modular incinerator

systems are shown in Figure 7.81'

Municipal waste incinerators are controlled most commonly by ESPs,
baghouses, and wet scrubbers. Very effective particulate matter control can
be achieved hsing ESPs, baghouses, or scrubbers: however, ESPs and baghouses
are significantly more efficient at controlling fine particle emissions from
incinerators. Scrubbers, however, offer the advantage of providing control
for acid gases and sulfur oxide that neither ESPs or baghouses can claim.
Afterburners also are used on incinerators as a control measure for organic
compound emissions. Conventional incinerators have some form of controls
such as these. Modular units may or may not have such controls depending on
the size of the unit, the number of units, and existing local regulations.

Modular units, when controlled are typically equipped with ESPs. scrubbers,
or afterburmners. 80

Currently, about 75 percent of conventiooal municipal waste
incinerators are controlled by ESPs. Advantages of ESP use include good
emissions control, the ability to handle high temperature [above 300°C

(570° F)] flue gases, and a continuous operation mode that requires minimal

downtime for cleanlng and malntenance Wet scrubbers are used for em1351ons

control on about 20 percent of existing conventlonal munlc‘pal waste

incinerators. Generally, scrubbers used for incinerator emissions control

will be of one of the following types.80

-low energy (e.g., spray tower)

medium energy (e.g., packed column, baffle plate or liquid
impingement)

3. high energy (e.g., venturi)
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Figure 7. Typical configurations of modular municipal waste
incinerators.®l

112



.

ve

N

§
b
i

NN SLNEN /H)VMVM
anaty
[ F \
. | o
OA0m

d ' -,
AT f.oo)
38
Acames coon ' £. St

—T

Figure 7. Typical configurations of modulgf municipal
waste incinerators (continued).

113



‘Simultaneous particulate matter and gaseous pollutant control and the

ability to handle high temperature flue gases are two advantages of wet
scrubber use on municipal waste incinerators. One drawback to scrubber use
is the need to treat and dispose of contaminated scrubber effluent. The
small percentage of conventional municipal waste incinerators not controlled
by either ESPs or wet scrubbers are controlled by a mixture of baghouses,

baffle chambers, and cyclones.79’8o

Recently, dry scfubbing systems have been tested on conventional waste
Incinerators for emissions control. Effective control on particulate
matter, including submicron particles, sulfur dioxide, and acid gases was
demonstrated using dry scrubbing. Additional benefits of dry scrubbing
include minimal system corrosion (a major problem in' wet scrubbing systems)
and no visible emissions plume (because flue gas is not moisture saturated).
Dry scrubbing may become prominent on future municipal waste incinerators

should current research continue to be favorable.so

Industrial Waste Incineration--

..Industrial wastes combusted in incinerators consist primarily of
processing wastes and plant refuse and contéin paper, plastic, rubber,
textiles, and wood. Because of the variety of manufacturing opérations,
waste compositions are highly variable between plants, but may be fairly
consistent within a plant. Industrial waste incinerators are basically the

same design as municipal waste incinerators. Available data indicate that

~ approximately 91 percent of the units are multichamber designs, 8 percent

~are single chamber designs, and 1 percent ate rotary kiln or fluldized bed -

designs. About 1500 of the estimated 3800 industrial incinerators are used
for volume reduction, 640 units (largely in the petroleum and chemical
industries) are used for toxicity reduction, and the remaining 1700 units

are used for resource recovery, primarily at copper wire and electric motor
plants.79 ' " -
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Most individual waste incinerators are subject to State and local air
quality regulations such that these units have varying degrees of emissions
control. Most are equipped with afterburners, and newer units may have or

be required to obtain scrubbers or ESPs. 79

Commercial Waste Incineration--

Commercial waste incinerators are used to reduce the volume of wastes
from medical facilities, -large office and living complexes, schools, and
commercial facilities. Small multichamber incinerators are typically used
and over 90 percent of the units require firing of an auxiliary fuel
Emission controls are generally not present on commercial units. The '
inefficient methods of combustion used in the majority of commercial waste

incinerators make these units potentially significant POM emission

.79
sources.

‘Polyeyclic organic matter emissions from waste incineration are a
function of waste composition, incinerator design afid operating practices,
and incinerator emissions control equipment. Both the incineration of
wastes and the combustion of incinerator auxiliary.fuelumay.be-acurces of
POM emissions. Greater organics and moisture content in wastes increase
potential POM emissions upon incineration. Incinerator design and operating
practices affect waste mixing, residence time in the flame zone, combustion
stoichiometry, and other factors that contribute to POM emissions

generation. Incinerator emission controls affect POM emissions by

determining whether particulate matter and gaseous pollutants are controlled

and to what extent Generally, OM em1551ons axist in both part*culate and
gaseous forms, with available data indicating that often gaseous POM
emissions predominate. Incinerators with emission controls designed

prinarily for particulate matter collection may be accomplishing little POM
emissions control. ~
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Available POM emission factor data for municipal and commercial waste
incineration sources are given in Table 33.82-88 Because most of the
factors in Table 33 are for different configurations of incinerator type and
control &evice, comparisons between factors and aggregation of the dasa is
not possible. In controlled incinerator situations, emission factors for

individual POM compounds range relatively from 0.1 to 1000 mg/Mg, indicating

the possible great variability in emissions. Emissions variability is
attributable to widely differing waste compositions (1nc1ud1ng moisture
content) being burned, incinerator operating practices, and control device
effectiveness. Control device type and effectiveness may. be one of the most
important and manageable variables in eventual POM emissions from a
municipal waste incinerator because existing data indicate that in many
cases the bulk of POM emissions are in gaseous form. Control systems not
designed for gaseous organic compound removal may not collect a large
portion of incinerator POM emissions.

-

Total POM emission factors in References 82 and 83 may be biased low

- because naphthalene was not one of the POM compounds analyzed for. Data

from Reference 87 indicates that naphthalene can be a 51gn1f1cant

contributor to total incinerator POM emissions. In many source test cases,
naphthalene has not been analyzed for because it is not viewed to be as

important (i.e., toxic) as other POM compounds such as benzo(a)pyrene or

benzo(a)anthracene.

‘ The test data for commércial waste incinerators in Table 33 indicates
that POM emissions are generally greater from commercial sources than from
municipal sources (disregarding differences for contrels). This apparent
trend is probably attributable to commercial units being operated and
maintained less efficiently than municipal units, with emphasis -not being
given to optimizing combustion conditions and waste destruction. In both of
the commercial unit tests described in the literature, pyrene and .

fluoranthene were consistently the predominant POM compounds measured of
those analyzed.
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-combustion of caroonaceous materlal in the sludge

Source Locations

Estimates for the end of 1985 indicate that there are approximately
223 municipal waste incinerators in operation in the United States. Of
these 223 units, 109 are conventional and 114 are modular in design.

Conventional and modular unit locations and capacities are given in
Tables 34 and 35, respectively. 80

No site specific location information is available for commercial and
industrial waste incinerators. Commercial units are generally located in
urbanized, metropolitan areas with large concentrations of people.

Locations of industrial waste incinerators parallel those of the industries
that use them for waste disposal. The lumber and wood products industries,
the primary metals industry, and the printing industry are the greatest.
users of incinerators for waste disposal. Lumber and wood producers are
pPrimarily in the Southeast and Northwest. Primary metals plants are
predominantly in the Midwest, the Mideast, and the Southwest. The printing
industry has an essentially nationwide distribution.79

'SEWAGE 'SLUDGE INCINERATION

2129£§§_D§§22122i23

Sewage sludge incineration refers to the oxidation of sludge material

generated by wastewater Sewage treatment plants. Polycyclic organic matter

emissions from sewage sludge lncineration potentially origlnate from the

, from the comoustlon POM
precursors that may exist in the sludge, and from the combustion of .

supplemental incinerator fuel (typically natural gas or fuel oil).

_The mOSt prevalent types of incinerators for - sludge ox1dation are
multiple-hearth and fluidized-bed units Multiple-hearth incinerators are
relatively simple Pieces of equipment, consisting of a steel shell lined
with refractory. The interior of the incinerator is divided by horizontal
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brick arches into separate compartments or hearths. Alternate hearths are
designed with openings to allow solid material to drop onto the hearth
below. At the center of the unit, a shaft rotates rabble arms that are
located on each hearth. To enable the incinerated material to move inward
and then outward on alternate hearths, teeth on the rabble arms are placed
at an angle. As sludge is fed through the roof of the incinerator, the
rotating rabble arms and rabble teeth push the material across the hearth to

drop holes where it falls to the next hearth. This process continues until

‘the sterile ash produced by the oxidation steps is discharged from the

bottom of the incinerator. A schematic diagram of a typical multiple-hearth
sewage sludge incinerator is presented in Figure 8. 89

The majority of multiple-hearth incinerators have three distinct
operating zones. The first zone includes the top hearths where the
water-laden sludge feed is partially dried by rising hot combustion gases.
The second operating zone is the incineration/deodorization zone where
temperatures of 760°-980°C (1400-1800°F) are reached and maintained. The
third zone of the multiple-hearth unit is the cooling zone where hot ash

from incineration releases heat to incoming combustion air.

The second.technique used to oxidize sewage sludge is fluidized-bed

incineration. Figure 9 represents the basic operations found in a

fluidized-bed unit. In this operation, dewatered sludge is introduced into

the freeboard area of the incinerator just above the fluidized-bed material

(which is usually sand). Air injected through tuyeres at pressures of from

3 to 5 psig fluidlze the bed  Hot combustlon gases riSLng from the bed
evaporate remalnlng water in che sxudge and sludge oOleS then enter ché
fluidized bed. The organic constltuents.of the sludge are oxidized to
carbon dioxide and water vapor which exit the system as exhaust gases.

During this reaction, the bed is vigorously mixed and the bed temperature is

- maintained at 760-927°C (1400-1700°F). Material residence time in the

combustion zone is 2 to 5 seconds. Remaining inorganic sludge material

either deposits on the bed sand particles and is removed from the bottom of
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Figure 8. Cross section of a typical multiple-hearth incinerator. ?
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the reactor, or it can be made to exit with the exhaust gases. Air velocity

through the bed is used to control the method of inorganic sludge material

renoval.s9

Controlling the rate of feed of the sludge into the incinerator is the
most critical operating variable for fluidized-bed units. There is an upper
limit on the rate of heat transfer that can be achieved for a given quantity
of sand. If the rate of sludge feed exceeds the burning capacity of the
sand bed, combustion will not be complete. Similarly, either a rapid .
increase in the overall furnace load or in the total moisture content of the
sludge will lead to coagulation of the sludge into heavy masses, depress the
bed, and halt combustion. It is also important, for the same reasons, to

ensure that an adequate residence.time is available for the sludge to burn

completely. 89

Electric incinerators and rotary kilns are also used to destroy sewage
sludge, but to a much lesser degree than either multiple-hearth or
fluidized-bed units. Electric incinerators consist of a horizontally
oriented, insulated furnace. A belt conveyor extends the length of the
furnace. Infrared hcating elements are located in the roof above the
conveyor belt Combustion air ‘is’ preheated by the- flue gases and is
injected into the discharge end of the furnace. To begin the process,
dewatered sludge cake is conveyed intoc ome end of the incinerator. An
internal roller mechanism levels the sludge into a continuous layer
approximately one inch thick across the width of the belt. The sludge is
dried and then burns as it moves beneath the infrared heating elements. Ash

is discharged into a hopper at the opposite end of the furnace.

The preheated combustion air enters the furnace above the ash hopper
and is further heated by the outgoing ash. The direction of air flow is
countercurrent to the movement of the sludge along the conveyor. Exhaust
gases leave the fufnace at the feed end. Eiectrie incinerators consist of a

number of prefabricated modules, which can be linked together to provide
the necessary furnace length. 89
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Rotary kilns have been applied in systems only requiring limited sludge °
burning capacity [up to 544 kg (1200 1b)/hr]. The typical kiln is inclined
slightly to the horizontal plane, with the upper end receiving both the
sludge feed and the combustion air. A burner is located at the opposite end
of the kiln. The kiln rotates at a speed of about 6 inches per second, with
sludge being combusted as it moves down the kiln. Ash from incineration is

deposited into a hopper located below the burner.

Of the known total number of sewage sludge incinerators in the United
States, approximately 73 percent are multiple-hearth units, 20 percent are
fluidized-bed units, 5 percent are electric incinerators, 1.5 percent are
coincineration with municipal solid waste units and less than 1 percent are

rotary kilns. 89.

Emissions from sewage sludge incinerators are controlled by various
designs of wet scrubbers. Scrubbers have evolved as the preferred method of
control for sludge incinerators because: (1) the treatment plant provides a
relatively inexpensive source of scrubbing water and a system for treating

scrubber effluent and- (2) they have been shown to be effective particulate

matter emission control systems

Prior to 19%8, sludge incinerator emissions were controlled
predominantly by impingement tray, venturi, and venturi/impingement tray
scrubbers. A detailed breakdown of controls prior to 1978 for
multiple-hearth, fluidized-bed, ‘and electric incinerators is provided in
‘Table 36: after 1978, che dominant emission control System apvolied- to
multiple-hearth and fluidized-bed sludge incinerators was venturi/impingement
tray scrubbers. Venturi scrubbers were the primary emission control system
for electric incinerators. A detailed breakdown of post-1978 sludge
incinerator controls is given in Table 37. After 1978, a non- scrubbing
' system, a baghouse ‘'was also used for emissions control on a sewage sludge
incinerator. As shown in Table 37, since 1978, venturl/lmplngement tray

scrubbers are the preferred emissions control technology for sewage sludge

incinerators.89
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TABLE 36. DISTRIBUTION OF EMISSION CONTROL TECHNIQUES APPLIED
TO SELECTED SEWAGE SLUDGE INCINERATORS PRIOR TO 197889

Applications Range of
Control . Type m (in. w.g.)

Multiple-Hearth Incinerators

Impingement Tray 40 6 - 9
‘Venturi 22 . 15 - 32
Vu{turi/mping.m_n: Tray 20 . 15 - 35“
Spray Tower 10 4 -9
Wet Cyclone 5 3 -4
Venturi/Wet Cyclone 3 15
Fluidized-Bed Incinerators

Vénturi/Impingenent, Tray . 68 12 - 40
“Impingement Tray - - .- . S S A
Venturi . 9 17 - 18
| Electric Incinerators

Venturi ] 57 . 4 -9
Impingement Tr;y o _ ‘ 29 . o 6 -9
Véﬁturi/Wet Cyclone '. o 14 - | 12.
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TABLE 37. DISTRIBUTION OF EMISSION CONTROL TECHNIQUES APPLIED
TO SEWAGE SLUDGE INCINERATORS AFTER 197857

Applications Range of
e ops
Control Type Percent of Total (in. w.g.)
Multiple-Hearth Incinerators
Venturi/Impingement Tray 88 10 - 45
Fabric Filter 6 ---
Impingement Tray 6 10
Venturi/Impingement Tray 75 42
Venturi i 25 Not Reported
Electric Inciperators
. . Venturi o . A .- 8 -010
Venturi/Impingement Tray 25 : 10
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Tests of air emissions from sewage sludge incinerators have confirmed
the existence of POM compounds from this source category; however,
quantitative POM emission factors are limited. The only POM emission
factors found in the literature for sewage sludge incinerators are presented
in Table 38. 30 The seven POM compounds listed in Table 38 were specifically
analyzed for during the emission tests.

In tests of another sludge incinerator equipped with a wet scrubber
control device, 20 different POM compoundﬁ were detected. A list of these
20 is provided in Table 39.91 The predominant POM compounds found in sludge
incinerator exhausts were phenanthrene, fluoranthene, fluorene, and pyrene.
The sampling technique used during the tests of the sludge incinerator
measured both particulate and gaseous POM. The greatest proportion of the

POM emissions were consistently found to be in a gaseous state.

Source lLocations

.According to a 1985 U.- S. EPA assessment approximately 266 sewage -

' sludge incinerators are in existence in the United States. The distribution

of these 266 by type is as follows.92
. multiple hearth - 195
. fluidized bed - 54
. electric - 12
e rotary kiln - 2
[ 3 municipal solid waste co-combustion - 3

Of the 266, 155 units are estimated to be in operation. The breakdown of

‘operating units within each major incinerator type is given below.

° multiple hearth - 119
° fluidized bed - 25
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TABLE 38.

POM EMISSION FACTORS FOR A SEWAGE SLUDGE
INCINERATOR CONTROLLED BY A WET SCRUBBER

{
|

| POM Compound POM Emission Factor, g/Mg (lb/ton)2'?:¢
'§‘ Acenaphthylene 0.12 - 0.16 (0.00024 - 0.00032)
- Pyrene 0.17 - 0;25 (0.00034 - 0.00050)
i‘ —__ Fluorene - 0.38 -- 0.41 (0.00076 - 0.00082)
| Carbazole 0.09 - 0.21 (0.00018 - 0.00042)
\ Fluoranthene 0.81 (0.0016)
.(“ Benzo(a)pyrene 0.002 - 0.007.(0.000004 - 0.000014)
t Dibenzofuran 1.1 - 1.3 (0.0022 - 0.0026)
I‘ %Emission factors are expressed in terms of g (1b) POM emitted per Mg (ton)
’ of dry sludge fed to the incinerators. The range given is for two emission
- test rumns.

bEmission factors repredent the joint final stack emissions of a sewage

sludge incineration facility containing two incinerators, each controlled by

atmospheric release.

kv

a wet scrubber. Scrubber exhausts are funneled to a single stack for

FThe sampling and analysis procedures used during these tests resulted in
both particulate and gaseous POM being measured.
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TABLE 39. POM COMPOUNDS IDENTIFIED IN SEWAGE
SLUDGE INCINERATOR EMISSIONS91

Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyrene
Chrysene
Triphenylene
Benzo(g,h,i)fluoraﬁthene
Benzo(a)anthracene
Benzo(b)fluoranthene
Benzo(k)fluoranthene
Benzo(e)pyrene
'Behzo(ajpyreﬁe S
Perylene

O-phenylene pyrene
Dibenzo(a,c)anthracene
Dibenzo(a,h)anthracene
BenZo(b)chrysene
Benzo(g,h,i)perylene

_ Anthanthrene
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. electric - 8
] rotary kiln - 1

. municipal solid waste co-combustion - 2

A State-by-State distribution of the number of total and operating
sewage sludge incinerators by type is given in Table 40.92 The States where
sewage sludge incineration is predomihantly practiced are New York, 7
Michigan, Connecticut, Pennsylvania, New Jersey, Ohio, Virginia, and

California. B

A list of wastewater treatment plants where 'sludge incineration is
thought to be practiced is given in Table 41.93’94 Because the list of
facilities in Table 41 was developed at a different time and by a different
group than that which developed the sludge facility distribution data in

Table 40, the total number of facilities shown in the two tables differ
slightly.

PETROLEUM CATALYTIC CRACKING - CATALYST REGENERATION

Catalytic cracking processes currently serve a major role in modern
petroleum refineries by substantially increasing the production of gasoline
from a given amount of crude oil. This increased production is accomplished

by cracking heavier feedstocks such as atmospheric or vacuum gas oils to

. Produce slurry oil, light cycle oil, cracked gasoline, light gases, and

coke.95 Catalytic cracking takes place in the presence of a catalyét which
can become deactivated through the continual deposition of carbon, in the
form of coke, on active sites. To combat catalyst degradation, catalysts
are regenerated by combusting the coke deposits on the catalyst. This
combustion of coke or catalyst regeneration process has been found to form

POM emissions, and thus makes catalytic cracker catalyst regeneratofs
potential POM emission sources.96’97
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TABLE 41. LOCATIONS OF WASTEWATER TREATMENT PLANTS THOUGHT
TO BE USING SEWAGE SLUDGE INCINERATORSgB’94

Incinerator Locations

POTW Name

Multiple-Hearth Units
Anchorage, AK

Palo Alto, CA

San Mateo, CA

South Lake Tahoe, CA
Truckee, CA
Martinez, CaA

Redwood City, CA

San Clemente, CA

Cromwell, CT
Hartford, CT
Killingly, CT
Naugatuck, CT

New Haven, CT

New Haven, CT
New London, CT
Norwalk, CT
Waterbury, CT
Willimantic, CT -/

Jacksonville, FL
Pensacola, FL

Atlanta, GA
Atlanta, GA
Cobb County, GA
Savannah, GA
Marietta, GA

Honolulu, HI
Honouliuli, HI
Oahu, HI

Decatur, IL
Rock Falls, IL
Rockford, IL

Point Woroﬁzof STP

Palo Alto WWTIF___
Not Reported

South Tahoce WWTF
Tahoe-Truckee WWTF
Not Reported

Not Reported

San Clemente WWTF

MDC WPCF
Hartford WPCF
Killingly WPCF
Naugatuck WPCF
East Shore WPCF
Boulevard WPCF
New London WPCF
Norwalk WPCF
Waterbury WPCF

. Willimantic WEPCF

Buckman Street STP
Main Street Plant

R. M. Clayton

Utoy Creek
Chattahoochee
President Street WPCF
Not Reported

‘Sand Islana WWTF

Honouliuli WWTP
Not Reported

Decatur STP
Rock Falls STP
Rockford S.D. STP
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TABLE 41.

LOCATIONS OF WASTEWATER TREATMENT PLANTS THOUGHT

TO BE USING SEWAGE SLUDGE INCINERATOR593'94 (Continued)

Incinerator Locations

POTW Name

~ East Chicago, IN

Indianapolis, IN
Indianapolis, IN

Cedar Rapids, IA
Davenport, IA

Johnson County, KS
Shawnee Mission, KS
Kenton County, KY
Algiers, la

Lake Charles, 1A
Lake Charles, 1A
Annapolis, MD

Baltimore, MD
Riviera Beach, MD

' "Attleboro, MA

Chicopee, MA
Fall River, MA
Fitchburg, MA
Lawrence, MA

New Bedford, MA
Quiney, MA :
Worcester, MA

Amn Arbor, MI
ann Arbor, MI
Bay City, MI

Bay County, MI
Battle Creek, MI
Detroit, MI
East_Lansing, MI
Flint, MI -
Grand Rapids, MI
Kalamazoo, MI
Lansing, MI
Niles, MI
Owosso, MI

East Chicago STP
Belmont Street Plant
Southport WWTP

Cedar Rapids WPCF~
Davenport WWTP

Mission Township STP
(Main Sewer District No.
Turkey Creek MSD #1

Not Reported

New Orleans W. Bank STP
Plant C
Plant B

Annapolis City STP
Patapsco WWTP
Cox Creek WWTP

. Attleboro WWTW

Chicopee WWTP

Fall River STP

Fitchburg East WWTP
Greater Lawrence SD WWTP
New Bedford WWTP

Nut Island WWTP

Upper Blackstone Reg WWTP

Ypsi Community WWTP

Ann Arbor WWTIP
Bay City STP
Bay. County STP
Not Reported
Detroit STP

East Lansing WWP
Flint WPCF
Grand Rapids
Kalamazoo QQTP
Lansing WWTP

Niles Wastewater Treatment Plant

Owosso WWTP

1L
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TABLE 41. LOCATIONS OF WASTEWATER TREATMENT PLANTS THOUGHT
TO BE USING SEWAGE SLUDGE INCINERATORSQS'94 (Continued)

Incinerator Locations POTW Name

Pontiac, MI Pontiac STP

Trenton, MI Trenton WWIP

Warren, MI . Warren WWTP

Wayne County, MI Wyandotte STP
Eagan, MN Seneca Treatment Plant
St. Paul, MN . Metropolitan TP
St. Louis, MO Bissell Point STP
St. Louis, MO Lemay STP

Kansas City, MO Kansas City Big Blue River STP
Zephyr Cove, NV Douglas County SID #1 WWTF
Lebanon, NH Lebanon WWTF

Merrimack, NH Merrimack WWTP
Mancheqper, NH ' Manchester WWTP

Atlantic City, NJ Atlantic County SA
Bridgewater, NJ - Somerset-Raritan
Jersey City, NJ , } West Side STP
Parsippany-Troy Hills, NJ S .- Rockaway Val'Regn S A TRT
Princeton, NJ ' Stony Brook RSA STP #1
Union Beach, NJ Bayshore Regional STP
Wayne Township, NJ Mountain View STP
Albany, NY South Albany STP
Amherst, NY Not Reported
Babylon, NY Southeast SD #3
Beacon, NY Beacon WPCP

Buffalo, NY . » ) Birds Island STP
Dunkirk, NY Dunkirk STP
Greece, NY N W Quadrant TP
Mamaroneck, NY . Mamaroneck San. Sew. District
Menands, NY North Albany STP

" Mechanicville, NY Saratoga SD #1

New Rochelle, NY New Rochelle SD STP

‘New Windsor, NY New Windsor STP .
Orangeburg, NY Orangetown DPW
Ossining, NY Ossining SD

Oswego, NY ' East STP
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P . TABLE 41. LOCATIONS OF WASTEWATER TREATMENT PLANTS THOUGHT
! TO BE USING SEWAGE SLUDGE INCINERATORSQ3’94_(Continued)

e im
. y

Y - i H x
R .

Incinerator Locations POTW Name

Oswego, NY
Port Chester, NY
Rochester, NY

_Rochester, NY

Schenectady, NY
Southampton, NY
Tonawanda, NY
Utica, NY
Wheatfield, NY

Greensboro, NC
Rocky Mount, NC

Akron, OH
Canton, OH
Cincinnati, OH
Cincinnati, OH
Cleveland, OH
Cleveland, OH
Columbus, OH
Columbus, OH
Euclid, OH
Youngstown, OH

Tigard, OR

Ambridge, PA
Apollo, PA
Bridgeport, PA
Chester, PA
Colmar, PA
Erie, PA
Hershey, PA

Johnstown, PA

Norristown, PA
North Wales, PA
0ld Forge, PA
Pittsburgh, PA

West Hazelton, PA
Wilkes-Barre, PA
Willow Grove, PA
York, PA

Lemoine Borough, PA

West STP

Port Chester SD STP
Gates Chili Ogden STP
Frank E. Van Lare WWTP
Schenectady STP
Disposal District No. 15
Two Mile Creek SD Plant 2
Oneida County WPCP
Niagara CO SD #1 STP

North Buffalo WTP
Rocky Mount WWTP

Akron WWTP

Canton WWTP

Millcreek WWTP

Little Miami WWTP
Westerly WWTP
Southerly WWTP

Jackson ‘Pike WTP
Columbus-Southerly WWTP
Euclid WWTP . .
Youngstown WWTP

Durham Regional STP

Ambridge STP

Kiski Valley WPCA
Bridgeport STP

Delcora Chester STP
Hatfield Townmship STP

Erie City STP

Derry Township WPCP

City of Johnstown

E. Norriton Plymouth TP
Upper Gwynedd Township STP
Lower Lackawanna STP
Alcosan WWTP

Greater Hazelton STP.
Wyoming Valley San. Authority
Upper Moreland-Hatboro TP
York WPCC

Cumberland City
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TABLE 41. LOCATIONS OF WASTEWATER TREATMENT PLANTS THOUGHT

TO BE USING SEWAGE SLUDGE INCINERATORS

93,94 (Continued)

Incinerator Locations

POTW Name

Cranston, RI

Charleston, SC
Columbia, SC

Bristol, TN
Maryville, TN
Nashville, TN
Newport, TN

Alexandria, VA
Arlington, VA
Blacksburg, VA
Fairfax, VA
Newport News, VA
Norfolk, VA
Norfolk, VA
Virginia Beach, VA
Williamsburg, VA
Woodbridge, VA

Bellingham, WA
Vancouver, WA

Clarksburg, Wv
Brookfield, WI
DePere, WI

Green Bay, WI
Milwaukee, WI

i-Bed Uni

&3]
o
(o8

North Little Rock, AR

San Bernardino, Ca
South Bayside, CA
Redwood City, caA
Barstow, CA

Stratford, CT

Cranston WPCF

Plum Island TRT Plant
Metropolitan TRT Plant

Galloway Mill Plant
Maryville Regional STP
Nashville Central WWTP
Newport WWTP

Alexandria STP

Arlington County WPCP
Lower Straubles STP

Lower Potomac STP

Boat Harbor WPCF

Lamberts Point WPCF

Army Base WPCF
Chesapeake-Elizabeth WPCF
Williamsburg WPCF

Potomac River STP

‘Bellingham Plant

Vancouver Westside STP
Clarksburg STP

Brookfield STP

DePere WWTP

Green Bay WWTP

South Shore Waste Water TP

Faulkner Lake STP

San Bernardino WWTP #2
South Bayside WWTP
Not Reported

Barstow Regional WWTP

Stratford WPCF
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TABLE 41. LOCATIONS OF WASTEWATER TREATMENT PLANTS THOUGHT
TO BE USING SEWAGE SLUDGE INCINERATOR593'9a (Continued)

Incinerator lLocations POTW Name
Elkart, IN Elkart WWTIF
Dubuque, IA Dubuque WWTP
Kansas City, KS T Not Reported e T
Kansas City, KS KCK WWTP #1 - KAW Point
New Orleans, LA New Orleans East Bank
Ocean City, MD Ocean City WWTP
Lynn, MA | Lynn Regional WPCP
Port Huron, MI Port Huron STP
Duluth, MN WLSSD Regional WWTIF
Independence, MO ~ Not Reported
Omaha, NE : Papillion Creek
Soﬁerbet;Raritan, Ny . : ‘Not Reported
Two Bridges, NJ Fairfield Sewer Authority
Union Beach, NJ . Not Reported
Waldwick, NJ , N.W. Bergen
West Bedford, NJ Not Reported.
Hamburg, NY ’ Southtowns STP
Port Washington, NY Port Washington STP
Poughkeepsie, NY Arlington SD
Sheliby, NC Not Reported
Hazelton, PA Hazelton STP
King of Prussia, PA Trout Run WPC
Tyrone, PA Tyrone Borough STP
Clarksville, TN Clarksville Main WWTP
Edmonds, WA Edmonds STP
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TABLE 41.

LOCATIONS OF WASTEWATER TREATMENT PLANTS THOUGHT
TO BE USING SEWAGE SLUDGE INCINERATORS

93,94 (Continued)

Incinerator Locations

POTW Name

Electric Units

Wrangell, AK

- Decatur; GA —

Gainesville, GA
Cynthiana, KY
Bay Count}, MI
Sylvan Beach, NY
Fayetteville, NC
Greenville, TX
Aberdeen, WA

Rotary Kiln Units

Lake Arrowhead, CA
Los Angeles, CA

Hopewell, VA

Combination Sludge

Munjcipal Waste Units

New Canaan, CT
Stamford, CT

Glen Cove, NY

Harrisburg, PA

Other Sludge Units

Rockville, CT

Lyons, KS

Wrangell WWTP

Snapfinger WWTP __
Flat Creek WPCP

Not Reported

Not Reported

East Oneida Lake WPCP
Cross Creek Plant
Greenville STP

Aberdeen STP

Lake Arrowhead WWTF
Hyperion WWTP

Hopewell STP

New Canaan WPCF
Stamford WPCF

Glen Cove STP

Harrisburg, STP

Vernon WPCF

Lyons STP
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TABLE 41. LOCATIONS OF WASTEWATER TREATMENT PLANTS THOUGHT
TO BE USING SEWAGE SLUDGE INCINERATOR893’9a (Continued)

Incinerator Locations POTW Name

St. Charles, MO ) St. Charles Miss. River STP
Independence, MO Rock Creek WWTP

Meadow Grove, NE Meadow Grove WWTP

Tangier, VA Tangier STP

NOTE: This listing is subject to change as market conditions changs,
facility ownership changes, plants are closed down, etc. The reader
should verify the existence of particular facilities by consulting
current listings and/or the plants themselves. The level of POM
emissions from any given facility is a function of variables such as
capacity, throughput, and control measures, and should be determined
through direct contacts with plant personnel. From 1986 reference.
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Three types of catalytic crackers have been used in the petroleum
industry: fluid-bed catalytic cracking (FCC) units, Thermofor catalytic
cracking (TCC) units, and Houdriflow catalytic cracking (HCC) units.
Thermofor and Houdriflow crackers are both moving bed designs. Fluid-bed
catalytic crackers greatly dominate over the other two cracking unit types.
As of 1979, FCC units constituted 94 percent of total cracking feed
capacity, TCC units 5 percent, and HCC units 1 percenc)gs With the advent
of new and better catalysts, major design and operational changes have been
incorporated in FCC units in récent years. By contrast, no major changes in
moving bed type units have been observed and generally TCC and HCC units are

being phased out:.95

A process flow diagram of a typical FCC unit is shown in Figuré 10.95

In the FCC process, hot regenerated catalyst, mixed with hydrocarbon feed,
is ﬁransported into the cracking reactor. The reactor, which is maintained
at about 482°C (900°F) and 15 psig, contains a bed of powdered
silica-alumina type catalyst which is kept in a fluidized state by the flow
of vaporized feed material and steam.95’97 Cracking of the feed, which
occurs in the riser leading to the reactor and in the fluidized bed, causes
a deposit of coke to form on the catalyst particles. A continuous stream of
spent catalyst is withdrawn from the reactor and steam stripped to remove
hydrocarbons. The catalyst particles are Ehen pneumatically conveyed to a
catalyst regeneration unit. Hydrocarbon vapors from the cracking process
are fractionated in a distillation column to produce light hydrocarbons,

cracked gasoline, and fuel oi.l.95

In che catalyst regeneration unit, coke deposits are burned off at
temperatures near 538°C (1000°F) and pressures ranging from 2 to 20 psig.97
This coke combustion process is the source of POM emissions in regeneration
units.95-97 The regenerated catalyst is continuously returned to the
cracking reactor. Heat added to the catalyst during regeneration (coke
combustion) furnishes much of the required heat for the cracking reaction.95
Regenerator flue gases, high in carbon monoxide and unburned hydrocarbons

(including potentially POM compounds) are.vented to a carbon monoxide waste
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heat boiler or directly to the atmosphere.gs’97

Waste heat boilers which
are fired with an auxiliary fuel or contain a catalyst are reported to have
been 99 percent efficient in reducing PAH emissions from a regeneration
unit.95 In several installations, particulate matter emissions from the
waste heat boiler are controlled by an ESP.95 Catalytic cracking units
constructed after June 1973 are subject to a new source performance standard
that limits carbon monoxide and particulate matter emissions to such a level
that a waste heat boiler and ESP are generally required for compliance.95

Thermofor and Houdriflow cracking units, illustrated in Figures 11 and
12, operate similarly to FCC units but use beaded or pelleted

95,97

catalysts, In both TCC and HCC, the cracking process is initiated by

having regenerated catalyst and vaporized hydrocarbon feed enter the top of
the cracking reactor chamber and travel co-currently downward through the
vessel. As the cracking process proceeds, synthetic crude product is
withdrawn and sent to the synthetic crude distillation tower for processing
into light fuels, heavy fuels, catalytic gasoline, and wet 583.95 At the
base of the reactor, the catalyst is purged with steam to remove
hydrocarbons and is then gravity fed into the catalyst regeneration chamber.
In the regeneration chamber, combustion air is added at a controlled rate to
burn off catalyst coke deposits. As in FCC units, coke burning produces POM
emissions that are released in TCC and HCG catalyst regenerator flue gases.
Regenerated catalyst is collected at the bottom of the chamber and is
conveyed by airlift to a surge hopper above the cracking reactor where it
can be gravity fed back into the cracking process.95

Flue gases from TCC and HCC units are also either vented directly to
the atmosphere or to a carbon monoxide waste heat boiler. Thermofor units
have also been equipped in some installations with direct-fired afterburners
called plume burners. The plume burner is a secondary stage of combustion
built into the catalyst regeneration chambers. This type of burner
successfully increases the clarity of plumes from regeneration flue gases;

however, compared to a carbon monoxide waste heat boiler, the plume burner
is ineffective at reducing POM emissions.97
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Another means of reducing potential POM emissions from the catalyst
regenerators would be to achieve more complete combustion of carbon monoxide
to carbon dioxide. Recently developed processes such as UOPR hot
regeneration and Amoco UltracatR may aid in the achievement of lower overall
POM emissions. The relatively higher temperatures for catalyst regeneration
used in the UOP process serve to improve coke combustion efficiency and thus
potentially reduce POM formation and emissions. One drawback to the UOP
process is that due to its higher temperatures, special materials of
construction are required, thus making it more suitable for new cracking
units as opposed to existing units. The Amoco process, however, is based on
improving the catalytic reactor efficiency and allowing more complete

combustion to occur in the catalyst regenerator without having to operate at

‘higher temperatures. Because changes in basic equipment are minimal with

the Amoco process, it is more amenable for retrofitting existing units.95
Emission Factors

Available emission factor data for catalyst regenerators used in FCC,
TCC, and HCC units are presented in Table 42.97 Factors for all three types
of units generally exhibit a large amount of variability. In uncontrolled
FCC units, pyrene, phenanthrene, and fluoranthene were the predominant
compounds measured. Perylene, anthracene, and coronene were not detected in
uncontrolled emissions from the FCC unit. Benzo(a)pyrene levels were found
to be relatively minor (average of 169 ug/barrel of ‘oil feed versus average
of 133,000 ug/barrel of oil feed for phenanthrene). The positive effect of
carbon monoxide waste heat boilers as control devices for FCC regenerator

37

flue gases is well evidenced in Table 42.

