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Particulate and Gaseous Emissions from Wood-Burning Fireplaces
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General Motors Research Laboratories, Warren, Michigan 48090-9055

B Particulate and gaseous emissions were measured from
three wood-burning fireplaces. An average of 10 g of
particles/kg of wood burned was emitted. The particles
were spherical with a mass median diameter of about 0.17
pm. Although the material is carbonaceous, the organic
carbon/elemental carbon split seems to depend on both
the wood type and the size of the log burned. Benzo[a]-
pyrene emissions as well as Ames tests results on the
particulate are reported. Continuous measurements of
gases indicated average emissions of 110 g/kg CO, 1.5 g/kg
HC, and 0.7 g/kg NO,. The emission values measured here
were used in conjunction with other measurements to
estimate the importance of wood burning in wintertime
Denver. Based on three estimating techniques, wood
burning accounts for 20-30% of the Denver wintertime
fine particulate.

Introduction .

Wood burning has recently been recognized as an im-
portant particle-emission source in certain areas of the
northern United States. For instance, as much as half of
the respirable particulate in a residential area in Portland,
OR, was attributable to wood burning (I). Recent wood-
burning emission studies have centered on wood-burning
stoves due to their rapid increase in recent years and the
oxygen-deficit conditions under which they operate (2, 3).

Less attention has been paid to fireplaces since their use
is not increasing as dramatically as wood stoves. However,
fireplace emissions are still an important factor as evi-
denced by the fact that 58% of new homes built in 1976
had at least one fireplace (4). Fireplace use is still much
more likely than wood-stove use in urban areas where
pollutant levels are highest. In addition, a recent study
of indoor air pollution from wood burning has shown
higher levels of polycyclic aromatics from fireplaces com-
pared to wood stoves (5).

A study of fireplace emissions has been completed by
using two residential fireplaces and a freestanding fireplace
installed in the laboratory. Measurements were made of
gas and particle mass emission rates as well as the size and
composition of the particles. On the basis of these findings
and ambient measurements, the influence of wood burning
on wintertime Denver particulate levels has been esti-
mated.

Sampling Procedures :

Over 40 fireplace tests were performed, both at resi-
dences and in the laboratory. Residential sampling was
conducted at two homes, both of which had brick fireplaces
built on an outside wall of the house. An aluminum
chimney extension with an 8-cm port was placed on the
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chimney, and the sample probe was inserted through the
port. The two residences had chimney heights from 4.5
to 5 m above ground level.

Laboratory sampling was conducted on a Preway free-
standing fireplace installed in the laboratory. The exhaust
gases were drawn by natural draft through a 20-cm diam-
eter flue pipe to the roof! The sampling port was located
2 m above the grate, and sampling equipment was posi-
tioned on scaffolding erected beside the fireplace. The
burning rate was monitored by recording the change in
mass of wood during burning. For this purpose, a weighing
bucket rain gauge was modified to hold a wood grate rather
than a rain bucket. The decrease in wood mass during
combustion was recorded continuously.

Emissions from five softwoods and nine hardwoods were
measured. In addition, two synthetic logs were tested, each
consisting of a cellulose base held together with wax. A
test consisted of burning a preweighed charge of wood that
was split into pieces approximately 45 cm in length and
100 g each. Since it is impossible to simulate the vast
variety of burning conditions used by homeowners, this
standard condition was used to facilitate a fast, complete
burn and to allow a comparison between wood types. For
comparison, a few tests were also run with quarter or half
logs. In these tests, the wood burned incompletely and was

- reweighed after a test.

Particles were collected by using standard EPA method
5 sampling procedures except that sampling was done from
the center of the chimney rather than traversing the
chimney. The temperature was measured at the sampling
point. The sampling rate was adjusted every 3 min to
maintain isokinetic sampling throughout the test. Three
fractions of particles were collected, the front catch, the
filter catch, and the condensable catch. The front catch
consists of material that collects in the nozzle, probe, and
cyclone. The cyclone collects particles greater than 10 um
in diameter. Beyond the cyclone is a Type A glass-fiber
filter where the filterable material collects. The probe,
cyclone, and filter are all held at 120 °C. Finally, the
filtered gas stream passes through two water-filled im-
pingers where the condensable material collects.

Particulate samples were also collected from diluted
stack gas onto Nuclepore or Fluoropore filters. The ex-
haust was diluted three-to-one with filtered room air, thus
allowing enough cooling for organics to condense. These
samples were used for metal and SEM analysis.

