ABSTRACT

El i zabeth Ann Hayes. A Method for Studying Heterogeneous Photochem ca
Reactions of Polycyclic Aromatic Hydrocarbons on Atmospheric Conbustion Aerosols.
(Under the Direction of Professor RICHARD KAMENS and Dr. STEVE M:DOW

Combustion aerosols are an inportant source of toxic atmospheric conpounds, a
major class of which is polycyclic aromatic hydrocarbons (PAHs). Photodegradation is
an inportant atnospheric I oss mechanismfor PAHs. Combustion aerosols consist of an
elemental carbon core and an organic layer. Several recent studies show that aeroso
surface characteristics influence PAH photodegradation rates. Recent research indicates
that organic layer constituents also strongly influence PAH photodegradation in organic
liquids. These results prompted an investigation of the relative inportance of aeroso
surface characteristics versus conposition of the organic |ayer

Organi ¢ compounds found on combustion aerosol s were incorporated on carbon
black particles to simulate a heterogeneous aerosol environment. Organic conpounds
Identified in diesel soot, and wood soot combustion aerosol s were investigated to
determne their influence on PAH reactivity. Solutions containing dissolved PAHs, and
the organic conpounds were syringe spiked on to a carbon black surface. A liquid
di spersion technique for obtaining thin, even coatings of the organic particulate mtrix on
Teflon filters was used to facilitate W [ight exposure to the synthesized particle
matrices. The filter supported aerosol matrices were exposed to W light ina

phot ochemical turntabl e reactor.
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The phot odegradation rate of polycyclic aromatic hydrocarbons is significantly enhanced
when i soeugenol, a conpound found on wood combustion aerosols, is present with the
PAH in the organic ayer on elenental carbon particles. These results indicate that
constituents which coexist with PAH in the organic layer around the el emental core
influence the reactivity of PAHs on conbustion aerosols. Further eval uation of specific
chenical and physical properties of the organic layer and the elemental surface using the

devel oped technique will lead to better characterization of PAH reactivity on conbustion

aerosol surfaces.

Organi ¢ conpounds found on conbustion particles are a mjor source of
at mospheric pollutants which adversely affect human health. This investigation of
physical and chemical factors influencing reactivity contributes to the know edge about

the stability, transport, and bioavailability of toxic compounds on combustion particles in

the atnosphere
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1. Introduction

The 1990 Clean Air Act Amendments addressed air pollution problems not sol ved by
previous amendments to the 1970 Clean Air Act. A mgjor concern of Congress has heen the
failure of the EPA to control emssions of air toxics, which are pollutants of known toxicity
to human health. Listed among the air toxics are polycyclic organic matter (POW. A
significant portion of the mutagenicity of organic extracts of POM may be attributed to
polycyclic aromatic hydrocarbons (PAHS) and their transformation products (Nelsen et al.,
1983). PAH are of significant concern due to their known animal carcinogenicity and
wi despread abundance in the environment (Valerio et al., 1984).

The main source of POMin the atnosphere is combustion of fossil fuels, including
stationary sources such as coal burning plants, and mobile sources such as autonobiles
(Suess, 1976). Particulate matter emtted to the atmosphere during combustion typically
contains an el enental carbon core coated by an organic layer. Combustion particles from
different sources vary in chemcal and physical properties. Diesel soot is largely elemental
carbon with a thin organic coating which is predomnantly non-polar (Japar et al., 1984;
Schuetzle et al., 1981; Ross and Risby, 1982). Wod smoke is conposed al most entirely of
polar organic material such as methoxyphenol s (Kanens et al., 1985, Hawthorne et al.,
1989). PAHs represent from.5 to 5 %of the organic fraction of conbustion aerosols (Ross
et al. 1982, Kanens et al., 1988). The mutagenicity of combustion aerosols can be modified
by the photochem cal reactions of PAHs on the particle surface.

PAH distribution between the air and particle phases is proportional to vapor
pressure, with higher molecular weight PAH found on the particle phase. The deposition
properties of vapors and particles differ, thus the partitioning of PAHs between the two
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phases will influence their transport in the lung and their atnospheric lifetine. PAH
chemcal reactivity will also be affected by the partitioning (Kanens et al., 1992). PAH
present in the gas phase degrades by attack of CHradical. The half-life of PAH In the gas
phase during smog episodes is short, fromninutes to hours (Nielsen et al.,1983).
Transformation rates of particle-associated PAH are influenced by physical and chem cal
properties of the particle. Particle-associated PAH reactivity is primrily due to
phot odegr adation. (Atkinson, 1988). The photoreactivity of PAHs i's not surprising, given
their ability to absorb W radiation above the atmospheric cutoff at 290 nm The behavi or
of PAHs found in the gas and particle phase can be monitored using smog chanber studies.
These studies permt conditions such as co-pollutant concentrations, and particle
concentrations to be controlled. The photoreactivity of PAHs is evident in sanples
col I ected in a snog chanber located in Pittshoro, NC. PAHs present on combustion
particles degrade in sunlight and are stable at night (Kanens et al., 1985, 1986,1988).

