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Abstract

Soot was harvested from ®ve combustion sources: a dodecane ¯ame, marine and bus diesel engines, a wood stove,

and an oil furnace. The soots ranged from 20% to 90% carbon by weight and molar C/H ratios from 1 to 7, the latter

suggesting a highly condensed aromatic structure. Total surface areas (by nitrogen adsorption using the Brunauer

Emmett Teller, BET method) ranged from 1 to 85 m2 gÿ1. Comparison of the surface area and meso-pore (pores 2±50

nm) surface area predicted by density functional theory (DFT) suggested that the soot was highly porous. Total meso-

pore volume and surface area ranged from 0.004±0.08 cm3 gÿ1 and from 0.33±6.9 m2 gÿ1, respectively, accounting for

up 33% of the BET surface area. The micro-pore volume (pores <2 nm) calculated from CO2 adsorption data (by DFT)

ranged from 0.0009 to 0.013 cm3 gÿ1 and micro-pore surface area was 3.1±41 m2 gÿ1, accounting for 10±20% of the total

intra-particle (meso-plus micro-pores) pore volume and 70±90% of the total intra-particle surface area. Higher pore

volume and surface area values were computed using the Dubinin Radushkevich plot technique; ranging from 0.004±

0.04 cm3 gÿ1 to 11±102 m2 gÿ1 for micro-pore volume and surface area, respectively. Comparison of the C/H ratio and

the micro-pore structure showed a strong correlation, suggesting a relationship between the condensation of the skeletal

structure and micro-porosity of the soot. These data contradict literature reports that soot particles are non-porous and

are consistent with recent literature reports that soil organic matter has large micro-pore surface areas. Ó 2000 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Hazardous air pollutants (HAPs) in the environment

have been the subject of increasing human health con-

cern in recent years. HAPs comprise several classes of

airborne pollutants including particulate matter, volatile

organic compounds (VOCs), and gas-phase molecules.

A primary source of HAPs to the environment is the

incomplete combustion of organic material (typically

when the C/O2 ratio >2) by internal combustion engines,

industrial and domestic combustion sources, as well as

natural sources such as forest ®res (Burns et al., 1997;

Brorstrom-Lunden and Lofgren, 1998). Incomplete

combustion leads to the production of soots and gas

phase HAPs such as polycyclic aromatic hydrocarbons

(PAHs) and carbon monoxide. In many areas, soots

comprise a signi®cant fraction (up to 97%) of the
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particulate aerosol mass, and nearly all of the carbon

(Nielsen, 1996; Kasparian et al., 1998; Miguel et al.,

1998; Polissar et al., 1998; Allen et al., 1999). Soots can

contain high concentrations of PAHs, and deposition of

soot particles can be the primary source of these con-

taminants for many environments such as urban soils

and, particularly, near-shore sediments (Burns et al.,

1997; Gustafsson et al., 1997; Jennings et al., 1997;

Maruya et al., 1997; Gustafsson and Gschwend, 1998;

Brorstrom-Lunden and Lofgren, 1998; Rumpel et al.,

1998). Even in open shelf sediments, black carbon

comprises up to 10±30% of the total sedimentary organic

carbon (Gustafsson and Gschwend, 1998; Masiello and

Dru�el, 1998).

Better understanding of the transport behavior of

PAHs in the sediment environment is particularly

needed because PAHs frequently persist in these systems

due to their relatively low aqueous solubilities, low

volatility, and biogeochemical limitations on their bio-

degradability. PAH-contamination in near-shore sedi-

ments is a concern to human health because of the well

known carcinogenic and tumorigenic properties of

PAHs and the potential for human exposure to PAHs

through the consumption of contaminated seafood

stocks (ATSDR, 1990; Mauderly, 1994).

A recurring theme in many studies is that PAH

partitioning behavior does not follow equilibrium par-

titioning models in sediments where deposition of par-

ticles (such as soot) represents a major PAH source. The

adsorption/desorption behavior often exhibits two dif-

ferent patterns; a fraction of the total PAH in sediments

behaves in a manner predictable by equilibrium parti-

tioning theory (EPT), whereas a certain fraction appears

to be more strongly sorbed (McGroddy et al., 1996;

Gustafsson et al., 1997). This fraction has been termed

unavailable for equilibrium partitioning and it has been

hypothesized that the source of this fraction in sedi-

ments is the co-introduction of PAHs along with com-

bustion particles such as soot (Gustafsson et al., 1997;

Gustafsson and Gschwend, 1998). If that is the case,

elucidation of PAH partitioning behavior on soot and

other airborne particulate matter is needed. This re-

quires knowledge of several variables such as pore

structure, particle size, and surface area of the adsorp-

tive particles, as well as the concentration and chemical

structure of organic matter present on and in the pore

structure.