Polycyclic organic matter emissions were in general highest from the
controlled TCC unit (air lift type) and the uncontrolled HCC unit. In the
air lift TCC unit, Pyrene, phenanthrene, benzo(g,h,i)perylene, and
benzo(a)pyrene emission levels were the highest of the ten POMs measured.
Similarly, benzo(g,h,i)perylene, benzo(e)pyrene, Pyrene, and benzo(a)pyrene

were the most significant compounds measured in uncontrolled HCC unit
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TABLE 42.

POM EMISSION FACTORS FOR PETROLEUM CATAL\

Number
Unit Type Emission Point of Tests Benzo(a )pyrene Pyrene Benzo(e )pyrene
FCC Uncontrolled 3 4.3 -~ 460 40 - 28,000 i1 - 3,600 '
Regenerator Outlet Avg. 169 Avg. 9,402 Avg. 1,221 {
P
FCC CO Waste Heat -3 ND - 21.5 25 - 165 D - 21 —
Boiler Outlet Avg. 11 Avg. 92 Avg. 13 ; £
TcC Controlled 3 56,000 - 120,000 132,000 - 260,000 56 ,000 - 120,000 .
(air lift) Regenerstor Outlets® -Avg. 79,333 Avg. 214,000 hvg. 47,667 !
TCC Controlled 2 m - 31 1280 - 360 w-82 |
(bucket lift) Regenerator Outlets® Avg. 16 Avg. 320 Avg. 41 -
HCC Uncontrolled 2 205,000 - 231,000 130,000 - 131,000 310,000 - 380,000 i@ 4
Regenerator Outlet Avg. 218,000 Avg. 130,500 Avg. 345,000 , T
HCC . CO Waste Heat 1 45 39 97

*These ten POM colpoundl were all that were analyzed for in Reference 97. They do not, therefore, necessarily represent all the POM compounds
present in emissions from this source category.

b

Emission factor values vere messured using techoiques that collected particulate and vaporized POM. i
huuonl vere vented through plume buruers prior to being emitted from the Tegeverators.

‘ID in all cases mesns compound was not detected., Lover limit of detection was vot specified in Reference 97.
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97

TIC CRACKING CATALYST REGENERATION UNITS

.

____ PoM Bpission Factors, ug/Barrel Oil Charged (Fresh Feed and Recycle).’b
. Benzo(g,h,i)-
Perylene pery leoe Anthanthrene Coronene Anthracene Phenanthrene Fluoranthene
w? ND - 424 ) ) ND - 2,070 D - 400,000 44 - 20,000
Avg. 146 Avg. 690 Avg. 133,333 Avg. 6,735
ND D - 55 ND ND ND ND 20 - 85
Avg. 18 Avg. 59
5,500 - 10,000 44,000 - 72,000 1,300 - 4,500 ND - 360 10,300 - 24,000 78,000 - 352,000‘ ND - 29,000
Avg. 8,100 Avg. 56,667 Avg. 2,482 Avg. 120 Avg. 14,967 Avg. 253,333 Avg. 13,200
D ND ND ND ND » 59 - 106
Avg. 83
Soth at 34,000 300,000 - 380,000 15,000 - 18,000 11,200 - 26,000 920 - 2,000 21,000 - 29,000 8,300 - 11,400
Avg. 34,000 Avg. 340,000 Avg. 16,500 Avg. 18,600 Avg. 1,460 Avg. 25,000 Avg. 9,850
4.8 125 3.2 8.0 7.9 83 23
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emissions. No explanation was offered in Reference 97 of why POM emissions
from the controlled bucket 1ift TCC unit were so disproportionately less
than that from the air lift TCC unit. Both types of TCC units were equipped
with plume burners.

" The data for the HCC unit reinforces the effectiveness of venting
regenerator emissions to carbon monoxide waste heat boilers for POM emission
control. For each of the ten POM compounds measured, the waste heat boiler

reduced uncontrolled HCC regenerator eémissions by greater than 99 percent.-
Souxce Locations

Locations of catalytic crackers and their catalyst regenerators are
directly associated with the locations of petroleum refineries. As of
January 1, 1986, there were a total of 189 operating refineries in the
United States. The States of Texas, California, and Louisiana contain about
41 percent of the total. Not all of the 189 refineries, however, contain

catalytic crackers. A list of the refineries containing catalytic crackers

and that may be potential POM emission sources is given in Table 43.93

SINTERING IN THE IRON AND STEEL INDUSTRY

Process Description

In the iron and steel industry, sintering processes convert materials
such as fine iron ore concentrates blast furnace flue dust, mill scale
turnlngs, toke Zines, and l;mestone fines into an agg glomerated’ proaucc chat
1s suitable for use as blast furnace feed material. Sintering is necessary
because fine iron ore material, whether in natural. or concentrated ores,
must be aggregated to a size and strength to prevent it from being blown out

of the top of a blast furnace. 99,100 A typical sintering operation is

illustrated in Figure 13.101
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TABLE 43, LOCATIONS OF ACTIVE PETROLEUM REFINERIES WITH
CATALYTIC CRACKERS AS OF JANUARY 198698

Company

Location

Lion 0il Company
~ Atlantic Richfield Company
Champlin Petroleum Company
QOChevrdamﬁ.§Th., Inc. -

Exxon Company

Fletcher 0il and Refinery Company
Golden West Refining Company
Mobil 0il Corporation

Shell 0il Company

Superior Processing Company

Texaco Refining and Marketing, Inc.

Tosco Corporation
Union 0il of Ca;ifornia,
Asamera 0il U.S., Inc.

Conoco, Inc.

Texaco Refining and Marketing, Inc.

Chevron U.S.A., Inc.

Clark 0il and Refining Corporation
Marathon 0il Company

Mobil 0il Corporation |

Shell 0il Company

Texaco Refining and Marketing, Inc.

Union 011 of California
Amoco 0il Company

Indiana Farm Bureau Coopefative
Association, Inc.

El Dorado, AR
Carson, CA
Wilmington, CA

El Segundo, CA
Richmond, CA

Benicia, CA

Carson, CA

Santa Fe Springs, CA

Torrance, CA

Martinez, CA
Wilmington, CA

Santa Fe Springs, CA

Wilmington, CA
Martinez, CA
Los Angeles, CA

, Commerce“01ty, co -

Commerce City, CO
Delaware City, DE
Barber's Point, HA

Blue Island, IL
Hartford, IL

Robinson, IL
joiiég, IL

Wood River, IL
Lawrenceville, IL
Lemont, IL

.Whiting, IN

Ht{ Vernon, IN
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TABLE 43. LOCATIONS OF ACTIVE PETROLEUM REFINERIES WITH

CATALYTIC CRACKERS AS OF JANUARY 1986

98 (Continued)

Company

Location

Rock Island Refining Corporation
Derby Refining Company

Farmland Industries, Inc.

National Cooperative Refinery Association

Pester Refining Company

Texaco Refining and Marketing, Inc.
Total Petroleum, Inc.

Ashland Petroleum Company

BP 0il, Inc.

Citgo Petroleum Corporation

Gonoco, Inc.

Exxon Company

Gulf Products Company

~ Hill Petroleum Company -

Marathon 0il Company
Murphy 0il U.S.A., Inc.
Placid Refining Company
Shell 0il Company
Tenneco 0il Company

Texaco Refining and Marketing; Inc.

Harathon 0il Cbmpany
Total Petroleum, Inc.
Ashland Petroleum Company
Koch Refining Company

" Amerada-Hess Corporation

Chevron U.S.A., Inc.
Ergon Refining, Inc.

Cenex

Indianapolis, IN
Wichita, KS
Coffeyville, KS
McPherson, KS

El Dorado, KS

El Dorado, KS
Arkansas City, KS
Catlettsburg, KY
Belle Chasse, 1A
Lake Charles, LA
Lake Charles, 1A
Baton Rouge, LA
Belle Chasse, LA

. Krotz Springs,.LA .

Garyville, La
Meraux, LA

Port Allen, LA
Norco, LA
Chalmette, LA
Convent, LA
Détroit, M1

Alma, MI

St. Paul Park, MN

~ Rosemount, MN

Purvis, MS
Pasc;goula, MS
Vicksburg, MS
Laurel, MT
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TABLE 43. LOCATIONS OF ACTIVE PETROLEUM REFINERIES WITH

98

CATALYTIC CRACKERS AS OF JANUARY 1986 (Continued)

Company

Location

Conoco, Inc.

Exxon Company

Montana Refining Company
Amerada-Hess Corporation
Coastal Eagle Point 0il Company
Exxon Company

Mobil 0il Corporation

Texaco Refining and Marketing, Inc.

Bloomfield Refining Company
Giant Industries; Inc.
Navajo Refining Company
Amoco 0il Company

Ashland Petroleum Company

" Chevran U.S.A., Inc.. .
Standard 0il Company of Ohio

Sun Cl

Conoco, Inc.

Kerr-McGee Refining Corporation
Sinclair 0il Corporation
Sun C1l '

Total Petroleum, Inc.
Atlantic Richfield Company
BP 0il Corporation

Chevron U.S.A., Inc.

Sun Cl ;
United.Refining Company
Mapco Petroleum, Inc.

Amber Refining Company

Billings, MT
Billings, MT
Great Falls;-MT
Port Reading, NJ
Westville, NJ
Linden, NJ
Paulsboro, NJ
Westville, NJ
Bloomfield, NM
Gallup, NM
Artesia, NM
Mandan, ND
Canton, OH

Cincinnati,’ OH

Lima, OH
Toledo, OH

Toledo, OH
Ponca City, OK
Wynnewood, OK

Tulsa, OK
Tulsa, OK
Ardmore, OK

Philadelphia, PA
Marcus Hoqk, PA

. Philadelphia, PA

Marcus Hook, PA
Warner, PA
Memphis, TN
Fort Worth, TX
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TABLE 43. LOCATIONS OF ACTIVE PETROLEUM REFINERIES WITH
CATALYTIC CRACKERS AS OF JANUARY 198698 (Continued)

Company

Location

American Petrofina, Inc.

Amoco 0il Company

Atlantic Richfield Company
Champlin Petroleum Company
Charter International 0il Company
Chevron U.S.A., Inc.

‘Coastal States Petroleum Company

Fina 0il and Chemical

Crown Central Petroleum Corporation

Diamond Shamrock Corporation

Exxon Company
Koch Refining Company

' LaGloria 0il and Gas Company . -

Marathon Petroleum Comﬁany
Mobil 01l Corporation
Phillips 66 Company

Shell 0il Company

Southwestern Refining (1

Texaco Refining and Marketing, Inc.

Texas City Refining, Inc.

Union 0il Cempany of California
Valero Refining Company

Amoco 0il Company

Big West 0il Company

Port Arthur, TX
Texas City, TX
Houston, TX

Corpus Christi, TX
Houston, TX

El Paso, TX
Port Arthur, TX

Corpus Christi, TX
Big Spring, TX
Houston, TX

Sunray, TX
Three Rivers, TX

Baytown, TX

Corpus Christi, TX
- Tyler, X -

Texas City, TX
Beaumont, TX

Borger, TX
Sweeny, TX .

Deer Park, TX
Odessa, TX

..Corpus Christi, TX

Port Neches, TX
El .Paso, TX -
Port Arthur, TX

Texas City, TX
Nederland, TX .
Corpus Christi, TX
Salt Lake City, UT
Salt Lake City, UT
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TABLE 43. LOCATIONS OF ACTIVE PETROLEUM REFINERIES WITH

CATALYTIC CRACKERS AS OF JANUARY 198698 (Continued)

Company : Location
Chevron U.S.A., Inc. Salt Lake City, UT
Phillips 66 Company Woods Cross, UT
RMT Properties, Inc. Salt Lake City, UT .
Seagull Refining Company Roosevelt, UT ‘
Amoco 0il Company Yorktown, VA
Mobil 0il Corporation , Ferndale, WA
Shell 0il Company Anacortes, WA
Texaco Refining and Marketing, Ine. Anacortes, WA
Murphy 0il U.S.A., Inc. Superior, WI '
Amoco 0il Company Casper, WY
Big West 0il Company Cheyenne, WY
Little American Refining Company Casper, WY
Sinclair 0il Corporation . Sinclair, WY

Wyoming Refining Company = - T : oL " New Castle, WY

Note: This listing is subject to change as market conditions change,
facility ownership changes, plants are closed down, etc. The reader
should verify the existence of particular facilities by consulting
current listings and/or the plants themselves. The level of POM
emissions from any given facility is a function of variables such as
capacity, throughput, and control measures, and should be determined
through direct contacts with plant personnel.
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Sintering begins by mixing iron-bearing materials with coke or coal
fines, limestone fines (a flux ma;erial), water, and other recycled dusts
(e.g., blast furnace flue dust) to obtain the desired sinter feed
composition. The prepared feed is distributed evenly onto one end of a
continuous traveling grate or strand. After the feed has been deposited on
the ‘strand, the coke on the mixture is ignited by a gas- or oil-fired
fufnace. After the coke has been ignited, the traveling strand passes over
windboxes where an induced downdraft maintains combustion in the sinter bed.

"This combustion creates sufficient temperatures [1300 to 1500°¢ (2400 to
2700°F)] to fuse the metal particles into a porous clinker ‘that can be used

as blast furnace feed.gg'loo

Once the sintering process is completed, the sintered material is
discharged from the sinter strand into a cruShing operation. Following
crushing, the bfoken sinter falls onto sizing screens where undersized
material is collected and recycled to the start of the sintering process.
The oversized sinter clinker is then sent to a cooling process. The most
common types of sinter coolers used include circular or straight line moving
beds, quiescent beds, or shafts. Air or water is used as the cooling medium
.in these coolers, with air being'p:gvalent in quer.planfs and water being
dominant is élder plants.. The cooled sinter is either senﬁ direciiy to'az
'blast furnace, sent.to storage, or screened again, prior to blast furnace

. . , . e . 99,100
usage, to obtain a more precise size specification. 1

Polycyclic organic matter emissions oiiginace in the sintering process
from the burning of coke and potentially oily materials in the sinter feed.
" Potentidlly, POM emissions may be released from the sinter machine windbox,
f:om the sinter machine discharge point, and from sinter product processing
operations (i.e., crushing, screening, and cooling). Because of the high |
temperatures used in sintering operations, it is probable that sinter plant
POM emissions are in both gaseous and particulate matter fo;ms.99f¥°?f A

Emissions cdntrol at sintering facilities typically involves emissions
collection and conveyance to a standard particulate control device such as a

baghouse, ESP, or wet scrubber. If substantial quantities of POM emissions
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are in gaseous form, wet scrubbers would likely be the most efficient in

reducing total POM because gaseous compounds would be condensed in the
99-102
scrubber,

Emission Factors

Only one emission factor for POM compounds from sintering operations is
available from the literature. Emissions of benzo(a)pyrene have been
determined to range frdm 600 ug/Mg to 1.1 -g/Mg-of sinter feed processed.-
The precise source of the emissions (windbox, discharge point,.etc.) and the
control status of the source are not defined in the literature. Available
data do not indicate whether the range of 600 ug/Mg to 1.1 g/Mg represents

only particulate benzo(a)pyrene or particulate and gaseous

benzo(a)pyrene.lo2

Source Locations

Iron and steel sintering facilities are located in conjunction with the
operation of iron and steel blast furnaces. The largest concentration of
sintering processes in the United. States is in the steel producing regions..
of Ohio, Pennsylvania, and Indiana. fhe American Iron And Steel Instigute
indicated that no current central, organized list of sintering facilities
was available. Locations of sinter facilities according to a preliminary

survey in 1977 by the U. S. EPA are identified in Table 44.101

FERROALLOY MANUFACTURING
scriptio

Ferroalloys are crude alloys of iron and one or more other elements
which are used for deoxidizing molten steels and making alloy steels. The .
major types of ferroalloys produced are listed in Table 45.103 Ferroalloys
can be produced by five different processes, the primary method of
production being the use of electric arc furnaces (EAF). Emissions of POM

compounds are possible from ferroalloy manufacturing because coke or coal is
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TABLE 44. LOCATIONS OF IRON AND STEEL INDUSTRY

SINTER PLANTS IN 1977

101

Company

Plant Location

Republic Steel Corporation
U. S. Steel Cbrporation
Kaiser Steel Corporation
C. F. & I. Steel Corpof;EEbn -
Interlake Steel Corporation
Calumet Steel Division

Republic Sfeel Corporation

U. S. Steel Corporation

Granite City Steel Division
Wisconsin Steel Division

Inland Steel Corporation

U. S. Steel Corporation

Youngstown Sheet and Tube
Bethlehem Steel Corporation
Armco-SteellCorponation :
Bethlehem Steel Corporation
National Steel Corporation

Great Lakes Steel Company
Bethlehem Steel Corporation

Jones and Laughlin Steel

Republic Steel Corporation

Jones and Léughli; Steel

U. S. Steel Corporation

Republic Steel Corporation

U. S. Steel Corporation

Youngstown Sheet and Tube

Republic Steel Corporation

U. S. Steel Corpoiation

Gadsden, AL
Bessemer, AL
Fontana, CA
Pueblo, CO
~ South Chicago, IL
Chicago Heights, IL
Chicago, IL
South Chicago, IL
Granite City, IL
South Chicago, IL
East Chicago, IL
Gary, IN
East Chicago, IN
Burns Harbor, IN
Ashland, KY
Sparrows Point, MD
Detroit, MI
River Rouge, MI
Buffalo, NY
Star Lake, NY
Cleveland, OH
Cle#éland;'OH
Lorain, OH
Youngstown, OH
Ybungstown, OH
Campbell, OH.
Warren, OH
Fairless Hills, PA
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TABLE 44. LOCATIONS OF IRON AND STEEL INDUSTRY
SINTER PLANTS IN 197710% (Continued)

Company

Plant Location

U. 8. Steel Corporation
U. S. Steel Corporation
U. S. Steel Corporation
Jones and Laughlin Steel
U. S. Steel Corporation
Bethlehem Steel Corporation
U. S. Steel Corporation

" Alan Wood Steel

Bethlehem Steel Corporation
Wheeling-Pittsburgh Steel
Bethlehem Mines Corporation
Armco Steel Corporation
Lone Star Steel Company
U. S. Steel Corporation

”-Wheeling-Pitésburgh Steel-

Weirton Steel Company

Braddock, PA
Saxonburg, PA
Homestead, PA
Aliquippa, PA
Rankin, PA
Johnstown, PA
McKeesport, PA
Swedeland, PA
Bethlehem, PA
Monessen, PA
Morgantown, PA
Houston, TX
Lone Star, TX
Provo, UT
Follanébee, wv-

Weirton, WV

NOTE: This listing is subject to change as market conditions change,

facility ownership changes, plants are closed down, etc. The reader
should verify the existence of particular facilities by consulting
current listings and/or the plants themselves. The level of POM
emissions from any given facility is a function of variables such as
capacity, throughput, and control measures, and should be determined
thrdugh-direct”contaccs'wich'plant personnel R ’
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TABLE 45. MAJOR TYPES OF FERROALLOYS PRODUCED IN THE UNITED STATE8103

Silvery Iron

50 percent Ferrosilicon
65 to 75 percent Ferrosilicon

Silicon Metal

Calcium Silicon

Silicomanganese Zirconium

High-carbon Ferromanganese
Silicomanganese

Ferromanganese Silicon

Charge Chrome and High-carbon Ferrochrome
Ferrochrome Silicon

Calcium Carbide

Low-carbon Ferrochrome

Low-carbon Ferromanganese

Medium-carbon Ferromanganese

Chromium Metal
Manganese Metal
Ferrotitanium.
?errovaﬁadiﬁm.

Ferromolybdénum
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charged to the high temperature smelting furnaces used in the ferroalloy
industry and burned. Because combustion efficiency in the furnace
environment is low, unburned hydrocarbons, including several POM compounds,
are formed and emitted with the furnace exhaust. Ferroalloy production

processes other than EAFs have not been identified as POM emission

99
sources, '

The electric arc furnace method of ferroalloy production is depicted in
Figure 14, 103,104 Metal ores and other necessary raw materials such as
quartz or quartzite (slagging materials), alumina (a reducing agent),
limestone, coke or coal, and steel scrap are brought to ferroalloy
facilities by ship, truck, or rail and stored on-site. Depending on its
moisture content and physical configuration, metal ore may need to be dried
and/or sintered prior to being crushed, sized, and mixed with other process
raw materials. Once the proper charge mixture has been prepared, the charge

1s weighed and fed to a submerged EAF for smelting.

Three types of EAFs can be used for ferroalloy production. These
three,'open. sealed, and semisealed, may be charged continuously or
intermittently Electric arc furnaces contain three carbon electrodes which
are vertically suspended above the furnace hearth and extend 1 to 1.5 m (3
to 5 ft) into the charge materials. Three-phase current arcs through the
charge materla}s_from electrode to electrode, and the charge is smelted as
electrical energy is converted to heat. The intense heat around the
electrodes [2204-276000 (AOOO-SOOOOF)] results in carbon reduction of the
metal (e.g., chrome, manganese) and iron oxides in the charge and the
formé&ion of the particular ferréalloy:n The molten ferroalloy is

periodically tapped into ladles from tapholes in the lower furnace
wall 103-105

The molten ferroalloy‘is cast into molds and allowed to cool and ]
solidify. The casts are then remoﬁed'from the molds, grsded;.end broken.
The broken ferroalloy is passed through a crusher and screened. The
ferroalloy product is then stored, packaged, and shipped to the consumer.
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Impurities from the smelting process are trapped in a slag which forms
inside the electric arc furnace. The slag is periodically tapped and
treated by a concentration process to recovery metal values. Slag is
processed in a flotation system, where metal particles sink to the bottom
while slag floats. The recovered metals are recycled to the furnace, and

the remaining slag is removed and disposed of.

bf the three types of EAFs that may be used to produce ferroalloys,
open furnaces are the most common type, and also have the -highest potential
for particulate emissions. An open furnace is pictured in Figure 15.104 A
hood is usually located 1.8 to 2.4 m (6 to 8 ft) above the furnace crucible
rim. Dust and fumes from the smelting process are dr#wn into the hood along
with large volumes of ambient air. Advantages of the open furnace include
the ability to stoke it during operation and the flexibility to manufacture

several types of ferroalloy without altering the furmace design.103'lo5

The semisealed (or semi-enclosed) furnace is.pictured~in Figure 16.104
A cover seals the top of the furnace except for openings around the
electrodes through which raw material is charged. These furnaces are either
hooded or maintained under negative. pressure to collect emissions from
around the electrodes. 'Because semisealed furnaces’ cannét be stoked,
crusting and bridging of ferroalloys around the electrodes and charge holes
may prevent uniform descent of the charge into the furnace and blows {jets
of extremely hot gases originating in the high temperature zone near the

electrode tips) may emerge around the electrodes at high velocity.lOB'lOs

The third type. of EAF, the sealed or closed furnace, iz illustraced ‘n
Figure 17.104 Packing is used to seal the cover around the electrodes and
charging chutes. The furnace is not stoked and a slight positive pressure is
maintained to prevent leakage of the air into the furnace. Care must also

be taken to prevent water leaks which may cause explosive gas telease whlch

‘could damage the furnace and threaten worker safety. Sealed furnace des1gns

are specifically used in the manufacture of narrow families of ferroalloys,

so plants using sealed furnaces have less flexibility to produce different
types of ferroalloys.
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One alternative to the electric arc furnace process which can be used
to produce some low-carbon ferroalloys is a type of exothermic process
involving silicon reduction. A flow diagram of the process for chromium
ferroalloys is shown in Figure 18.104’105 First, chromium ore and lime are
fused together in a furnace to produce a chrome ore/lime melt which is
poured into a reaction ladle (number 1). Then a known quantity of molten
ferrochrome silicon previously produced in another reaction ladle (number 2)
is added to lédle 1. In the ladle, a rapid, heat-producing reaction results
in the reductibﬁ‘of the chromium from its oxide form and the formation of-
low-carbon.ferrochrome and a calcium silicate slag. The ferrochrome product
is then cooléd, finished, and packagéd. Since the slag-from ladle 1 still
contains fecoverable chromium oxide, it is reacted in ladle 2 with molten

ferrochrome-silicon produced in a submerged arc furnace. The exothermic

reaction in ladle 2 produces the ferrochrome- silicon added to the number 1
ladle during the next production cycle.

A vacuum furnace process can also be used to produce low-carbon

ferrochrome ferroalloys. This type of furnace, pictured in Figure 19, is

charged with high-carbon ferrochrome and heated to a temperature near the

melting point of the alloy Decarburization occurs as the high carbon .
ferrochrome is oxidized by the silica oxide in the ferrochrome. Carbon
monoxide gas resulting from the reaction is pumped out of the furnace to

maintain a high vacuum and promote decarburization of the

ferrochrome.lol"’105

The electrolytic process is another alternative to the electric arc
furndce for producing chromium and nanganese ferroalloys. Pure cnromlum and
manganese metal is generally produced this way. Chromite or manganese ore,
high-chromic or high-manganese oxide slags, or ferrochrome or ferromanganese

can be used as raw materials for the process. Preparation of raw materials

can include grinding, calcining, and leaching. In the electrolytlc process,

metal ions contained in an electrolytic solution are plated on cathodes by a
low voltage direct current. The pure metal forms a film on the cathode

about 0.3 cm (1/8 in) thick, which is removed and prepared for
shipment.loa'lo5
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All types of EAFs (open, sealed, semisealed) produce emissions
consisting of a variety of compounds, including POM, in both gaseous and
particulate forms. Baghouses were used to control emissions from 87 percent
of the open-arc ferroalloy furnaces operating in 1980. Testing of these
control systems indicates total particulate removal efficiency of over
99 percent. Such systems should be very effective at controlling POM
compounds adsorbed onto fine particulate matt;r emissions. High
pressure-drop venturi scrubbers and electrostatic preciﬁitatofs have also
been applied to open-arc furnaces producing ferroalloys. Reported total
particulate matter collection efficiencies for scrubbers ranged from 94 to
98 percent. When ESPs were used, the gas was conditioned with ammonia to
enhance particulate resistivity and increase collection efficiency.
Estimated total particulate matter removal efficiencies for the ESPs were

98 percent.gg’los.lo5

In the case of semisealed furnaces (Figure 16), offgases are drawn from
beneath the furnace cover through ducts leading to a control device.
However, fugitive particulates and fumes escape through the openings around
the electrodes. In some instances, hoods have been Placed above the
furnaces to capture these emissions. Wet scrubbers, including both
multistage centrifugal scrubbers and venturi scrﬁbbéré,'ha&e feéﬁ.used'on'
semisealed ferroalloy furnaces. Up to 99 percent total particulate matter
removal efficiency has been reported for centrifugal scrubbers. Venturi

units can exhibit even greater efficiencies.

Venturi scrubbers are commonly used to control emissions from sealed
-ferroallqy.EAFs;Ahowever,:ché use of baghouses at a few instailations has
occurred. In general, total uncontrolled emissions vented to a control
device from a sealed furnace are less than from other ferroalloy EAFs
because no air enters sealed furnaces. Resultant gas flows (volumes) to the

control device are only 2 to 5 percent of those from open furnaces.103
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Emission Factors

Polycyclic organic matter emission factor data were identified for a
sealed and a semisealed ferroalloy manufacturing EAF. The sealed unit was
tested during the production of silicomanganese and during the production of
ferromanganese. A high pressure drop wet scrubber was used to control
sealed furnace emissions regardless of the ferroalloy being produced.
Controlled POM emissions during siiicomanganese production were measured to
be 1.0 g/Mw-h of energy consumed by the furnace. Pre-scrubber POM emissions
from ferromanganese production were 156 g/Mw-h. In the controlled POM
emissions sample, fluorene and anthracene were dominant, constituting,
respectively, 36 and 51 percent of total POM emissions. Seventy percent of

the uncontrolled emissions sample consisted of anthracene (35 percent) and
fluoranthene (35 percent). 99,103

The semisealed ferroalloy furnace tested produced 50 percent
ferrosilicon and was conttrolled by a low energy wet scrubber followed by a
flare. Measurements taken after the scrubber but prior to the flare showed
total POM emissions to be 91 0 g/Mw- h Fluorene constituted 50 percent of
the total POM quantity, followed by pyrene at 19 percent fluoranthene at

18 percent, and anthracene and phenanthrene at 12 percent.gg’lOJ

A POM species specific list of the compounds and quantities measured

1
during testing of ferroalloy EAFs is presented in Table 46.99"03

Source Locations

The latest information published by the U. S. Bureau of Mines (BOM) on

the locations of'ferroalloy manufacturing facilities in the United States is
106

. 8iven in Table 47. According to these data, as of 1984 there were
* 46 ferroalloy facilities in the United States operated by a total of

30 companies. Ohio and Pennsylvania contain the most ferroalloy facilities
with seven in each State. Ohio, Pennsylvania, Tennessee, and Alabama

together contain almost 57 percent of the total number of facilities

nationwide. 106
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TABLE 47.

THE UNITED STATES IN 1984

LOCATIONS OF FERROALLOY PRODUCERS IN

Producer

Plant Location

Type of Furnace

FERROQALLOYS

Affiliated Metals and Minerals,
Inc.

Aihninnm Company of America,
Northwest Alloys, Inc. .

AMAX, Inc., Climax Molybdenum
Company Division

Ashland Chemical Company
Cabot Corporation, KBI Division,
Penn Rare Metal Division
Dow Corning Corporation

Elkem A/S, Elkem Metals Company

Foote Mineral Company,
Ferroalloys Division

Hanna Mining Company

Hanna Nickel Smelting Company
 Silicon Division
International Minerals and
Chemical Corporation, Industry
Group, TAC Alloys Division
A. Johnson and Company, Inc.

| Kerr-McGee Chemical Corporatidﬁ‘

Macalloy, Inc.

New Castle, PA
Addy, WA
Langeloth, PA
Columbus, OH
Revere, PA
Springfield, OR

Alloy, WV
Ashtabula, OH

" Marietta, OH

Niagara Falls, NY
Cambridge, OH
Graham, WV

Keokuk, IA
New Johnsonville, TN

Riddle, OR
Wenatchee, WA .

Bridgeport, AL
Kimball, TN
Lionville, PA

Hamilton (Aﬁéfdaen),
MS

Charleston, SC

Metallothermic

A Electric

Metallothermic

Electric and
metallothermic

Metallothernic
Electric

Electric and
electrolytic -

Electric and
electrolytic

Electric

™ 1
Zr2cli¥lc

Electric
Electric

Electric

Electrolytic

Electric
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TABLE 47. LOCATIONS OF FERROALLOY PRODUCERS IN
THE UNITED STATES IN 1984 (Continued)

Producer

Plant Location

Type of Furnace

Metallurg, Inc., Shieldalloy
Corporation

Moore McCormack Resources, Inc.,
Globe Metallurgical, Inc.

Ohio Ferro-Alloys Corporation

Pennzoil Company, Duva
Corporation’ '

Reactive Metals and Alloys
Corporation

Reading Alloys, Inc.
Reynolds Metals Company

SEDEMA S.A., Cheme;als

. Corporationm -

SKW Alloys, Inc.
Teledyne, Inc., Teledyne Wah
Chang, Albany Division

Union Carbide Corporation,
Metals Division

Union 0il Company of California,
Molycorp, Inc.

EERROPHOSPHORUS
Electro-Phos Corporation

FMC Corporation, Industrial
Chemical Division

Monsanto Company, Monsanto
Industrial Chemicals Company

Newfield, NJ
Beverly, OH

Selma, AL
Montgomery, AL
Philo, OH

Powhatan Point, OH

Sahuarita, AZ
West Pittsburg, PA

Robesonia, PA

Sheffield, AL -

Kingwood, WV

Calvert City, XY

Niagara Falls, NY

Albany, OR

Marietta, OH

Niagara Falls, NY

Washington, PA

. Pierce, FL

Pocatello, ID

Columbia, TN
Soda Springs, ID

Metallothermic

Electric
Electric

Electric
Metallothérmic
Electric

Metallothermic
Electric

Fuseéd-salt

-. electrolytic .

Electric

Metallothermic

Electric

Electric and

metallothermic
Electric
Eléctric

Electric
Electric
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TABLE 47. LOCATIONS OF FERROALLOY PRODUCERS IN
THE UNITED STATES IN 1984 (Continued)

Producer Plant Location Type of Furnace

Occidental Petroleum Corporation, Columbia, TN ' Electric
Hooker Chemical Company, :

Industrial Chemicals Group

Stauffer Chemical Company, - - Mount Pleasant, TN __Electric
Industrial Chemical Division Silver Bow, MT Electric
Tarpon Springs, FL Electric

NOTE: This listing is subject to change as market conditions change,
facility ownership changes, plants are closed down, etc. The reader
should verify the existence of particular facilities by consulting
current listings and/or the plants themselves. The level of POM
emissions from any given facility is a function of variables such as
capacity, throughput, and control measures, and should be determined
through direct contacts with plant personnel.
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IRON AND STEEL FOUNDRIES
Process Description

Iron and steel foundries can be defined as those which produce gray,
white, ductile, or malleable iron and steel castings. Cast iron and steels
are both solid solutions of ironm, carbon, and various alloying materials.
Although there are many types of each, the iron and steel families can be
distinguished by their carbon content. Cast irons typically-contain

2 percent carbon or greater; cast steels usually contain less than 2 percent

carbon.lo7

Iron castings are used in almost all types of equipment, including
motor vehicles, farm machinery, construction machinery, petroleum industry
equipment, electrical.-motors, and iron and steel industry equipment. Steel
castings are classified on the basis of their composition and heat
treatment, which determine their end use. Steel casting classifications

include carbon, low alloy, general purpose structural, heat resistant,

- corrosion resistant, and wear resistant. They are used in motor vehicles,

‘railroad’ equipment construction machinery, aircraft agricultural

equipment, ore refining machinery, and chemical manufacturing equipment 107

The following four basic operations are performed in all iron and steel
foundries.

- - storage and handling of raw materials
+ - - melting of the raw macterials -- _
- transfer of the hot molten metal into molds

- 'preparation of the molds to hold the molten metal
Other Processes present in most, but not all, foundries include:
- sand preparation and handling;

- mold cooling and shakeout;

181



- casting cleaning, heat treating, and finishing;
- coremaking; and
- pattern making.