Despite the known phot odegradation pathways for PAHs in sol ution,
phot odegradation on conbustion particles remains poorly understood. Particle surface
characteristics seemto heavily influence PAH photodegradation (Behymer & Htes, 1985).

Another inportant determnant of PAH reactivity may be the associated organic
conpounds present in the extractable organic layer. Qther constituents identified in wood
conbustion particles include nethoxyphenols (Hawthorne et al., 1989). The presence of
met hoxyphenol s enhances the phot odegradation of PAHs in solution (MDow et al. 1991,
1992). The question remins, given the presence of methoxyphenols on soot particles, as
to whether such phot odegradation pathways occur in the atnosphere.

The goal of this research was to isolate the physical and chemcal properties which
i nfluence PAH reactivity on combustion particles. Alaboratory technique of exposing
"nodel" particles to W light ina turntable photoreactor allowed conditions to be
controlled and sinplified. Results of PAH reactivity when associated with organic
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«Bl <t

constituents on an el enental carbon surface will provide insight into the processes that

occur on real combustion particles.
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2. Background

Particl e-associ ated toxi ¢ organic compounds, when deposited in the fung, may
be released into the body causing possible adverse affects to human heal th. The causa
relationship between air pollution and lung cancer deaths has been approximated as a
Sincrease inthe rate of lung cancer deaths for each increment of pollution as indexed
by Ing/n of benzo(a)pyrene (BaP) inair. This relationship was endorsed by the
National Academy of Science (Quraishi, 1985). BaP is a polycyclic aromatic
hydrocarbon which has been shown to be carcinogenic in laboratory studies and |inked
to cancer in certain occupational studies (Geenberg et al., 1985).

Inan attenpt to protect human health, the EPA set national anbient air quality
standards (1971) for total suspended particulate matter at 260 my per ' for a 24 hour
standard (Quraishi, 1985). Total suspended particulate (TSP) is that portion of anbient
matter collected on a high volune filter for 24 hours with a cut size of BGum In
1987, a revised national anbient air quality standard (NAAQS) for particulates was
Introduced which considered the respirable particulate fraction equal to or less than [Q'x
m- PMO (Hesketh, 1991). This was hased on the know edge that the fine fraction
Wil penetrate into the lungs and potentially create a greater health risk than TSP
(Hnds, 1982; Seinfeld, 1986). In addition there is evidence for the preferentia
concentration of toxic conpounds on the smallest respirable particles (Natusch &
Tonpkins, 1978; Natusch, 1974, Fisher etal., 1979).

Principle sources of total suspended particulate matter include combustion of
biogenic fuels, fossil fuels (coal, oil, gas, and gasoline), and incineration (Daisey et
al., 1986). Inportant differences exist between the types of particles emtted fromeach
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of these combustion processes. Analysis and characterization of ambient particulate
matter on the basis of size, surface area, physical "porous" structure, phases present
(solid, liquid), chemcal conposition of the liquid phase, and chemcal characteristics
of solid adsorption sites enhances our ability to evaluate the transport, fate, and
potential health inplications of emtted particulate matter fromthe various combustion

The concentration of PAHin the atnosphere is determned by the emssions
fromcombustion sources, and their atnospheric renoval through physical and chemca
mechani sns. PAHs are distributed between the gas and particle phases due to their
intermediate vapor pressures (see Table 2.1). PAHs are distributed between the gas
and particle phases because their vapor pressures are high enough to al low a significant
gas phase component, but |ow enough that significant amounts are adsorbed on
particulate matter. The atmospheric transformation processes of PAH depend on their
distribution between the two phases (Atkinson, 1988, Bidlenen et al., 1986, Schuetzle
1975),

Table 2.1

PAH Mol ecul ar Wi ght, PAB[ Vapor Pressure (torr) at 298K, (p. 124 Atkinson, 1988)

PAH Mol ecul ar Vi ght Vapor Pressure
(g/ ol e) (torr)
Napht hal ene 128 8. 0x10- 2
Ant hr acene 178 6. 0x10-6
Fl uorant hene (FI) 202 9.2x10-6
Pyrene 202 4.5x10- 6
Benz(a) ant hracene (BaA) 228 2.1x10-7
Benzo(a) pyrene (BaP) 252 5. 6x10-9

! Chryseng 228 6. 4x10-9 !
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Gas phase mechanisms of OH radical attack on PAH and other mnor pathways
are fairly well understood. Ntro-PAH products are formed from PAH when OH
attack occurs in the presence of NOx (Atkinson, 1988). Photo-induced processes of
particle-associated PAH are thought to be the major mechanismresponsible for PAH
degradation (Kanens et al., 1988).  Studies of PAH on particle surfaces show that the
rate of PAH photolysis is strongly dependent on the surface characteristics (Behyner
and Htes, 1985).