Several references in the environmental literature

state that soot particles are essentially non-porous

(Akhter et al., 1985a,b), or have only limited porosity

(Burtscher et al., 1995; Gustafsson et al., 1997). These

observations typically are based on comparisons be-

tween Brunauer Emmett Teller (BET) surface area

(calculated from nitrogen adsorption data) and external

surface area calculations based on image analysis or

light scattering fractal analysis (Colbeck et al., 1997).

However, limitations on imaging techniques (such as the

need for gold coating layers several nm thick in scanning

electron microscopy), suggest that they are not likely to

be su�cient to elucidate pore structure at the nanometer

scale.

Recent studies using carbon dioxide adsorption

isotherm data have changed the perception that soil

organic matter and humic material are essentially non-

porous. These studies demonstrated that nitrogen gas

does not penetrate micro-pores and therefore is not

su�cient to elucidate their structure, whereas carbon

dioxide adsorption data showed that soil organic matter

has a large micro-pore surface area (DeJonge and

Mittelmeijer-Hazeleger, 1996). We hypothesized that

soot particles have a similar micro-pore structure as soil

organic matter, in contrast to the reports in the literature

on the non-porosity of soot based on nitrogen BET data

alone. In this study, we characterized the macro-, meso-

and micro-pore structure of ®ve soots collected from

deposited material derived from di�erent combustion

sources using mercury porisimetry and gas adsorption

techniques as a means of testing this hypothesis.

2. Materials and methods

2.1. Source of materials

The soots used in this study came from ®ve sources: a

soot prepared from the combustion of dodecane, soot

from the combustion of marine diesel fuel, soot from the

combustion of diesel fuel by a bus engine, and soot

collected from chimney residue of a wood stove and a

fuel oil furnace. The dodecane soot was prepared using a

modi®cation of the method by Akhter et al. (1985a,b).

The ¯ame produced from the combustion of reagent

grade dodecane in a Bunsen burner was directed

through an inverted 60° Pyrex funnel onto an inverted

Pyrex crystallizing dish mounted 50 mm above the

funnel outlet. The ¯ame was allowed to contact the dish

approximately 50% of the time by allowing air to cir-

culate around the apparatus. Dodecane was used instead

of n-hexane (as in the original paper) to allow better

control of the ¯ame intensity in our apparatus. The soot

was collected from the crystallizing dish by scraping with

a metal spatula and was stored in a glass collection

bottle. The fuel oil and wood stove soots were collected

by a commercial chimney sweep service from a single

wood stove chimney and a single fuel oil furnace chim-

ney as in Goss and Eisenreich (1997). The soots were dry

sieved through a 63 lm stainless steel sieve and collected

in a glass collection bottle. The marine diesel soot was

collected from the engine exhaust of the R.V. Arabella at

the Rutgers University Marine Field Station. Soot par-

ticles were scraped into a glass collection bottle from the

surface of the exhaust port using a metal spatula. The
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resultant material was inspected visually to ensure that

no rust or metal scrapings were present in the soot. The

bus diesel particulate matter was collected in a similar

matter as the marine diesel from the exhaust of a bus

operated on both #2 di-diesel formulated for highway

use (in the summer) and #3 di-diesel (in the winter). All

soots were dried and stored in an oven at 80°C to con-

stant weight prior to the pore characterization experi-

ments described below.

2.2. Surface structure characterization

Surface area and pore volume were determined by

nitrogen adsorption, carbon dioxide adsorption, and

mercury porisimetry. Nitrogen and carbon dioxide iso-

therms were performed on a Micromeritics ASAP 2010

accelerated surface area and porisimetry system (Mi-

cromeritics Instrument, Norcross, GA). Nitrogen ad-

sorption was performed at 77 K with 5 s equilibration

intervals using manufacturers settings (Micromeritics,

1994). Data were collected from a relative pressure (p/p0)

of 0.03 to 0.99.