Four gases, carbon monoxide, carbon dioxide, total hy-
drocarbons, and nitrogen oxides, were measured continu-
ously during several laboratory tests. The monitoring
instruments used were a Beckman-315A infrared analyzer
for CO and CO,, a Beckman-108A hydrocarbon analyzer,
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and a Teco Model-10A chemiluminescent analyzer for
nitrogen oxides.

Analytical Procedures

Mass. Particulate was collected on Whatman A glass-
fiber filters. These were weighed before and after collec-

weighed beaker, taken to dryness over low heat, and re-
weighed. The impinger water and rinsings, which made
up the condensable catch, were treated similarly.
Particle Size and Morphology. A Sierra Series-220
stainless steel in-stack cascade impactor was used to obtain

lected on six stages on glass-fiber filter substrates that
covered the range from less than 0.5 um to more than 12

of heating a 1-cm? section of filter to 650 °C in helium,
Organics were volatilized and catalytically oxidized to CO,.

ing the second stage of analysis, air entered the system,
and the elemental carbon was oxidized to CO,. The CO,
levels from the two stages were related to the organic and

in a tube furnace to 350 °C in air, which was hot enough
to remove organics byt was not hot enough to cause
charring. After the Organics were removed, the sample was

trations were determined by the method of Swarin and
Williams (7). A portion of the glass-fiber filter was ex-
tractgd in benzene-ethanol and taken to dryness to de-

was made to determine the total collection efficiency for
BaP using EPA method 5 collection techniques.

Ames Testing. A sample of the materig] extracted from
the filter was taken to dryness and dissolved in dimethyl

RAN Chulean Chl Yooy .. o

Table I. Particulate Emissions from Wood-Burning

Fireplaces (g/kg)
test '(’;;' emissions
wood type location tests av range
softwoods .
Ponderosa Pine residential 3 4.9 3.7-5.5
Pinyon Pine residential 1 5.0
Eastern Spruce laboratory 3 13 10-15
Jack Pine laboratory 4 10 6-14
Cedar laboratory 1 13
hardwoods ’
Willow residential 2 17 15-18
- Americal Elm residential 1 1.5
White Ash residential 3 7 2-15
Sugar Maple residential 1 17
Hickory residential 2 2.9 2.1-3.7
Soft Maple laboratory 2 9.3 9.0-9.6
Birch laboratory 2 12 10-15
Hard Maple laboratory 2 11 10-11
White Ash laboratory 2 12 9-14
Red Oak laboratory 7 8.8 6.6-12
synthetic-logs
type I residential 1 5.9
type I laboratory 1 19
type II laboratory 1 20

sulfoxide and

sent to Litton Bionetics for Amés testing.

Five doses of the sample (usually 10, 25, 50, 100, and 200

stack gas stre

. Particulate was collected from a diluted

am onto Nuclepore or Fluoropore filters,

After an acid digestion, potassium was measured by atomic

absorption.

Results

Test Charicteristics. The tests lasted from 15 to 206

min with the
longer times.

synthetic logs and halved logs taking the
The median test time was 42 min. The

average gas velocity during a test varied from 62 to 1330

from 39 to 155
temperature r

°C with a median of 88 °C. Th
ecorded was 308 °C,

Particle Emissions, The particle emissions from 39

(12 tests), 10 & 5 g/kg from hardwoods (24 tests), and 15
* 8 g/kg from synthetic logs (3 tests).

e average

fractionation of the particulate between the

front catch (nozzle, probe, and cyclone), filter catch, and

impinger catc

h is shown in Table II.

hardwoods are similar, with half of the material collected
in the impingers and the other half divided between the
front catch and filter catch. The synthetic logs show large
variations between brands and even between tests with the
same logs. However, in general, over half of the particulate
emissions from the synthetic logs is collected on the filter.
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Table ITI. Fractionation of Particulate Collected

no.
of front filter impinger
tests catch, % catch, % catch, %

softwoods 11 32: 11 27+ 13 41+ 18

hardwoods 23 21+12 26+ 15 531 19

synthetic 3 12+ 5 59+ 13 29+ 16
woods

Table III. Effect of Log Size on Particulate
Emissions (8/kg)

wood front filter impinger tota]
Pinyon Pine (split) 4 1.9 1.7 5.0
Pinyon Pine (halved) 0.7 2.6 4.7 8.0
Soft Maple (split) 2.1 1.5 5.7 9.3
Soft Maple (quartered) 2.6 3.9 17 24
Red Qak (split) 2.7 2.9 3.9 9.5
Red Oak (halved) 3.3 3.6 22 29

perature for complete burning, leading to higher organic
emissions,
Morphology. A representative scanning electron mi-

.

crograph of the Particulate from g red oak test is shown

for a large cluster of spheres. The materia] looks similar
to diesel exhaust particles (8).