A generic process flow diagram for iron and steel foundries is given in
107
Figure 20.

‘Iron and steel castings are produced in a foundry by injecting or
pouring molten metal into cavities of a mold made of sand, metal, or ceramic
material. Input metal is melted by the use of a cupola, an electric arc
furnace, or an induction furnace. About 70 percent of all iron castings are
produced using cupolas, with lesser amounts produced in electric arc and
induction furnaces. However, the use of electric arc furnaces in iron
foundries is increasing. Steel foundries rely almost exclusively on
electric arc or induction furnaces for melting purposes. With either type
of foundry, when the poured metal has solidified, the molds are separated
and the castings removed from the mold flasks on a casting shakeout unit.

Abrasive (shotblasting) cieaning, grinding, and heat treating are performed

as 1s necessary. The castings are then inspected and shipped to another

‘industry for machining and/or assembly into a final product 107 _

In a typical foundry operation, charges to the melting unit are sorted
by size and density and cleaned (as required) prior to being put in the
melter. Charges consist of scrap metal, ingot,Acarbon (coke), and flux.
Prepared charge materials are placed in crane buckets, weighed, and
transferred into the melting furnace or cupola. The charge in a furnace or
cupola is heated until it reaches. a certain temperature and che desired
chemistry of the melt has been attained. Once the desired product is
obtained, the molten metal is either poured out of the furnace into various

sized teeming ladles and then into the molds or it is transferred to holding
furnaces for later use.

The casting or mold pouring operation in iron and steel foundries has
been determined to be a source of POM emissions.los-lll The origin of these

POM emissions is suspected to be the organic binders, including coal powder
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and coal tar pitch, used to form the sand molds used for molten metal
casting. When the hot molten metal contacts the sand mold pyrolysis occurs
and a plume of smoke is generated which contains a rich mixture of organic
compounds including POMs. In addition to casting, mold preparation and
casting shakeout (removal from the mold) activities have also been
determined to generate POM emissions. Potential POM emissions from molding
and casting appear to be a function of the type and ﬁuantity of organic

binder used to produce casting lno].ds.]'cs-111

Emissions of POM from mold preparation, casting, and shakeout
operations are fugitive in nature and likely exist in both particulate and
gaseous forms. Fugitive emissions from such sources are generally
controlled with local hooding or building ventilation systems that are

ducted to a control device (predominantly baghouses) or to the

atmosphere. 107-111

Emission Factors

No POM emission factor data for iron and steel foundries could be found
. in the literature However, the existence of POH emissions from molding and
casting operations has been conflrmed by air sampllng of worker breachlng
Zones and plant areas associated with these operations. The air sampling
that has been conducted has measured only particulate POM compounds. As
many as 50 POM species have been detected in foundry -air samples.log
Predominant POH;conpounda that have been detected include benzo(a)pyrene,
benzo(e)pyrene, perylene, phenanthrene, anthracene, fluoranthrene,
'benzofluoraﬁtheqes; dibenZanthragenes,'benzochrysenes;'benio(g,h;i)perylene,

and o-phenylenepyrepe.lo9

In the quantitative data that are available, POM emissions from using a

coal tar pltch binder. appear to be greater than those associated with using
. a coal powder binder. 109 The concentration of benzo(a)pyrene in the |
workplace air of two foundries using coal tar pitch binders ranged from less

than 0.01 to 72 ug/m of air. The average level was 5 ug/m3.109 The level
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of benzo(a)pyrene as a function of the mass.of particulate matter sampled
ranged from less than 0.01 to 6.7 ug/mg, with the average being

109
1.1 ug/mg.

In four foundries using a coal powder binder, workplace air had a
benzo(a)pyrene level of less than 0.01 to 0.82 ug/n3 of air.loa The average
level was 0.08 ug/i3. The concentration of benzo(a)pyrene in sampled
particulate matter ranged from less than 0.0l to 0.32 ug/mg, with the
average being 0.03 ug/mg.lo8

Source Locatjons

The 1980 U. sS. EPA.background information document for néw source
performance standards covering electric arc furnaces in ferrous foundries
indicated that there were approximately 4400 iron and steel foundries in the

United States.107 The States with the greatest percentage of foundries are:

- Ohio (10.3 percent)
- California (9.7 percent)
" " 'Pénnsylvania (8.4 percent)

- Michigan (7.9 percent)

- Illinois (7.2 percent)

- New York (6.0 percent)

- Wisconsin (4.4 percent)

- Indiana (4.4 percent)
As 2videnced bv these St:.ca_: Zoundry '=_ecat>:io'ns. can be correlatad wich afeag'
of heavy industry and manufacturing, and in general, with the iron and steel

production industry (Ohio, Pennsylvania, and Indiana).

Additional information on iron and steel. foundries and their 1ocation§;‘

‘may be obtainable from the following trade associations.

- American Foundrymen's Society, Des Plaines, Illinois
National Foundry Association, Des Plaines, Illinois
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- Ductile Iron Society, Mountainside, New Jersey
- Iron Casting Society, Warrendale, Pennsylvania

- Steel Founders' Society of America, Des Plaines,.Illinois

BY-PRODUCT COKE PRODUCTION

Process Description

----- - The by-product cbka—production source category includes processes used
to treat coal to produce coke and the recovery and treatment of by-product
gases from coking to goneratehsecondary products such as crude tars, light
oil, and ammonia. Coke is one of the basic raw materials used in blast
furnaces to convert iron ore into iron. Approximately 92 percent of the
coke produced in the United States is used for this purpose. Other than
blast furnaces, coke is principally used in iron foundries, nonferrous
smelters, and the chemical industry.112

In the United States, coke is produced by two methods: the
contemporary by-product recovery or slot oven process and the original
' -beehive. process. Currently, the slot’ oven process accounts for

approximately 99 percent of the annual metallurgical coke production in the
United States.

The coking industry is generally classified into two sectors, furnace
and merchant. Furnace plants are owned by or affiliated with iron- and
steelfproducing companies that produce coke primarily for consumption in
“heir own blast furnaces , although thev slso sngage in some | intercompany
sales among steel firms with excesses or deficits in coke capacity.112 In
1984, there were 28 furnace plants, which accounted for roughly 92 pércent
of the total coke prodiction. Independent merchant plants produce coke for
sale on the open market and are typlcally owned by. chemical -or coal firms.
The 15 merchant plants in existence in 1984 accounted for about 8 percent of
the total coke produced. These firms sell most of their products to other

firms engaged in blast furnace, foundry, and nonferrous smelting

operations. 112
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By-product recovery coking facilities contain three major processing
operations: coal preparation and charging, thermal distillation of coal
(coking), and recovery of coking by-products. A generalized pProcess flow
diagram for by-product recovery operations is shown in detail in
Figure 21. 112 Although not shown in detail in Figure 21, coal préparation
and charging is the initial operation in by-product recovery coking plants.
The coal that is charged to the by-product coke ovens is usually a blend of
two or more low, medium, or high volatile coals that are generally low in
sulfur and ash. Blending is required to control the properties of the
resulting coke, to optimize the quality and quantity of by-products, and to
avaid the expansion exhibited by types of coal that may cause excessive

pPressure on the oven walls during the coking process.

Coal is usually received on railroad cars or barges. Conveyor belts
transfer the coal as needed from the barges or from a coal storage pile to
mixing bins where the various types of coal are stored. The coal is
transferred from the mixing bins to a crusher where it is pulverized to a
preselected size between 0.15 and 3.2 mm (0.006 to 0.13 in). The desired
size depends on the response of the coal to coking reactions and the
ultimate coke - ‘strength that is reqaired 112

The pulverized coal is then mixed and blended, and sometimes water and
oil are added to control the bulk density of the mixture. The prepared coal
mixture is transported to coal storage bunkers on the coke oven batteries.

A weighed amount or volume of prepared coal is discharged from the bunker
1nto a larry car, a vehicle which is driven by electric motors and tr;vels ]
the -cngtn of the aatter" £op on a wide: sauge railroad track. ‘ﬁa larry car
is positioned over the empty, hot oven, the lids on the charging ports are
removed, and the coal is discharged from the hoppers of the larry car
through discharge chutes. The flow rate from the hoppers to the oven may be
controlled by gravity, a rotary table, or scraw feeders. To prevent gases
from escaping during charging, a steam-jet aspirator is used in most plants

to draw gases from the space above the charged coal into the collecting
112
main.
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Peaks of coal will form directly under the charging ports as the oven
is filled. These peaks are leveled by a steel bar that is cantilevered from
the pusher machine through an opening called the chuck door on the pusher
side of the battery. This leveling process provides a clear vapor space and
exit tunnel for the gases that evolve during coking to flow to the
standpipes and aids in the uniform coking of the coal. After filling, the
chuck door and the topside charging ports are closed. In some plants, éhe

charging ports are sealed with a wet clay mixture called luting.ll2

The thermal distillation or coking of coal to separate volatile and
nonvolatile components takes place in coke ovens that are grouped in
batteries. A battery comsists of 20 to 100 adjacent ovens with common side
walls which contain integral flues. Coke oven heating systems fall into two
general classes:. underjet and gun-flue. In the underjet heating system,
the flue gas is introduced into each flue from Plping in the basement of the
battery. The gas flow to each flue can be metered and controlled. The
gun-flue heating system introduces the gas through a horizontal gas duct

- extending the length of each wall slightly below the floorline of each oven.

Short ducts lead upward to“a nozzle brick at the bottom of each of the -

vertical flues in an oven. 112

Heat for the coking operation is provided by a regenerative combustion
system located below the ovens. Because the combustion flue gas contains a

significant amount of process heat, two heat regenerators are used for

. recovery.. These regenerators are located below each oven, one for

combustion air and one Zor the combustion waste zas. The flow is aLternaﬁed
between the two at about 30 minute intervals. The slot ovens operate like
chemical retorts in that they are both batch operated, fitted with exhaust
flues (standpipes), and funct;on without the addition of any reagent.

The operation of each oven in the battery is cyclic, but the batteries
usually contain a sufficiently large number of ovens (an average of 57).so
that the yield of by-products is essentially continuous. The individual

ovens are charged and discharged at approximately equal time intervals
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during the coking cycle. The resultant constant flow of evolved gases from
all the ovens in a battery helps to maintain a balance of pressure in the
flues, collecting main, and stack. All of the ovens are fired continuously
at a constant rate, irrespective of a particular oven's stage in the coking
cycle. If damage to the refractory occurs in inaccessible locations through
ovarheuting or expansion of coal, repairs may be extremely difficult. A

,cooldown takes from 5 to 7 weeks, so a battery shutdown is undertaken only

as a last altermative. 112

After the ovens are filled, coking proceeds for 15 to 18 hours to
produce blast furnace coke and 25 to 30 hours to produce foundry coke. The
coking time is determined by the coal mixture, moisture content of the coal,
rate of underfiring, and the desired properties of the coke. The coking
temperatures generally range from 900 to 1100°C (1652 to 2012°F) and are
kept on the high side of the range to produce blast furnace coke. Air is
prevented from leaking into the ovens by maintaining a positive back
pressure of about 10 mm (0.4 in) water. The gases and hydrocarbons that are
evolved during thermal distillation are removed through the offtake main and
sent to the by-product plant for recovery.ll2

At the end of the. coking cycle, doors at both ends of the oven are
removed and the incandescent coke is pushed out the coke side of the oven by
a ram which is extended from the pusher machine. The coke is pushed through
a coke guide into a special railroad car, called a quench car, which

traverses the coke side of the battery The quench car carries the coke to
the end of the battery to a quench tower where it is deluged with water so
that Lt will not continue to burn after belng exposed to air. The quenched
coke is discharged onto an inclined coke wharf to allow excess water to

drain and cool the coke to a reasonable handling temperature.ll2
Gates aloﬁg the lowéf>edga of the wharf control the rate of coke

falling on a conveyor belt which carries ic'ﬁo the crushing and screening

system. The coke is then. crushed and screened to obtain the optimum size
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for the particular blast furnace operation in which it is to be used. The
undersize coke generated by the crushing and screening operations is used in
other steel plant processes, stockpiled, or sold.112

Gases evolved during coking leave the coke oven through the standpipes,
pass into goosenecks, and travel through a damper valve to the gas
collection main which directs them to the by-product plant. These gases
account for 20 to 35 pércent by weight of the initial coal charge and are

composed of water vapor, tar, light oils, heavy hydrocarbons, and other
112,113
chemical compounds.

The raw coke oven gas exits at estimated temperatures of 760 to 870°C
(1400 to 1598°F) and is shock cooléd by spraying recycled flushing liquor in
the gooseneck. This spray cools the gas to 80 to 100°C (176 to 212° F),
precipitates tar, condenses various vapors, and serves as the carrying
medium for the condensed compounds. These products are separated from the

liquor in a decanter and are subsequently processed to yield tar and tar
112,113
derivatives.

The gas 1s then passed either to a final tar extractor or an
electrostatic precipitator for additiomal tar removal. When the gas leaves
the tar extractor, it carries 75 percent of the ammonia and 95 percent of

the light oil originally present when leaving the oven.

The ammonia is recovered either as an aqueous solution by water

.absorption or as ammonium sulfate salt. . Ammonium sulfate is crystallized in

a saturator which contains a solution of 5 to 10 percent sulfuric acid and

is removed by an air injector or centrifugal pump. The salt is dried in a
centrifuge and packaged.

" The gas‘leaving thq'sacurator at about 60°C (140°Fj is taken to final
coolers or condensers, where it is typically cooled with water to
approximately 24°¢ (75°F). During this cooling, some naphthalene separates.

and is carried along with the wastewater and recovered. The remaining gas

191



is passed into a light oil or benzol scrubber, over which is circulated a
heavy petroleum fraction called wash oil or a coal-tar oil which serves as
the absorbent medium. The oil is sprayed in the top of the packed
absorption tower while the gas flows up through the tower. The wash oil
absorbs about 2 to 3 percent of its weight of light oil, with a removal
efficiency of about 95 percent of the light oil vapor in the gas. The rich
wash oil is passed to a countercurrent steam strippinghcolumn. The steam
and light oil vapors pass upward from the still through a heat exchanger to
a condenser and water separatér. The light oil may be sold as crude or

processed to recover benzene, toluene, xylene, and solvent naphtha.112’113

After tar, ammonia, and light oil removal, the gas undergoes a final
desulfurization process at some coke plants before being used as fuel. The
coke oven gas has a rather high heating value, on the order of 20 M.J/Nm3
(SSO'Btu/stdft3). Typically; 35 to 40 percent of the gas is returned to
fuel the coke oven combustion system, and the remainder is used for other

plant heating needs.112’113

. During by-product recovery plant coking, POM emissions are most likely
" to occur from coal éhdrging‘&perétioné; oven door leaks, topside leaks, cake
pushing operations, coke quenching operations, and battery stacks. _The
control of emissions from these sources is generally achieved by using one

or a combination of the following control alternatives.llz’114

- containment of emissions in the process
- .. capture techniques (e.g., hoods and enclosures)
- add-on control devices o

- process changes

The appiicability of these alternatives to each of the POM-emitting coking
operations is described in Tablé*aa.lla The effectiveneés of the-concfol
measures in Table 48 is likeiy to vary from plant to plant due to
differences in plant configurations and in the types of POM present in

emissions. Data provided in Reference 115 clearly shows that not all POM
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TABLE 48. EMISSION CONTROLS USED ON POM EMISSION
SOURCES IN BY-PRODUCT COKE PLANTS]'14

POM Emission Type of
Source Control Needed Emission Control Techniques

Coal Charging Containment Use of staged charging and
aspiration to draw emissions
into the coke battery.

Door Leaks Containment/Capture Use and maintenance of doors.

and Control Devices designed to close and seal
tightly. Use of collection
hoods on individual doors. Use
of wet scrubber and wet ESP
control devices on collected
emissions.

Topside Leaks ~ Containment Application and maintenance of
sealing compounds to leaking
points.

Coke Pushing Containment/Capture Use of enclosures -over the coke
and Control Devices side of the battery. Use of
wet scrubber and wet ESP control
- devices -on collected emissions.

Coke Quenching Process Changes Use of single or multiple
baffles in the quench tower and
use of only clean water for
quenching. Dry quenching is
another option; however, it
would require additional capture
and control devices.

Battery Stacks " Containment and/ot - - Patching cracks in oven walls as . .-

Control Devices needed and treat exhaust gases
in wet scrubbers, ESPs, or
baghouses.

%In a coking facility using a wet ESP to control oven door emissions, - the
ESP ‘was. found to reduce total POM emissions an average of 69 percent (range
of 17.2-92.4 percent). If the naphthalene component of total POM is

excluded, the total ‘POM control efficiency average is 95.6 percent (range
of 93.5-98.8 percent).
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compounds in an emissions stream are controlled to the same extent (see
footnote a in Table 48). Examples of the type of POM compounds measured in

coking emissions are given in Tables 49, 50, and 51,114'117

In the by-products recovery section of a coking plant, the tar
processing operation, the ammonia processing operation, and the final
cooler/naphthalene handling operation have been identified as potential

sources of POM emissidns.113 In tar processing, tar decanting, tar

devatering and storage, and tar distillation operations are potential POM
emission sources. Emissions are fugitive in nature and are generally

released directly to the atnosphere.113

Excess ammonia liquor treatment has been determined to be a source of
POM emissions during ammonia processing. Specifically, steam stripping
of the liquor to recover ammonia has been found to generate POM emissions.
In the final cooling/naphthalene handling operations, the cooling tower for
the contact cooler and froth flotation naphthalene separator are potential

POM emission sources. Coke oven gas is cooled by means of a direct contact

.Spray tower cooler After contactlng the coke oven gas in the final cooler,

the water is pumped to a separation device prior to being sent to a coollng '

tower. Froth flotation is used to enhance naphthalene separation. Fugitive

POM emissions are potentially released from the froth flotation process.113

After separation of the naphthalene, the contact water is sent to an

atmospheric cooling tower prior to being returned to the spray tower cooler.

' The :ooling tower speration 3z 'z potertial sourze of P0M smissions because
organic components dissolved in the recirculating water will be air stripped

and released into the atmosphere.113

tor
.Limited emission factor data exist for total POM or individual POM

species emissions from coking and by-product recovery processes. Available

POM data for slot oven coking sources and for by-product recovery sources
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TABLE 49. SPECIFIC POM COMPOUNDS DETECTED IN

OVEN DOOR LEAK EMISSIONS

114-117

POMs in Controlled
Door Leak Emissions

POMs in Uncontrolled
Door Leak Emissions

Naphthalene

Fluoranthene

Pyrene

Benz(c)phenanthrene

Chrysene |

Benz(a)anthracene
7,12-Dimethylbenz(a)anthracene
Benzofluoranthenes

Benzo(a)pyrene

Benzo(e)pyrene

Cﬁoianfhrene
Indeno(1,2,3-c,d)pyrene
Dibenz(a,h)anthracene
Dibeﬁzacridines
Dibenz(c, g)carbazole
bibenzpyr;nes -

3-Methjl cholanthrene

Benzo(a)phenanthrene

N Eenzo(e)pyrene

Benzofluoranthenes

" Benzo(k)fluoranthene
Chrysene
Dibenzanthracenes
Dibenzpyrene
Dimethylbenz(a)anthracene
Fluoranthene

Indeno(1l,2;3-c,d)pyrene

Naﬁhtﬁaleﬁe

Pyrene

Benzo(a)pyrene
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TABLE 50. POM COMPOUNDS DETECTED IN BATTERY

TOPSIDE E:mssronsn“'117

Phenanthrene

Anthracene
Methylphenanthrene/methylanthracene
Fluoranthene

Dihydrobenzo(a,b)fluorene
Pyrene

Benzo(a)fluorene

Benzo(b) fluorene
Benzo(c)phenanthrene
Benz(a)anthracene
Chrysene/triphenylene

Benzo(b, j,k)fluoranthene

. .Benzo(e)pyrene

Benzo(a)pyrene
Perylene
o-Phenylenepyrene

Benzo(g,h,i)perylene

. Anthanchrene

Coronene

Dibenzopyrene
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o TABLE 51. SPECIFIC POM COMPOUNDS DETECTED IN
i ,  QUENCH TOWER eMIssTonsti4-117

Anthracene

Me;hyl anthracenes
Fluoranthene
Pyrene

Methyl pyrene and fluoranthene

o 7N ] + ey
terrres o . . R i

Benzo(c)phenanthrene

Chrysene and benz(a)anthracene

oty
0 “®

Methyl chrysenes

Dimethylbenz(a)anthracene

P
b e

Benzo(a)pyrene

M

3-Methyl cholanthrene

7,12-Dimethylbenz(a)anthracene

. . 4

'Diﬁenz(a,hfaﬁthraéene

Dibenzo(a,h)pyrene

Soreely,
LY

Dibenzo(a,i)pyrene
Benz(a)anthracenes

Pyridine

Indeno(1l,2,3-c,d)pyrene

‘E Phenanthrene
. Phenol
% Cresol
Quinoline
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are given in Tables 52 and 53, respect::l.vely.]'12']'14"116']']'8'120 The lack of
substantive POM emissions data for coking sources prohibits extensive
characterization and comparison; however, as indicated in Table 52, POM
emissions from coking processes are highly variable because coking
conditions can vary widely from plant to plant and within the same plant
from process to process. - Coal composition and moisture content vary widely
and these process variables can have a significant bearing on emissions.
Coking times and temperatures can also be varied so as to- have marked
impacts on potential POM emissions. The fugitive nature of the majority of
coking process POM emissions complicates emissions control and increases the
potential for widely varying emission estimates. For coke oven sources,
specific source emissions testing should be utilized if possible to
characterize POM emissions.

Although data for POM emissions from coke by:product récoﬁéry processes
are also few, it is anticipated that emissions would be as equally variable
as in coking sources. Emissions of POM from the by-product plant are in
large part a function of the raw coke gas entering the recovery process. As
the composition of this stream changes with the coking process, so would

- potential POM emissions from by- product recovery.-

ource tions

As of the end of 1984, 43 by-product coke plants with 143 coking
batteries were in existence in the United States. Of these 43, 36 were in
'operation 1}2 Table 54 lists the existing installations their
classification as merchant or furnace plancs, and the naJor uses ot :heif
coke. In terms of production, almost 60 percent of the coke produced in the
United States occurs in Indiana, Pennsylvania, and Ohio. 1In 1983, Indiana

was the leading coke producing State with 23 percent of the national
‘ 112
total.
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ASPHALT ROOFING MANUFACTURING

Brocess Description

Certain processing steps used in the production of asphalt roofing
materials have been shown to be potential sources of POM emissions.
Emissions of POM compounds result Primarily from the heating and air blowing
of asphalt mixtures, from asphalt saturation processes, and from evaporation

losses during asphalt material storage and handling.-

The asphaltic material used to make roofing grades of asphalt, known
as saturant and coating asphalt, is a product of the fractional distillation
of crude oil. This material is obtained toward the end of the distilling
process and is commonly known as asphalt flux. Asphalt flux is sometimes
blown by the oil refiner or asphalt processor to meet the roofing
manufacturer's specifications. Many roofing manufacturers, however,

purchase the flux and carry out their ownm blowing. 121-123

Handling and storage activities associated with the asphalt flux raw
. material-dre potential: sources of organic enissions including POH. Asphalt‘
is normally delivered to the asphalt roofing plant in bulk by plpellne
tanker truck, or railcar. Bulk asphalts are delivered in liquid form at
temperatures of 93 to 204°¢C (200 to AOOOF), depending: on the type of asphalt
and local pra.ctice.ul.123 With bulk liquid asphalt, the most common method
of unloading is to couple a flexible pipe to tlHe tanker and pump the asphalt
directly into the appropriate storage tanks. The tanker cover ls partially
open during the ctransfer. Since this is a c;osea system, tne oniy potential

sources of emissions are the tanker and the storage tanks. The magnitude of

the emissions from the tanker is at least partially dependent on how far the
cover is opened.

Another unloading procedure, of which. there are numerous variations, is
to pump the hot asphalt into a large open funnel which is connected to a
surge tank. From the surge tanks, the asphalt is pumped directly into
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storage tanks. Emission sources under the surge tank configuration are the
tanker, the interface between the tanker and the surge tank, the surge tank,
and the storage tanks. The emissions from these sources are primarily
organic particulate. The quantity of emissions depends on the asphalt
temperature and on the asphalt characteristics.

Asphalt flux is usually stored at 51 to 79% (124 to 174°F), although
storage temperatures of up to 232% (450°F) have been noted. The
temperature is usually maintained with steam coils in the tanks at the lower

temperatures. Oil- or gas-fired preheaters are used to maintain the asphalt
flux at temperatures above 93°C (20001?).1?'1'123

Asphalt is transferred within a roofing plant by closed pipeline.
Barring leaks, the only potential emission sources are the end-points.
These end-points are the storage tanks, the asphalt héaters (if not the
closed tube type), and the air blowing stills.

Saturant and coating asphalts used to manufacture roofing materials are
prepared by blowing air through tanks of hot asphalt flux. Saturant and
éoating asphalts ‘are primarily distinguished by the differences in their
softening points. The softening point of saturant asphalts is between 40
and 74°C (104 to 165°F), while coating asphalts soften at about 110°¢C
(230°F). The configuration of a typical air blowing operation is shown in
Figure 22.121 This operation consists primarily of a blowing still which is

a tank fitted near its base with a sparger. The purpose of the sparger is

.to increase contact between the blowing air and the asphalt. Air is forced

carough noles in the sparger into a cank of hot (204 o 243°2 (400 o
470°F)] asphalt flux. The air rises through the asphalt and initiates an
exothermic oxidation reaction. Oxidizing the asphalt has the effect of
raising it; softening temperature, reducing penetration, and modifying other
characteristics. Catalysts are sometimes added to the asphalt flux during
air blowing to better facilitate these trénsformations. The time required
for air blowing of asphalt depends on a number of factors including the
characteristics of the asphalt flux, the characteristics desired for the
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finished product, the reaction temperature, the type of still used, the air
injection rate, and the efficiency with which the air entering the still is

dispersed throughout the asphalt. Blowing times may vary in duration from
121
30 minutes to 12 hours.

Asphalt blowing is a highly temperature-dependent process, as the rate
of oxidation increases rapidly with increases in temperature. Asphalt is
preheated to 204 to 243°C (400 to 470°F) before blowing is initiated to
assure that the oxidation process will start an an acceptablé rate, ™~
Conversion does take place at lower temperatures but is much slower. Due to
the exothermic nature of the reaction, the asphalt temperature rises as
blowing proceeds. This, in turn, further increases the reaction rate.
Asphalt temperature is normally kept at about 260°¢C (500°F) during blowing
by spraying water onto the surface of the asphalt, although external cooling
may also be used to remove the heat of reaction. The allowable upper limit
to the reaction temperature is dictated by safety considerations, with the
maximum temperature of the asphalt usually kept at least 28°¢ (SOQF) below
the flash point of the asphalt being blown.121

The design-an& location of the 'sparger in the Blowing goverﬁs how ‘much
of the asphalt surface-area is physically contacted by the injected air. and
the vertical height of the still determines the time span of this contact.
Vertical stills, because of their greaater head (asphalt -height) require less
air flow for the same amount of asphalt-air contact. Both vertical and
horizontal stills (see Figures 23 and 24) are used for asphalt blowing, but
where new design is involved, a vertical type is preferred by the industry
decause of the increased asphalt-air contact and consequent reduction in
blowing times. Asphalt losses from vertical stills are also reported to
be less than those from horizontal stills. All recent blowing still
installations have been of the vertical type. Asphalt blowing can be either

a batch process or a continuous operation; however, the majority of

* facilities use a batch process.
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Typical configuration of a vertical asphalt air
blowing sti11.121
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Blown asphalﬁ (saturant and coating asphalt) is used to produce asphalt
roofing and siding products according to the process depicted in
Figure 25.121 A roll of felt is installed on the felt reel and unwound onto
a dry floating looper. The dry floating looper provides a reservoir of felt
material to match the intermittent operation of the felt roller to the
continuous operation of the line. Felt is unwound from the roll at a faster
rate than is required by the line, with the excess being stored in the dry
looper. The flow of felt to the line is kept constant by raising the top
set of rollers and increasing looper capacity. The opposite action occurs
when a new roll is being put on the felt reel and spliced in, and the felt
supply ceases temporarily. There are no POM emissions generated in this

processing step.121

Following the dry looper, the felt enters the saturator where moisture
is driven out and the felt fibers and intervening spaces are filled with
saturant asphalt. (If a fiberglass mat web is used instead of felt, the
saturation step and the subsequent drying-in process are bypassed.) The
saturator also contains a ldéoper arrangement which is almost totally
submerged in a tank of asphalt maintained at a temperature of 232 to 260°¢c
(450 to 500°F). The absorbed asphalt increases the sheet or web weight by
about 150 percent. At some plants, cthe felt is sprayed on one side with
asphalt to drive out the moisture prior to dipping. This approach
reportedly results in higher POM emissions than does use of the dip process
alone.121 The saturator is a significant POM emissions source within the

asphalt roofing process.

The saturated felt then passes through drying-in drums and onto the wet
looper, sometimes called the hot looper. The drying-in drums press surface
saturant into the felt. Depending on the required final product, additional
saturant may also be added at this point. The'amount of absorption depends
on the viscosity of the asphalt and the length of time the asphalt remains
fluid. The wet looper increases absorption by providing time for the

saturant asphalt to penetrate the felt. The wet looper operation has been

210



e

*autt Suraniowjynuew yeraslew Fupjooa teydse ue

Jo wea8eyq

"GZ @andyy

T RYY

i 4
“tp?

'

bALEYY

L

171
= 121N » FELE 3T - 1a%enoey | » advi01g
3gRuyyy atduiyy atduyyg o], sajduiyy
aldraoag
S — .-.ana...:.:_\...-:su,lvr
vl st1oY
/1apuip 1109
L] *832aNn0g
Supasoqey SUOTSSTWY Wod [eFIun10g sajedjpuy @
diarg 4 )
UAGY - | 8IS
qQaM 1PN wuupdeag)y —
-t
‘ o~
. ‘ L J 29d11dg
, -:._:..V— pue
- o] S110% valy I.IL - 1adowy 1 soreanieg - Qe arogy - pue1s
aadoo) umog Bugowjang 12100) 19 T P puyaug . .
usyuId 1000 vasur — " a TEN
’ , 11rydey *
uno g
31194 pIieanivg 1jeydey 1y 1194
wnotg ' *
4
19XIN Bung—
107007 [ll e —t 1
. ..au“.-““—u.u—m. 11115 ¥njmogq ERLET]
(Ruy e0) rrydsy 1 eydsy
pur juranjeg)
qur) oRraroag
1Meydsy unogg
. o S— ] LUT ]
110 poIdav) ey
N0 2Ly 40 rapdsy
X0 JNORIOUY



shown to be a significant source of organic particulate emissions within the
asphalt roofing process. Although the wet looper is a potential source of
POM emissions, their severity has not been defined.121'122

If saturated felt is being produced, the sheet bypasses the next two
steps (coating and surfacing) and passes directly to the cool-down section.
For surfaced roofing products, however, the saturated felt is carried to
the coater station where a stabilized asphalt coating is applied to both the
top and bottom surfaces. Stabilized coating contains a mineral stabilizer
and a harder, more viscous coating asphalt which has a higher softening
point than saturant asphalt. The coating asphalt and mineral stabilizer
are mixed in approximately equal proportions. The mineral stabilizer may

consist of finely divided lime, silica, slate dust, dolomite, or other
mineral materials.

The weight of the finished product is controlled by the amount of
coating used. The coater rollers can be moved closer together to reduce the
amount of coating applied to the felt, or separated to increase it. Many
modern plants are equipped with automatic scales which weigh the sheets in
the process of manufacture and warn the coater opetator‘when the product is

running under or over specifications.

The coater is a significant emissions source within the roofing
production process. It releases asphalt fumes containing organic
particulate, some of which may be POM compounds.121’122_

The function of the coater-mixer is o mix coating asphalc and a
mineral stabilizer in approximately equal proportions. The stabilized
asphalt is then piped to the coating pan. The asphalt is piped in at about
232 to 260°C (450 to 500°F), and the mineral stabilizer is delivered by
screw conveyor. There is often a preheater immediately ahead of the
coater-mixer to dry and preheat the material before it is fed into the
coater-mixer. This gliminates moisture problems and also helps to maintain

the temperature above 160°C (320°F) in the coater-mixer. The coater-mixer
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is usually covered or enclosed, with an exhaust pipe for the air displaced
by (or carried with) the incoming materials. The coater-mixer is viewed as
a potential source of POM emissions, but not a significant one.121’122

The next step in the production of coated roofing products is the
application of mineral surfacing. The surfacing section of the roofing line
usually consists of a multi-compartmented granule hopper, two parting agent
hoppers, and two large press rollers. The hoppers are fed through flexible

--hoses from one or more machine bins above the line. These machine bins

provide temporafy storage and are sometimes called surge bins. The granule
hopper drops colored granules from its various compartments onto the top
surface of the moving sheet of coated felt in the sequence necessary to

produce the desired color pattern on the roofing. This step is bypassed for

smooth-surfaced products. 121

Parting agents such as talc and sand (dr some combination thereof) are
applied to the top and back surfaces of the coated sheet from parting agent
hoppers. These hoppers are usually of an open-topped, slot- -type design,
slightly longer than the coated sheet is wide, with ‘'a screw arrangement for
distributing the parting agent uniformly throughout its length. The first
hopper is positioned between the granule hopper and the first large press
roller, and 0.2 to 0.3 m (8 to 12 in) above the sheet. It drops a generous
amount of parting agent onto the top surface of the coated sheet and
slightly over each edge. Collectors are often placed at the edges of the
sheet to pick up this overspray, which is then recycled to the parting agent
machine bin by open screw conveyor and bucket elevator. The second parting

agent hopper is located bertween - 2rs and dusts che back side of =he

,_:
¥
Q0
r

coated sheet. Because of the steep angle of the sheet at this point, the
average fall distance from the hopper to the sheet is usually somewhat

greater than on the top side, and more of the material falls off the
121
sheet.

In a second technique used to apply backing agent to the back side of a
coated sheet, a hinged trough holds the backing material against the coated
sheet and only material that will adhere to the sheet is picked up. When
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the roofing line is not operating, the trough is tipped back so that no
parting agent will escape past its lower lip.

Immediately after application of the surfacing material, the sheet
passes through a cool-down section. Here the shéet is cooled rapidly by
passing it around water-cooled rollers in an abbreviated looper arrangement.
Usually, water is also sprayed on the surfaces of the sheet to speed the
cooling process. The cool-down section‘is not a source of POM emissions.

Folio;ing“cooling, self-sealing coated sh;;;s‘;;ually have an ;Sphalt
seal-down strip applied. The strip is applied by a roller which is
partially submerged in a pan of hot sealant asphalt. The pan is typically
covered to minimize fugitive emissions. No seal-dowm strip is applied to
standard shingle or roll goods products. Some products are also texturized
at this point by passing the sheet over an embossing roll which forms a
pattern in the surface of the coated sheet.121

The cooling process for both saturated sheets and coated sheets is
completed in the next processing station known as the finish looper. 1In the
finish looper, sheets are allowed to cool and dry gradually. Secondly, the
finish looper provides line storage to match the continuous operation of the
line to the intermittent operation of the roll winder. It also allows cime
for quick repairs or adjustments to the shingle cutter and stacker during
continuous line operation or, conversely, allows cutting and packaging to
continue when the line is down for repair. Usually, this part of the
process is enclosed to keep the final cooling process from progressing too
rapidly. Sometimes, in cold weather, heated air is also used to retard

T

. . . . N . . Lia
cooling. The finish looper is not viewed as a source of POM emissions.