Carbon dioxide adsorption isotherms were per-

formed at 273 K with a 30 s equilibration period. No

signi®cant di�erence in carbon dioxide adsorption was

observed with the soots in this study using equilibration

times ranging by a factor of 6. The isotherm data were

collected from a relative pressure (p/p0) of 0.00088 to

0.03 on the same system as for the nitrogen isotherm.

BET calculations. Total surface area was calculated

using the Brunauer Emmett Teller (BET) adsorption

isotherm model (Gregg and Sing, 1982) for the nitrogen

isotherm data. Surface area was calculated from the

slope and y-intercept of the linear region of the BET

transformation versus relative pressure plot.

Density functional theory. Density functional theory

(DFT) model predictions of pore size distributions were

calculated using the DFT Plus Models Library (Balbu-

ena and Gubbins, 1992; Olivier, 1995; Micromeritics,

1996). The model assumed a slit pore geometry and used

a non-local density approximation (Olivier, 1995).

Model DFT nitrogen and carbon dioxide isotherms were

®t to the experimental isotherms using a deconvolution

technique by a non-negative least squares method as

described (Olivier and Conklin, 1992; Micromeritics,

1996) to calculate the pore size distribution. The DFT

model isotherms ranged from 0.4 to 400 nm in a 91-step

geometric progression.

Dubinin±Radushkevich plots. The carbon dioxide data

were also used to calculate the total micro-pore volume

and surface area using Dubinin±Radushkevich (DR)

potential theory. The micro-pore volume was calculated

as the y-intercept of a plot of the adsorption data in the

following equation (Gregg and Sing, 1982):

log V � log V0 ÿ D log �p=p0�2; �1�

where V and V0 are the volume of carbon dioxide ad-

sorbed and micro-pore volume, respectively, p/p0 the

relative pressure, and D is a constant related to the en-

ergy of adsorption. The surface area was calculated from

the micro-pore volume assuming mono-molecular layer

coverage by carbon dioxide.

Mercury porisimetry was performed by the method

of Schaefer et al. (1995) using a Micromeritics model

9320 mercury porisimetry system (Micromeritics In-

strument, Norcross, GA). Data were collected from at-

mospheric pressure up to 210 000 kPa. The data were

collated using the manufacturer's software package

(Micromeritics, 1993). Because of concerns about high

intrusion pressures distorting the skeletal matrix of the

soot, we used mercury porisimetry pore volume data

only for pore diameters >50 nm (macro-pores, IUPAC

classi®cation) as in Kleineidam et al. (1999) and Rugner

et al. (1999). The DFT model ®t of the nitrogen isotherm

data was used for pores 2±50 nm (meso-pores, IUPAC

classi®cation) and both the DR and DFT model ®ts of

the carbon dioxide isotherm data were used for pores <2

nm (micro-pores, IUPAC classi®cation).

2.3. Chemical analysis

Carbon and hydrogen analysis was performed using

a Carlo Erba (model NA1500) elemental analyzer.

Samples were desiccated (105°C, 48 h) and placed in pre-

weighed tin combustion catalyst boats, re-weighed, and

placed in the autosampler. The boats were combusted

(1200°C) and carbon, hydrogen, and nitrogen gases were

separated by column chromatography (60°C) and ana-

lyzed by thermal conductivity. Peak areas were com-

pared to acetanilide standards. Thermal gravimetric

analysis was performed on a TGA 2050 thermogravi-

metric analyzer (TN Instruments, New Castle, DE). The

soot samples were heated from 25°C to 600°C at a 10°C

minÿ1 gradient under a vacuum. Trace element analysis

was performed by X-ray ¯uorescence using a Spectrace

9000 XRF (TN Technologies) ®tted with 55Fe, 109Cd,

and 241Am X-ray sources. The sources were calibrated

using a quartz soil sample of known elemental compo-

sition supplied by the manufacturer. Data values were

determined to be signi®cant if the reported concentra-

tion values were greater than ®ve times the reported

standard deviation of the measurement. Data are re-

ported to two signi®cant digits.

2.4. Electron microscopy

The soot samples were prepared for scanning elec-

tron microscopy (SEM) by drying at 105°C for 24 h.