Size Fractionation. Five cascade-impactor testg were
made, Sampling lasted the entire time that flames were
present and varied from 19 to 42 min for the five tests. In

) c .

on the backup filter. There were no obvious differences
between softwoods, hardw. » and synthetic logs. Since
most of the particles were too small to be fractionated with
the cascade impactor, the electrical aerosol analyzer wag

EAA - Y

av/ dlogDp

.01 .1
Particle Diameter, Dp (um)

Figure 2. Size distribution of wood-smoke particles obtained with an
electrical aeroso) analyzer.

Table IV. Carbon Content of the Particulate

no.
of organic elemental
wood tests carbon, % carbon, % remainder, %
softwoods 7 38: 6 33:13 29+ 15
hardwoods 14 46 + 7 87 46 £ 7
synthetic 3 49+ 2 15+ 15 36+ 4

it was 459 carbon, with the remainder consisting of or-

ganically bound oxygen and hydrogen,
Based on these three fractions, the carbon analyses of
the total particulate from several tests are shown in Table
The softwood emitted much more elemental carbon

shown in Figure 3.

The top thermogram is from the burning of red oak.
The filtered particulate was distinctly brown rather than
black, which is suggestive of g Jow elemental-carbon con-

(birch). In this case, the filter was black and a second peak
representing elementa] carbon is seen at g higher tem-
perature. The softwood, pine (thermogram c), had a larger
high-temperature peak, corresponding to the higher ele-
mental-carbon content, The final thermogram is from a
synthetic log filter, which has a peak coming off at ex-
tremely high temperatures. The Ppeak most likely indicates
elemental carbon, but possibly in a more highly ordered
structure,

Benzo[a Jpyrene. Several filters and two impinger
samples were analyzed for benzo[a]pyrene (BaP), which
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Figure 3. Thermograms from (a) red oak, (b) birch, (c) pine, and (d)

synthetic log.

Table V. Benzo[a] pyrene Content of Filterable
Firepiace Emissions

ug of

BaP/kg

wood ppm?% of wood
Ponderosa Pine 24 50
Willow 105 700
Willow 141 1900
White Ash 3 5
White Ash 7 17
Sugar Maple 11 45
Hickory 120 130
synthetic log 18 58
synthetic log 40 400
average 370
median 58
coal, power plant? 2
coal, residential® 25000
auto, noncatalyst® 16

auto, catalyst® 0.4

? ug of BaP/g of filterable particulate, b Reference 9.

¢ Reference 10.

no detectable BaP, and the second sample (white ash) had
a BaP content that corresponded to an emission rate of
0.08 ug/kg, an insignificant amount compared to the filter
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catch levels. This suggests that the BaP is almost totally
associated with the particulate emissions. For comparison,
BaP emissions per kilogram of fuel are listed in Table V
for other fuels. The only BaP levels that are higher appear
to be those from less efficient combustion processes such
as residential coal burning. In contrast, more efficient

-burning in power plants produces much lower fuel
specific BaP levels. Automobiles also emit some BaP, but

. most of this is destroyed by the catalytic converter.

Ames Tests. Since BaP levels in fireplace emissions
are sometimes quite high, there also exists the possibility
of mutagenic activity. Five extracted particulate samples
were sent to a commercial laboratory for Ames testing.
Graphs showing the revertants as a function of dosage for
the sample extracts are shown in Figure 4 for both the
nonactivated and activated samples. The control was
subtracted from each sample. The slope of the graph in
revertants/ug is a measure of the mutagenicity of the ex-
tracts. The slopes are shown in Table VI adjusted to the
total amount of filtered material rather than just the ex-
tracted quantity. This makes a large difference especially
for the synthetic wood, which showed high mutagenic
activity but only 10% of the filtered particulate was ex-
tractable,

The three natural wood samples give similar results, with
the nonactivated samples showing only minimal activity.
At the highest dosage, the activity was approximately
doubled over the control value. However, when activated
with rat liver enzyme, all of these samples showed sig-
nificant activity. The single impinger sample, which was
extracted in dimethyl sulfoxide, showed very low overall
activity but higher activity in the nonactivated test, The
one synthetic log sample was interesting because it be-
haved differently from the natural woods. In contrast to
the natural woods, the extract from the synthetic log burn
showed lower mutagen activity when it was activated.