Following finishing, asphalt sheet destined for use in roll goods is
wound on a mandrel, cut to the proper length, and packaged. When shingles
are being made, the material from the finish looper is fed into the shingle
cutting machine. After the shingles have been cut, they are moved by roller
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conveyor to manual or automatic packaging equipment. They are then stacked
on pallets and transferred by fork lift to storage areas or waiting

121
trucks.

The primary POM emission sources associated with asphalt roofing are

the asphalt air blowing stills (and associated oil knockout boxes) and the

felt saturators.lzz'lza Additional poténcial POM emission sources that have
been identified include the wet looper, the coater-mixer, the felt coater,
the seal-down stripper, and air blown asphalt storage tanks. Minor fugitive

emissions are also possible from asphalt flux and blown asphalt handling and
121-124 '
transfer operations.

Process selection and control of process parameters reportedly can be
used to minimize uncontrolled emissions, including POM, from asphalt air
blowing stills, asphalt saturators, wet loopers, and coaters. Process
controls include the use of the following:l21

dip saturators, rather than spray or spray-dip saturators:
- vertical stills, rather than horizontal-stills;

- asphalts that inherently produce low emissions;

- higher flash point asphalts:

- reduced temperatures in the asphalt saturant pan;

- reduced asphalt storage temperatures; and

- lower asphalt blowing temperatures.

Dip saturators have been selected for most new asphalt roofing line
installations in vecent years, and chis crend is eXpected co continue,
Recent asphalt blowing still installations have been almost exclusively of
the vertical type because of its higher efficiency and lower emissions.

Vertical stills occupy less space and require no heating during oxidizing

(1f the temperature of the incoming flux is above 204°C (AOOOF)]. Vertical

stills are expected to be used in new installations equipped with stills and
in most retrofit situations.121
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Asphalt fluxes with lower flash points and softening points tend to
have higher hydrocarbon emissions because these fluxes generally have been
less severely cracked and contain more low-boiling fractions. Many of these
light ends can be expected to boil off during blowing. Limiting the minimum
softening and flash points of asphalt flux should reduce the amount of
POM-containing fumes generated during blowing since less blowing is required
to produce a saturant or coafing asphalt. Saturant and éoating asphalts
with high softening points should reduce POM emissions from felt saturation
and coating operations.— However, producing the higher softening asphalt ’

flux requires more blowing, which increases uncontrolled emissions from the

blowing operation.121 '

Although these process-oriented emission control measures are useful,
emissions capture equipment and add-on emissions control equipment are also
necessary in asphalt roofing material production facilities. The capture of
potential POM emissions from asphalt blowing stills, asphalt storage tanks,
asphalt tank truck unloading, and the coater-mixer can and is being achieved
in the industry by the use of enclosure systems “around the emission
operations. The enclosures are maintained under negative pressure and the
contained emissions are ducted to the controls specified in Table 55.121
Potential emissions from the saturator, wet looper, and coater are generally
collected by a single enclosure, by a canopy type hood, or by an
enclosure/hood combination. Typically applied controls for POM emission

sources in asphalt roofing plants are summarized in Table 55.

Facto

For the asphalt roofing manufacturing industry, POM emission factor
data exist for asphalt air blowing stills and for asphalt saturators. The
available information is presented in Table 56.121-124 As might be
expected, the quantitative results are highly variable. However,

qualitatively the POM compounds identified in the emission streams are very
consistent.
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TABLE 55. CONTROL DEVICES USED ON POM EMISSION
SOURCES IN ASPHALT ROOFING PLANT8121

Emission Source Control Device
A. Saturator, wet loopgr (hot Afterburner .
looper), and coater ' High velocity air filter
~ Electrostatic precipitator
B. Coater-mixerb High velocity air filter
C. Asphalt blowing still Afterburner
D. Asphalt storage tanks® Mist eliminator

aThese sources usually share a common enclosure, and emissions are ducted to
a common control device.

Emissions from the coater-mixer are controlled, at some plants, by routing
fumes to the control device used for sources listed in A, above.

®some plants control emissions from storage tanks with the same device used

for processes listed in A and then use a mist eliminator during periods
when the roofing line is not operating (e.g., weekends). Asphalt delivery

can be accomplished via a closed system which vents emissions to the same
control device as that used for the =anks.
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Uﬁcontrolled total POM emissions from asphalt saturators ranged from
0.001 to 2.1 g/Mg (2.0.x 10™° to 0.0062 1b/ton). 21124 mg yalues reported
in Reference 124 are much less than those in Reference 121 because few, if
any, vaporous POM emissions were collected by the sampling procedure used in
Reference 124. The sampling procedure used for the Reference 121 samples
apparently was more successful for condensing and collecting vaporous POM.
The same situation exists in the asphalt blowing still results where the
total POM range is 0.0048 to 15.2 g/Mg (9.6 x 1078
0.030 1b/ton).121'122'124’125 The problem persists with the controlled
emission factors where the total POM factors for afterburner-controlled
satur#tors range from 0.001 to 0.63 g/Mg (2.0 x 10'6 to 0.0013 1lb/ton) and
the factors for incineration-controlled blowing stills range from 0.0021 to
0.048 g/Mg (4.2 x 10" to 0.001 1b/tony.l21:122,126 o 0 f the
differing sampling and analysis procedures used to obtain the factors given
in Table 56, data comparisons between sources- is difficult ‘and could lead to
erroneous conclusions.

The POM compounds identified in roofing source emissions were °
consistent within a source type (e.g., saturators) and between different

source types. Anthracene/phenanthrene, methyl anthracenes, fluoranthene,

pyrene, methyl pyrene, chr&sahé;'bénZ(a)énCHraéehe, methyl chrysenes, benzo -

fluoranthenes, benzo(a)pyrene, and benzo(e)pyrene were identified in the
emission measurements of practically every source. In both controlled and
uncontrolled emissions of saturators and blowing stills, methyl anthracenes
predominated. Anthracene/phenanthrene and methyl pyrene/fluoranthene also
repeatedly constituted significant portions of total POM emissions.-

- Generally, the three POM compound groups comstitured between 20 and

95 percent of total POM measured.

Source Locatjons

As of mid-1986, there were 94 asphalt roofing manufacturing plants
operating in the United States. A list of all current facilities as
identified by the Asphalt Roofing Manufacturers Association, is provided in
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Table 57.126 States containing a relatively significant number of roofing

plants include California, Texas, Ohio, and Alabama. These four States
contain approximately 40 percent of the total number of roofing facilities.

The majority of all plants nationwide are located in urban as opposed to
rural areas.

HOT MIX ASPHALT PRODUCTION

In the production of hot mix asphalt (also known as asphalt concrete),
aggregete which is composed of gravel, sand, and mineral filler, is heated
to eliminate moisture and then mixed with hot asphalt cement. - The resulting
hot mixture is pliable and able to be compacted and smoothed. When it cools

and hardens, hot mix asphalt provides a waterproof and durable pavement for
roads, driveways, parking lots, and runways.

Currently, there are three types of hot mix asphalt plants in use in

the United States: batch- mix, continuous-mix, and drum-mix. Batch-mix and

,continuous-mix-plants.separate'the aggregete drying process ‘from the ﬁiﬁing~~'

of aggregate with asphalt cement. Drum-mix plants combine these two
processes. Production capacities for all three types of plants range from
36 to 544 Mg (40 to 600 tons) of hot mix per hour. The production capacity

distribution for the three types of hot mix asphalt plants is presented in

Table 58.127 Over 80 percent of all hot mix asphalt production plants are
127
mobile.

Raw Materials--

The basic raw material of hot mix asphalt aggregate, consists of any
hard, 1nert mineral material mixed with. a binding agent to produce hot mix
asphalt, Aggregate typically comprises between 90 and 95 percent by-weight
of the asphalt mixture. Since aggregate provides most of the load-bearing

properties of a pavement, the performance of the pavement depends on

selection of the proper aggregate. 127
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TABLE 57. ASPHALT ROOFING MANUFACTURING LOCATIONS

IN THE UNITED STATES IN 1986

126

Company

Plant Locations

American Roofing Corporation
Bird, Incorporated

‘Celotex Corporation -

Certainteed Corporation

- Consolidated Fiberglass Products

Dibiten, U. S. A.

Elk Corporation of America

Evanite/Permaglas, Incorporated

GAF Corporation

The Garland Company

R

Chicago, IL

-Norwood, MA

Camden, AR--— ——
Fremont, CA
Fairfield, AL
Russellville, AL
Goldsboro, NC
Los Angeles, CA
Houston, TX
Lockland, OH
Perth Amboy, NJ
San Antonio, TX
Memphis, TN

Avery, OH
Oxford, NC
Shakopee, MN
Savannah, GA

) Bakprsfipld,_CA

South Gate, CA ’

}:‘.1'\n1'.s:~ , X
Tuscaloosa, AL

Corvallis, OR

Baltimore, MD

1. e
LYaLluds.,

Erie, PA
Fontana, CA
Millis, MA

Minneapolis, MN

Mobile, AL

Mount Vernon, IN
Savannah, GA -
Tampa, FL
Chester, SC

Cleveland, OH
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TABLE 57. ASPHALT ROOFING MANUFACTURING LOCATIONS

IN THE UNITED STATES IN 1986

126

(Continued)

Company

Plant Locations

Georgia-Pacific Corporation -

Globe Industries, Incorporated

Iko Industries Limited

Koppers Company

Leatherback Indﬁstries

Lunday-Thagard

Manville Corporation

Nord Bitumi U. S., Incorporated

Owens-Corning Fiberglas Corporation

Ardmore, OK
Daingerfield, TX
Franklin, OH
Hampton, GA
Quakertown, PA
Denver, CO
Pryor, OK

Whiting, IN

Wilmington, DE

* Chicago, IL

Franklin, OH

Chicago, IL
Fontana, CA
Houston, TX
Wickliffe, OH
Woodward, AL
Youngstown, OH

Albequérque; NM
Hollister, CA
Auburn, WA

South Gate, CA

Fort Worth, TX
Manville, NJ
Pittsburg, CA
Savannah, GA .
Jaukegan, IL
Etowan, TN
Waterville, OH

Plattsburgh, NY
Macon, GA :

Atlanta, GA
Brookville, IN
Compton, CA
Denver, CO
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TABLE 57. ASPHALT ROOFING MANUFACTURING LOCATIONS

© IN THE UNITED STATES IN 1986-2% (Continued)

Company Plant Locations

Owens-Corning Fiberglas Corporation Houston, TX
(continued) Irving, TX
’ Jacksonville, FL
Jessup, MD
- — Kearny, NJ

Medina, OH
Memphis, TN
Minneapolis, MN
Morehead City, NC
Oklahoma City, OK
Portland, OR
Summit, IL
Aiken, SC
Barrington, NJ
Kansas City, MO

Siplast, Incorporated Arkadelphia, AK

Tamko Asphalt Products, Incorporated Joplin, MO
Frederick, MD
Phillipsburg, KS
‘Tuscaloosa, AL -
Knoxville, TN

Tremco, Incorporated Cleveland, OH

U. S. Intec, Incorporated Port Arthur, TX

North Branch, NJ
Stockton, CA

. W. R. Grace and Company . Cambridge, MA

NOTE: This listing is subject to change as market conditions change,
facility ownership changes, plants are closed down, etc. The reader
should verify the existence of particular facilities by consulting
current listings and/or the plants themselves. The level of POM
emissions from any given facility is a function of variables such as

capacity, throughput, and control measures, and should be determined
through direct contacts with plant, persommel. -
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TABLE 58. PRODUCTION CAPACITY DISTRIBUTION FOR BATCH, CONTINUOUS,

AND DRUM-MIX HOT MIX ASPHALT PLANTS

127

Type of Plant

Production
Range, Mg/h (tons/h)

Percentage of
Plants Within
Production Range

Batch-mix Plants

Drum-mix Plants

Continuous-mix Plants

Under 136 (Under 150)
1367 - 272 (150 - 300)

273 - 363 (301 - 400)

‘Over 363 (Over 400)

Under 136 (Under 150)
136 - 272 (150 - 300)
273 - 363 (301 - 400)

Over 363 (Over 400)

Under 136 (Under 150)
136 - 272 (150 - 300)
273 - 363 (301 - 400)

Over 363 (Over 400)

-

25
63
11
-1
100
15
52

26

100
43
‘21

19

100 .

225



Asphalt cement is used as the binding agent for aggregate. It prevents
moisture from penetrating the aggregate and it acts as a cushioning agent.

Typically, asphalt cement constitutes 4 to 6 percent by weight of a hot mix

asphalt mixture.127

Asphalt cement is generated as a residue from the distillation of crude
petroleum. It is classified into grades under one of three systems. The
most commoﬁly used system classifies asphalt cement based on its viscosity
at 60°¢ (140°F). The more viscous the asphalt cement, the higher its
numerical rating. An asphalt cement of grade AC-40 is considered a hard
asphalt [i.e., a viscosity of 4000 grams per centimeter per second (g/cm-s)
(poises)], while an asphalt cement of grade AC-2.5 is considered a soft
asphalt [i.e., a viscosity of 250 g/cm-s (poises)]. Several western States
use a second grading system that measures viscosity of the asphalt cement
after a standard simulated aging period. This simulated aging period
consists of exposure to a temperature of 163°% (325°F) for 5 hours.
Viscosity is measured at 60°C (140°F), with grades ranging from AR-1000 for
a soft asphalt cement [1000 g/cm-s (poises)] to AR-16000 for a hard asphalt
cement [16,000 g/cm-s (poises)]. .A third grading system is based on the
penetration alldwéd.by the asphalt cement. Grade designation 40 to 50 means
that a‘needle.with a weight attagﬁed will penétrate the asphalt cement
between 40 and 50 tenths of a millimeter under standard.test conditioms.

The hard asphalt cements have penetration ratings of 40 to 50, while the

soft grades have penetration ratings of 200 to 300.127

?he qspha}t cement grade selegted for different hot mix asphalts
dépends on.:he type oL pavement, climate, and :ypé and amount of ctraffic
expected. Generally, asphalt pavement bearing heavy traffic.in warm
climates would require a harder asphalt cement than pavement subject to

either light traffic or cold climate conditions.

Another material that may be used in the production of new or virgin hot
mix asphalt is recycled hot mix asphalt (RAP) which is pavement material
that has been removed from existing roadways. Recycled hot mix asphalt is
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' used by a growing number of companies in their hot mix asphalt mixtures.

The Surface Transportation Assistance Act of 1982 encourages recycling by
providing a 5 percent increase in Federal funds to State agencies that
recycle asphalt concrete pavement. Rarely does the recycled hot mix asphalt
comprise more than 60 percent by weight of the new asphalt mixture.
Twenty-five percent recycled hot mix asphalt mixtures are typical in batch

plants while 40 to 50 percent RAP mixtures are typical in drum-mix

plants.127

Rejuvenating agents are sometimes used in recycled hot mix asphalts to
bring the weathered and aged asphalt cement in the fecycled mixture up to
the specifications of the new asphalt mixture. Usually, a soft asphalt

" cement, a specially prepared high Giscosity oil, or a hard asphalt cement

blended with a low viscosity oil are used as rejuvenating agents. The
amount of rejuvenating agent added depends on the properties of the recycled
asphalt and on the specifications for the hot mix asphalt product.

Sulfur has also been used on an experimental basis as a substitute for

a portion of the asphalt cement in ho; mix asphalt mixtures. Tests have

shown that the asphait'ceménf/sulfur combination ‘is better able tsibipd with’

aggregate than is asphalt cement alone. Hot mix asphalt pavements
containing the asphalt cement/sulfur combination appear to be stronger and

less susceptible to temperature changes than those containing asphalt cement
alone.

The use of sulfur is not competitive witﬁxasppalt cement in asphalt
concrece mixes for severail reasoné, incliuding énvironmental questions,
worker objections (odor), and corrosion, all of which result from emissions
of hydrogen sulfide (HZS)’ sulfur dioxide (502). and elemental sulfur (S).
In addition, sulfur is almost twice as dense as asphalt cement.
Consequently, to make thé usé of suifur economiéally feasible, thélcost of
sulfur must be less than half the cost of .asphalt cement.127
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‘Batch-Mix Plants--

The primary processes of a typical batch-mix hot mix asphalt facility
are illustrated in Figure 26.127 Aggregate of various sizes is stockpiled
at ‘the plant for easy access. The moisture content of the stockpiled
aggregate usually ranges from 3 to 5 percent. The moisture content of
recycled hot mix asphalt typically ranges from 2 to 3 percent. The
different sizes of aggregate are typically transported by front-end loader
to separate cold feed bins and metered onto a feeder conveyor belt through
gates at the bottom of the bins. The aggregate is screened before it is fed

to the dryer to keep oversized material out of the mix.

The scroened'aggregite is then fed to a rotating dryer with a burner at
ies lower (discharge) end that is fired with fuel oil, natural gas, or
propane. The dryer removes moisture from the aggregate and heats the
aggregate to the proper mix temperature. Inside the dryer are longitudinal
flights (metal slats) that l1ift and tumble the aggregate, causing a curtain
of material to be exposed to the heated gas stream. This curtain of

material provides greater heat transfer to the aggregate than would occur if

the’ aggregate tunbled along the bottom of the drum towards the discharge 2
end, Aggregate temperature at the discharge end of the dryer is about 149 c

(300 F). The amount of aggregate that a dryer can heat depends on the size
of the drum, the size of the burner, and the moisture content of the
aggregate. As the amount of moisture to be removed from the aggregate

increases, the effective production:capacity of the dryer decreases.

Vibrating screens segregate ‘the heated aggregate into bins -accerding to-

size. A weigh hopper meters the desired amount of the various sizes of
aggregate into a pugmill mixer. The pugmill typically mixes the aggregate
for approximately-15 seconds before hot asphalt cement from a heated tank is

_ sprayed into the pugmill. The pugmill thoroughly mixes the aggregate and

hot nsphalé:cenent for 25 to 60 seconds.  The finished hot mix'asphalt is
either directly loaded into trucks or held in insulated and/or heated
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storage silos. Depending on the production specifications, the temperature
of the hot mix asphalt product mix can range from 107 to 177°% (225 to
3SO°F) at the end of the production process.

When mix containing recycled asphalt is produced, the aggregate is
superheated (compared to totally virgin hot mix production) to about 315°C
(600°F)_to ensure sufficient heat transfer to the recycled asphalt when it
is mixed with the virgin materials. Recycled hot mix asphalt may be added
either to the pugmill mixer or at tki¢ discharge end of the dryer. Rarely is
more than 30 percent recycled asphalt used in batch plants for the
production of hot mix asphalt.

Continuous-Mix Plants--

Continuous-mix plants are very similar in configuration to batch
plants. Continuous-mix plants have smaller hot bins (for holding the heated
aggregate) than do batch plants. Little surge capacity is required of these
bins because the aggregate is continuously metered and transported to the
mixer inlet by a conveyor belt. Asphalt cement is continuously added to the
aggregate at.the inlet of the mixer. . The aggregate and asphalt cement are
mixed by the action of rotating paddles while being conveyed through che
mixer. An adjustable dam at the outlet end of the mixer regulates the
mixing time and also provides some surge capacity. The finished mix is

. Sq . 127
transported by a conveyor belt to either a storage.silo or surge bin.

Drum-Mix Plants--

The essential components of a typical virgin hot mix asphalt drum-mix
plant are shown in Figure 27. 127 Drum-mix plants dry the aggregate and mix
it with the asphalt cement in the same drum, eliminating the need for the
extra conveyor belt, hot bins and screens, weigh hopper,- and pugmill.
Although the drum of a drum-mix .plant is much iiké the dryer of a batch
plant, the burner is at the aggregate feed end rather than at the aggregate
discharge end. The veil of aggregate is heated as it flows with the heated

gas stream instead of countercurrent to the gas stream as in a batch plant.
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The burner in a drum-mix plant emits a much bushier flame than does the
burner in a batch plant. The bushier flame is designed to provide earlier
and greater exposure of the virgin aggregate to the heat of the flame. This
design also protects the asphalt cement, which is injected approximately
two-thirds of the way down the length of the drum, away from the direct heat
of the flame. Drum-mix plants typically have more flights in their drums
than do batch dryers to increase veiling of the aggregate and to improve
overall heat transfer. The asphalt cement, which is usually injected from a
pipe inserted from the discharge end of the réEEEIﬁgAdrum. coats the
aggregate. The temperature of the mix as it leaves the drum usually ranges
from 107 to 177°C (225 to 350°F). The hot mix asphalt is then transported

by conveyor to a surge bin or to an insulated, and possibly heated, storage
silo for -truck load-out.

Recycled hot mix asphalt can also be used as a raw material in drum-mix
plants. Currently in drum-mix plants, recycled hot mix asphalt is
introduced through a collar midway down the drum and is dried by both the
superheated aggregate and by the gas stream. The veil of virgiﬁ aggregate
created by the flights in the drum keeps the high heat of the burner flame

. from reaching the recycled asphalt. Two vendors have attempted to improve

on this approach by also expanding the drum diameter at the burner end to
allow a shorter, bushier flame and to obtain more efficient heat transfer

from the burner flame to the virgin aggregate.

One major advantage of drum-mix plants is that they can produce
material containing higher percentages of recycled hot mix asphalt than
patch plants can produce. .With the greater veiling'of éggregate, drum-mix -
plants are more efficient than batch plants at tfansferring heat and
achieving proper mixing of recycled asphalt and virgin materials. The trend
in hot mix asphalt production is towards drum-mix pl'am:s.128 :
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Indirect Heated Plants--

A potential new commercial production process for hot mix asphalt
involves indirect heating of the aggregate and asphalt cement in a mixer.
In this process, asphalt cement and preheated aggregate are introduced
through air-locks into a heated, sealed mixing unit. Synthetic heat
transfer fluids are heated to 316 to 343°C (600 to 650°F) by a fuel
efficient diesel- or gas-fired burner. These synthetic fluids heat the
miiing unit chamber to approximately 149%¢ (300°F). Steam from the moisture
driven off from the aggregate is piped to the cold feed bins to preheat the
virgin aggregate. This preheating of the aggregate decreases energy costs
for drying. The product hot mix asphalt is transported by an enclosed
conveyor from the mixing unit to a storage silo. Because this process is
sealed, there are no mixer process air emissions. The steam from the mixing
unit condenses as it preheats the cold feed bins. The only other proceos
emissions are the gases from the heate; unit.

The indirect heated process has been successfully demonstrated with a

-pilot-gcale plant capable of producing 14 to 18 Mg (15';0 20 tomns)/hour of
hot mix asphalt. ’Stationéfy dnd'portabie indiréct heated plants have been

designed with production capacities ranging from 45 to 204 Mg (50 to
225 tons)/hour, and commercial plants of 181 to 272 Mg (200 to
300 tons)/hour production capacity are expected by 1986.127

Polycyclic organic matter emissions in hot mix asphalt plants occur

_ from the aggregate rotary dryers (due to fuel combustion) and from ‘the hot

mix aspnaLt mixing vessels (due to heating of the orvanlcs containing

asphalt materials). Most plants employ some form of mechanical collection,

typically cyclones, to collect aggregate particle emissions from the rotary
dryers. These cyclones would have a minimal collection efficiency for POM
compounds because the POMs are either in vapor form or would orédoﬁinantiy
exist on fine particles not captured by the cycloﬁes. In many

installations, the recovered aggregate is recycled to the hot mix asphalt
process.
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Overall, particulate matter emissions from hot mix asphalt mixers are
controlled by wet scrubbers or baghouses.127 Agaln, their success on POM
emissions is dependent on the form of the POMs (i.e., vapor versus
particulate and fine versus coarse particle). In some installations, the
exhaust stream of the rotary dryer cyclones is vented to the baghouse or
scrubber used for mixer emissions control.129’13° One reference has
indicated that for hot mix asphalt plants venting dry emissions to the mixer
control device, the POM compounds detected in the mixer control device

emissions were predominantly a function of the rotary dryer and not the

mixer. 130

Because the drum-mix hot mix asphalt process is based on a parallel
flow design (1.0.; hot gases and aggregate flow through the dryer in the
same direction), general particulate matter emissions from this process are
less than from a conventional batch process. However, because the asphalt
materials contained in the process are heated to a higher temperature for a

longer time, the drum-mix process potentially may produce greater levels of
128 '
POM emissions.

In any .of . the processes used. to -produce hot mix asphalt, fugitive,POH
emissions may occur due to evauoratlve losses from asphalt handling and
storage Emissions of this type would be highly variable. No examination

of fugitive POM emissions from hot mix asphalt plants could be found in che
literature.

Emission Factors

Several total POM and speciated POM emission factors were identified in
the literature for hot mix asphalt production facilities. A summary of
these factors for total POM is presented in Table 59.128.132 The limited
data in Table 59 indicate that drum-mix plants potentially héve gfeater POM
emissions than batch planﬁs and plants using recycled hot mix asphalt have
higher POM emissions than those employing only virgin materials.
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Two references in the literature contain well-documented emission
factors for individual POM species from hot mix asphalt plants. These
factors are presented in Table 60, 61, and 62 to better illustrate what POMs
are predominant in emissions from hot mix asphalt plants. 129,132 The
results shown in Tables 60 and 61 for drum-mix plants indicate that for this
type of facility, POM emissions predominantly exist in vapor form.132 The
results in Table 62 indicate that batch plant emissions are predominantly in
particulate form.129 The emission test methods used to obtain the results
in Tables 60, 61, and 62 were similar with-the -exception of -the-resin type
used for organics capture. An EPA Modified Method 5 sampling train was used
for both plants; however, the éatch-mix plant, test used Tenax resin for
organics collection, while the drum-mix plant test used XAD-2 resin. The
affect, if any, of this difference on the POM emission results cannot be
determined with the information .available. However, as described in
Section 5 (Source Test Procedures), XAD-2 is currently the preferred

organics collection resin.
Source Locations

There are approximately 2150 companies operating an estimated

4500 hot mix asphalt plants in the United States. Approximately 40 perceﬁt. )

of these companies operate only a single plant. Because plants must be
located near the job site, plants are concentrated in areas where the
highway and road network is concentrated.127 Additional information on the
locations of individual hot mix asphalt facilities can best be obtained by

coptacting the National Asphalt Pavement Association in College Park,

Marvland.-
CARBON BLACK MANUFACTURE
Progcess Description .

The chemical carbon black consists of finely divided carbon produced by
the thermal decomposition of hydrocarbons. Carbon black is a major
industrial chemical used primarily as a reinforcing agent in rubber
compounds, especially tirqs.133 The manufacture of carbon black is of
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TABLE 60. INDIVIDUAL POM SPECIES EMISSION FACTORS FOR A DRUM-MIX
HOT MIX ASPHALT PLANT USING VIRGIN FEED MATERIAL132

Emisgsion Factors Under

Diff o
Knockout Box Knockout Box
Control Device Followed by Venturi
Only (mg POM/Mg Scrubber (mg POM/Mg
POM Species Asphalt Produced) Asphalt Produced)

Benz(a)anthracene o3 0.02
Chrysene ’ . 0.73 0.13
Benzo(b)fluoranthene 0.06 0.06
Benzo(j)fluoranthene None detected None detected
Benzo(e)pyrene 0.34 0.02
Benzo(a)pyrene 0.13 None detected
Indeno(1,2,3-c,d)pyrene ) 0.16 ' 0.01
Phenanthrene ‘ 13.5 11.2
-Anthrécéne | . T S i o 2.0 - - 0.79.
Fluoranthene 1.3 0.31
Pyrene ) 3.5~ 0.84
Benzo (k) fluoranthene 0.06 0.06
Perylene 0.06 0.02
Senzb(g;h,i)pefyiehe Monie dersczed Vatie decectad
TOTAL PoM® 22.1P 13.5¢

*Totals may not equal sum of individual values due to rounding.

Seventy-four percent of the total POM quantity was collected in the back

half of the Modified Method 5 sampling system indicating that the majoritj ‘
of the process's POM emissions are in vapor form. '

c
Ninety-seven percent of the total POM quantity was collected in the back

half of the Modified Method 5 sampling system indicating that practically
all of the emissions exiting the scrubber are in vapor form.
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TABLE 61. INDIVIDUAL POM SPECIES EMISSION FACTORS FOR A DRUM-MIX

HOT MIX ASPHALT PLANT USING RECYCLED FEED MATERIAL

132

Emission Factors Under
Different Control Situations

Knockout Box Knockout Box
Control Device Followed by Venturi
Only (mg POM/Mg Scrubber (mg POM/Mg
POM Species Asphalt Produced) Asphalt Produced)
Benz(a)aﬁghraé;ne " a 0.21 0.09 )
Chrysene 1.0 0.29
Benzo(b) fluoranthene 0.01 0.03
Benzo(j)fluoranthene None detected . None detected
Benzo(e)pyrene 0.23 0.06
Benzo(a)pyrene 0.06 0.03
Indeno(1l,2,3-c,d)pyrene ’ 0.02 0.03
Phenanthrene | 25.9 10.0
Anchraégne 1.9 2.0
Fluorantchene 2.3 1.5
- Pyrene 4,2 2.9
Benzo(k)fluoranthene 0.1 0.03
Perylene 0.04 0.02
- Benzo(g,h,i)perylene YMone deracted , .Tone detsctad
TOTAL PoM? b c

35.9 16.9

“Totals may not equal

bNinety-three percent
'half of the Modified
of the process's POM

cNinety-oight percent
half of the Modified
all of the emissions

sum of individual values due to rouhding.

of the total POM quantity was collected in the back

Method 5 sampling system indicating that the majority
emissions are in vapor form.

of the total POM quantity was collected in the back
Method 5 sampling system indicating that practically
exiting the scrubber are in vapor form.
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TABLE 62. INDIVIDUAL POM SPECIES EMISSION FACTORS FOR A BATCH-MIX
HOT MIX ASPHALT PLANT USING VIRGIN FEED MATERIAL129

POM Emission
Factor (mg/Mg

- POM Species : ) Asphalt Production)®
| Dibenzothiophene ) 3.6
E Anthracene/phenanthrene — 4.0 ——
Methylanthracenes/phenanthrenes . 6.9
[E 9-Methylanthracene ' | 0.4
{ Fluoranthene | 0.7
v Pyrene . 0.8
{Q Benzo(c)phenanthrene 0.3
!: Chrysene/benz(a)anthracene . 0.5
§" _7,12-D1methy1benz(a)anthra;ene 0.3
- 3,4;Benzpfluoranthene ' . . o ...0.4
[‘ | Benzé(é)Pyreﬂ;/ben;o(e)Pyrene)éerylene' o ' : 0.3
Ek 3-Methylcholanthrene 0.3
‘ Dibenz(a,h)anthracene 0.3
[* Indeno(1,2,3-c,d)pyrene . 0.3
7H-Dibenzo(c, g)carbazole _ ' . o 0.3
£* Dibénéo(a,h and a,i)PYreﬁe | i 0.3
im TOTAL POM ' 19.7b

*These emission factors apply to the final stack (scrubber stack) emissions
of a batch hot mix asphalt plant.. The POM emissions have originated in the
rotary dryer and mixer operations of the process. Emissions were vented
to a cyclone and then to a wet scrubber. :

§‘ An average of 90 percent of the POMs were collected in the front half of the

L Modified Method 5 sampling train indicating that emissions were primarily
in particulate form.

b
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potential concern for POM emissions because the predominantly used
production process involves the combustion of natural gas and the
high-temperature pyrolysis of aromatic liquid hydrocarbons.

Approximately 90 percent of all carbon black produced in the United
States is manufactured by the oil-furnace process, a schematic of which is
given in Figure 28.133’134 The process streams identified in Figure 28 are
defined in Table 63. Generally, all oil-furnace carbon black plants are
similar in overall structure and operation. The most pronounced differences

in plants are primarily associated with the details of decomposition furnace
133

design and raw product processing. Other processes used for carbon black

production are thermal decomposition of natural gas and exothermic
decomposition of acetylene.134

In the oil-furnace process, carbon black is produced by the pyrolysis
of an atomized liquid hydrocarbon feedstock in a refractory-lined steel
furnace. Processing temperatures in the steel furnace range from 1320 to
1540°¢ (2408 to‘2804°F) The heat needed to accomplish the desired
hydrocarbon decomposition reaction is supplied by the combustion of natural

133 135
gas.

Feed materials used in the oil-furnace process consist of petroleum )
oil, natural gas, and air. Also, small quantities of alkali metal salts may
be added to the oil feed to control the degree of structure of the carbon
black. 134 The 1dea1 raw material for the production of modern, high
structure carbon blacks is an oil which is highly aromatic, low in sulfur,
asnhaltenes and high molecular weight resins, and substantially frese of
suspended ash, carbon, and water. The reactor for the oil furnace process
consists of a refractory-lined steel furnace which is from 1.5 to 9 m (6.9

to 29.5°ft) in length and 0.15 to 0.76 m (0.49 to 2.5 ft) in internal

. diameter To provide maximum efficiency, the furnace and burner are

designed to separate, in:ofar as possible, the heat genetating reaction from
the carbon forming reaction. Thus, the natural gas feed (stream 2 in

Figure 28) is burned to completion with preheated air (stream 3) to produce
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-TABLE 63. STREAM CODE FOR THE OIL-FURNACE PROCESS

ILLUSTRATED IN FIGURE 28133
Stream Identification
1 0il feed
2 Natural gas feed
3 Air to reactor
4 Quench water
5 Reactor effluent
6 Gas to oil preheater
7 Water to quench tower
8 Quench tower effluent
9 Bag filter effluent
10 Vent gas purge for dryer fuel
11 Main process vent gas
12 Vent gas to incinerator
13 Incinerator stack gas
14 Recovered carbon black _
15.° Carbon black to hiéropulvafizep
16 Pneumatic conveyor system
17 Cyclone vent gas recycle
18 Cyclone vent gas
19 Pneumatic system vent gas
20 Carbon black from bag filter
21 . Carbon black from gvelone
22 Surge bin vent '.
23 Carbon black to pelletizer
24 Water to pelletizer
25 Pelletizer effluent
26 Dryer direct heat source vent
27 Dryer bag filter vent
28

Carbon black from dryer bag filter
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TABLE 63. STREAM CODE FOR THE OIL-FURNACE PROCESS

133

ILLUSTRATED IN FIGURE 28 (Continued)

Stream

Identification

29
30
31
32
33
34
35
36
37
38
39

Dryer indirect heat source vent

Hot gases to dryer

[ L Dried carbon black

Screened carbon black

Carbon black recycle

Storage bin vent gas

Bagging system vent gas
Vacuum cleanup system vent gas
Dryer vent gas

Fugitive emissions

0il storage tank vent gas
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a temperature of 1320 to 1540°¢C (2408 to 280A°F). The reactor is designed
so that this zone of complete combustion attains a swirling motion, and the
oil feed (stream 1), preheated to 200 to 370% (392 to 698°F), is sprayed
into the center of the zone. Preheating is accomplished by heat exchange
with the reactor effluent and/or by means of a gas-fired heater. The oil is
cracked to carbon and hydrogen with side reactions producing carbon oxides,
water, methane, acetylene and other hydrocarbon products. The heat transfer

from the hot combustion gases to the atomized o0il is enhanced by highly

turbulent flow in the reactor. 134- - o

The reactor converts 35 to 65 percent of the feedstock carbon content
to carbon black, depending on the feed composition and the grade of black
being produced. The yields are lower for the smaller particle size grades
of black. Variables that can be adjusted to produce a given grade of black
include operating temperature, fuel concentration, space velocity in the
reaction zone, and reactor geometry (which influences the degree of
turbulence in the reactor). A typical set of reactor operating conditions
is given below for high abrasion furnace carbon black.134

‘P; . L . L ’ -
Rate of oil feed 0.76 m3/hr
Preheat temperacuré of oil 288°¢

Rate of air feed - 6653 m3/hr
Rate of natural gas feed - 623 m3/hr
Furnace temperature in reaction zone 1400°¢

Rate of carbon black production : _ 390 kg/hr
Yield of black (based on carbon in oil vfeeci) i h 50 per;r:eni:

The hot combustion gases and suspended carbon black are cooled to about
540°¢ (1004° F) by a direct water spray in the quench area, which is located
near the reactor outlet.- The reactor effluent (stream 5 in Figure 28) is
further cooled by heat exchange in the air and oil preheaters. It is then

sent to a quench tower where direct water sprays finally reduce the stream
temperature to 230°C (446°F).
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Carbon black is recovered from the reactor effluent stream by means of
a bag filter unit. The carbon black laden gases from the quench tower
(stream 8 in Figure 28) enter the bag filter hopper trough below the bag
cell plates at 200 to 230°%¢ (392 to 446°F). The gases flow into the
individual bags of each compartment through the cell plates. The carbon
black collects on the inside of the bags and the filtered gas flows through
the bags and out the bag filter stacks. During the cleaﬁing cycle of each
compartment, the black is removed from the bag fabric and drops back into
the hopper trough. It passes from the hopper through a hammer mill that
breaks up the lumps and is then transported to the product treatment section

of the plant via a pneumatic conveyor system (stream 16).134

The exhaust gas from the bag filter unit (stream 9 in Figure 28) is
vented directly to the atmosphere in most ¢arbon black plants.
Alternatively, it may be sent to a flare or incinerator to reduce the
contaminant loading (stream 12). In addition, 13 to 15 percent of the

effluent (stream 10) may be diverted to produce auxiliary fuel for the raw .
product drying operation.