Desiccated samples were spread on glue-covered alu-

minum stubs and coated with a 7 nm layer of gold in a

sputtercoater (Bal-tec SCD004) for 120 s (10ÿ4 Torr, 30

A). The stub mounted samples were imaged on an
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Amray SEM (model 1830I) in a 200 lA vacuum. Re-

sultant images were photographed on Polaroid ®lm and

scanned for publication.

3. Results

3.1. Bulk chemical and physical properties

The soots had signi®cantly di�erent chemical com-

positions. The dodecane soot had the highest carbon

content of the ®ve test soots, 90%, and the bus diesel

soot had the lowest at 20% (Table 1). The molar carbon/

hydrogen ratio varied greatly between the soots, ranging

from near unity for the wood and bus diesel, to as high

as 7 for the dodecane soot. The density of the soots also

varied greatly (Table 1). Most of the soots had a skeletal

density between 0.8 and 1.8 g cm3, and a bulk density

ranging from 0.11 to 0.6 g cm3. The high skeletal density

(5.3 g cm3) of the bus diesel soot suggested to us that the

sample contained rust particles. The presence of iron in

the bus diesel soot particles was con®rmed by X-ray

¯uorescence spectroscopy, accounting for 31% of the

particle mass (Table 2). The soots with iron and calcium

compositions near or greater than 1% were highest in

skeletal density, indicating that the higher skeletal den-

sities were due to inorganic constituents (Table 2).

There was only a minor loss in mass for most soots

upon heating to 375°C (Fig. 1). Non-soot organic matter

is thought to be heat labile and soot is thought to be heat

stable under oxic conditions at this temperature

(Gustafsson et al., 1997). The large mass loss (55%) of

the marine diesel soot after heating to 375°C suggested

the presence of an absorbed heat-labile organic phase

(such as condensed diesel vapors). The presence of the

absorbed volatile phase was con®rmed by the visible

evolution of organic vapors during preparation for the

nitrogen adsorption analysis, which left an oily layer on

the adsorption isotherm vessel. This caused inconsistent

results for nitrogen adsorption, so the sample was pre-

treated at 375°C prior to further analyses in this study.

There was a signi®cant decrease in the carbon content

accompanied by a large increase in the molar C/H ratio

after heating, indicating a loss of material with a 1:2 C/H

Table 1

Summary of selected bulk chemical and physical properties of the soots in this study

Soot Carbon

(mg gÿ1)

Hydrogen

(mg gÿ1)

C/H ratio

(mol)

Bulk density

(g cmÿ3)

Skeletal density

(g cmÿ3)

Porosity

(%)

Mass loss at

375°C (%)

Dodecane 912� 59 11� 0:6 7:1� 0:4 0.11 0.78 86 4

Marine diesel 718� 46 83� 4:8 0:72� 0:04 NTa NT NT 55

Marine dieselb 576� 37 16� 1:0 2:9� 0:2 0.61 1.3 54 N/Ac

Bus diesel 205� 13 16� 0:9 1:1� 0:06 1.1 5.3 79 13

Wood stove 384� 25 33� 1:9 0:97� 0:06 0.6 1.8 67 15

Fuel oil 520� 32 22� 1:2 2:0� 0:08 0.6 1.7 65 10

a NT ± Not tested.
b After heating (375°C, 24 h).
c N/A ± Not applicable.

Table 2

Inorganic elemental composition of the soots in this studya

Element Bus diesel Marine diesel Dodecane Fuel oil Wood stove

Ca 15000� 200 8500� 200 NDb 9200� 100 6000� 50

Cr 350� 80 970� 100 1700� 100 490� 60 270� 30

Mn ND ND ND ND 230� 40

Fe 310000� 2000 2400� 100 ND 6900� 200 8300� 700

Ni ND ND ND ND 300� 30

Cu ND ND 110� 20 ND ND

Zn 8200� 200 1100� 40 110� 20 1700� 40 2000� 90

Sr ND 9� 2 ND 10� 1 9� 2

Zr 120� 7 ND ND 21� 2 32� 2

Mo 400� 10 ND ND 98� 1 150� 6

Ba 70� 20 ND ND ND 17� 2

K ND 1600� 200 ND 390� 30 ND

a All values in parts per million (ppm).
b ND ± No signi®cant signal detected.
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ratio. These data were consistent with a mechanism of

evolution of an absorbed hydrocarbon (which has a 1:2

C/H ratio) leaving the condensed aromatic skeletal

structure.