The natural wood emissions can be considered to be
indirect-acting mutagens because activation was hecessary
to obtain a response. Chemicals such as benzo[a]pyrene
and tobacco tar compounds are also indirect mutagens.
There appears to be some correlation between BaP con-
centration and the activated dose response. However, it
is unlikely that BaP itself is responsible for the activity
since the detection threshold for BaP in an Ames test (200
ng/plate) is much higher than the doses used here (11).
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Table VI. Results of Ames Tests

wood extracted, %
Ponderosa Pine 46
Willow 74
Hickory 87
Hickory (impinger) 100
synthetic log 10

nonactivated

activated

revertants, ug revertants, ug BaP, ug/g
0.14 0.38 24
0.067 1.5 105
0.10 1.1 120
0.16 0.056
0.67 0.24 40

Table VII. Gaseous Emissions from Fireplaces (g/kg)

wood CO HC NO,

softwoods

Eastern Spruce 58 1.1 0.8

Jack Pine 160 1.1 0.2
hardwoods

Soft Maple 120 2.7 0.8

Red Oak 90 1.6 0.8

Birch (dry) 71 1.0

Birch (green) 180 1.4 0.7 .
synthetic logs

Sterno 200 5.1 0.9

Northland II 120 9.7/ 1.0

- dye. 2.7

The synthetic log emissions and possibly the impinger
catch from natural logs are direct-acting mutagens in that
activation is not necessary for a response. This is the type
of behavior exhibited by nitro compounds and by extracts
of vehicle exhaust particulates (17).

Potassium. The K/Fe ratio has been used to trace the
contribution of wood smoke to ambient particle loadings
(12, 13), based on the fact that wood emissions have a
much higher K/Fe ratio than other combustion-source
emissions. However, there is only one known measurement
of these concentrations in wood smoke. Based on two tests
of fireplaces burning softwoods, Watson measured con-
centrations of 5.3 mg/g K and 23 #g/g Fe in the particulate
(14).

We collected diluted wood smoke to analyze for K and
Fe. Unfortunately, the iron concentration was so low
compared to background that no reliable measurement
could be made. However, as will be shown later, only the
K concentration from woodsmoke is needed if the Fe level
is a8 low as Watson’s data indicated. The K concentration
from three softwood samples was 4.1, 5.1, and 9.0 mg/g,
and the concentration from three hardwood samples was
7.7, 10, and 13 mg/g. Although there is a large range of
K concentrations within a wood type, the K levels from
softwoods appear to be lower than from hardwoods.

. Continuous gas Imeasurements were made during
eight tests, and the results are shown in Table VII. Av-
erage emissions for natural woods were 110 g/kg CO, 1.5
g/kg HC, and 0.7 g8/kg NO,. These values are similar to
fireplace emissions estimates in AP-42 of 60 g/kg CO, 2.5
g/kg HC, and 0.5 g/kg NO, (15). More recently, average
values of 22 g/kg CO and 1.9 g/kg NO, were measured by
DeAngelis et al. (3). One explanation of the variability
between studies is that the burning rate can greatly affect
the emission of gases. For instance, the high burning rate
employed in the latter study may have led to lower CO
emissions and high NO, emissions. Another problem is
that the other studies based their results on grab samples
rather than continuous measurements. Since gas con-
centrations vary by an order of magnitude during a test,
it is important to make continuous measurements and
integrate concentrations over the entire test time,

There are few obvious differences between the emissions
for various wood types, although the synthetic logs appear
to have higher hydrocarbon emissions. The green-birch
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parameters, (b) gas emissions, and (c) particle emissions.

burn led to higher CO and hydrocarbon emissions than the
dried birch, probably due to the lower temperature of the
burn.

Continuous measurements of wood-mass change, stack
temperature, flow rate, and gas and particle emissions were
made during several tests. The characteristic features of
a natural wood burn are shown in Figure 5. The wood-
mass change is only approximate since wood that fell off
the grate was not measured. This occurred primarily at
the end of a burn. The upper plot shows the decrease in
wood mass during the burn and the temperature and ve-
locity as measured 2 m above the grate. The velocity and
the temperature track quite well. The center plot shows
the continuous measurement of CO,, CO, HC, and NO,.
The CO, and NO, emissions peak at the same time as the
temperature. Hydrocarbon emissions peak somewhat later,
The CO emissions are much more erratic. The particle
emissions, as shown in the lower curve, start high and
decrease rapidly with time. T is has also been shown by
Butcher and Sorenson ). Itis interesting to note that
gas and particle emissions continue after the flames have
gone out. As much as 20-30% of the hydrocarbons and
CO are emitted during this smolder stage. This is an
important consideration when measuring emission rates
of gases.