The raw carbon black collected in ‘the bag filter unit must be further
processed to become a marketable product. After passing tﬁrough the
pulverizer, the black has a bulk density of 24 to 59 kg/m3, and it is too
fluffy and dusty to be transported. It is therefore converted into pellets
or beads with a bulk density of 97 to 171 kg/m3. In this form, it is
dust-free and sufficiently compacted for shipment.

The carbon blaék‘is col;eccéd from che péeumatic gystemv(sﬁféém L6)Mb§
means of a cyclone, a bag filter, or a cyclone and bag filter in
combination. When a cyclone is used, the exhaust gas (stream 17).is
recycled to the primary bag filter unit. When a bag filter is used, the

exhaust gas (stream‘lQ) is vented to the atmosphere._‘Thezreco§ered carbon

- black is collected in a covered surge bin. The carbon black is fed from the

surge bin via a screw conveyor to the pelletizer, where it is mixed with

one part of water to two parts of black. A binding agent such as molasses,
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sugar, dextrin, or stargh, may be added to the pelletizing water. The
pelletizer is a horizontal housing that contains a revolving axial shaft
with pins or spikes mounted on its periphery. Agitation by the pins causes
the mixture of carbon black and water to form nearly spherical particles 1.6
to 3.2 mm (0.06 to 0.13 in) in diameter. The pellets are then conveyed to a

dryer for removal of the vater. 134 '

Rotating horizontal drums operating at 190 to 230°C (374 to 392°F) are
typically used for prdduct drying in carbon black processes. "The dryers are
fueled by natural gas, which may be augmented by a portion of the main
process vent gas. From 35 to 70 percent of the combustion gas is charged
directly to the interior of the dryer. After passing through the dryer,
this stream (stream 26) is sent to a bag filter for removal of entrained
carbon black before being vented to the atmosphere. The remaining 30 to
65 percent of the combustion gas (stream 29) acts as an indirect heat source

for the dryer and is vented directly to the atmosphere.

The dried, folletized c*rbon black (stream 31) is screened and sent to
a covered storage bin via a bucket elevator. Oversize pellets are removed
in the screener:gnq recycled (stream 33) to the pulverizer. From the
product storagé bin, the carbon black can be loaded inﬁé railroad hopper
cars for bulk shipment or sent to a vacuum bagging system which is

hermetically sealed to prevént emission of carbon black.134

Exhaust gas from the bag filter unit comstitutes the main process vent
and the largest source of POM emissions. About two-thirds of the United
States carbon black plants creat che bag filter‘exhaust stream to contrél
carbon monoxide and hydrocarbon emissions. Combustion in thermal
incinerators, flares, or carbon monoxide boilers is used for treating the
gases. In the remaining facilities, bag filter exhaust emissions are vented
directly to the atmosphere.13§_ Emissions from product dryers are"

predominantly controlled by high efficiency bag filter units; however, water
scrubbers are also used at a few facilities.134
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Polycyclic organic matter emissions associated with raw carbon black
production (exclusive of additional processing steps) appear to be a
function of the efficiency of the product recovery bag filter and, where
applicable, the destructive or potentially constructive effect of
hydrocarbon and carbon monoxide combustion control devices. Because
decreased efficiency in the product recovery bag filter unit means decreased
carbon black production and lost revenues, it is likely that these bag

filters are maintained by companies at optimum conditions. The use of

~ combustion control devices in a majority of plants would be expected to

reduce POM emissions by destructing them into constituent compounds and
elements (water, carbon dioxide, nitrogen); however, some investigators have
speculated that POM conpound; are being formed in the high temperature zone
of the hydrocarbon and carbon monoxide control davices.133 No data were

supplied in Reference 133 to support this POM formation theory.

Emission Factors

Several emission factors for POM emissions from carbon black
manufacturing were identified in the literature. All identified emission
factors are applicable to enissions from the main process vent. No
emissions data of any type were available for potential POM sources

associated with raw product processing such as grinding, drying, and
packaging.

The best documented emission factor for POM emissions from carbon’black.

manufacturlng is that developed by Serth and Hughes in Reference 133 Total

uncontroiled DOA émlssions from che main process venc kproauc: :ecover,

baghouse) were measured in a series of three tests with the average emission
factor being 1900 mg/Mg (0.0039 1b/ton) of carbon black produced. Of the
total 1900 mg, 42 percent were acenaphthylene, 26 percent pyrene, and

12 percent methyl- and dimethylanthracenes/phenanthrenes. . Known ~
carcinogenic species constituted about 8 percent by weight of the total POM

1 .
quantity. 33 A breakdown of all POM compounds that were identified is given

in Table 64. 133
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TABLE 64. INDIVIDUAL POM COMPOUNDS MEASURED IN THE TEST
OF AN OIL-FURNACE CARBON BLACK PLANTI33

Mean Emission Factor,

POM Compound mg/Mg (lb/ton)a’b’c’d
Acenaphthylene 800 (0.002)
Anthracene/phenanthrene 70 (0.0001)
Bcnzo(c)phananthf;;e ) <2 (trace)
Benzofluoranthenes ) 30 (0.00006)
Benzo(g,h,;)flubranthens , 40 (0.00008)
Benzo(g;h,i)perylene/anthanthrene 23 (0.00005)
Benzopyrenes and perylene 30 (0.00006)
Chrysene/benz(a)anthracene . 9 (0.00002)
Dibenzanthracenes <2 (trace)
Dibenzo(c, g)carbazole <2 (trace)
Dibenzopyrenes <2 (trace)
Dibenzothiophene : 14 (0.00003)
Dimethy}anthracénss/phenanthrenes . . 140 (0.0003)

' 7,12-Dimethylbenz(a)anthracene " T 70 (0.0001)
Fluoranthene - 60 (0.0001)
Indeno(1l,2,3-¢,d)pyrene ) <2 (trace)
Methylanthracenes/phenanthrenes 100 (0.0002)
Methylcholanthrene ' <2 (trace)
Methylfluoranthene/pyrene _ 23 (0.00005)
Pyrene . o . EE I . . ' _ 500 (0.001)
TOTAL - 1900 (0.0039)

Units are in terms of mg POM/Mg of carbon black produced.
b
Values given are the average of three test runs.

“Values are for uncontrolled emissions from the product recovery baghouse of
an oil-furnace carbon black plant. '

d
Emission factors represent particulate and gaseous POM compound cénstituents.
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All POM sampling in the Serth and Hughes work was conducted using a EPA
Modified Method 5. A gas cooler and organics trap containing XAD-2 resin
were used to recovery vaporous POM that may be released from the process
vent. All POM samples were separated using liquid chromatography and

analyzed using gas chromatography-mass spectrometry.133

A second set of POM emission factor data for carbon black plants was

identified that gave total POM emission factors ranging from 220 mg/Mg

~ (0.000451b/ton) of carbon black produced to 490 mg/Mg (0.001 1b/ton); with

the average being 340 ng/Mg (0.0007 1b/ton). 136 These data were not as well

documented as Reference 133 data in that it was not specified exactly what
emission point the factor applied to and if it was for controlled or
uncontrolled emissions. Of the range of values determined, the 490 mg/Mg
value was deemed by Reference 136 to be the most reliable -because it was
measured using a Method 5 train followed by a Tenax adsorbent sémpler. All
samples were analyzed by gas chroﬁafography-mhss spectrometry.l36

In a single test measurement by Battelle of main proce;s vent emissions
from an oil-furnace carbon black plant, an uncontrolled total POM emission
factor of 91. mg/Mg (0.0002 lb/ton) was deCermineda No- infogmation is ..
‘available to define the individual POM species measured or the techniques
used to sample and analyze for POM.BA’137

summary of available POM emission factors for carbon black production

by the oil-furnace process is given in Table 65.

Source Lecations

In 1985, there were 27 carbon black manufacturing facilities in the
continental United States and one facility in Puerto Rico. Almost
75 percent of all carbon black production occurs in the States of Texas and
Louisiana (41 and 33 percent, respectively). The Iocacion of all facilities -

and their estimated annual production capacities in 1985 are provided in
Table 66.138
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TABLE 65. SUMMARY OF POM EMISSION FACTORS FOR
OIL-FURNACE CARBON BLACK PLANTS

Total POM Emission

Data Sources Factor, mg/Mg (1b/ton)
References 133 and 134 1200 - 3000 (0.0024 - g-2°61)
(Monsanto data) Avg. 1900 (0.0039)"’

T "7 "Reference 136 - 220 - 490 (0.00045 - g.odli'
(EEA data) Avg. 340 (0.0007)
References 134 and 137 . 91 (0.0002)°

(Battelle data)

4pactors are in terms of mg POM emissions per Mg of carbon black produced.
Factors are for uncontrolled emissions from the main process vent.

cForty-two percent of the emissions is acenaphtylene, 26 percent is pyrene,
and 12 percent is methyl- and dimethylanthracenes/phenanthrenes.

dFactors are for uncontrolled emissions. It is assumed that emissions were
measured from the main process vent. Particulate and gaseous POM components
are represented.

: ‘Fac;qrs are for uncontrolled emissions fyom the main process vent.,
Anthracene, phenanthrene, fluoranthene, pyrene, benzo(a)pyrena, .benz(a)-
anthracene, and chrysene were identified as constituents of total POM.
Anthracene/phenanthrene constituted 63 percent of total POM, pyrene

28 percent, and fluoranthene 7 percent. Benzo(a)pyrene made up oniy

0.09 percent of total POM.
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e TABLE 66. LOCATIONS AND ANNUAL CAPACITIES OF

; CARBON BLACK PRODUCERS IN 1985138

Annual Capacity,

( Company Facility Location Gg (106 lbs)a
L. _ —
Ashland 011, Inc. Aransas Pass, TX 75 (165)
: Belpre, OH 54 (120)
{ New Iberia, LA — 127 (280)
- Cabot Corporation Franklin, LA 104 (230)
{;‘ Pampa, TX 27 (60)
4 Villa Platte, lA 122 (270)
Waverly, WV 73 (160)
{J Chevron Corpération Cedar Bayou, x> 9 (20)
Conroe, TX 52 (115)
) El Dorado, AR 49 (108)
I Mojave, CA 24 (54)
- Moundsville, WV 73 (162)
. North Bend, LA 110 (242)
[ Ulysses, KS 38 (84)
Ebone; Corporation Melvindale, M1¢ - 5 (10)
{; Garieral Carbén'Cohﬁahy “'Los Angeleﬁ, ca® '<0.5 (<1)
, Hoover Color Corporation Irvington, NJC <0.5 (K1)
1‘ J. M. Huber Corporation Baytown, TX 100 (220)
‘ Borger, TX 91 (200)
[_ Mobay Chemical Corporation Hawthornme, NJd <0.5 (K1)
Iﬂ .Phillips.Petrpleum Company Borger, TX 125 (27%5)
) Crange, T4 EP RGNS
Sid Richardson Carbon and Addis, LA 61 (120)
gw Gasoline Company Big Spring, TX 50 (110)
Union Carbide Corporation Penuelas, PRP 4 (8)
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TABLE 66. LOCATIONS AND ANNUAL CAPACITIES OF

CARBON BLACK PRODUCERS IN 1985138 (Continued)

Annual Capacity,

Company . Facility Location Gg (106 1bs)?
Witco Chemical Corporation Phenix, City, AL » 25 (55)
Ponca City, OK 57 (125)
—— Sunray, TX 45 (100)

TOTAL i " . 1556 (<3431)

aCapacities as of January 1, 1985.

Facility does not use the oil-furnace method of carbon black production,
acetylene decomposition is used instead to produce acetylene black.

cFacility uses incomplete combustion of natural gas and not the oil-furnace
method to produce carbon black.

dCarbon black is produced at this facility only for pigment uses.

NOTE: This listing is subject to change as market conditions change,
facility ownership changes, plants are closed down,~- etc. The reader
should verify the existence of particular facilities by consulting
current listings and/or the plants themselves. The level of POM

.emissions from any given facility if a function of variables such as
capacity, throughput, and control measures, and should be determined
through direct contacts with plant personnel.
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SECONDARY LEAD SMELTING
Process Description

One source test of a secondary lead smelting facility has indicated
that secondary lead smelters processing batteries and battery scrap to
recover lead are potontial‘sources‘of POM emissiqns.139 The source 9f POM
emissions has been theorized to be the polymeric organic casings (plastic

and rubber) on batteries, which upon combustion in high temperature smelting -
furnaces form POM compounds.139’lao

The secondary lead smelting industry produces lead and lead alloys by
reclaiming lead from scrap. Secondary lead may be refined to produce soft
lead (pure) or alloyed to produce a variety of hard lead alloys. Most of
the lead produced by secondary lead smelters is hard lead used in the
production of lead-acid batteries. Scrap automobile batteries are the
largest single source of lead-bearing raw material. These batteries contain

approximately 8.2 kg (18 1lbs) of lead pef.battery consisting of 40 percent
-lead alloys and 60 percent lead oxide.

- Sources of lead-bearing metal used by secondary lead smelters iriclude

scrap batteries from junk dealers, batterj plant scrap, and other

miscellaneous scrap. Certain facilities, however, rely exclusively on

non-battery scrap such as wheel balance weights, pipe,

solder, drosses, and
lead-sheathed cable.IAI

As illustrated in Figure 29, the normal ‘sequence of operations in &

secondary lead smelter are scrap receiving, charge preparation, furnace
smelting, and lead refining and alloying. In the majority of plants, scfap

batteries are first saved or broken open to remove the lead alloy plates and

lead oxide paste material. The removal of battery covers is typicilly

accomplished using an auténatic battery feed conveyor system and a slow
speed saw. Hammer mills or other crushing/shredding devices are utilized to

break open battery cases once covers are removed. Float/sink separation
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"knockout boxes,

systems are typically used to separate plastic battery parts, lead.
terminals, lead oxide paste, and rubber parts. The majority of lead
smelters recover the crushed Plastic materials for recycling. Rubber
casings are usually landfilled. In smelters where battery covers and
casings are removed prior to charging the lead contents into smelting
furnaces, the potential for POM formation should be greatly reduced. Plants
charging whole batteries to smelting furnaces (a minority of plants) without

any preparation to remove covers and casings would present the greatest

- potential for POM emissions from the smelting furnace.

After removing the lead components from the charge batteries, the lead
scr;p is combined with other charge materials such as refining drosses, flue
dust, furnace slag, coke, limestone, sand, and scrap ion and fed to either a
blast, reverberatory, or rotary smelting furnace. Smelting furnaces are
used to produce crude lead bullion which is refined and/or alloyed into
final lead products. Of the 35 existing secondary lead smelters, 17 use a
blast furnace, 8 operate both a blast and reverberatory or rotary furnace 5
operate a reverberatory furnace, and 5 use a rotary furnace. 141

fA»sinplified flow diagram of a single secondary lead blast furnace
system is presented in Figure 30. Blast furnaces are fueled by coke to
reach smeltlng operating temperatures of from 430-1320°C (800-2400° F). As
the charge material melts, the iron, silica, and limestone form an

oxidant-retardent flux which floats to the top of the melt.
bullion in the

Molten lead
bottom of the furnace is tapped almost continuously and cast
into large one ton blocks called buttons or sows. Blast furnaces are
aperated in both batch ‘and semi- uontxnuous noaes A typical produccion
range for blast furnaces is 18 to 73 Mg (20 to 80 tons)/day of lead

141 . :
bullion.

The emission stream from a blast furnace is typically controlled by
an afterburnar U-tube coolers, and a baghouse. Knockout
boxes are used to collect large particulate matter, which separates from the

gas flow in the ducts. Afterburners are used to destroy organic emissions.
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"as particulate and metal fume.

U-tube coolers are used to lower the temperature of the gas stream prior to
its ventilation to the baghouse to reduce overall particulate matter

emissions. Baghouse dusts are frequently recycled to the blast furnace.

Smelters using reverberatory furnaces typically have configurations
similar to that shown in Figure 31.141 Reverberatory furnaces are fired
with either gas or oil. Charge materials are heated by radiation from the
burner flames and from the furnace walls. As indicated in Figure 31,
reéﬁfberatory furnace charge material typically includes lead scrap, battery
plates, lead oxides, and recycled flue dusts. Fresh charge material is
added to the furnace as more of the solid material in the furnace becomes
liquid. Material melting in reverberatory furnace takes place at
temperatures of about 1260°C (2300°F) and near atmospheric pressure.141
Molten, semi-soft lead is periodically tapped from the furnace and placed
into molds. Reverberatory furnaces generally produce lead that is purer
than that obtained from blast furnaces. A typical reverberatory furnace
produces about 45 Mg (S50 tons)/day of lead product. Of the total amount of
material input to a reverberatory furnace process, approximately 47 percent

is recovered as lead, 46 percent s slag, and 7 percent leaves the furnace
141

Rotary furnaces in the secondary lead indust&y, which are very similar
in operation to reverberatory furnaces, are much less common in the United
States than in industrialized European nations. The rotary furnace is a
batch feed unit that rotates slowly during the heating of the charge
material. One_mgjor difference between the rotary furnace and ;he_'
reverberatory furnace is chat.about 70 percent 6f cﬁe sulfur conﬁained in
the rotary furnace charge material is removed in the slag. This is
accomplished by using relatively Iarge amounts of iron (in the form of cast

iron borings) in the rotary furnace feed. Iron serves the following
distincc purposes. . B

- it promotes the reduction of lead sulfate and lead oxide to
metallic lead
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. lead

- it complexes with most of the available sulfur and removes it in
the slag

Consequently, sulfur dioxide concentrations in rotary furnace exhausts are

much lower than those at smelters using blast or reverberatory furnaces.141

Rotary furnace charge materials typically consist of lead paste,
batteries, cast iron borings, anthracite, limestone, and soda ash. Natural
gas or fuel oil is used to heat these furnaces to smelting temperatures of
1260 to 1320°C (2300 to 2400°F). Semi-soft lead product is periodically .

tapped from rotary furnaces and put into molds to await further refining
processes,

Reverberatory and rotary furnaces typically use an emissions control
design consisting of an exhaust gas settling chamber, U-tube coolers, and a

baghouso for final emissions control. Dusts collected by the baghouse are
recycled to the furnace as charge material.

.As shown in Figure 29, crude lead bullion produced by blast,

“revefberatqrjf~or rotary furnaces undergoes refining and alloying processes: .

to produce final lead products. Refining and alloving prccesses are

performed in pot furnaces or refining kettles. The process is a batch

operation and may take from a few hours to 2 to 3 days depending upon the

degree of purity or alloy type required. Refining kettles are gas- or
oil-fired and have typical capacities of 23 to 136 Mg (25 to 150 tons) of
Refining and alloying activities are conducted at temperatures

-ang*ng from 320 zo 7060°: \000 to 1300°

final

“hen sorc léad is desired as a
product, contaminant elements are removed through careful temperature
control and by the addition of dross-forming agents. Soft lead refining

typically produces refined metal that is greater than 99.97 percent pure
141
lead

The production of soft lead typically involves five refining steps. In

the first step, the lead is heated to approximately 370 to 510°C (700 to

950° F) which results in the formation of a light dross. This dross consists
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of lead oxides and other impurities and appears as a dusty black powder.
After removing the light dross, the temperature of the lead is reduced to
300 to 370°C (575 to 700°F) in preparation for the second step, which
involves the addition of sulfur for the removal of copper. After removing
the copper drosses, the kettle temperature is increased to 510 to 650°¢C (950
to 1200°F) in preparation for the third step. Sodium nitrate is used as a
drossing agent for the purpose of removing tin. The yellow tin drosses are
stored and used as special charge material for the production of high tin
content blast furnace metal. The fourth step takes place at 540 to 700°¢
(1000 to 1300°F) and involves the addition of sodium nitrate for the removal

“of antimony and arsenic drosses. The last step is a final cleaning carried

out by the addition of sulfur or caustic soda at a lower temperature.141

Hard lead alloys may be classified as either antimonial or
non-antimonial lead alloys. The major alloying agents required in
antimonial lead are antimony, arsenic, and tin. The production of
antimonial lead alloys generally requires the addition of these elements and
the removal of copper. Alloying agents are generally added at a kettle

. temperature of 425 to 480°C (800 to 900°F). The major alloying agent used

in non-antimonial lbad-alleyS'isgcéiciun.‘ To produce calcium-lead alloys, -
antimony, arsenic, and tin must first be removed by refining. These

elements, which act as hardening agents in other alloys, are replaced by

copper, sulfur, and selenium.

Following the final refining step, a sample of the refined metal is
collected, and the alloying specifications are verified by chqnicai
analysis. When tHe desirsd c;méosition is :eacﬁédl che &oi:eh hecal is
pumped from the kettle into the casting machine and cast into lead ingots

which are rectangular bars weighing approximately 25 kg (56 1lbs) each.141

One set of data have been identified that quantify POM emissions from a
secondary lead smelter processing batteries. Four emission samples have

been obtained from one facility. The data measured were POM concentrations
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TABLE 67. POM CONCENTRATIONS IN STACK GASES
OF A SECONDARY LEAD SMELIERIAO

3.,b,c,d

POM Compounda §Z;g%En%Hn4'gg2§f2&fﬁgiggiaé?gzgm'lEZﬁEIZ_Z
Anthracene/phenanthrene . . 606 740 770 940
ﬁothyl anthracenes 25 . 34 | 41 33
Fluoranthene 1607 170 330 -310
Pyrene . 31 22 28 30
Methyl pyfenes/fluoranthanes' 2 2 5 2
Benzo(c)phenanthrene 10 11 17 13 -
Chrysen;/benz(a)anthracene . 25 23 28 25
Benzo(a)pyrene 1 1 1 1

®This list of POM compounds represents all that were identified in the

stack gases and not a restricted list of Just certain compounds that were
analyzed for. . ; . )

Sampling and analysis procedures were designed to measure particulate and
vaporous POM. -

c A
Concentrations represent controlled emissions because measurements were

taken in the exhaust stack after the final control device. The type of
control device used was not specified.

Samples .1 and 2 were taken during one visit to the smelter and samples 3
and 4 were taken during a later visit to the same smelter.
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- their locations is_given ‘in Table 68.

in the stack gases following the final control device. These concentrations
are given in Table 67.11‘0 The predominant POM compounds measured were
anthracene/phenanthrene and fluoranthene. Benzo(a)pyrene was measured but
its levels were only 0.1 percent of the anthracene/phenanthrene levels. The
sampling and analysis procedures used during the tests of the secondary lead
smelter containéd mechanisms to capture and measure both particulate and

vaporous POH.lho The majoriﬁy of the POM measured was caught in the

sampling train's water 1mpingers 140

The consistency of the POM data across all samples is dtypical for POM
emisgion sources. Both the results for samples taken on the same day and
the total results for all samples demonstrate a reptoducibility that is
unexpected. The relative magnitudes of each POM compound measured are

consistent from sample 1 to sample 4.

Source Locations

As of May 1985, the secondary lead smelting industry consisted of

43 facilities operated by 27 companies. A list of the 43 facilities and
141 . :

PRIMARY ALUMINUM PRODUCTION )

All primary aluminum in the United States is produced by the

electrolytlc reduction of alumina otherWLSe known as the Hall- Heroult

process. The general procedures for primary aluminum reduction are

illustrated in Figure 32.1"2 Aluminum reduction is carried out in shallow

rectangular cells (pots) made of carbon-lined steel with carbon blocks that -
are suspended above and extend down into the pot (Figure 33). The pots and

carbon blocks serve as cathédes and anodes, réspectively, for the

electrolytical process.142'144
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TABLE 68.

SECONDARY LEAD SMELTERS IN THE
- UNITED STATES IN 1985

141

New Jersey

New York

New Brunswick
Newark
Pedricktown

“East Syracuse
-Middletown

State City Company

Alabama Leeds Interstate Lead Company, Inc.
Troy Sanders Lead Company

California Anaheim Delco Remy
City of Industry Quemetco/RSR Corporation
Gardena Alco Pacific
San Francisco Federated Metals/ASARCO
Vernon GNB Batteries/Gould, Inc.

Florida Tampa Chloride Metals
Tampa Gulf Coast Lead

Georgia Atlanta National Smelting
Atlanta Seitzinger/Taracorp
Columbus Chloride Metals
Fitzgerald Delco Remy

Illinois Chicago Inland Metals
Granite City Taracorp

Indiana . Beech Grove Réfinod Metals

’ East Chicago U. S. S. Lead

Indianapolis Quemetco/RSR Corporation
Muncie Delco Remy

Kansas Olathe Delco Remy

Louisiana Baton Rouge Schuylkill Metals

Minnesota Eagan Gopher Smelting

dissouri Fores:.Citj Séhuylkill detals

Delco Remy
Federated Metals/ASARCO
National Smelting

Roth Brothers Smelcing

" - Revere Smelting and Refining

Corporation of New Jersey/
RSR Corporation
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TABLE 68.

SECONDARY LEAD SMELTERS IN THE
UNITED STATES IN 1985

141 (Continued)

State City Company

Ohio Cleveland Master Metals

Oregon St. Helens Bergsoe Metal

Pennsylvania Lancaster Lancaster Battery Company
Lyon Station East Penn Manufacturing
Nesquehoning Tonolli Corporation
Reading General Battery Corporation

Tennessee. College Grove General Smelting and Refining
Memphis Refined Metals
Rossville Ross Metals, Inc.

Texas Dallas Dixié Metals/General Battery

Corporation

Dallas Murph Metals/RSR Corporation
Frisco GNB Batteries/Gould, Inc.
San Antonio Standard Industries

Virginia Richmond Hyman Viener and Sons

Washingtoﬁ_ ' ' Seattle Quemetco/RSR éorﬁoration'“

NOTE: This listing is subject to change as market conditions change,
facility ownership changes, plants are closed down, etc. The reader
should verify the existence of particular facilities by consulting
current listings and/or the plants themselves. The level of POM
emissions from any given facility is a function of variables such as

capacity, throughput, and control measures, and should be determined
through direct contacts with plant personnel.
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Cryolite, a double fluoride salt of sodium and aluminum (Na3A1F6),
serves as an electrolyte and a solvent for alumina. ‘Alumina is added to and
dissolves in the molten cryolite bath. The cells are heated and operated
between 950 and 1000°C (1742 to 1832°F) with heat that results from
resistance between the electrodes. During the reduction process, the
aluminum is deposited at the cathode where, because of its heavier weight
(2.3 g/cm3 versus 2.1 g/cu ), it remains as a molten metal layer underneath
the cryolite. The cryolite bath thus also protects the aluminum from the
atmosphere. The by-product oxygen migrates to and combines with the

consunable carbon anode to form carbon dioxide and carbon ﬁonoxide, which

continually evolve from the cell. The basic reaction of the reduction
process is‘:142

AlLy05 + 1.5C =) 241 + 1.5C0,

Alumina and cryolite are periodically added to the bath to replenish
material that is removed or consumed in normal operation. The weight ratio
of sodium fluoride (NaF) to aluminum fluoride (A1F3) in cryolite is 1.5.

Fluorspar (calciun fluoride) may also be added to lower the bath melting
point. ’ . '

Periodically, the molten aluminum is Siphoned or tapped from beneath
the cryolite bath, moved in the molten state to holding furnaces in the

casting area, and fluxed to remove trace impurities. The product aluminum

is later tapped from the holding furnaces and cast into ingots or billets to

..await further processing or shipped,molten‘in insulated ladies.laz,

The process of primary aluminum reaction is essentially one of
materials handling. The true difference in the various process
modifications used by the industry lies in the type of reduction cell used.
Three types of reduction cells or pots are used in the United States
prebake, horizontal stud Soderberg, and vertical stud Soderberg. Prebake
cells constitute the bulk of aluminum production (66 percent), followed by
horizontal Soderberg (21 percent), and vertical Soderberg (13 percent). 142
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Both Soderberg cells employ continuously formed consumable carbon anodes
vhere the anode paste is baked by the energy of the reduction cell itself.
The prebake cell, as indicated by its name; employs a replaceable,
consumable carbon anode, formed by baking in a separate facility called an

anode bake plant, prior to its use in the cell.

The preparation and operation of the aluminum reduction cells is the
source of potential POM emissions from primary aluminum production. The
magnitude of POM emissions from a typical reduction plant 1s a function of
the type of reduction cell used.143 Prebaked cell anodes are made by curing
carbon contained in pitch and coke at relatively high temperatures [~1100°C
(2012°F)]; A flow diagram depicting the production of prebaked cells is

given in Figure 34. The high temperature curing process can potentially
generate POM compounds.

Potentially, POM compounds can be emitted from the prebake cell during
the reduction process when the anodes are lowered into the reduction pot.
However, POM emissions from reduction are expectad to be less than that from
prebake cell preparation because. the majority of POM emissions have already

been released during ‘the high témperature’ curing operation. 142,144 Data ‘in

Reference 144 support this theory.

Soderberg cell anodes are continuously lowered and baked by conductive
heat from the moiten alumina bath rather than being premolded and baked. A
coke and coal tar pitch paste is packed into a metal shell over the bath.
As the bgked,anode at the bottom of the shell is consumed, more paste is
added atc the top of the shell. as che pééte is.consumed, POM eﬁigsions afa
potentially released. Since the carbon paste is not baked prior to being
placed in the pot, POM emissions from a Soderberg cell (horizontal or
vertical stud) reduction operation would have the potential to be much

greater than those from a prebaked cell reduction operation.

Emissions control at primary aluminum reduction facilities (cell rooms)
is intended primarily for fluoride removal and involves efficient emissions

capture and removal. Emissions capture is generally accomplished by using
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precisely designed hooding and ducting systems on reduction cells. The term
hooding includes the use of classical draft hoods and the use of movable
doors, enclosures, and skirts. Primary emissions removal is achieved
through the use of dry scrubbing systems or wet scrubber/electrostatic
precipitator combination systems. Two types of dry scrubbing systems,
fluidized bed and injected alumina, are found in that industry. Both forms
of dry scrubbers contain baghouse equipment to collect particulate matter
from the chemical absorption scrubbing process. These baghouses would be
effective in removing particulate POM in the emission stream. Standard
design spray tower wet scrubbers and wet electrostatic precipitators used in
the series are also effective primary control systems at aluminum reduction
facilities. The ability of the combination scrubbing/precipitation system
to remove particulate POM should be equal to that of the dry scrubbing
baghouses, and may exceed it because of the combination system's ability to
control some vaporous POM compounds through gas cooling and subsequent.
particulate collection. In addition to being a primary control system for
cell'room.emissions, the wet scrubber/ESP combination is also used as the

primary control system for facilities producing prebake'anodes.142

In--some piimg;y aluninﬁn:installationql-secondary;cont:qk systamsia;g
also used to augment the primary systems. The predoﬁinant secondary system
is a spray screen scrubber followed by a mist éliminator. The term spray
screen scrubber is applied to wet scrubbers in which the scrubbing liquor is

sprayed into a gas stream and on to screens or open mesh filters enclosed in
14
a plenum chamber. 2

Emission Factors

One set of POM emissions data have been identified for aluminum

smelting plants. Emissions of particulate and vaporous POM have been

measured from an anbde_paste=prepqration process, a horizontal Soderberg

reduction cell, and a vertical Soderberg reductioh cell at a Swedish '

aluminum smelter.145 The results of these source tests, as reported in the
literature, are given in Table 69. As would be expected, the anode paste

Preparation process emissions have greater POM concentrations than either of

270



va

*ausionijiiyrom-z

pur ‘auadeiyiue ‘auaiyrueuayd ‘ausyjurionyj(q)zuaq .uso_qf.._a!..oulavu:cn ‘auaIuesonyy A{jueurmop: 1l UIBIU02 03 punoy sea sed 10d paueapy

pue ‘suaijusuayd ‘auayrueaongy ‘auljeqiydeu ‘auaionyy ‘audswiyiue L meurmopa 1d dIeiuns 03 v::eu SUA 11® uolie[TIUaA paIsO])
o . : . E)

‘duayueroniy(y‘l)Hozuaq
4

‘auajeqiydeuhyrom-z

pue .wnu_-su.—u!—uu!ovu:g ‘auddwayjue w.unouo._: ‘auayjueaonyy ‘auaeyiydeu 319a suorssiuwa 3,32Jn08 514y Ul painsram (Juadiad £9) soq Jusurmopaad ayy
. : ]

. : : . *#21n0s vo:c:..ou::a

: *SUOTITPUOD PIBPURIS IF ife JOo sIaJAW 11N JOo sWIA) Ut 31w suorIwiuIdUOI |y

(3 § Lo —— _— e ®mooy $13q13pog [wsr131ap [eng -

) L $832013 313q13pog (es1319, wo1y
19 | 669°0; -— -— - 1Y POIP[tIUapy [1Y Joj aSeisAy -
€I 9€0°0 109°0 99°0 $91°0 295 19qqn13g 11y worIEITIUB, -
L1 070°0 9990 8¢°0 ¥90°0 . a¥¥ 13qqnidg 11y uorIwrua, -
01 ~ cotr-o T76°0 Lo : wmio oY 13qqnIdg 11V uorIe(TIua, -
(38 | 810°0 ’ 1820 Tit'o. SE0°0 a¥T 13qqnidg 11y =omu-:u=u>. -
1z 9¢0°0 9(¢°0 [ 4 £ ) £90°0 oVl 124qnidg a1y uorzeytivsy -
0 100°0 {£0°0 €£0°0 z00°0 laqqnisg £Kig seyg 104 -
wooy 304 31aqiapog [edt113y
sz vy —— ——— P wooy 312q19pog [¥iuoztiof [ei0 -
T ¥ €0 0€°0 10 . 61°0 $®00y 3J0o4 WOy 11y uwOlIE[TIuUIL -
L34 80°1 I3 ) G T6°¢ stevi . vw ‘ON 13qqnidg s®y jo4 -
(38 4 90° 1 8¢ L1 €Ly S8zt ; vn ‘ON 13qqnidg sen 1ng -
92 1o s ge’e 6€'8 . v« ‘ON 13qqnidg s®9 104 -
14 [FAN | 8z o0t 1194 4 9L 61 . v— ‘ON 13qqnidg swy 104 -
wooy 104 %i3qiepog fejuoziioy
' €0 s[quitear jou wimg r°6 9z 9°9 a-_._:o:_:hn -
0 21qriieAr jou wywg SIS 8zt 44 ....u.:: -
°0 (qeiIvAY jJou wimg tA 444 68 8681 . . o.nuuu:o: ysIrg -
: - ’ 8820014 9388y apouy

sus1kd( e)ozusg s1 l:.ml..:\..Ou_ HOd 33 1®30] jusuodwoy 1avodwoy . 32Inog suotssTmy

12yl UOTIRIIUIIN0Y
HOJd 12101 jo juad13g

I — - . -

s Mnamanss Nomanmentt heanad

mcmmhiﬂm ONILTANS WONIWONTY XUVAIBL W04 SWOIOVA NOISSTHA WOd . H9 FAT18VL

E N S T T S e S | oo RS T

271

d



the Soderberg processes. The test data in Table 69 illustrate that the
majority of the POM emissions from the anode past process were particulate
matter and not vapors. The POM emissions of the horizontal Soderberg
process exhibit a similar behavior as evidenced by the Table 69 data.
Conversely, POM emissions from the vertical Soderberg process were

predominantly in vapor form instead of part:iculate.l65

A list of all the POM compounds identified in emissions from the

aluminum snpltér 1is provided in Table 70_145 — o - =

wnm

As of January 1985, there were 28 primary aluminum reduction plants in
the United States operated by 10 different companies. Washington State has

seven plants, the most of any State in the country. A complete list of all
29 facilities is given in Table 71.146

WOOD CHARCOAL PRODUCTION
Charcoal, primarily used for outdoor cooking, is manufactured by the
pyrolysis of carbonaceous raw materials, primarily medium to dense hardwoods

such as beech, birch, maple, hickory, and oak. Softwoods, sawdust,

nutshells, fruit pits, and vegetable wastes are also used in the pyrolysis

- process. The high temperature (450 to SIOOC)‘pyrolysis of wood materials is

- - st s 147-
a potential means of generating ZOM air emissions.