3.2. Electron microscopy

The particle size of the dodecane soot was di�erent

from the other soots in this study. The dodecane soot

particles largely were uniform sub-micron sized and

were grouped in small globules (Fig. 2(a)). The marine

diesel soot particles were mostly larger than 1 lm and

had a more smooth surface than the dodecane particles

(Fig. 2(b)). The marine diesel particles were similar in

size to the other soots in the study (not shown).

3.3. Mercury porisimetry

The macro-pore structure of the dodecane soot dif-

fered greatly from the other soots in this study. The

dodecane soot had a continuous increase in macro-pore

intrusion volume from 100 to 0.05 lm (Fig. 3(a)). In

contrast, nearly all of the macro-pore volume was in

pores >5 lm (>5000 nm) for the other soots; probably

representing the inter-particle voids (Fig. 3(a)). For all

soots there was a large increase in intrusion for pores

<100 nm, most likely representing the intra-particle pore

volume (Fig. 3(b)). The dodecane soot had a region of

increased intrusion between 20 and 100 nm, whereas the

increased intrusion in the other soots was between 9 and

20 nm.

3.4. Nitrogen adsorption

The nitrogen adsorption isotherms for all ®ve sor-

bents were class IV isotherms typical of porous particles

(Fig. 4(a)). The total mass of nitrogen adsorbed varied

by over an order of magnitude for the ®ve sorbents,

ranging from 200 to 6000 lmol gÿ1 for bus diesel and

dodecane soot, respectively. Similarly, the BET surface

area for the soots (meso-pores plus macro-pores) varied

greatly, ranging from 1 to 85 m2 gÿ1 for wood soot and

dodecane soot, respectively (Table 3). The value for

dodecane soot was in agreement with BET surface area

measurements of hexane soot that was produced by a

similar method as the dodecane soot (Akhter et al.,

1985a).

Comparison of the DFT model surface area calcu-

lations (based on the nitrogen isotherm) for the meso-

pore region with the BET total surface area indicates

that the soot particles were highly porous (Table 3).

Although the meso-pore volume was only a small per-

centage (0.4±2%) of the sum of the macro- and meso-

pore volume, the surface area in the meso-pore region

accounted for up to 33% of the total BET surface area.

In contrast to the large di�erences observed in the pore

volume and surface area between the soots, the relative

percentage of macro- and meso-pore volume and surface

Fig. 2. Transmission electron micrographs of the dodecane

soot (a) and marine diesel soot (b). Note larger individual

particles in the marine diesel soot.

Fig. 1. Thermal gravimetric analysis of soots used in this study.

Fraction of initial mass remaining after heating to corre-

sponding temperature.
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area represented by the meso-pore region were similar

for all of the soots in this study.

3.5. Carbon dioxide adsorption

The carbon dioxide isotherms were typical of mi-

croporous sorbents (Fig. 4(b)). There was good agree-

ment between the carbon dioxide isotherm and the

nitrogen isotherm at p=p0 � 0:03, with only a minor

discontinuity between the two isotherms (Fig. 4(a)).

Continuing the trend observed in the nitrogen isotherm

results, the micro-pore volume and surface area calcu-

lated by DFT were much greater for the dodecane soot

than the other soots in the study (Table 3). However, if

the DFT micro-pore volume and surface area are ex-

pressed as a percentage of either the total intra-particle

(meso- and micro-pores) or the overall (macro-, meso-,

and micro-pores) surface area and pore volume, these

di�erences are not as great. For example, the DFT-

predicted micro-pore values represent 9±18% of the total

intra-particle pore volume and 72±90% of the total intra-

particle surface area, respectively.

Dubinin±Radushkevich transformations of the car-

bon dioxide adsorption data were highly linear

(r2 > 0:99), demonstrating a physical sorption process

(Fig. 5). The y-intercept micro-pore volume (V0) results

show that the soots in this study were all microporous,

with total micro-pore volumes ranging from 0.004 to

0.039 cm3 gÿ1 and surface areas ranging from 11 to 102

m2 gÿ1. These values were greater than the total BET

surface area and were approximately three to ®ve times

higher than the micro-pore values computed using DFT.