Discussion

The emission results measured here will be used to es-
timate the importance of wood burning in wintertime
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ing as responsible for part of the problem (12,
13). Based on ambient measurements made in Denver
durimthewinterof1978byCoqnt_essetal. (16) and Wolfr

particle wood smoke to the urban particulate problem.
This will be dene by using three different methods: (1)
a mass
(3) the C method.

Mass Eminion_: Estimate, 'I:he .importa.nce of wood

emission estimate, (2) the K/Fe ratio method, and

on a telephone survey (18).
Two common types of firewood used in Denver are
ponderosa pine and pinyon pine. Samples of these two
were shipped from Denver, and their emissions were
measured. The total mass emisgions (including impinger

prise 30% of the total emissions.

K/Fe Ratio. The ratio of K/Fe in the ambient par-
ticulate has been used as a tracer for firewood emissiong
(12, 13). Most sources have K/Fe ratios of 0.35 or less.
Remote Colorado aerosol has a K/Fe of 0.38 (12). How.

each evening,
The wood-burning contribution can be determined
based on the K concentration in wood smoke and average

844 Environ. Scl. Tachnnl Vel <& o oo

Denver wintertime fine-particle concentrations by using
the following formula:

Kp =KX + (K/Fe)Fey,

where K = average K concentration in Denver = 0.10
ug/m3 (16), K, = K concentration in wood burning par-
ticulate, X = particle concentration due to wood burning
in ug/m3, K/Fe = background ratio = 0.38 (12), Fep, =
average Fe concentration in Denver = Q.11 ug/m? (16).
The assumption is made that there is no wood-burning
contribution to the Fe concentration. Since wood-partic-
ulate emissions contain about 23 ppm Fe compared to 3300
Ppm in ambient particulate, this is a reasonable assump-
tion (14). All of the concentrations used are for the fine-
particle portion only. The K concentration from softwoods
tested averaged 6.1 mg/g. From insertion of these values
in the formula, the particle concentration dye to wood
burning (X) can be calculated to be 9.5 ug/m3. The av-
erage fine-particle mass is 33.7 1g/m3, 80 28% of the
wintertime Denver fine particulate is due to wood burning,

“C Measurements. A final method for determining
the importance of wood burning is based on “C mea-
surements. Recently living material such ag wood has a
higher “C/2C ratio than fossil fuels. By measuring the
4C content of ambient particulate, it is possible to de-
termine the fraction of “contemporary carbon” present.
Since plant-derived material is insignificant in the winter
and refuse burning is not permitted in Denver, the sole
source of contemporary carbon is considered to be wood

Therefore, the contribution of wood burning to fine-par-
ticulate mass in Denver is 20% based on the 4C technique.

Summary. The results of the three approaches were
quite similar, considering the number of assumptions in-
corporated in each estimate, The fraction of fine partic-

an important source of atmosphere particulate in many
locations.
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Volatility Environmental Chemicals

Donald Mackay,* Alice Bobra, Donaild w. Chan, and Wan Ying Shiu

Department of Chemical Engineering and Applied Chemistry,

Introduction

The tendency for an environmenta) contaminant or
pesticide to partition into the atmosphere is determined
largely by its vapor pressure. It is thus recognized that
for assessing the likely environmental behavior of new and
existing chemicals a knowledge of their Vapor pressures
is essential.

The vapor pressure P (Pa) can be regarded as a mea-
surement of the maximum achievable amount or solubility

air-water partition coefficient) may thus be large despite
the low vapor pressure. This partition coefficient can be
expressed as a dimensionlesg Henry’s law constant H/RT
where H is defined ag the ratio of partial pressure P to
aqueous concentration (mol/m3), Compounds of high H
tend to partition predominantly into the atmosphere, and
the rate at which they evaporate from water is usually

0013-936x/ 82/0916-0645301.25/0 © 1982 American Chemical Socie
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the water, and the evaporation rate tends to be controlled
by the resistance in the air phase, where the concentration
is lower.

Itis noteworthy that many of the data published in the
literature for vapor pressures are érroneous, especially for

Little difficulty is encountered experimentally in meag-
uring vapor pressures exceeding 1 kPa, since an isoteni-
scope can be used. For lower vapor pressures, the preferred
approach is to flow a stream of gas through a vessel con-

analyzed for solute concentration, Such methods have
been described by Spencer et al. (1), Sinke (2), and
ck and Prausnitz (3), and although straightforward,

well below their boiling point. For more volatile com-
pounds, direct Vapor pressure measurement g easy and
there is little merit in prediction.

- Thermodynamic Basis

A comprehensive discussion of the theory underlying

pPressure lines are highly nonlinear, and no method is
currently available for calculating from theory the mag-

ty Environ. Sci. Technol., Vol. 16, No. 10, 1932 g4s