Hardwood charcoal is manufactured by a four-step pyrolysis pfocess.
Heat is applied to the wood, and as the temperature rises to 100°¢ (212°F),
water and highly volatile hydrocarbons are distilled off. The wood -
temperature remains at approximately 100°C>ﬁntil the moisture content of the
wood has been removed, at which time the volume of distillate production
declines and the wood temperature begins to climb. During the next stage,
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TABLE 70. POM COMPOUNDS IDENTIFIED IN THE EMISSIONS
OF A PRIMARY ALUMINUM SHEL.TER145

POM Compounds Measured in Aluminum Smelter Emissions?

W ® N & B & W N -

RN RN RN e e e e e e e
gss\)mbwmr—'ommumm.waHp

Naphthalene
2-Methylnaphthalene
1-Methylnaphthalene
Biphenyl
Aéenaphthylene
Acenaphthene
Fluorene
2-Methylfluorene
1-Methylfluorene
Phenanthrene
Anthracene
3-Methylphenanthrene
2-Methylphenanthrene

. _2-Methy1anthracene.

4,5-Methylenephenanthrene

4- and/or 9-Methylphenanthrene
1-Methylphenanthrene
Fluoranthene
Benz(e)acenaphchylene

Pyrene
Ethylmethylenephenanthrene
Benzo(a)fluorene
Benzo(b)fluorene

4-Methylpyrene

2-Methylpyrene and/or methylfluoranthene
1-Methylpyrene . ' |
Benzo(c)phenanthrene

Benz(a)anthracene
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TABLE 70. POM COMPOUNDS IDENTIFIED IN THE EMISSIONS

OF A PRIMARY ALUMINUM SMEL‘!.’ER]A5 (Continued)

POM Compounds Measured in Aluminum Smelter Emissions®

29. Chrysene and triphenylene

30. Benzo(b)fluoranthene

31. Benzo(j+k)fluoranthene

32. Benzo(e)pyrene B

. 33. Benzo(a)pyrene

34, Perylena.

35. Indeno(l,2,3-c,d)pyrene

36. Dibenz(a,c and/ér a,h)anthracenes

37. Benzo(g,h,i)perylene

®Eaission sources included anode paste preparation, a horizontal Soderberg
pot room, and a vertical Soderberg pot room.
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TABLE 71. LIST OF PRIMARY ALUMINUM PRODUCTION FACILITIES
IN THE UNITED STATES IN 1985146

Facility Location

Alumax, Inc. Mount Holly, SC

Frederick, MD
Ferndale, WA -

Aluminum Company of America Alcoa, TN -

Badin, NC

Massena, NY
Rockdale, TX
Vancouver, WA
Warrick County, IN
Wenatchee, WA

Atlantic Richfield Company Columb;a Falls, MT
Sebree, KY
Consolidated Aluminum Corporation - New Johnsonville, TN
Kaiser Aluminum and Chemical Corporaiion Chalmette, LA
Mead, WA

Ravenswood, W
- Tacoma, WA

Martin Marietta Corporation ' The Dalles, OR

National-Southwire Aluminum Company

Noranda Aluminum, Inc.

Goldendale, WA
Hawesville, KY

Nev Madrid, MO

Ormet Corporation. _ ' Hannibal, OH

Xevnolds Metals Company

Arkadeiphia, AR
Jones Mill, AR
Longview, WA
Massena, NY
Sheffield, AL
Troutdale, OR

NOTE:

This listing is subject to change as market conditions change,
facility ownership changes, plants are closed down, etc. The reader
should verify the existence of particular facilities by consulting
current listings and/or the plants themselves. The level of POM
emissions from any given facility is a function of variables such as
capacity, throughput, and control measures, and should be determined
through direct contacts with plant personnel.
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the wood temperature rises with heat input to approximately 275% (527°F),
and'hydrocarbon distillate yield increases. As the third stage begins in
the vicinity of 275°C. external application of heat is no longer required
since the carbonization reactions become exothermic. During this stage, the
wood temperature rises to 350°¢ (662°F), and the bulk of hydrocarbon
distillates are produced. At approximately 350°C, exothermic pyrolysis
ends, and during the final stage, heat is again applied, raising the wood
temperature to 400 to 500°C (752 to 932° F) to remove more of the less
volatile, tarry materials from the product charcoal. o

Currently, there are predominantly two types of vessels used to
manufacture wood charcoal, the Missouri-type batch kiln and the continuous
Herreshoff furnace. The batch process and kiln account for about 45 percent
of national wood charcoal production. The Missouri-type kiln shown in
Figure 35 is typically constructed of conctete.148‘ A Missouri-type batch
kiln normally processes about 45 to 50 cords of wood in a 10- to 25-day
cycle. A typical cycle may be structured as follows.

- 2 days . load wood
-8 days - “ °  pyrolysis
10 - 14 days ' cool
1 - 2 days unload charcoal

After the wood is manually loaded in the kiln, a fire is started, -
usually at the bottom center of the kiln, by ignicing easily combustible
materials placed at this point during the loading. During 1gnition, a large-
amount OI air is necessary for the r:apld. combustion of the startzng Zuels o
insure the heat level needed for pyrolysis. This air is supplied through
groundline ports in the kiln side walls or through temporary openings under
the kiln door. 1In some cases, the kiln doors remain open until the burn is
adequately started. ' Auxiliary ceiling ports in some kilns serve as
temporary stacks and aid ignition by causing greater amounts of air to be

drawn into the kiln through the air ports. They also aid removal of smoke
from the kiln. 148
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Ignition patterns are generally similar for all types of kilns. During
the first 5 to 15 minutes, temperatures in the ignition area will rise
rapidly to about 540°¢ (IOOAOF). After much of the fuel has been burned,
the temperatures will quickly drop, often to as low as 150°%¢ (302°F). The
extent of the temperature drop is closely related to conditions of air
supply and to the moisture content of the charge. ‘With the establishment of
a suitable ignition zone, however, the temperature gradually increases to
about 280°¢ (536°F). and the ignition period is considered cémplete.148

Satisfactory carbonization depends primarily on the maintenance of
proper burning conditions in the pyrolysis zone. Sufficient heat must be .
generated first to dry the wood and then to maintain temperatures necessary
for efficient carbonization. At the same time, the burning must be limited
so that only sufficient heat is present to produce good charcoal.
Temperature control is attained by varying the size of the air port openings
providing air for combustion of wood volaciles.l48

For the production of good-quality charcoal, kiln temperatures from
about 450 to 510°C (842 to 950°F) are required. Prolonged higher
tenperatures will reduce the yield of charcoal without necessarily upgrading X
it for recreational use. If, on the other hand, pyrolysis temperatures '
remain low, the charcoal may be too smoky for domestic use, and larger than

normal amounts of brands (partially charred wood) will be produced.la8

The direction and rate of spread of the pyrolysis zone is associated

with a number of factors, such as location of air ports and stacks, wvolume

and 7eJ.oc,.t] of che’ incoming a1r wood size and moisture concent, plllng of
the charge, and design of the kiln. Pyrolysis generally proceeds at a faster
rate at the upper part of the charge, where higher temperatures are

available for longer periods of time. Less rapid pyrolysis takes place near
the kiln floor, where the average temperature usually is lowest. 1In the

Missouri-type kiln, combustion and carbonization progresses from the top of
the kiln to the floor and from the center to the walls;148
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Burn progress can be determined by the color of the smoke from the kiln
or by determining the temperature along the vertical distance of the steel
doors. The pyrolysis is completed when fire has reached the floor of the
kiln as determined by view ports (air intake ports) at the floor level.

This may also be indicated by a marked decrease in the volume of smoke and a

color change from grayish yellow to bluish whit:e.]"‘8

When pyrolysis has been completed, all air ports are sealed for the
start of the cooling cycle. After the ports are sealed, the stacks remain
open until smoking has practically stopped to prevent the development of gas
pressure in the kiln. Stacks can usually be sealed from 1 to 2 hours after
the air ports are closed. The kiln is allowed to cool for about 10 to

14 days before removing the charcoal. Yields of approximately 25 percent
are achieved.148

The required pyrolysis time and resultant POM emigssions from a
Missouri-type batch kiln vary with kiln capacity, operational practices,
wood type, and wood moisture content. Process reaction gases containing POM

are exhausted from the kiln in stacks that run along the side walls of the
vessel 147,148 The charcoal _product of a batch kiln process is either sold

directly or made into briquettes prior to selling.

Continuous charcoal production is accomplished in Herreshoff multiple

hearth furnaces. The use of continuous multiple hearth units for charcoal

production has increased because of the following advantages of the units.
» Lower Iabor. requirsments than Rilnm-operations whérs manuai lcading
and unloading is needed. Only one man per shift is required for
continuous facilities.
] Consistent yield and quality charcoal with easy control of product
' volatile and fixed carbon content.
° Feed of multiple forms of wood waste.

® Off-gases easily collected for further processing.
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The typical feedstock capacity of continuous wood charcoal furnaces is
2.5 Mg (2.75 tons)/hour.

The operational principles of the Herreshoff furnace (shown in
Figure 36) are relatively simple. Passing up through the center of the
furnace is a shaft to which are attached two to four rabble arms for each
hearth. As the shaft turns, the hogged wood material resting on the hearth
floors is continually agitated, exposing fresh material to the hot gases
being evolved. A further function of the rabble arms is to move material
through the furnace. On alternate hearths, the teeth are canted to spiral
the material from the shaft toward the outside wall of the furnace or from
the outside wall toward the center shaft. Around the center shaft is an
annular space through which material drops on alternate hearths, while on
the remaining hearths material drops through holes in the outer periphery of
the hearth floor. In this way, material fed at the top of the furnace moves
alternately across the hearths at increasing temperatures until it
discharges from the floor of the bottom hearth. Charcoal exiting from the
furnace is cooled by water sprays and water Jacketing on a cooler. These
sprays are controlled automatically by a temperature regulator set for a
given charcoal temperature. As with batch.kilns, the charcoal product of

continuous kilns is either sold directly or further processed to briquettes

for sale.148

Initial heat for startup is provided by oil- or gas-fired burners
mounted in the sides of the hearths. When furnace temperature has been
attained, the auxiliary fuel ceases, and combustion air is used to ignite
the evolving wood gases to maintain furnace temperature. Furnace
temperatures range between 480 and 650°C (896 to 1202°F). Exhaust gases
from the charcoal production process are vented to the atmosphere or to
controls through stacks located on top of the furnace, are used as a heat
source for predrying of feed material and drying of briquettes produced at

an adjacent vessel, or are burned in a waste heat boiler to produce

steam. 147
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A 1978 U. S. EPA investigation into wood charcoal production indicated
that many of the batch kilns are relatively old and many, particularly

smaller kilns, are uncontrolled.l“’:148

In general, the control of
emissions, including POM, from batch wood charcoal kilns is complicated by
the cyclical nature of the process. Throughout the cycle, both emission
composition and flow rate change. Direct-fired afterburners for the
destruction of hydrocarbons have been suggested to be the most feasible
control system; however, these devices would require an auxiliary fuel such
as natural gas. Economic analyses have indicated that for typical batch
kilns, the operation of afterburners for -emissions control would cause firms
to lose m.oney.148 With the combustion of auxiliary fuel of any type,

a potential is also created for additional POM emissions. No information is
available on the proportion of batch kilns with afterburner controls or the

effect of afterburner use on POM emissions.147

Continuous wood charcoal furnaces are predominantly controlled by
direct-fired afterburnars.147’148 ‘Auxiliary fuel firing is required in
continuous furnace afterburners only during séh:t-up or process upsets
because of the generally higher heating value of continuous furnace exhaust

gases. One facility has been found to be using an incinerator to control

. 48
furnace emiss:.ons.1

Emission Factors

Polycyclic organic matter emission factor data are available in the
literature only for a Missouri-type batch kiln.147 Five sampling runs were
made and Cotal uncontrolled POM emissions averaged 3.5 g/Mg (0.007 1lb/tomn)
of charcoal produced. Reference 147 indicates that the POM samples from
these tests were obtained using a modified Method 5 procedure and sample
analysis was performed by gas chromatography. Benz(c)phenanthrene and
benzo(a)pyrene were identified as constituents of total POM emissions. Four
other POM compounds, dibenz(a,h)anthracene, 3-dimethy1cholénthrene,
7,12-dimethy1benz(a)anthracene, and 3,4,5,6-dibenzocarbazole, were

specifically analyzed for but were not detected in any of the samples.147
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The authors of Reference 147 noted that the results of the batch kiln
emission tests might be of questionable value due to the difficulty of
sampling the kiln and "the improvisational sampling techniques" used. No

estimate of the accuracy of the test results was provided.
sSource Locatjons

Wood charcoal manufacturing facilities are located in 24 States
primarily in Missouri, Arkansas, and in several southeastern States. 148 A

list of wood charcoal producers in the United States is provided in
148
Table 72.

CREOSOTE WOOD TREATMENT
Bxocess Description

Creosote impregnation plants, also called wood treatment plants, have
been identified as potential air emission sources of POM because creosote
contains significant.quantities of POM compounds. Creosote is a product of
the fractional distillation of coal tar, which is a by-product of bituminous
coal coking. The principal use of creosote is as a wood preservative. It
is used to treat crossties, switch ties, utility poles, crossarms, marine

and foundation pilings, construction lumber, fence posts, and plywdod.144

Treatment is accomplished by either pressure or non-pressure processes.

To initiate either process, wood products are debarked and conditioned.
Conditioning, primarily moistura vamcval, is certormed by air ssasoning or
kiln drying in the majority of plants. Depending on the particular

preservative to be applied, conditioning may also be performed by steaming

the wood in the treatment retort, heating the wood in oil under reduced

pressure, or exposing it to hot vapors of organic solvents (vapor drying).

To expedite certain treatment processes, the wood may be pierced by knives

(a process called incising) to provide avenues for penetration of the
preservative solutions. 149
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TABLE 72.

CHARCOAL PRODUCERS IN THE UNITED STA’I’ESIAS'a

State

City or County Producer
Alabama Dothan Kingsford Company
Tuscumbia Malone Charcoal Company
Muscle Shoals McKinney Lumber and Plywood
Arkansas Jasper Jasper Charcoal Company
Huntsville Keeter Charcoal Company..
Omaha Keeter Charcoal Company
Green Forest Keeter Charcoal Company
Yellville Martin Charcoal Company
Paris Ozark Charcoal Company
Scranton Scranton Charcoal Company
Waldron Waldron Charcoal Company
Harrison Newberry Charcoal Company
Paris Paris Charcoal Company
Paris Arkansas Charcoal Company
Hot Springs Weyerhaeuser Company
George George Charcoal Company
Hatfield Arkansas Charcoal Company
Waldron Waldron Charcoal Company _
Mountain View Hinesley and Everett Enterprises
California Elk Grove C. B. Hobbs Corporation
Santa Clara C. B. Hobbs Corporation
Milipitas C. B. Hobbs Corporation
Florida Ocala Pioneer Charcoal
Georgia Atlanta Husky Industries
Kansas Chetopa Jayhawk Charcoal Company
Kentucky Burnside Kingsford Company
Iilinois Chicago Great Lakes Carbon Corporation
Maryland White Church Kingsford Company
Oakland Kingsford Company
Minnesota Isanti Husky Briquetting, Inc.
Mississippi Bruce Blackjack Charcoal Company
Pachuta Hood Charcoal Company
Pachuta’ Masonite Corporation,
Charcoal Division
Beaumont Ronnies Hickory Chips
*In 1978
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TABLE 72. CHARCOAL PRODUCERS IN THE UNITED S'!.‘A'I.'ES]"‘8 (Continued)

v State City or County Producer
Missouri Barry Harris Enterprises
f : Purdy Heaser Charcoal Company
i Boone Charles Chrisman Charcoal
Centralia L and A Dailing Charcoal Company
: Carter Big Springs Industrial
i Carter Carter County Charcoal
Ellsinore Leach Brothers Charcoal
. Ellsinore Rozark Farms
{‘ Van Buren Big Springs Charcoal
Van Buren Big Springs Charcoal
Cole Stegeman Charcoal Company
! Henley Louis Stegeman Charcoal Company
%. . Jefferson City Rich Stegeman Charcoal Company
Steelville Hardwood Charcoal Company
. Wesco Fordell Development Corporation
: Greenfield Pringle Charcoal Company
¢ Salem Carty Charcoal
_ Salem Floyd Charcoal Company
{ Salem C and H Charcoal
i. Dent : Langworthy Charcoal Company
Dent Lennox Charcoal Company
- Salem Wieberg Charcoal Company
{ : Salem Hobson Charcoal Company
Gasconade Hickory Charcoal Company
. Owensville . Gene's Charcoal
f Wheatland J and E Charcoal Company
5. Howell Missouri Charcoal Company
Mount View Craig Charcoal Company
{' West Plains Nubbin Ridge Charcoal Company
i Mount View Bays Sawmill and Charcoal
Peace Valley Peace Valley Kilns
. Mount View 0ld Hickory Charcoal Company
: Mount View Carr Torest Products
L Kansas City Standard Milling Company
Hocomo Bakersfield Charcoal Company
! Laclede : Independent Stave Company
{w Laclede Timber Products Company
Vienna Wulff Charcoal Company
High Gate Kingsford Company
Belle Kingsford Company
Belle W. B. Stockton
. Belle H and D Charcoal
i ' Hayden Curtis and Hayes Charcoal
L Iberia Louis Stegeman Charcoal
i-
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TABLE 72. CHARCOAL PRODUCERS IN THE UNITED STATES 48 (Continued)
State City or County Producer
Missouri Miller Kalaf Charcoal
(continued) St. Elizabeth Kirkweg Charcoal Company

New Jersey

Neosho
Oregon

Meta

Osage

Osage
Freeburg
Osage

Osage

Meta

Osage
Freeburg
Freeburg
Meta

Belle

Meta
Gainesville
Ozark

St. James
Lake Spring
Vienna
Lesterville
Reynolds
Winona
Shannon
Shannon
Birch Tree
Summersville
Round Springs
Round Springs
Round Springs
Gladden
Branson
Bradleyville
Branson
Raymondville
Licking
Plato
Seymour

St. Louis

Teterboro

Neosho Charcoal Products
Greer Springs Company
Barnhart Charcoal

J and M Charcoal Company
Kelly Charcoal Company

Al Luecke Charcoal Company
McDonald Charcoal Company
Ridenhour Charcoal Company
Ripka Charcoal and Lumber
Sugar Creek Charcoal Company
Wieberg Charcoal Company

Ben Berhorst

Charkol, Inc.

Gene Noblett Charcoal Company
Standard Milling Company
Ozark Forest Charcoal
Wallace Charcoal Company
Parry Charcoal Company
Lenox Charcoal

Tackett Charcoal Company
Black River Charcoal Company
Copeland Charcoal Company
Dailey Charcoal

George Helmuth Charcoal
Royal Forest Charcoal

Kerr Charcoal

Craig Charcoal

Roaring Springs Corporation
Round Springs Charcoal
Robert Hamilton

Timber Charcoal Company

S and S Charcoal Company
Horner Charcoal Company
Keeter Charcoal Company
Thomason Charcoal Company
Wulff Charcoal Company

H. 0. Charcoal Company
Oak-lite Corporatiom

Cupples Company, Manufacturers

Degussa, Inc.
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TABLE 72. CHARCOAL PRODUCERS IN THE UNITED STATES148 (Continued)

State

City or County

Producer

North Dakota

Ohio

Oklahoma

Oregon

Pennsylvania
South Carolina

Tennessee

Texas

Virginia

West Virginia

Dickinson

Oak Hill
Lucas

West Marion
McArthur -

Heavener
Talihina
Clayton
Talihina
Bull Hollow

Springfield

White City
Brookville
Lake City
Jamestown
Red Bank

Cookeville
Tullahoma

Red Boiling Springs

Spencer
Memphis
Lynchburg

Flatonia
Houston
Jacksonville
Jacksonville

San Antonio
Kenbridge

Belington
Beryl
Maysville
Parsons
Swiss
Bentree

Husky Industries

Victory Charcoal Company
Sun 0il Company
Great Lakes Carbon

~-Roseville Charcoal

Forest Products Charcoal Company
Forest Products Charcoal Company
Forest Products Charcoal Company
Talihina Charcoal Company
Cherokee Forest Industries

Kingsford Company
Georgia Pacific Corporation

Humphrey Charcoal
T. S. Ragsdale Company, Inc.

Royal Oak Charcoal Company
Cumberland Kingsford

Royal Oak Charcoal Company
Tennessee Dickel Distilling
Cumberland Charcoal Corporation
Royal Oak Charcoal Company
Arkansas Charcoal Company

Jack Daniels Distillery

B and B Charcoal
Pine-0-Pine Company
Campfire Charcoal Company
Thar Time Charcoal
National Charcoal Company

Imperial Briquet Corporation

Kingsford Charcoal
Kingsford Charcoal
Kingsford Charcoal
Kingsford Charcoal
Roseville Charcoal
Roseville Charcoal
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TABLE 72. CHARCOAL PRODUCERS IN THE UNITED STATES148 (Continued)

State City or County Producer

Wisconsin Hixton Husky Industries

NOTE: This listing is subject to change as market conditions change,
facility owmership changes, plants are closed down, etc. The reader
should verify the existence of particular facilities by consulting
current listings and/or the plants themselves. The level of POM
emissions from any given facility is a function of variables such as

capacity, throughput, and control measures, and should be determined
through direct contacts with plant personnel.
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Pressurized processes are used to presefve 95 percent of all treated
wood. These processes involve the application of pneumatic or hydrostatic
pressure to expedite the movement of preservative liquid into wood. In the
normal application of preservatives (e.g., creosote), wood is first loaded

on trams and introduced into the pressure vessel. Once in the pressure

vessel, wood can be creosote pressure treated by either the full-cell or the
149
empty-cell process.

In the full-cell process, an initial vacuum is applied to the charge
for a period of about 30 minutes. At the end of this period, and while
still maintaining the vacuum, the vessel is filled with creosote. The
vacuum is ‘then released and pressures of 50 to 250 psi are applied to the
system. Pressure is maintained until the required gross absorption of
preservative has been achieved. At the end of the pressure cycle, the
pressure is reduced to tteospheric levels and the preservative liquid in the
vessel is returned to storage. The treated wood will often be subjected to
a final vacuum to remove excess preservative on the surface of the wood.

Once completed, the vacuum is released, the door of the vessel is opened,

and the treated stock is removed. Creosote retentions achieved by the

full-cell process vary from 320 to 480 kg/m (20 to 30 lbs/ft3 149

In the empty-cell proeess, the treatment retort is filled with

preservative while either at ambient pressure conditions or under an initial

air pressure of 15 to 75 psi. The remainder of the treating process is the

same as that described for the full-cell process. Depending on the

specifications of the customer, wood preservative retentions achieved by the

empty-cell process range from %6 co 208 ag/m (6 o 12 &Ds/t:').

£
[0

In both the full-cell and empty-cell processes, creosote may be applied

in an undiluted form or diluted with coal tar or petroleum. Temperatures of

application for creosote and its solutions range from 99 to 110°% (210 to
230° F).
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Products such as marine pilings are always treated by the full-cell
process. Utility poles, crossties, and fence posts are routinely treated by
the empty-cell process. The amount of preservative retention needed and the

treatment process required are determined by the biological hazard to which
the treated wood will be subjected in service.

Non-pressurized wood treatment processes are used both commercially and
by individual consumers for home, farm, and garden wood preservation.
Generally, wood treateéd by non-pressure processes must be seasoned to a

moisture content of 30 percent or less prior to treatment to provide the

best 1:esult:s.u‘9

Most commercial non-pressure creosote treatments are applied by
cold-soak or thermal processes. In both ﬁrocesses, wood is exposed to the
preservative in an open vessel. The principle behind the cold-soak process

simply entails soaking seasoned wood in the preservative for a fixed period

.of time, or until a predetermined gross retention has been achieved. The

thermal. process involves exposing wood to hot creosote for 6 to 12 hours

followed by exposure to the preservative at ambient temperature for

2 hours.149

Home and other non-commercial creosote treatments are typically
performed by brush, dip, or spray methods. In these cases, creosote or
creosote-based solutions are manually applied at ambient conditions to wood
and allowed to dry. The amount of retention that is achieved is a function

of wood type, wood moisture content, and wood porosity.149

The creosote wood treatment source category appears to a source of
primarily fugitive POM emissions that are associated with the actual
treatment process and the handling of creosote raw materials and treated
products. Fugitive emissions from treatment occur when the treatment vessel
is opened at the end of the cycle.. The duration of such emissions from each

vessel is relatively short because vessels are only opened once or twice
during each working shift.laa’lso
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A second source of fugitive POM emissions is during creosote transfer
from an incoming tanker or rail car to plant storage facilities. The method
and frequency of delivery is a function of plant size and location.
Generally, the larger the facility the more and greater the creosote loads
will be. Increased frequency and quantity means increased potential for
emissions. Trangfer of the preservative, whether from rail car or tanker, is
normally accompiished using a closed piping system. 1In such a system, the
greatest chance for fugitive emissions is at the origin where creosote is

leaving the tanker or rail car and at the end of the transfer where creosote

is entering the storage vesse1.144’15°

A third potential source of fugitive emissions of POM compounds from
creosote wood treatment plants is evaporative losses from treated wood. If
treated products are stored in a building, emissions of this tyﬁe would be
largely confined and would not be released to the outside air.144,150

No information concerning currently used or potential control equipment

for POM emissions from creosote treatment processes was identified in the
literature.

Emission Factors

No POM emissions or emission factor data were found in the literature
for creosote impregnation plants. The existence of POM emissions in these
facilities has been indicated by area samples of air in and around the
plants and by personal breathing zone air samples that contained POM
compounds. These samples were taken to assess worker exposure to PCM
compounds. In one facility, worker breathing zone samples had a
benzo(a)pyrene range of 0.80 to 84 ug/m3.IAA An area sample at the
impregnation vessel had a benzo(a)pyrene content of 3.6 ug/m3.]'l’4 Both of

these benzo(a)pyrene data points represent collected particulate matter
only. : '
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At a second creosote impregnation facility, personal.breathing zone air
samples were taken to measure both particulate and gaseous POM compounds.
Breathing zone samples associated with handling creosote treated railroad
ties contained a total POM concentration of 981.2 ug/m3, of which 97 percent
was collected as gaseous POM.ISO These results imply that gaseous POM
emissions from treatment plants may be greater than particulate POM
releases, and that creosote plants with only particulate POM levels may be
greatly underestimating actual POM concentrations in plant air. These

implications should be taken into consideration when attempting to estimate

emissions from a creosote wood treating process.

s

Source Locations

Creosote wood treatment plants are located across the country, but .they
are predominantly found in the Southeast. Information compiled by the
American Wood-Preservers Association and the American Wood Preservers
Institute indicates that there are roughly 185 creosote treatment plants
nationwide. A list identifying these facilities is given in Table 73.151

OIL SHALE RETORTING
Process Description

0il shale retorting has been identified in the literature as a POM
emissions source category. Retorting produces POM emissions because it
involves high temperature contact with hydrocarbons and
aydrocarbon-containing rock and because nydrocarbon-containing ofi-gases
from retorting are typically incinerated.lsz’153 0il shale retorting is
performed by two major proceéses, above-ground or surface retorting and
below-ground or in situ retorting. In surface retorting, oil shale is mined
and brought to the surface, crushed, and heated either externally or
internally to extract oil from the shale rock. In externally heated
operations, an external furnace is used to continuously apply heat to the
shale retort. In an internally heated syStem, the oil shale furnishes its

own heat because part of its organic matter is burned inside the retort.
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TABLE 73. LIST OF CREOSOTE WOOD IMPREGNATION
PLANTS IN THE UNITED STATESLS1 2

Company

Location

Acme Wood Preserving, Inc.
Alabama Wood Treating Corporation

American Creosote Works, Inc.

American Wood Division of Powe Timber Company
Annadale Plantation

Appalachian Timber Services, Inc.

Arizona Pacific Wood Preserving
Atlantic Wood Industries, Inc.

B and M Wood Products, Inec.
Baldwin Pole and Piling Company
Baxley Creosoting Company, Inc.

J. H. Baxter and Company

Benton Creosoting Works

Birmingham Wood Preserving Company
Broderick Wood Products Company

Jown wood Preserving Company, Inc.

Burke-Parsons-Bowlby Corporation

Burlington Northern, Inec.

Cahaba Pressure Treated Forest Products

Princeton, WV
Mobile, aL®

Pensacola, EL
Jackson, TN
Louisville, MS

Richton, MS
Georgetown, SC

Sutton, WV
White Plains, KY

Eloy, AZ

Portsmouth, VA
Hainesport, NJ
Port Wentworth, GA

Manor, GA
Bay Minette, AL
Baxley, GaA

The Dalles, OR
Eugene, OR
Weed, CcA
Laramie, WY

Benton, LA
Birmingham, AL
Denver, CO

Brownville, AL
Louisville, KY

Stanton, KY
Dubois, NV
Goshen, VA
Spencer, WV

Brainerd, MN
Paradise, MT
Somers, MT

Brierfield, AL

%In 1984
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TABLE 73. LIST OF CREOSOTE WOOD IMPREGNATION

151

PLANTS IN THE UNITED STATES (Continued)

Company

Location

Carolina Creosote Corporation, Inc.
Carolina Wood Preserving Company, Inc.
'Cascade Pole Company

Century Forest Industries

Champion International Corporation

Colfax Creosoting Company
Conroe Creosoting Company
F. E. Cooper Lumber Corporation

Crown Zellerback Treated Wood Products

Dant and Russell, Inc.

Duke City Lumber Company
Dura-Wood Treating Company
Easterday Tie and Timber Company

El Dorado Pole and Piling Company, Inc.

Eppinger and Russell Company

Escambia Treating Company

Evr-Wood Treating Company, Inc.
Fernwood Industries

Florida Fence Post Company, inc.
Fordyce Wood Preservers

Frank Brooks Manufacturing Company

G. C. L. Tie and Treating Corporation
Garland Creosoting Company

Gateway Forest Products, Inc.

General Timber, Inc:

Leland, NC

Scotland Neck, NC
Tacoma, WAi
Lufkin, TX

Cass Lake, MN
Whitewood, SD

Pineville, LA

Conroe, TX

Johnstown, PA

Urania, 1A
Gulfport, MS

North Planes, OR
Livingston, TX
Alexandria, LA
Jackson, TN

El Dorado, AR

Chesapeake, VA
Brunswick, GA
Brookhaven, FL

Camilla, GA
Jennings, LA
Fernwood, MS
Ona, FL
Fordyce, AR
Billingham, WA
Sidney, NY
Longview, TX
Mather, PA

Sanford, NC
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TABLE 73. LIST OF CREOSOTE WOOD IMPREGNATION

151

PLANTS IN THE UNITED STATES (Continued)

Company

Location

General Wood Preserving Company, Inc.
Glacier Park Company

__Glenville Wood Preserving Company, Inc.

Great Lake Timber Company

Hart Creosoting Company

Huxford Pole and Timber Company, Inc.
Holcomb Cfeosote Company

Hoosier Treating Company

Indiana Wood Treating Corporation
International Paper Company

Jasper Creosoting Company
Jennison-Wright Corporation

Joslyn Manufacturing and Supply Company
Julian Lumber Company

Kerr-McGee Chemical Corporation

Koppers Company, Inc.

Leland, NC
Somers, MT
Glenville, GA
Ft. Duschene, UT
Jasper, TX
Huxford, AL
Yadkinville, NC
Gosport, IN
Bloomingdale, IN

De Ridder, 1A
Joplin, MO
Longview, WAa
Navasota, TX
Wiggins, MS

Jasper, TX

Granite City, IL
Toledo, OH

Richton, MS
Antlers, OK

Avoca, PA
Indianapolis, IN
Kansas City, MO
Madison, IL
Meridian, MS
Bossier Cicy, La
Springfield, MO
Texarkana, TX
Columbus, MS

Carbondale, IL
Denver, CO
Florence, SC
Gainesville, FL
Galesburg, IL
Green Spring, WV

a
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TABLE 73. LIST OF CREOSOTE WOOD IMPREGNATION

PLANTS IN THE UNITED STA’I’ES151 (Continued)
Company Location
Koppers Company, Inc. (continued) Grenada, MS
. Guthrie, KY

The Langley Company

Lufkinlcreosoting Company, Inc.
Madisonville Creosote Works, Inc.
Manor Timber Company, Inc.

Marion Pressure Treating Company
Marshall Wood Preserving Company
McArthur Lumber and Post Company, Inc..

McCormick and Baxter Creosoting Company

McCrawie Brothers Wood Preserving Company
L. D. YcFarland Company

McFarland Cascade

H. P. McGinley, Inc.

Mellott Wood Preserving Company

W. C. Meredith Company, Inc.

T. R. Miller Mill Company, Inc.
Mississippi Wood Preserving Company

Houston, TX
Kansas City, MO

.__Montgomery, AL

Montgomery, AR
Montgomery, PA
Nashua, NH

a

North Little Rock, AR

Oroville, CA
Orrville, OH
Port Newark, NJ
Richmond, VA
Salem, VA
Salisbury, MR
Superior, WI

Valdosta, GA
Lufkin, TX
Madisonville, 1A
Manor, GA?
Marion, LA
Marshall, TX
McArthur, OH

Portland, OR
Stockton, CA

Willacoochee, GA
- And
Zugene, OR

Olympia, WA
Tacoma, WA

McAlisterville, PA
Needmore, PA

East Point, GA
Brewton, AL

Brookhéven, MS
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TABLE 73. LIST OF CREOSOTE WOOD IMPREGNATION

151

PLANTS IN THE UNITED STATES (Continued)

Company Location
Mixon Brothers Wood Preserving, Inc. Idabel, OK
Moultrie Wood Preserving Company Moultrie, GA
New South Forest Industries Red Hill, SC
Osser Company Bellingham, WA
Oliver Treated Products Company, Inc. Hammond, LA
Ouachita-Nevada Treating Company Readef, AR

Pacific Wood Preserving of Bakersfield
Pacific Wood Treating Corporation’
Pearl River Wood Preserving Corporation
Perma Treat Corporation

Prentiss Creosote and Forest Products, Inc.
R and K Creosote Company, Inc. .
Reddell Creosoted Forest Products, Inc.
San Diego Wood Preserving

Santa Fe Centralized Tie Plant

Seaman Timber Company, Inc.