As with the nitrogen isotherm results, the dodecane soot

had much greater DR-predicted micro-pore volume and

surface area than the other soots, but the same relative

ratios of micro-pore to meso-pore values were observed

as with the DFT-predicted results. Thus, using either

calculation method, the micro-pore region makes up the

largest fraction of the intra-particle pore surface area

and is comparable to (or greater than) the total BET

surface area.

There was a signi®cant correlation between the molar

carbon-to-hydrogen ratio and the micro-pore surface

area and volume (Fig. 6). Using either the DFT or DR

method to calculate the micro-pore structure, the cor-

relation between the C/H ratio and micro-pore surface

area or volume was highly linear (r2 > 0:94) and highly

signi®cant (P < 0:005).

Fig. 3. Mercury porisimetry data showing: (a) cumulative Hg intrusion (pore) volume and (b) di�erential intrusion volume for di�erent

soots used in this study. Not all data points are shown for clarity. Dodecane soot data are with respect to the right axis scale in the

®gure; all other soots are with respect to the left axis scale.
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Table 3

Summary of total, external and micro-pore size and volume data for the soots in this study

Soot Hg porisimetry Nitrogen adsorption isotherm Carbon dioxide adsorption isotherm

Macro-porea

volume

(cm3 gÿ1)

Total SAb

(m2 gÿ1)

Meso-porec

volume

(cm3 gÿ1)

Meso-porec

SA (m2 gÿ1)

Micro-pored

volume

(cm3 gÿ1)

Micro-pored

SA (m2 gÿ1)

Micro-poree

volume

(cm3 gÿ1)

Micro-poree

SA (m2 gÿ1)

Dodecane 7.4 85.3 � 0.4 0.08 6.9 0.013 41 0.039 102

Marine diesel 0.85 11.7 � 0.2 0.02 2.1 0.002 5.5 0.011 29

Bus diesel 0.68 1.9 � 0.02 0.004 0.48 0.0009 3.1 0.005 13

Wood stove 1.1 1.0 � 0.01 0.004 0.33 0.0004 2.2 0.004 11

Fuel oil 0.90 1.5 � 0.05 0.004 0.42 0.0009 3.9 0.006 17

a Inter-plus intra-particle pore volume of pore width >50 nm (macropores).
b For all surfaces with pore widths >2 nm, computed from BET transformation.
c Pore width 2±50 nm (mesopores), computed by density functional theory model.
d Pore width <2 nm (micropores), computed by density functional theory model.
e Pore width <2 nm (micropores), computed from DR plot.

Fig. 4. (a) Comparison of the carbon dioxide (p=p0 < 0:03) and nitrogen (p=p0 > 0:03) adsorption isotherms for the test soots. The

discontinuity at a relative pressure of 0.03 results from switching the adsorption gas from carbon dioxide to nitrogen and (b) enlarged

carbon dioxide adsorption isotherm. Note di�erent scale of axes. Not all data points are shown for clarity.
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Fig. 5. Dubinin±Radushkevich plot of carbon dioxide adsorption data for the soots in this study. The y-intercept values represent the

micro-pore volume.

Fig. 6. Comparison of the molar carbon-to-hydrogen (C/H) ratio of the test soots with their micro-pore surface area (a) and volume

(b) calculated by either the DFT or the Dubinin±Radushkevich model. Regression statistics are Pearson correlation (squared) and

p-value (n � 5).
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4. Discussion

Recent studies have clearly demonstrated that soil

organic matter previously thought to consist of limited

surface area is highly microporous with surface areas

nearly two orders of magnitude higher than those

measured by nitrogen adsorption alone. The results

from this study provide similar data for soot particles in

deposits from a variety of combustion sources. All of the

soots had substantial microporosity, accounting for 70±

90% of the total intra-particle pore surface area. These

surface areas could potentially provide sorption sites for

a wide variety of hazardous airborne pollutants like low

molecular weight PAHs, polychlorinated biphenyls, and

other VOCs such as chlorinated solvents. Although the

deposition of soot particles (as was the case in our study)

may have resulted in reformation of particles in mor-

phologies distinct from gas-phase soot, our results

clearly demonstrate the porosity and high surface area

of the deposited soots in this study. Further study of

airborne soot particle morphology (e.g. using individu-

ally deposited particles in traps) is required to determine

whether these results extend to non-deposited, gas-phase

particles.

The large di�erences observed between the dodecane

soot and the other soots in the study can largely be at-

tributable to the likely di�erence in formation. The

smaller size of the dodecane soot is typical of the acin-

iform soots that form from gas-phase condensation

(Medalia and Rivin, 1982). The dodecane soot was more

porous and had a higher surface area, a higher carbon

content, and the highest C/H ratio of all the test soots.

The other soots were larger, less porous, and were more

typical of the cenosphere soots that form from carbon-

ized liquid drops or condensation upon cooler surfaces

(Medalia and Rivin, 1982). Others (Burtscher et al.,

1995; Musialik-Piotrowska et al., 1998) have reported

larger soot particle sizes on surfaces compared with

gaseous emissions, consistent with the marine and bus

diesel soots in this study that were collected from de-

posits on the exhaust port surface. The oil and wood

soots were also likely condensed on the chimney and

furnace surfaces. The wood soot may have been com-

prised of chars that were trapped in the chimney, sug-

gested by the relatively low C/H ratio of the wood soot,

which would be expected in a cellulose-containing

material.

The C/H ratios give some indication of the degree

of condensation of the soot skeleton structure. The

high ratio (7:1) for the dodecane soot indicates a

highly condensed aromatic structure. For comparison,

the model of hexane soot report by Akhter et al.

(1985a,b) had a C/H ratio of approximately 4:1. The

lower values for the other soots, coupled with the

large di�erence between mass recovered as carbon and

hydrogen and the total mass, suggested the presence

of large amounts of oxygen and/or other elements.

This was particularly apparent for the bus diesel soot,

which had a large percentage of the mass comprised

of rust particles (approximately 50% of the mass as-

suming an FeO2 rust structure). The lowest percentage

of the total mass as carbon and hydrogen was in the

wood soot. Part of the unquanti®ed mass could be

from a large fraction of charred cellulose-like structure

that was rich in oxygen (cellulose has a 1.14:1 oxygen

to carbon mass ratio).

The larger and heavier particles (such as the bus

diesel soot) are not likely to travel far in the atmosphere

because travel times in the atmosphere are a�ected by

aerodynamic equivalent diameter. For comparison,

most of the soots had bulk densities nearly six times that

of the dodecane soot and were much larger. Although

we did not determine aerodynamic equivalent diameter,

these data suggest that the travel distance and residence

time in the atmosphere would be much higher for

smaller particles like the dodecane soot.

The particle sizes of the soot in this study ranged by

more than an order of magnitude, from much less than 1

lm to several microns. This is not unexpected, as soot

particles observed in the environment and in engine

exhaust can range by several orders of magnitude

(Burtscher et al., 1995; Kasparian et al., 1998; Miguel

et al., 1998). For example, the sedimentary soot record

shows a fairly large distribution of soot sizes that en-

compasses the particle sizes observed in this study.

Gri�n and Goldberg (1983) observed that up to 70% of

the carbon in Lake Michigan sediments was comprised

of soot particles less than 1 lm. The ratio is still sub-

stantial for larger soot particles, comprising up to 30%

of the sedimentary carbon for particles >38 lm in

sur®cial sediments in Lake Michigan. Many studies of

sedimentary or soil column soot have relied on mea-

suring soot particles by picking them out by hand with

the aid of a microscope. Gustafsson et al. (1997) have

validly pointed out that this technique has the potential

to skew results because of the di�culty in counting sub-

micron particles accurately. They developed a thermal

treatment technique to measure soot carbon in sedi-

ments by heating to 375°C for 24 h under oxic condi-

tions. Our results show that, although mass losses were

mostly minor (4±15%) and in agreement with the

Gustafsson et al. technique, there was a substantial mass

loss by the marine diesel soot at 375°C. As mentioned

above, we believe that this mass loss was due to the

volatilization of absorbed hydrocarbon from the marine

diesel soot, and the actual soot carbon mass was likely

more closely in agreement with the Gustafsson et al.

technique. However, others have found a substantial

volatile fraction (up to 90% by mass) in hydrocarbon

fuel soots produced from combustion engines, which

likely would also volatilize at 375°C (Burtscher et al.,

1995).
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For the cenosphere-like soots, the meso-pore volume

(0.004±0.02 cm3 gÿ1) was similar to what would be ob-

served in ®ne silts to clays (Schaefer et al., 1995). The

dodecane soot meso-pore volume was substantially

larger than other reports of meso-pore volume in ®ne

clays and very ®ne clays (Schaefer et al., 1995; Kleinei-

dam et al., 1999; Rugner et al., 1999). Our results dis-

agree with other reports of the non-porosity in soots.