Sheridan Pressure Treating Lumber
Shollenbanger Wood Treating

W. J. Smith Wood Preserving Company
Southern Pine Wood Preserving Company
Southern Wood Piedmont Company

Stallworth Timber Company, Inc.

Standard Wood Preservers of Shreveport, Inc.

Bakersfield, CA
Ridgefield, WA
Picayune, MS
Durham, CT
Prentiss, Ms?
Natalbany, LA
Reddell, 1A
National City, CA
Somerville, TX
Montevallo, AL
Sheridan, OR
Bernalilco, NM

Denison, TX

Wiggins, MS
Augusta, GA
2aldwin, FL

Chattanooga, TN
East Point, GA
Gulf, NC

Macon, GA
Spartanburg, SC
Waverly, OH
Wilmington, NC

Beatrice, AL
Shreveport, La?
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TABLE 73.

LIST OF CREOSOTE WOOD IMPREGNATION

151

PLANTS IN THE UNITED STATES (Continued)

Company

Location

St. Regis Paper Company

Superior Tie and Timber
Superior Wood Treating, Inc.
Sweeney Wood Products

J. C. Taylor Lumber Sales

Texarkana Wood Preservative Company

Texas Electric Cooperatives, Inc.

Thompson Industries

Thomasson Lumber Company

Timco, Inc.

Union Lumber Company

Utah Power and Light

Vermont Correctional Industries
Virginia Wood Preserving'
Webster Wood Preserving Company
Western Tar Products Corporation
Western Wood Pré;erving Company
Wood Preservers, Inc.

Wood Treating, Inc.

Cass Lake, MN
Whitewood, SD

Vivian, LA
Louisville, MS
Lapoint, UTb
Sheridan, OR
Texarkana, TX
Jasper, TX
Russellville, AR
Philadelphia, MS
Wiggins, MS
Homerville, GA

Idaho Falls, ID

Windsor, VT
Laurel, VA
Bangor, WI

Terre Haute, IN
Sumner, WA
Warsaw, VA

Picayune, MS

Wyckoff Company Bainbridge Island, WA

Seattle, WA

a . . . P .
Plants use non-pressure treating techniques in addition to pressure treating
processes.

Plants use only non-pressure treating processes.

NOTE: This listing is subject to change as market conditions change,

"~ facility ownership changes, plants are closed down, etc. The reader
should verify the existence of particular facilities by consulting
current listings and/or the plants themselves. The level of POM
emissions from any given facility is a function of variables such as
capacity, throughput, and control measures, and should be determined
through direct contacts with plant personnel.
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Retorting temperatures in an internally heated surface retort range
from 649 to 704°C (1200 to 1300°F). Due to these relatively high
temperatures, product oil from retorting has a lower naphtha content but
higher aromatic content than oil generated by externally heated retorts.
Retort off-gases, which are diluted by nitrogen from air and carbonate
decomposition in the shale, have a Btu value of about 100 Btu/scf.154

Externally heated surface retorts require a separate heating unit fired
by product gas or residual carbon to extract shale oil. Shale is heated
either by the hot combustion gases or by means of a heat-carrying medium,
typically sand. Retorting temperatures of about 482°¢ (900°F) are
maintained. Because of the lack of outside air injectionms, off-gases from
externally heated surface retorts have a higher heating value (950 Btu/scf)
than internally heated surface retorts.lsa‘ Diagrams illustrating both types
of surface oil shale retort are given in Figure 37.154

In situ oil shale retorting generally falls into one of two categories.
True in situ processing involves the drilling of injection and production
holes from the surface into the oil shale strata to be retorted. These
holes are used to fracture the oil shale and create permeability. Once
permeability is established. hot fluids or fine fronts are passed from
injection wells to production wells where the retorted shale oil is

recovered and pumped to the su.rface.]"55

Modified in sity retorting indicates that a portion (15 to 40 percent)
of the oil shale is mined and brought to the surface, while the remainder is
explosively fractured prior co che ignition of the ret:ox:t.l55 The rectort is
then ignited with a Propane burner and soon after combustion of the o0il
shale is self-sustaining. Air and steam are forced into the top of the
retort to control the temperature and rate at which the flame front
progresses downward through the rubblized layers of oil shalé. Temperatures
of 871°C (1600°F) are achieved in in s8itu retort systems.ls4 As the high

temperature flame front Proceeds through the o0il shale rubble, condensed
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shale oil, sour water, and low Btu gas flow downward through the retort into
an underground separator room. In this room, shale oil is separated from
the water and both liquids are pumped to the surface.l53

Modified and true in gitu oil shale retorting are illustrated in
154
Figure 38.

Off-gases from surface and in sity oil shale retorting, containing POM
coupounds, steam, inorganic gases, oil droplets, oil vapors, soot, char,
unburned oil shale, and spent oil shale are sent to knockout drums to
remove most larger particles in the stream. Following the removal of larger
particles, the gas stream is vented to an incinerator to destroy hydrocarbon
compounds. Incinerator exhausts, containing sulfur diox;de and particulate

Ratter, are sent to wet scrubbers before final venting to  the atmosphere.153
Emission Factors

The amount of information on POM emissions from oil shale retorting is
extremely limited. Two sets of data were located that quantified emissions;
however, these data were expressed as POM concentrations and not emission
factors. 1In one data set, off-gases from a vertical modified in situ retort
were sampled and analyzed in five test runms. Total POM concentrations in
retort offgas ranged from 49 co 1207 ug/m3, with the average being
550 ug/ms. The average offgas flow rate was 100 m3/min. The POM quantities
measured were the total of materials collected by a glass fiber filter and a
Tenax cartridge. The majority of POM compounds measured resided on the
zlass filter. Spacific 204 icmpounds that wverz fdentifiad ‘acluded

anthracene, pyrene, benzo(a)anthracene, and chrysene.lsz_

Three of the sampling runs were made three to seven days after
initiation of retorting when burn conditions had stabilized The range of
total POM concentrations for these runs was 49 to 206 ug/m . The remaining

two sampling runs were made three weeks after retorting began. Total POM
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concentrations in off-gases from these runs were 1100 ug/m3 and 1207 ug/m3.
The authors of Reference 152 speculated that the burning pattern in the
retort room may account for the observed increase in total POM over time.
As the flame front proceeds down the retort room, increased heating of the
shale further down toward the base of the room is occurring, thereby

allowing greater mobility of POM compounds into the off-gases.

In a second set of data, total PAH compounds contained in the exhaust
gas stream of an incinerator used to control hydrocarbons at a vertical
modified ip gity retort were analyzed. Total -PAH concentrations for two
runs were 1142 ug/n3 and 406 ug/m3. Of these total PAH quantities measured,
only 2 to 10 percent was identified with specific compounds. The specific

compounds identified are listed below.152

- naphthalene

- acenaphthylene

- acenapthene

- fluorene -
- 9,10-dihydroanthracene

- phenanthrene

- anthracene

- 2-methylanthracene

- 9-methylanthracene

- fluoranthene

- pyrene

- benzo(a)anthracene

- snrysene

- benzo(k)fluoranthene
- benzo(b) fluoranthene

- benzo(e)pyrene
- benzo(a)pyrene

- indeno(1,2,3-c,d)pyrene




- dibenzo(a,h)anthracene
- benzo(g,h,i)perylene

In total, over 300 PAH compounds were detected.ls2

The sampling train used to collect'these samples consisted of a glass
fiber filter followed by an ice bath cold trap followed by two Tenax
cartridges in series. Most of the PAH material collected during the test
resided in the cold trap of the sampling train.

-Source Locations

As of January 1986, no commercial scale oil shale retorting was being
performed in the United States. In many cases, retorting projects have
ceased operations because Federal funds supporting the projects have been
withdrawn.156 Potential retorting that may be performed in the United
States is most likely to occur in either Colorado, Utah, or Wyoming as the
bulk of reclaimable oil shale deposits lie in these States. The primary
area of activity would lie where these three State boundaries meet in
northeastern Utah, northwestern Colorado, and southwestern Wyoming. The map

in Figure 39 illustrates the main zones of oil shale deposits in these
T8
States and the United States as a wnole. >

ASPHALT PAVING AND COAL TAR PITCH AND ASPHALT ROOFING OPERATIONS

A moderate amount of information exists in the literature that
indicates asphalt saving and zoofing and coal =ar pitzch roofing operations
to be potential POM emission sources.liT'lsg The principal focus of che
work in the literature has been on the health hazards presented to workers
by these emissions and not on overall environmental implicatioms. For this
reason, the majority of the POM data that exist for these operations is in
the form of ambient air and worker area personal sample POM concentrations.

Classical emission factors (i.e., mass POM/mass of material used or
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pProduced) are not available. The data that are available demonstrate that
asphalt paving and roofing and coal tar pitch roofing are fugitive POM

emigsion sources.

During asphalt paving operations, POM emissions have been measured (as
concentrations) that are associated with pavement preparation, pavement
application, and post-application releases. Polycyclic organic matter
concentrations have been detected both in the breathing zones of paving
workers and in downwind ambient air. The source of the majority of POM
compounds measured in connection with asphalt paving operations is the
asphalt paviné material. At two paving operations tested, the paving raw
materials had total POM concentrations of 218 ug/g and 183 ug/g.157’158 In
both of these samples, chrysene and benzo(a)anthracene constituted about
85 percent of the total POM.

Measured concentrations of POM associated with asphalt paving
operations are summarized in Table 74.158 The POM measured was dominated by
fluoranthene,'benzo(a)anthracene, pyrene, and chrysene. Benzo(a)pyrene

levels were very minimal.

Through a series of laboratory experiments, POM emissions were shown to
also be released from freshly paved asphalt under differing light and
humidity conditions. In the experiments, a freshly paved cell of asphalt
was subjected to the equivalent of summer sunlight using a 2500 watt lamp.
Potential POM emissions released from the asphalt cell'were collected in a
XAD-2 resin trap. Collected samples were analyzed by GC/MS and high
rressure liquid chromatograpny (HPLC). siapnthalene, methyli- :inc
ethyl-naphthalene, biphenyl, anthracene, and Phenanthracene were routinely
observed by GC/MS analysis. The HPLC technique, which is more sensitive to
POM,'detected anthracene, benzo(a)pyrene, fluoranthene,
benzo(b) fluoranthene, benzo(k)fluoranthene, pyrene, fluorene, chrysene,

acenophene, benzo(g.h,i)fluoranthene, and indeno(1,2,3-c,d)pyrene.157
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The typical concentrations of POM released from paved asphalt exposed
to sunlight, as determined by laboratory experiments, are summarized in
Table 75.157 The effect of differing light and humidity conditions on POM
and benzo(a)pyrene concentrations from the asphalt are illustrated in
Table 76.1%7
are only about 20 to 25 percent of what they were when measured under normal
daytime conditions (Table 76). When compared to Table 75 and the results

for experiments 1 and 2, experiments 3 and 4 in Table 76 indicate that POM

Under normal light but zero humidity conditions, POM levels

releases from freshly paved asphalt are strongiy related to light exposure.
An examination of the benzo(a)pyrene data in Table 76 implies that

' benzo(a)pyrene formation is also strongly related to pavement light

157
exposure. -

All experiments conducted to obtain the data in Tables 75 and 76 were
performed on a simulation of freshly applied asphalt pavement. No

examination was made of potential releases over time.157

Similar to asphnl; paving, several studies have been conducted to
determine the quantity of POM emissions that asphalt and coal tar pitch

roofing workers are exposed to. Roofing workers may be exposed to POM

compounds during preparation (heating) of the asphalt or coal tar pitch prior

to application, during application, and during roof tear-off, which must be
performed before a new roof can be applied. New construction roofs would

not have a tear-off step.

Generally, for new asphalt and coal tar pitéh roofs on existing
structures, the tear-off operztiom begins bv sweeping loose gravel from the
old roof with a power broom. The existing asphalt or pitch layer is broken
up down to the existing level of insulation using a power cutter. Once the
breaking process is accomplished, the old roof is pried up and scraped from
the surface. After tear-off operations are complete, rigid insulgtion is
applied with hot asphalt and tar paper is applied over the insulation using
hot asphalt or coal tar pitch. Other materials such as aluminum’ and rubber

membranes may also be applied to the insulation using hot asphalt or coal
tar pitch.159
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TABLE 75. POM CONCENTRATIONS RELEASED FROM FRESHLY
PAVED ASPHALT EXPOSED TO LIGHTY>’
——Test Conditions POM Percent POM
Experiment Asphalt Concentration, that is
Number Humidity Temperature ng/m Benzo(a)pyrene
1. T2 42°¢ (107°F) 2139 143
2. 76% 43°¢ (110°F) 1729 14
3. 85% 38°c (100°F) 2280 21%
4. 78% 37°¢ (99°F) 2310 0%
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Polycyclic organic matter concentrations that have been measured in and
around asphalt and coal tar pitch roofing operations are gilven in
Table 77.158 Concentrations associated with coal tar pitch operations are
significantly greater than those from asphalt roofing because coal tar pitch
contains on average 800 times more total POM than asphalt. As would be
expected, concentrations are greatest from the asphalt and pitch preparation
operations because in this step, the materi#ls are being heated to make them
fluid enough for pumping and application. Total POM results for the asphalt
roofing sites are fairly consistent with the exception of the preparation
source value at site 1, which is about 5 to 7 times greater than preparation
source values for the other asphalt sites. The coal tar pitch data are not
as consistent overall as the asphalt data: however, they do Aot exhibit any

variability as great as the asphalt preparation source at site 1.

The only emission concentrations information on POM emissions from roof
tear-off operations was contained in Reference 159. 1In this study, POM
concentrations resulting from a coal tar Pitch tear-off operation were
significantly greater than those from an asphalt tear-off operation
(i.e., 100 ug/m3 compared to a trace). Concentrationé were also determined
for application operations and these were more consistent. For hot coal tar
pitch application, source emissions had a total POM concentration of about
30 ug/mj. The same concentration at a hot asphalt application site was
20 ug/m3. No other informatrion could be identified o confirm che
indication that coal tar Pitch tear-off operations are significantly greatsr
POM emitters than either asphalt tear-off operations or asphalt and coal tar
Pitch application operations.159 - )

TRANSFER AND HANDLING OF COAL TAR AND PETROLEUM PITCH

One reference was identified that presented data to indicate that POM
emissions are released to the atmosphere during handling and transfer
operations involving coal tar and petroleum pitch.l6o In this study, which
Wwas conducted by the National Institute for Occupational Safety and Health

(NIOSH), an assessment was made of the health hazard presented to workers
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from handling coal tar and petroleum pitch. The.results of the assessment

showed that coal tar and petroleum pitch handling and transfer operations are
potential sources of fugitive POM air emissions.160

In the coal tar pitch operation that was investigated, coal tar pitch
was being transferred from a river barge to an ocean barge by means of a
crane. In the petroleum pitch operation, pitch was being loaded from
railroad cars to an ocean barge. Railroad cars are positioned over a hole
in the dock so that when a trap door is opened in the bottom of the rail
car, pitch falls out onto a conveyor. The conveyor carries the pitch to a
chute at the edge of the dock, where it drops down and onto a barge.lso

Worker exposure to particulate POM emissions during both of these
operations was evaluated by taking personal breathing zone air samples and

handling/transfer area air samples. The POM compounds and concentrations

that were detected are summarized below.160

. 3
——POM Compound Concentration (ug/m™) Qperation Type

Benzo (k) fluoranthene 0.02 - 12.88 Coal Tar Pitch
Benzo(b)fluoranthene 0.05 - 34.76 Coal Tar Pitch
Benzo(a)anthracene 0.11 - 34.76 * Coal Tar and
Petroleum Pitch
Benzo(e)pyrene 0.09 - 38.85 Loal. Tar Pitch _
Benzo(a)pyrene 0.11 - 38.85 Coal Tar Pitch
Prranas SULA - L4 30 Zoal Tar a:nd
Petroleum Pitch
Chrysene 0.32 - 26.58 Coal Tar Pitch
Fluoranthene 0.93 - 3.72 Petroleum Pitch

While it is not possible to quantify potential POM releases from pitch

handling and transfer with these data, they do indicate that fugitive POM
emissions are occurring.
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At the river terminal where the Reference 160 tests were conducted, a
coal tar or petroleum pitch transfer operation takes place every 2 to
3 weeks, each lasting about 16 hours. Therefore, as a POM air emissions
source, pitch handling and transfer operations would be intermittent and
variable. They would most likely be located at river and marine terminals
along major water transportation routes that handle industrial commodities

(grain, fertilizer) and basic raw materials (mineral ores, coal).

BURNING COAL REFUSE PILES, OUTCROPS, AND MINES
Brocess Description

Because they are sources of highly inefficient combustion, burning coal
refuse piles, outcrops, and mines have been identified as potential POM air

161,162
emission sources.

Coal as it comes from a mine contains various amounts of impurities
such as slate, shale, calcite, gypsum, clay, and pyrite. These waste
impurities are separated from coal prior to its being marketed. This waste
material or coal refuse is commonly piled into banks or stored in
impoundments near coal mines and coal preparation plants. Coarse refuse
(i.e., greater th§n;395 um diameter) is deposited into piles by dump trucks,
mine cars, conveyors, or aerial trams. indiscriminate dumping and poor
maintenance of refuse piles are two practices that can result in spontaneous

combustion of refuse piles.161

rine coal refuse {i.2., matsrial lLess zhan 395 um diameczer; Is ofcen
pumped to impoundments or settling ponds as slurry and allowed to settle.
Filters and clarifiers may also be used to aggregate the fine refuse.
Impoundments are usually constructed of existing coal refuse, as it is the
cheapest fill material available. Settled fine refuse is periodically
removed from the impoundment and dumped on the larger coal refuse piles.

Impoundments may also be sources of spontaneous coal combustion.161
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Spontaneous ignition and combustion of coal refuse piles and
impoundments is mainly an oxidation phenomenon involving coal, associated
Pyrite, and impure coal substances. The oxidation of carbonaceous and

Pyrite material in the coal refuse is an exothermic reaction. The

temperature of a coal refuse Pile or portions of it increases if the amount
of circulating air is sufficient to cause oxidation but insufficient to

allow for dissipation of the resulting heat. The temperature of the.refuse

pile then increases until ignition temperature is reached. Experimental

evidence has indicated that the heat of wetting of coal is greater than the

heat of oxidation of coal; therefore, the presence of moisture in air

accelerates the self-heating process in coal refuse piles.

the relative humidity of ambient a
l61

For this reason,

ir is a key factor affecting coal refuse
pile fires.

Coal textural moisture content (i.e., moisture retained in coal pores

and void spaces) is also an important variable in the oc

currence of coa;
refuse fires.

Upon exposure to air, moisture is lost from the coal pores
fhereby leaving a significant area for oxygen adsorption.
adsorption facilitates greater oxidation and promotes the d
coal refuse pile fires.161

Increased oxygen

evelopment of

Oxidation of pyrite impurities in coal refuse piles is another

supplemencary factor which enhances the possibility and severity of coal

refuse combustion. Oxidation of pyrice is a highly exothermic reaction thac

increases the temperature of surrounding oxygen material and- thus incfeases™

the coal's rate of oxidation.161

Other factors contributing to or affecting coal refuse pile combustion
are:

external sources of heat such as steam pipes
- coal particle size.

» sunlight, ete.:; and
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Fine particles pose competing situations. In one case, a predominance of
fine particles offers greater total surface area to oxidation, thereby
permitting more rapid oxidation. Conversely, smaller particles allow for
denser coal packing which can reduce the flow of air through the pile and
decrease the rate of oxidation.161

Coal refuse piles are considered to be burning if they exhibit either
of the following conditions.

- presence of smoke, fume, flames, thermal waves above the pile, or
fire glow

- an internal temperature of 93°C (199°F)

The spontaneous combustion of coal in outcrops and abandoned mines is
also attributable to oxidation phenomena involving coal, moisture, and
pyrite impurities. Other factors affecting combustion in mines and outcrops
include coal rank, coal strata geology, and the coal strata ﬁemperature
profile. Low-rank coals such as subbituminous or high-volatile bituminous
are more susceptible to spontaneous combustion than a high-rank coal such as
low-volatile bituminous or anthracite. Low-rank coals contain a greater
amount of moisture and pyvrite impurities than high-rank coals, which ‘
enhances their propensity for spontaneous combustion. The Presence of
faults in coal seams enhances oxidation by providing channels for greater
volume and more distributed air flow. Coal strata temperature typically

increases with depth. Oxidation rate, therefore, will increase with depth, i
i

making the seam more vulnerable to spontaneous combustion.161

To summarize, spontaneous combustion and resulting emissions from coal

refuse piles, outcrops, and mines are Primarily affected by the following
factors.

Coal Refuse Piles

- oxygen concentration in the pile which is dependent on pile
particle size distribution, type of pile surface, and wind speed
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- type of coal
- relative humidity of ambient air

- coal moisture content
- type of refuse
- temperature

Qutcrops and Mines

- oxygen concentrations, which are affected by air leakage through
natural faults and cracks and air leakage th;ough holes caused by
subsidence

- type of coal

- depth of stratum . .

- relative humidity of ambient air

- coal moisture content

- temperature

Various techniques exist to control emissions from burning c&il refuse
piles, outcrops, and mines. The majority of these techniques are based on.
eliminating the’ fire S oxygen supply to extinguish it ‘and on preventing the

fire from spreadlng The primary methods that have been applied to refuse
piles are described below. 161

Isolation - The burning area is isolated from the remainder of the

refuse pile by trenches and is quenched with water or blanketed with
incombustible material.

Blanketing - Some piles are extinguished by leveling the top, then
sealing it, and the sides with fine, incombustible material such as fly
ash, clay, quarry wastes, or acid mine drainage sludge. Heavy seals of
such material are necessary to avoid erosion. The use of clay is

limited as it cracks over hot spots impairing the seal.

Grouting - A slurry of water and finely divided incombustible material,

such as pulverized limestone, fly ash, coal silt, or sand, is forced

into the burning pile so as to provide some cooling action and also to

fill the voids to prevent air from entering the pile.
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Explosives - Many burning piles have an impenetrable, ceramic-like,
clinker material surface which does not allow the penetration of
slurries and water. In this case, explosive charges are placed deep
into the bank through horizontally drilled holes. The explosion
creates fissures in the fused covering material. Water is then applied

through these crevices and the quenched material is loaded out.

Spraving - In this method, water is sprayed ovér the entire refuse
bank. However, this is only a temporary solution as the pile reignites

and burns, often with renewed<vigor, once the water spray is stopped.

Accelerated Combustion and Quenching - The buéning refuse material is
lifted.by a dragline and drofped through air into a water-filled lagoon
15 to 30 m (49 to 98 ft) below for the purpose of burning off the ‘
combustible material completely during the drop. Another dragline and
bulldozers are used to remove the quenched material from the lagoon

floor and compact it into a tight, demnse fill material.

Ponding - Retaining walls are constructed around the perimeter of a
refuse bank after subdividing the surface into a séries of level
discrete areas and each area is filled with water to flood the fire.
This method has not proven to be successful because flooding with

water may cause explosions due to the formation of water gas and water

penetration into the pile is poor.

Cooling apnd Dilutjon - Water is sprayed on the burning pile from
multiple nozzles and the cooled refuse is mixed, by bulldozer, in a
one-to-one volume proportion with soil and/or burned out refuse from a

nearby area. The mixture is then compacted by heavy equipment.

Hydraulic Jets - High velocity water connons are used to quench the
burning refuse material. The quenched paterial is then relayered and

compacted by a dragline and bulldozer.

With fires in coal outcrops or abandoned mines, the principle of
control is to isolate the burning material and prevent air from reaching it.

The techniques used for this purpose are described below.161
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Lloading Out - This method involves digging out the burning and heated
material, then cooling it with water or spreading it on the ground.

This method is effective if the fire is of recent origin or mild enough
to be accessible.

Fire Barriers - A barrier of incombustible material is used to confine
and isolate the fire from the main body of coal. The isolated area is
also surface sealed to extinguish the fire. The barrier can be an open
trench, between the fire area and the threatened area, which is
backfilled with incombustible material such aé.;;féh fly ash, or
granulated slag. A plug barrier is used if the overburden is
excessive, since it is impractical to excavate a trench from outecrop to
outcrop around an abandoned mine fire. A Plug barrier starts at the
outcrop and terminates when the overburden depth exceeds 20 m (66 ft).
The plug barrier is always used in conjunction with a surface seal. A
surface seal on the fire side of the plug has been observed to be

effective in controlling abandoned mine fires if the overburden is in
excess of about 20 m (66 ft)..

Flushing - In this method, the void spaces around an underground fire
are filled with water or an incombustible material such as fly ash.
The incombustible material can be applied pneumatically or as a slurry.

Surface Sealing - This technique involves closing the surface openings
surrounding the fire site to prevent ventilation of the fire. The -
surface seal is established by plowing the surface to a depth of

several ‘meters with an angle dozer to create a blanket of pulverized
earth that effectively seals the surface.

One emission factor was found in the literature relating to POM

emissions from burning coal refuse piles, outcrops, or mlnes.161

Particulate POM emissions from a burning coal refuse pile have measured
been measured by using a high-volume filter air sampling device. The total

POM emission factor for burning coal refuse piles developed from these test

L

——
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results is 0.019 mg/hr-m3‘of burning coal refuse.161 Assuming an average

coal refuse pile density of 1.5 Mg/m3 (0.05 ton/ft3), an equivalent POM
emission factor of 0.013 mg/hr-Mg of refuse burned can be calculated. The
POM compounds identified in the collected refuse pile emissions are listed

below.

- dibenzothiophene

- anthracene/phenanthrene

- methylanthracenes/phenanthrenes . ..

- 9-methylanthracene

- fluoranthene

- Pyrene

- benzo(c)phenanthrene

- chrysene/benz(a)anthracene

- &inothylbonzanthracenes

- benzo(k) fluoranthene

- benzo(b)fluoranthene

- benzo(a)pyrene/benzo(e)pyrene/perylene
.- 3-methylcholanthrene

- dibenzo(a,ﬁ)pyrene' '

- dibenzo(a,i)pyrene

- dibenz(a,h)anthracene

- dibenz (a,c)anthracene

- indeno(l,2,3-c,d)pyrene

- 7H-dibenzo(c, g)carbazole

Source locaticns

Burning or potentially-burning coal refuse piles, outcrops, and mines
are linked to coal mining and coal preparation plant locations. No recent
;nformgtion on the sources of burning refuse piles, abandoned mines, and
outcrops could be identified from the Bureau of Mines or the Office of'
Surface Mining. Data for 1972 indicate that West Virginia, Pennsylvania,
Virginia, and Kentucky accounted for 84 percent of all burning refuse piles
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and West Virginia and Pennsylvania accounted for 87 percent of the burning
refuse impoundments. Given that these States are still major coal mining

areas, their status as leading sources of burning refuse sites is probably
161 ' .
still valid.

In January 1976, there were 441 fires in abandoned coal mines and
outcrops. These fires occurred in 18 coal producing States, with Montana,

Wyoming, Colorado, and New Mexico accounting for 66 percent of the fires.

A list of States containing burning coal refuse pPlles, outcrops, or
abandoned mines is presented in Table 78.161

PRESCRIBED BURNING AND UNCONTROLLED FOREST FIRES

Process Description

Prescribed burning is defined as the application and confinement of
fire in forest and range management under specified conditions of weather,
fuel moisture, and soil moisture that will accomplish planned benefits such
as fite hazard reduction,.controltof understory species,;see&bed and éite

preparation, grazing enhancement, wildlife habitat improvement, and forest

tree disease control. It differs from uncontrolled forest fires in that it
1s used only under controlled conditions and is managed so that beneficial
effects outweigh costs and possible detrimental impacts. Uncontrolled

forest fires refers to fires that are started naturally (lightening),

accidentally, or intentionally in forests that burn and spread in generally

unpredictable patterns. ?Prescribed ourning and uncontrolled rorest fires
are both potential sources of POM emissions because combustion in these
environments is inefficient and incomplete due to the high moisture content

and varying composition of the materials burneq, 162-164

The firing techniques employed in prescribed burning depend on the kind
of area to be burned and on local burning conditions. The predominant

burning techniques are backing fire, heading fire, ring fire, and

321



TABLE 78. BURNING COAL REFUSE PILES, IMPOUNDMENTS, ABANDONED

MINES, AND OUTCROPS IN THE UNITED STATES BY STATE

l6l

a a Abandoned
—Refuse Piles . Mines and
State Active Inactive Active Inactive Outcrops
Alabama 7 1 4 12 ...
Alaska 1 4 1 --- 7 -
Arizona -- -- --- --- 30
Arkansas -- --- .- —--
Colorado 8 37 --- - 66
Illinois 9 0 2 -
Indiana .- —-- .-
Kentucky 28 90 1 94 6
Maryland 1 -- --- --- 2
Montana 2 12 ce- “a- 105
New Mexico 4 16 --- --- 39 -
North Dakota 0 9 --- .--- 18
Ohio 7 2 0 3
Oklahoma -- -- .. .e- 1
Oregon 0 1 ... --- e
Pennsylvania 37 123 16 43 37
South Dakota -- -- --- --- 3
Tennessee 1 3 0 4 —--
Texas -- -- .- --- 1
Tta 0 7 0. 2 23
Virginia 30 76 20
Washington 0 4 0 1
West Virginia 79 48 41 42
Wyoming 0 19 0 2 80
TOTAL 206 467 65 225 441
21972 data.

Indicates not presently burning but could burn.

€1975 data.

dDash indicates that data were not reported by a State.
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area-ignition. Often, combinations of these techniques are used at a single

burning site. A fifth method of burning known as pile and windrow fires
also exists but is not used frequently.163

Backing fires are ignited on the downwind side of an area and permitted
to spread against the wind. The advance of the active burning zone is slow
and most of the fuel is consumed within this zone. In this way, smoldering
time for the fuel is reduced, and total combustion efficiency of the fire is
increased. The backing fire produces the least fire intensity of all
techniques, having slow spread rates, a narrow burning zone, and short
flames. It therefore lends itself,to use in heavy fuel accumulations and in

removing understory growth and debris where an overstory of crop trees
163 :
exists.

Heading fires are ignited on the upwind side of an area and spread with
the wind. The active burning zone moves rapidly from fuel element to fuel
element. Under these conditions, many fuel elements are not consumed
completely in the active burning zone. A rather largé zone of smoldering
fuel is left behind, producing large quantities of products of incomplete
combustion. This technique is employed in lighter fuels if the amount of
heat produced will not scorch overstory tree crowns. Heading fires are also

preferred for control of brownspot disease in longleaf pine.‘L63

Ring firing is accomplished by igniting the perimeter of the intended

burn area and allowing the fire to burn towards the center. This technique

results in a rapid, relatively hot fire and finds particular application in

zzducing Cimber-harvesting wasidues in olearscus zvass ~0°

-4 s alilae IS8 .

Area-ignited fires are set by igniting the intended burn area in many

individual spots and allowing individual fires to burn in all directions as

they come together. This type of fire is frequently employed in clearcut

areas when a rapidly-developed and high-rising convection column is desired.

It will have high variability in burning intensity as junction zones of
increased intensity form.163
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Pile and windrow fires are used in management programs to effect more
complete consumption of large pieces of material, such as logging residue.
When hand-piling is practiced,‘the objective is to dispose of only the fine
fuels and the smaller diameter branchwood. The preferred firing technique
calls for igniting the finer fuels around pile perimeters to obtain rapid
heat buildup, permitting the larger fuel elements to become ignited and
consumed. The extreme fire intensity may adversely affect the soil

immediately beneath piles. In poorly conducted operations, piles and

_windrows may contain large amounts of soil when machine piled. This may

result in areas which burn and smolder for days.163

In addition to firing techniques, emissions from prescribed burning and
uncontrolled forest fires are affected primarily by environmental factors
and fuel conditions. The most prominent environmental factors influencing
emissions are wind speed and direction, rainfall history, and relative
humidity. Secondary environmental factors include degree of cloud cover,
air temperature, atmospheric stability, and degree of land slope. Wind
speed, wind direction, and, to a lesser extent, slope of land all determine
how fast a heading fire or a backing fire will spread. Generally, a faster

moving fire front burns less efficiently, producing more smoldering and

greater ¢-1missions.163 '

The most important fuel characteristics affecting emissions from
burning are fuel moisture content and fuel loading (i.e., amount of fuel
per unit area). Fuel arrangement and fuel species composition (i.e., fuel
type, fuel age, and fuel size) are also key variables affecting emissions.
digh moisturs content reduces combustion afficiency, which in zurn produces
greater emissions. Fuel loading level is directly related to emissions, the
more fuel burned, the greater the emissions. Fuel arrangement can affect
burn intensity and completeness by affecting air supply and it may influence
the fire spreading patternl Fuel composition affects emissions in several
ways. Different fuels (wood, grass, brush, leaves) have varying
compositions, which upon combustion, produce different qualities and

quantities of emissions. Fuels of differing ages contain varying moisture
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TABLE 82.

DISTRIBUTION OF PRESCRIBED BURNING IN

THE UNITED STATES IN 1984

a,l66

Forest
Service Region

States Included

Total Acres Burned

TOTAL

i
|
L 10
|

Idaho
Montana

Colorado
Nebraska
North Dakota
South Dakota

Wyoming

Arizona
New Mexico

Nevada
Utah

California

Washington
Oregon

Alabama
Arkansas
Florida
Georgia
Kentucky
Louisiana
Mississippi
North Carolina
Oklahoma

South Carolina
- Tennessee
Texas

Virginia

All others not in
1-8 or 10

Alaska

35,132

19,149

34,860
28,624

91,313

159,006

525,782

10,039

1,123

905,028

a1984 in this case means fiscal 1984,

; There is no Forest Service Region 7.
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vegetation dries. Recent bannings on the use of once major herbicides, such
as 2,4,5-T, have greatly limited the use of chemical treatment as an

altermative to prescribed burning.163

Improved utilization is an attractive alternative to prescribed burning
that encompasses both improved harvesting techniques that generate less
slash material and new end uses for material that is normally burned.
Examples of improved harvesting methods that are being used or under

development include: ‘“

- directional felling to reduce log breakage,
- prelogging or postlogging to recover small diameter timber,
- better handling techniques that will accept material normally

discarded as slash, and

- design of contractual agreements to encourage recovery of small

size material.

The elimination of any form of treatment including prescribed burning
poses no immediate adverse effects to the environment, but it does not
accomplish any of the benefits for which prescribed fires are used.
Moreover, no treatment for extended periods of time can lead to increased
risks of losses due to wildfire, insect infestation, and diminished species
diversity and site productivity. The no treatment option cannot be

considered a viable alternative in most situations.