For example, Akhter et al. (1985a) reported that the

ratio of geometrical surface area to BET surface area

suggested that hexane soot particles had a very minor

degree of porosity. Our results show that in the meso-

pore range, pore surface area accounts for up to one

third of the BET surface area, with inclusion of the

micro-pore region, total intra-particle pore surface area

was on the order of the external surface area. These data

demonstrate that the magnitude of pore surfaces (which

could present adsorption sites for organic contaminants)

is much larger than previously thought, with soot com-

prising a sizable amount of the total sedimentary carbon

in many environments, our results suggest that soot

pores may represent an important repository of ad-

sorbed hydrophobic contaminants in these environ-

ments.

There was a substantial di�erence between the pre-

dicted micro-pore surface area and volume for the DFT

and DR models. In all cases, DFT gave a lower pore

volume and surface area than DR plot. However, the

relative ratios of the DFT to DR predicted values were

not the same for all soots. For example, the DR-pre-

dicted micro-pore surface area values varied from 2.5 to

5 times the DFT-predicted values, depending on the

soot. DFT has been purported to give more accurate

representations of the micro-pore regime by some re-

searchers, and the results reportedly compare well with

results using the Barrett, Joyner, and Halenda (BJH)

Kelvin equation-based model on well-characterized test

materials (Olivier, 1995). Others have argued that

the extrapolation of the DR transformed data to provide

the micro-pore volume is not a realistic explanation of

the adsorption process (Balbuena and Gubbins, 1992;

Olivier, 1995). Another criticism of the DR plot method

is that it makes an assumption of mono-molecular layer

of carbon dioxide in the micro-pores, which may not be

true for the entire region (pore diameters up to 20 �A).

No matter which method is used, however, our results

clearly show that all the test soots had substantial micro-

pore structure that accounted for most of the total

speci®c surface area of particles.

The trend in micro-pore volume for the most part

followed the trend in BET surface area. However, there

was a variation in the relative DFT to DR plot results

for all of the test soots that was not predictable by

comparison of the BET surface area. This suggested that

there might be another parameter which correlated with

the micro-pore volume consistent with a mechanistic

explanation for the results. If we assume that the C/H

ratio is a measure of the degree of condensation of the

skeletal structure of the soot, together with the as-

sumption that micro-pores represent layers between ar-

omatic planar regions of the soot structure, we can

hypothesize that there should be a correlation between

micro-pore structure and C/H ratio. As can be seen from

the results, for either method (DFT or DR) the corre-

lation between micro-pore structure and C/H ratio is

signi®cant (P < 0:005) and highly linear (Fig. 6). We do

caution against interpreting the regression parameters as

being predictive of the absolute micro-pore structure for

several reasons. First, it is apparent that the dodecane

soot has a strong in¯uence on the slope of the regression

because of its much higher C/H ratio (however, the re-

gression is still signi®cant and linear when the dodecane

soot data is excluded). A second caution is that the slope

is greatly dependent upon which method (DFT versus

DR plot) is used to calculate the micro-pore structure.

Given these caveats, however, the results do suggest a

strong correlation between the degree of condensation

of the soot structure and the microporosity.

In summary, we have shown that soot particles are

highly porous (particularly in the micro-pore region) in

contrast to previous reports in the literature. There were

large di�erences in pore structure, C/H ratio, and par-

ticle size between the aciniform-like dodecane soot

(made in the laboratory) and the other cenosphere-like

soots (collected from environmental sources). These re-

sults, coupled with evidence in the literature that soot

carbon can make up a sizable fraction of sedimentary

carbon, suggests that soot particles may represent a

sizable repository for hydrophobic organic contami-

nants in sediments.
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