When prescribed burning is used, emissions control and/or emissions
impact reduction can be effacted by utilizing low 2mission ruel condicions,
firing techniques, and meteorological conditions. Fuel conditions can be

optimized and overall emissions reduced by:

regulating the time between burns to control fuel loading,

- burning at lower fuel moisture contents, and

modifying fuel arrangement to facilitate better air flow and more

intense and complete combustion.
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The ability to reduce emissions by altering the firing technique is
limited because firing techniques are dictated by the type of fuel to be
burned and the objectives of the prescribed burning. However, field and
laboratory tests have indicated that different firing techniques do have

varying levels of emissions. For example, backing fires emit less
particulate matter than heading fires.]'63

Utilizing meteorological conditions to minimize the impact of
prescribed burning emissions involves burning when conditions afe best for
directing emission plumes away from receptor areas and for obtaining maximum
atmospheric diffusion of the plumé.. The key factors to examine in
determining the optimal emissions dispersion period or situation are mixing
height, atmospheric stability, wind speed, and wind direction. Emissions

dispersal is optimal when the atmosphere is unstable and the mixing heighf
is high above the earth's surfacé.163

A special stability situation occurs when there is an inversion layer
in which the air temperature increases with height. An inversion layer acts
as a 1lid that tends to trap rising emissions near ground level.
Consequently, prescribed burning is often precluded when an inversion layer
is present. Conversely, inversions lower in elevation than the area where
prescribed burning is being done tend to limit emissions below the inversion

height. In this way, valleys are often buffered from emissions due to

burning at high mountain elevations.163

Currently, the use of meteorological scheduling to specify times for

prescribed burning, for the purpose of reducing emission impacts, is

Prevalent.

No POM emission factor data exist that are based on tests of actual

Prescribed burning or uncontrolled forest fires. However, emission factor

data have been developed by the United States Forest Service by simulating
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forest burning conditions in a laboratory. In these tests, various loadings
of pine needles were burned on a metal table equipped to change slope to
simulate wind effects. All emissions from burning were channeled through a
large stack where particulate matter was collected by a glass fiber filter
in a modified high-volume sampler. Collected samples were analyzed for POM

compounds by GC/MS. The results of these tests are given in Tables 79, 80,
165
and 81.

In Table 79, individual POM species and total POM emission factors
measured for backing and heading fires are presented. These data indicate
that bacﬁing fires would generate considerably greater POM emissions than
heading fires. With heading fires, the highest emissions were produced by
the maximum fuel loading case (2.4 kg/mz). Somewhat unexpectedly, the

highest emissions from backing fires occurred with the minimum fuel loading

case (0.5 kg/mz).165

As shown in Table 79, the predominant POM compounds found in backing
fire emissions are generally different from those found in heading fire
emissions. In backing fire emissions, chrysene/benz(a)anthracene, pyrene,
and methyl pyrene/fluoranthene are predominant. Benzo(a)pyrene constitutes
on average about 2 percent of total POM. In heading fire emissions,
anthracene/phenanthrene, methyl anthracene, methyl pyrene/fluoranthene, and
pyrene are the most prevalent compounds.165 Benzo(a)pyrene constitutes on

average only about 0.4 percent of heading fire total POM emissions.

The difference in POM emissions during the flaming and smoldering
phases of a fire are illustrated in Table 80. The smoldering phase would be
expected to produce greater POM emissions because combustion processes

during smoldering are very {nefficient. The data in Table 80 confirm this
éxpectation.165

Polycyclic organic matter and benzo(a)pyrene emissions, as a function
of total suspended particulate emissions from burning pine needles, are
given in Table 81 for backing and heading fires.165

328



' Twad1sd 7 pue g waamiag P3TIEA W33U03 3anivrom [any
! q

ssuni Bur[dmes 31®11dnp jo aBeiaaw ayy jJuasaidas S1|n8dy  cpauing {an1 Jo Ty/fn 318 sytun 210108} uoIss Tury
. 4

we'ee 695° 91 T€9°L 6%2' 01 SEL' ST 0sL 1t HOd TVIOL

. —— — _— .a—c 600°'1 181°'9 ueu._ K13d(1°y*B)yozung
) --- --- - 691 $S9 82°y dus1kd(p'a-g*Z* [)ouapu)
<99 861 <9 : v8¢ €96 78¢'9 saudakdozuaqy Ky1.y

97 124 € vel 861 821 auahaay

144§ 8L 19 . 089 T | 98¢ aua1kd(a)jozuay

119 L6 oy x4 , 1111 yey' e sud1id(w)ozuag

1£24 (141 91 818 91z’ s€8'21 s3udyiurion jozuag

6561 82°1 1414 i 168° 1 €SL Ll ) duaskay Kyyay

9¢8 €96 18¢ €€o'z 8zz's LA 14 2uade1yIUR( ¥)2Uaq/Iuas K1y,

SL1 44 L4/ 89y 208 1 s¥g'g audayluruayd()ozung

11 A¥4 299'1 ‘ o¢! 6z 1 9%z 08¢°'81 udqruwaonyj/auaakd [4hyray

£ET' 1 616 1E4 00 § ¥80° [ zor‘e 10y* 0T auaky

1501 v ) 19 189 oY1z £9S v1 audyjurioniy

(. 119°¢ S9%‘y LS0°1 (144 i 00%‘6 Juadwague [Ayiay
89.°9 ve's 1143k 8s ‘ 681°2 181°z1 aua.1yjuwua yd/euaovryiuy

/3y Pkt ¥ so. MMyt Pt Eaka Rl punodmo) wo4

83317 SUTP¥SH V33T WuroEg

moﬂmm?_. 4Y¥14 A4 SATAAAN ANId ONINENE HO¥4 SHOLIVA NI SIHT WOJ ALvIND ILavd  t6f A4Vl

[SURUUR]

329



e

HlIs‘1g 68¢’8 yze' 9 L1 M 6LL 1 160°% ROd TVLO1
- ——— -—— ——— . - sudjhaad(1'y‘3)ozuaq
_— — ia — -~ —— auaxkd(p*a-¢*Z’ 1)oudpul

690 1 St vot z¢ 16¢€ 61 souaizkdozuaqhyray

19 L 4% 141 €€ 1 1% auath19

oz 8 Tot <Yy 111 % auaikd(a)ozuag

oyl 9¢ 111 o 001 €€ audikd( w)oruag

L€ 06 174 ) 69 661 8Lt sduayjueion|jozuag

062°C 99y 6861 £t L6y €9z sussk1yd[Ay13u

086 879 69¢ (114 yze'l 144/ uddeIyIUN( ®)2uaq/Iuds k1)

et 6Ll 681 143 L6€ 144 aua1yjuvuayd( 3)ozudg

9%6E' ¢ 9¢0° 1 1062 96y €8€°2 SSY suayjueionyy feusahd (AyIau
16z°1 288 L1 4 14 8.0'¢C 0sL . u1hy
reg’y 144 ] 9IS 1 "wt ue'e 134 ' Juaqiusionyy
0y 606" 1 c61°s 99 Tig'e 6€¢ sussvayIue [Ayr19M
16L°8 15e'e 9%0'6 <98 6%0°L 1z9't aua1yjusuayd /auddesyiuy
Sujzaplomg Surme(y Suta3p [omg Surwe 13 Sataep jomg Surme iy punodwo) HOd
AL «dwuw (3] s

TIAKL kq $5713 BUIPEIH

AWI4 ONIAVIN - SASVHA FULJ AR ST I0HIN NI
ONINSNE WOU4 SHOIOVA NOISSIHA WOd ALVINDILHVE  °08 14Vl

S91

330



r~

iﬂ

b

TABLE 81.

TOTAL POM AND BENZO(A)PYRENE EMISSION FACTORS FROM

BURNING PINE NEEDLES AS A FUNCTION OF TOTAL
SUSPENDED PARTICULATE MATTER EHISSIONS165

Fue} Loadin Total POM a Benzo(a)pyreng

Fire Type kg/m~ (1b/ft Emission Factor Emission Factor™’
_ Backing 0.5 (0.1) 13,982 274
Backing 1.5 (0.3) 6,254 135
Backing 2.4 (0.5) 4,084 98
Heading 0.5 (0.1) 873 3
Heading 1.5 (0.3) 399 2
Heading 2.4 (0.5). 392 2

aUnits of the emission factors are u
suspended particulate matter emitte

g of POM or benzo(a)pyrene per g of total

Emission factors represent only particulate matter POM and benzo(a)pyrene.
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Source Locations

Information provided by the U. S. Forest Service indicates that the
majority of prescribed burning in the United States occurs in the
southern/southeastern part of the count:ry.166 As shown in Table 82, almost
60 percent of national prescribed burning in 1984 was performed in the
southern/southeastern region (Forest Service Region 8). The second most
prevalent source of prescribed burning in 1984 was the Pacific Northwest
which constituted almost 20 percent of the total. California was next in
importance of prescribed burning in 1984 with 10 percent of the national
total.

The locations of uncontrolled forest fires are not as definable as
prescribed burning sites, but the historical record of fires and a knowledge
of the locations of primary forest resources can be used to estimate where
the majority of forest fires are likely to occur. The southern region and
the western part of the country (including California, the Pacific
Northwest, and western mountain States) appear to represent the greatest
potential for POM emissions from forest wildfires.lsa Forest Service data
for 1983 indicate that the southern/southeastern region of the United States
constituted 67 percent of the total number of acres burned by wildfires
nationally. The western regions of the country contained 17 percent of the
wildfire burned acreage. The northern region (Idaho, Montana, North Dakota)

of the country contained another-6 percent of acreage destroyed by
167
wildfires.

AGRICULTURAL BURNING
Process Description
Agricultural burning involves the purposeful combustion of field crop,

row crop, and fruit and nut crop residues to achieve one or a combination of

desired objectives. The typical objectives of agricdltural burning are as
follows.lsz'168
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TABLE 82.

DISTRIBUTION OF PRESCRIBED BURNING IN

THE UNITED STATES IN 1984

a,l66

Forest
Service Region

States Included

Total Acres Burned

TOTAL

i
|
L 10
|

Idaho
Montana

Colorado
Nebraska
North Dakota
South Dakota

Wyoming

Arizona
New Mexico

Nevada
Utah

California

Washington
Oregon

Alabama
Arkansas
Florida
Georgia
Kentucky
Louisiana
Mississippi
North Carolina
Oklahoma

South Carolina
- Tennessee
Texas

Virginia

All others not in
1-8 or 10

Alaska

35,132

19,149

34,860
28,624

91,313

159,006

525,782

10,039

1,123

905,028

a1984 in this case means fiscal 1984,

; There is no Forest Service Region 7.
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- removal and disposal of agricultural residue at a low cost

- preparation of farmlands for cultivation .
- cleaning of vines and leaves from fields to facilitate harvest
operations

- disease control

- direct weed control by incinerating weed plants and weed seeds

- indirect weed control by providing clean soil surface for
soil-active herbicides

- selective destruction of mites, insects, and rodents

Th§ types of agricultural waste subject to burning include residues such as
rice straw and stubble, barley straw and stubble, wheat residues, orchard
prunings and natural attrition losses, grass straw and stubble, potato and
peanut vines, tobacco stalks, soybean residues, hay residues, sugarcane

leaves and tops, and farmland grass and weeds.

Polycyclic organic matter are created and emitted during agricultural
burning because mixing between the fuel (agricultural residue) and ambient
air is poor and because combustion gases from burning are effectively
quenched by surrounding ambient air. Poor mixing creates pyrolytic (oxygen
deficient) combustion conditions leading to lower temperatures, less
efficient combustion, and POM formation and release. Rapid quenching of
combustion gases by the huge volumes of air surrounding agricultural burning
enhances incomplete combustion, thereby permitting the increased release of
unburned hydrocarbons like POM. Polycyclic organic matter may be released
from agricultural burning in gaseous form or as a liquid aerosol condensed

. . 182,163
on solid particulate matter.

Potential POM emissions from agricultural burning are related to
factors affecting waste combustion efficiency. Waste combustion efficiency
is influenced by environmental variables, fuel conditions, and the type of
burning or fire management techniques used. Environmental variables .
affecting combustion efficiency and resultant POM emissions include air

temperature, soil moisture, relative and/or absolute humidity, and wind
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. Creates a longer waste residence time in the combustion zone

speed and direction. Of the environmental variables, wind speed is the most
importint factor affecting potential POM emissions. Conditions of the fuel
(wvaste) potentially affecting POM emissions during burning are moisture
content, fuel composition, and fuel density. Higher moisture contents and
greater fuel densities generally correlate to increased POM emissions
because either or both of these conditions tend to reduce overall combustion
efficiency. The key fire management techniques influencing POM emissions
from agricultural burning are the type of burning used, backing fire or

heading fire, and the fuel loading level (i.e., the amount of waste burned
in a defined area).

The dbility to reduce POM emissions from agricultural burning is
primarily related to altering combustion conditions to optimize combustion
efficiency. Reducing fuel moisture content has been shown to markedly
reduce overall emissions from agricultural burning. A similar trend would
be expected for POM emissions because combustion temperatures would be
higher with dryer fuel and combustion would be more intense. Evenly
distributing wastes prior to combustion would aid drying activities and
facilitate more thorough combustion. Waste moisture content is

predominantly influenced by environmental conditions. Although not directly

controllable, environmental conditions can be optimized in terms of their

positive effects on reducing waste moisture content. Lower humidity, higher

air temperatures, and higher wind speeds would tend to reduce waste moisture
levels.

The use of backfiring (fire progresses in a direction opposite to that
of the wind) instead of headfiring (fire progresses in the same direction as
the wind) techniques for agricultural burning has been shown to

significantly reduce overall particulate emissions. Because backfiring

, combustion
should be more complete and potential POM emissions less.168

The most effective means to control POM emissions from agricultural
burning is to find alternatives to combustion as a means for accomplishing

field sanitation, residue removal, and residue disposal. The most common
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method of disposing of crop residues is to incorporate the material back
into the soil by tilling. This technique only accomplishes residue
disposal. Field sanitation is not addressed; however, it may not be an
objective in all cases. Mechanical removal of residues is a possible option
to burning; however, it is generally expensive, it does not address field
sanitation, and the problem of waste disposal still exists once all wastes

have been collected. If agricultural burning is only being performed for

"'field sanitation purposes, chemical applications may be a suitable

alternative to burning. The effects on the environment of applying
herbicides, fungicides, and pesticides to areas for weed, disease, and pest
control would have to be weighed against the potential air emissions from

burning.168

As with other types of open burning, meteorological scheduling can be
used to lessen the impact to receptor areas from agricultural burning
emissions. Utilizing meteorological conditions to minimize the impact of
agricultural burning emissions involves burning when conditions are best for
directing plumes away from receptor areas and for obtaining maximum
atmospheric diffusion of the plume. The key meteorological factors acting to
potentially bring about these conditions are atmospheric mixing height,
atmospheric stability, wind speed, and wind direction. Generally, optimal
conditions for burniﬁg would be the existence of an unstable atmosphere and a

high atmospheric mixing height.

Emission Factors

Few POM emission factors exist for agricultural burning. The factors
that are available pertain only to benzo(a)pyrene. Burning of whole sugar
cane residue was found to produce a particulate benzo(a)pyrene emission
factor of 0.00027 kg/Mg (0.00053 1lb/ton) of waste burned. Particulate
benzo(a)pyrene emissions from burning sugar cane leaf trash were found to be
0.00021 kg/Mg (0.000462 lb/ton) of waste burned.®®
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Additional POM emission factors that may be applied to certain types of
agricultural burning are provided in the discussion in Section 4 on
Miscellaneous Open Burning.

Source: Locatjons

Agricultural burning is directly correlated with States having a
51gnificant agriculture industry. Major agricultural States comprising the
majority of agricultural burning include California, Louisiana Florida,
Hawaii, North Carolina, Mississippi, and Kansas.162

MISCELLANEOUS OPEN BURNING

The miscellaneous category includes any and all open burning activities
not covered in the discussions on coal refuse banks, prescribed burning,
forest fires, and agricultural burning. The most readily identifiable types
of open burning in the miscellaneous category are municipal refuse open
burning; open burning of automobile tires, bodies, and components; open
burning of waste railroad ties; and burning of landscaping refuse (grass
clippings, leaves, and branches). The purpose of burning in most of these
cases 1s volume reduction to facilitate easier final disposal of the wast
material. In the case of automobile body burning, burning is performed
to expedite the recovery and recycling of usable metal in the automobiles by

removing all organic materials (plastic, vinyl, etc.).l7o

The procedure of open burning in anv of the miscellaneous categories is
relatively simple. The material to be burned (domestic trash, leaves, ecc.)
is collected and aggregated in an open space fully exposed to the
atmosphere. The materials are ignited and allowed to burn and smolder until
all combustible material is consumed or the desired degree of volume
reduction is achieved. Combustion efficiency in such operations is typically
poor. Potential POM emissions from such operations are highly variable
because waste moisture content and combustion conditions (air flow, oxygen

levels, waste configuration, degree of exposed surface area) are quite
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variable from site to site and within the same site. In addition, some
wastes may contain organic constituents that are precursors to POM compounds

or that accelerate POM compound formation.

Generally, there are two means to control POM emissions from
miscellaneous open burning--enclosure of the burning with exhaust
ventilation to standard control devices and prohibition of open burning. In
most areas of the United Sates, open burning of municipal refuse, o
automobiles, and grass, leaves, etc., has been greatly restricted, and in
the case of municipal refuse and automobiles, completely prohibited. Open
burning of grass and leaves has been controlled by reduiring collection

agencies and the general public to have permits for burning.

The available emission factor data for open burning of municipal refuse
automobiles, and landscaping refuse are presented in Tables 83, 84, and
82
85,

sets of open burning tests. One set of data was measured in the smoke

The data in Table 83 represent measured POM emission factors from two

plumes during outside open burning of municipal refuse, automobile tires,
automobile bodies, and landscaping refuse. A second set of data was
measured in a laboratory research facility designed to simulate and
characterize open burning emissions. The laboratory experiments also burned

. < . 82
automobile components, municipal refuse, and landscaping refuse.

In Table 84, the results of the laboratory open burning tests are
presented as a function of the amount of waste burned as opposed to being a
funczion of total particulatz mattar 2missions as in Table 33. The Zfactors
in Table 84 could be determined for the laboratory open burning tests
because all conditions of the tests such as emission rates, flow rates,

waste throughput, etc., could be controlled; whereas, conditions could not

be duplicated or controlled outdoors.
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TABLE 85. POM EMISSION FACTORS FOR THE OPEN BURNING OF MUNICIPAL
REFUSE, AUTOMOBILES, AND LANDSCAPING REFUSESZ’167

Type of Open Burning

Total POM
mg/kg of

Waste Burned

e i o
Benzo(a)pyrene

mg/kg of
Waste Burned

o

Municipal Refuse
Automobile Tires
Automobile Bodies
Automobile Components

Grass, Leaves, and
Branches

Leaf Burning (red oak
leaves)

Leaf Burning (sugar

~maple leaves)

Leaf Burning (sycamore
leaves)

Leaf Burning (composite
of red oak, sugar maple,

and sycamore leaves)

12.0 - 18.7

0.5% - 4.7

2402

1102
190 - 260

2.5 . 9.2

1.2 - 78°

b

13.4 - 22.1b

10.2 - 21.8°

0.088% - 0.340

553

142

20 -.29

0.30 - 0.35

0.097 - O.Alb'

Not detected - 0.7
b,c

0.27 - 0.54

0.12 - 0.28°:¢

[

9b,c

#These emission factors were calculated from the smoke plume POM emission
factors given in Table 83 (Reference 82) and the emission factors for total
particulate matter emissions given in AP-42 for open burning. The AP-42

particulate emission factors used are as follows:

municipal refuse -

8.0 kg/Mg; automobile components - 50 kg/Mg; landscaping refuse - 8.5 kg/Mg.

Factors were developed by sampling at a leaf burnin
a glass fiber filter and a Tenax adsorber.
The POM compounds detected include anthracen

g research facility us

anthracenes, fluoranthene, pyrene, methyl pyrene/fluoranthene, benzo(c) -
phenanthrene, chrysene/benz(a)anthracene, methyl chrysenes, benzo-

fluoranthenes, benzo(a)pyrene/benzo(e)pyrene, perylene, methylcholanthrenes,
indeno(1,2,3-c,d)pyrene, benzo(g,h,i)perylene, dibenzo(a,h)anthracene,

dibenzo(c,g)carbazole, dibenzo(a,i and a,h)pyrenes,

and coronene.

c .. .
Benzo(a)pyrene emission factors from these tests represent combined
benzo(a)pyrene and benzo(e)pyrene emissions.
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Samples were analyzed by GC/MS.
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Although emission factors for POM from open burning of creosote
railroad ties have not been quantified, this type of open burning has been
shown to produce emissions containing several POM compounds.171 The POM

compounds that have been identified are listed below.171

- naphthalene

acenaphthylene
fluorene
acenaphthene
phenanthrene
anthtaceﬁe
fluoranthene

pyrene

chrysene
benz(a)anthracene
benzo(b)fluoranthene
benzo(k)fluoranthene
benzo(a)pyrene
dibenz(a,h)anthracene
o-phenylenepyrene

benzo(g,h,i)perylene

benz(a)anthracene, benzo(a)pyrene, and dibenz(a;h)anthracene.-
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SECTION 5
SOURCE TEST PROCEDURES

Several sampling and analysis techniques have been employed for the
quantification of POM. The selection of sampling and analytical techniques

~—is driven by the nature of the emissions source, the quantity of POM

present, and thé specific POM compounds of interest. With the exception of
real time techniques, quantification of POM involves three steps:

(1) sample collection, (2) sample recovery and preparation, and

(3) quantitative analysis. This section briefly describes general
methodologies associated with each of these steps that have been published
in the literature. No attempt has been made to produce an exhaustive
listing or a detailed déscription of the many methodologies that have been
used. The purpose of this section is to present basic sampling.and analysis
principles and examples of how these principles have been applied to various
emission sources. The presentation of these published methods in this
report does not constitute endorsement or recommendation or signify that the
contents necessarily reflect the views and policies of the U. §.

Environmental Protection Agency.

SAMPLE COLLECTION METHODS

The major objective of POM measurement is the quantitative capture and
recovery of both particle-bound and vapor phase constituents, while
simultaneously preserving the integrity of the sample. A second important
factor in sample collection is the ability to capture sufficient quantities
to allow subsequent chemical analysis. Although collection methods take'
different forms, most are similar in principie, utilizing both filtration
and adsorption collection techniques. This section pPresents an overview of
some of the more prevalent POM sample collection methods as applied to

(1) stationary sources, (2) mobile sources, and (3) fugitive sources and/or
ambient air.
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Stationary Sources--

Collection of POM material from stationary sources is generally
achieved by using a sampling system that captures both particulate and
condensables.l'a The most prevalent method is the Modified Method 5
Sampling Train (MM5) which is equipped with a sorbent resin for collec;ion
of condensables. Another method, the Souxce Assessment Sampling System
(SASS), a high volume variation of MM5, has found application when large
sample sizes are required. Methods which are not specifically designed to
optimize collection of condensables have also been used and are reported in
the literat:ure.a’5 A brief description of the MM5 and the SASS trains is
provided. General characteristics of each method are compared in Table 86.6

A detailed procedures manual describing each of these methods is available
in a separate report. '

Modified Method 5 (MMS)--The MM5 sampling train (shown in Figure 40) is
an adaptation of the EPA Method 5 train commonly used in measuring
particulate emissions.7 The modifications are the addition of a condensor
and a sorbent module between the filter and the impingers. The condensor
cools the gas stream leaving the filter and conditions the streams prior to
entering the sorbent module. The sorbent module contains a polymer resin
designed to adsorb a broad range of volatile organic species.' A variety of
resins have been used including Tenax, Chromsorb 102, and XAD-2, with XAD-2
being the most widely recommended for vapor phase organic compounds
including POM.8 After the sorbent trap, the sample gas is routed through
impingers, a pump, and a dry gas meter. The MM5 train is designed to
operate at flow rates of approximately 0.015 dscmm (0.5 dsefm) over a 4 nour

sampling period. Sample volumes of 3 dscm (100 dscf) are typical.

A major advantage of the MM5 train is that the method provides both a
quantitative sample for POM analysis and a determination of particulate
loading (front half filterable particulates) comparable to EPA Method 5. A

disadvantage is that large sampling periods are required to collect enough
sample to support chemical analysis.
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TABLE 86. COMPARISON OF MODIFIED METHOD 5
TRAIN/SASS CHARACTERISTICS6

Characteristic MM5 Train SASS
Inert materials of construction Yes No
Percent isokinecity achievable 90 - 110 70 - 1502
Typically used to traverse Yes No
Particle-sizing of sample . No Yes
Sample size over a 4-6 hour 3 -30
period (dscm)
Sampling flowrate (dscmm) 0.02 - 0.03 0.09 - 0.14

[ET .
.

aAssuming reasonably uniform, non-stratified flow.
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Figure 40. Schematic of a Modified Method 5 sampling train.
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wmz_&ﬂ:ﬂ_(ﬂm"me SASS train (shown in
Figure 41)9 is a multi-component sampling system designed for the collection
of particulate, volatile organics and trace metals. Three heated cyclones
and a heated filter allow size fractionation of the particulate sample.
Volatile organic material is collected in a sorbent trap containing XAD-2
resin. Vblatilg inorganic species are collécted in a series of impingers
before the sample gas exits the system thrbugh a pump and a dry gas meter.
Large sample volumes are required to ensure adequate recovery of sample
fractions. The system is designed to operate at a flow rate of 0.113 scmm
(4.0 scfm). Sample volumes of.30 dsem (1000 dscf) are typical.

An advantage of the SASS téain is that the sample is collected in a
manner that allows a determination of the amount of POM associated with each
of the particle size fractions. Another advantage is the large quantity of
sample collected, which makes SASS the sampler of choice when a large
variety of chemical and bioassay analyses are desired. A disadvantage to
using the SASS train is that the system is not designed to have the ability
to traverse the stack. Also,kthe need for constaﬁt flow to assure proper
size fractionation rendeés the SASS train less amenable for compliance

determinations since isokinetic conditions are not achieved. 1Isokinetic
conditions can be maintained at the sacrifice of particle sizing capability,
Another drawback includes potential corrosion of the stainless steel

components of the SASS train by acidic stack gases.

Mobile Sources--

Two general approaches have been used for sampling

The first and most widely used

vehicle exhausz ?PCH.
is a dilution tube sampling arrangement

identical to the system used for measuring criteria pollutanfs from mobile
sozm.l:'ces.]'o.12 The second approach involves direct sampling of raw exhaust

gases using condensation techniques.lz’13 The following subsections provide

an overview of each of these approaches,

Dilution Techniques--Dilution techniques have been widely used for
sampling auto exhaust since in theory, dilution helps simulate the

conditions under which exhaust gases condense and react in the atmosphere.
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Both regulated and nonregulated emissions from mobile sources are sampled
using dilution techniques. 10,11,14 Figure 42 shows a diagram of a vehicle
exhaust dilution tube and sampling arrangement.12 Vehicle exhausts are
introduced at an orifice where the gases are cooled and mixed with a supply
of filtered dilution air. The diluted exhaust stream flows at a measured
velocity through the dilution tube and is sampled isokinetically. Many
investigators have reported particulate-bound POM concentrations based on
filter samples collected from the diluted exhaust s:t:ream.ls-18 Other
investigators have coupled filtration and adsorption techniques for the
purpose of capturing both gas phase and particulate bound POM.IQ-21

Table 87 shows a distribution of particulate bound and gas phase POM
collected from vehicle exhaust.22 As seen in the table, and confirmed by
other investigators, substantial amounts of light three and four ring POMs
(as polycyclic aromatic hydroéarbons) exist in the gas phase.zz’23 An
example of a filtration/adsorption sampling arrangement is shown in

Figure 43.24 Particle-bound POM is captured by filtration, while a
polymeric adsorbent trap located downstream of the filter collects gas phase

constituents. Commonly used adsorbent resins include XAD-2, Chromsorb 102,

and Tenax.19

The major advantage in using a dilution tube "approach is that exhaust
gases are allowed to react and condense onto particle surfaces prior to
sample collection, providing a truer composition of exhaust emissions as
they occur in the atmosphere. Other advantages are that the dilution tube
sampling arrangement is the reference method for sampling regulated
poilutants from venicle sxhausc, and che dilution -ube configuration :iilows
simultaneous monitoring of hydrocarbons, carbon monoxide, carbon dioxide,

and nitrogen oxides. Polycyclic organic matter sampling devices used in

“conjunction with dilution tube arrangements may consist only of filters for

collection of particle bound POM (compounds with five or more rings are
expected to be associated with particulate), or filtration/adsorption
techniques may be used for the collection of both particulate and gas phase
POM. Back-up adsorption techniques are generally recommended for complete
capture of POM because even particle bound POM will readily volatilize from

a filter and pass through in the sample air stream.
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TABLE 87. DISTRIBUTION OF POM IN THE PARTICULATE
AND GAS PHASE FROM VEHICLE EXHAUST.22

P

o
]

i 3 ey
. .

. H . N . ’

POM

Filter XAD Trap
Phenanthrene 40 16
Anthracene L 8 30
Fluoranthene 34 30
Pyrene 36 40 .
Chrysene + benz(a)anthracene 70 50
Benzo(e)pyrene 28 0:1
Benzo(a)pyrene 9 0.1
Benzo(g,h,i)perylene 31 0.2
Picene + dibenzoanthracenes 9 0.2
Anthanthrenes '13 0.2
Dibenzopyrene 3 0.2
Coronene 4 0.2
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Condensation Techniques--Polycyclic organic matter emissions from

vehicle exhausts have also been collected using cryogenic trapping. '
Condensation collection systems have been used with both diluted and raw

: vehicle exhausts. Figure 44 shows a condensation system for collecting POM
from raw vehicle exhaust.25 After initial filtration, the vehicle exhaust

L ~ 1s condensed using cryogenic vessels cooled by water, dry ice/ethanol, or

: liquid nitrogen. Water and other condensable components of the exhaust are

collected in the condensor and recovery flask. Both the condensate and the

collected particulate are analyzed for POM.

| Eseteire and sabtens samisng

{ - Sampl?ng of POM in ambient air, and from specifi:_i;gitive emission
sources has been described by several investigators. Ambient and
fugitive sampling procedures involve the collection of airborne particulate
by means of filtration or impaction. Some methods combine filtration with
adsorption techniques to ensure collection of vapor phase POM.

i

r High volume samplers are the most commonly used device for collecting
E; ambient particle-bound POM. These samples draw ambient air through a

20%x25 cm glass fiber filzer aﬁ ratss of 1.1-1.7 cmm (40-60 cfm).

Twenty-four hour sampling periods allow sample volumes of approximately

2039 cm (72,000 cf). An advantage in using high volume samplers is the
large quantity of sample that can be collected in a day. Disadvantages are
that the high flow rates and long sample periods can contribute to
breakthrough of the more volatile POM as well as potentially contributing to

] 21

L - - . - - 20,21
b the formation of artifacts.

;J Low volume samplers, which operate at about one tenth the flow rate of

high volumes, have been used by some investigators to collect particulate
bound POM.

Advantages in using low volume samplers are that breakthrough
and artifact formation problems may be less important than with high volume
samplers. The major disadvantage is the small sample size resulting from

use of a low volume sampler. Small sample sizes limit the number and type
of chemical analyses that can be performed.
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Figure 44. Condensation sampling system for raw
vehicle exhaust.
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The addition of adsorbent materials such as Tenax, Chromsorb 102,
XAD-2, and polyurethane foam downstream of filtration or impaction devices
have been described by some investigators.32-34 These adsorbent materials
collect breakthrough POM which evaporates from particulate during sample
collection. In addition, these materials collect vapor phase POM that are
typically not associated with particulate (e.g., compounds with less than
four rings).

SAMPLE RECOVERY

Quantitative recovery of POM requires the separation of POM from the
remainder of the collected material, as well as efficient removal from
collection media. Solvent extraction techniques which are commonly used for

recovery of POM from filters, adsorbent, and liquid media are briefly
described.

Soxhlet

Soxhlet extraction is generally recognized as the standard method for
pPreparing a POM-containing solvent extract of solid matrices.34 This
Cechnique is applicable for the extracrion of POM from both filter and
sorbent catches. This procedure has been specified as a standard reference
for extraction of POM by the American Society for Testing‘Materials, the
U. §. Intersociety Committee on Recommended Methods, and the U. S.

Environmental Protection Agency's Procedures Manual for Level 1
9,34

Environmental Assessment.

Filter samples are folded and placed directly in the extraction chamber

of the soxhlet. Polymeric resins are typically transferred to cellulose or

glass extraction thimbles and then placed in the soxhlet for extraction.

Recommended solvents and extraction periods vary depending on the sample

matrix and the collection media.35'36 Table 88 lists reported soxhlet

extraction recoveries of POM from various sample matrices using a range of
extraction periods and solvents.35
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Typical solvents used for extraction of POM from filters, include
methylene chloride, cyclohexane, or benzene.6'12'21’37 Some investigators
recommend an initial extraction with methylene chloride followed by
subsequent extraction with a more polar solvent such as methanol.38
Solvents for extraction of polymeric resins are typically chosen based on
the nature of the adsorbent. Methylene chloride followed by methanol is
commonly selected for extracting POM from XAD-2 and Chromsorb 102 resins.

Hydrocarbons, such as pentane followed by methanol, have been recommended

—for-extracting Tenax.39

Sonication

Ultrasonic agitation or sonication uses high intensity ultrasonic
vibration (~20 KHz) to enhance solvent sample contact. Extractions involve
the insertion of a sonication probe into the sample-containing extraction
vessel, or a sonication bath in which the sample-containing extraction
vessel is set. Filter samples are typically shredded and placed in a glass
extraction vessel along with solvents. Sonication is typically carried out
for periods ranging from a few minutes to one hour.ao Extracted POM are
then separated from insoluble materials using conventional filtration
techniques. Table 89 lists reported ultrasonic agitation recoveries of POM
from air particulate and coal fly ash using a range of extraction periods
and solvents. Recommended solvents include cyclohexane, benzene,

acetonitrile, tetrahydrofuran, and methylene ch].oride.l&2

Solvent Partitioning--

Solvent partitioning, or liquid-liquid extraction is the traditional
procedure for extraction from liquid sample matrices.9'43 The extraction is
typically performed in-a separatory funnel by agitation and shaking the

sample-containing liquid with a suitable solvent. Reported solvents include
methylene chloride and cyclohexane.44
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IDENTIFICATION AND QUANTIFICATION OF POM

A variety of analytical techniques have been used to quantify the POM
content of complex environmental samples. This section presents a brief

overview of the most commonly used techniques.
High Performance Liquid Chromatography (HPLC)--

The use of liquid chromatography for the determination of specific POM
compounds in complex environmental samples has increased significantly in
recent years. Detailed reviews are available in the literature that
describe various modes of separation, and applications of liquid
chromatography (LC) in the measurement of POM. 43-32 Although not offering
the high separation efficiency of capillary Gas Chromatography (GC), HPLC
offers three distinct advantages for POM analysis. First, HPLC offers a
variety of stationary and mobile phases which provide selectivity for the
separation of POM isomers not generally separated by GC. Second, HPLC
coupled with a fluorescence detector provides both sensitivity and
selectivity. Individual POM compounds have characteristic fluorescence
excitation and emission spectra, whereas isomeric POM have very similar if
not identical mass spectra. Finally, HPLC is an extremely useful
fractionation technique for che isolation of POM for subsequent analysis by

other chromatographic or spectroscopic techniques.

Gas Chromatography (GC)--

-
Y

Several studies have “een performed using zas chromatograph:

for the

separation and determination of POM in environmental samples. Detailed

reviews are available in the literature that describe various applications
of GC 53-56

The most frequently used detector for GC analysis of POM is the flame
lonization detector (FID). Its general response character makes it ideal

for several classes of compounds, but necessitates an extensive clean-up
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procedure prior to GC to eliminate possible interfering compounds. The
advantages of using FID include linear response, sensitivity, and day-to-day

quantitative reliability to routine determinations. Typical detection
limits are below 1 ng.

Numerous applications using the combination of Gas Chromatography and
Mass Spectrometry (GC/MS) are also described. EPA Methods 625 and 1625 are )
both GC/MS techniques for the determination of POM compounds.55’56
Advantages of GC/MS techniques include a high level of sensitivity for trace
level detection, versatility for the separatien of a large number of
compounds, and specificity for absolute identification. The marked

disadvantage is that it is significantly more expensive than other
techniques. '
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