Phot ol ysi s during transport of PAH on combustion particles can lead to a loss of
carcinogeni ¢ species (Nielsen, 1988) or an increase in mutagenic species concentration
(Finlayson-Pitts and Pitts, 1986). There is disagreenent concerning PAH particle
phase reactivity in atmospheric systens (Behymer and Htes, 1988). Conbustion
particles differ in chemcal and physical properties, therefore attempts to characterize
PAH on al | of themas being either stable or reactive may be msleading. Additionally,
careful interpretation of PAH reactivity fromanbient sanpling data requires
quantification of all factors which influence particle-associated PAH transformations as
a function of sanpling tine (i.e. PAH concentration depends on ambient particle
concentration). The seasonal variation of anbient particle associated PAH
concentrations suggest that either additional combustion particles are present the
atmosphere in the winter, or that PAHs decay much faster in the summer
(Pistikopoulos and Mouvier, 1990; Pierce and Katz, 1975; Sawicki et al., 1960).
Studies which characterized both the total suspended particulate matter and extractable
organic mtter concentrations found that the increase in PAHS and extractable organic
matter could not be accounted for due to anincrease in particulate mtter (Lioy, 1983;
Sawicki et al., 1960). Additionally quinones, known products of PAH

phot odegradation, have also been found to vary with season, being highest in the
sumer and |owest in the winter (Pierce and Katz, 1976).
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Rapid reactions of PAHs on combustion particles have been observed in smog
chanber experiments. Sunlight is the primry determnant, with relative humdity,
tenperature, particle PAH loading, and combustion source (diesel, wood) also
influencing the photodegration rate (Kanens et al., 1988). PAH stability on stack
col lected fly ash sanples exposed to ultraviolet radiation suggests that surface
characteristics of this type of conbustion particle stabilizes PAH reactivity relative to
other particle types (Fisher, 1983; Raabe 1979). Qther determnants of PAH
degradation rates on conbustion aerosols are being sought to help characterize the fate
and transport of these conpounds.

A nethod needs to be devel oped for eval uating PAH reactivity on
het erogeneous conbustion aerosol particles as a function of specific physical and
chemcal properties which are representative of the character of the PAH environment.
Model irradiation conditions and nodel combustion aerosol generation systens have
been enployed to reduce the conplexity inherent in an atmospheric combustion aeroso
environment. The ability to infer PAH reactivity frommodel studies to real anbient
organic particles is critically dependent on how well the physical and chemca
properties of conbustion particles are characterized and represented in the mode
systems. A systematic eval uation of the [iterature on ambient aerosol particles and
characterization of combustion particles fromdifferent anthropogenic sources is given
bel ow.

Analysis of size fractionated anbient aerosols collected next to a heavily
travel ed highway indicate that the fraction less than 1 *mconsists of soot or
carbonaceous material, and that PAHs are concentrated in this size fraction (Butier and
Crossley, 1981). The |-2pimsize fraction consists also of carbonaceous material but is
devoi d of PAH suggesting that this material was produced at higher combustion
temperature. Presence of high concentiations of ironand sulfur in this fraction are
characteristic of fly ash (Butier and Crossiey 1981). Distributions of BaP with particle
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size found in ambient air sanples were reported by Mguel and Friedl ander (1978).
The BaP concentrations expected on each size fraction of particles generated during
dark chanber wood snmoke experiments are listed in Table 2.2 (Kamens et al. 1986).
The measured particle size distribution in the chanber was fairly stable and did not

cause a change in the measured PAH concentration (Kanens et al., 1986),

Table 2.2

9BaP Expected in Each Particle Size Range
(Kamens etal., 1966) \

Particle size range (/in) ~ %of total BaPin each

size range
.056 - .1 19
. 1-.178 49
.178-. 316 13
. 316- . 562 11
! 9601 8 1

Conbustion particles have heen eval uated in ternms of their percentage of
el emental carbon to organic carbon content and this ratio was found to be highly source
dependent, as listed in Table 2.3 (Finlayson-Pitts and Pitts, 1986). The variation
anong various sources of BaP has also been listed in Table 2.4 as conpiled from
Dai sey et al. (1986), and Li and Kamens (1992).
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Table 2.3

Percentage El emental to Organic Content for Conbustion Particles

(Finlayson-Pitts & Pitts, 196)

Conbusti on Source
Coal furnaces
Aut omobi | es, Diesel
Aut ormobi | es, Gasol i ne

Firepl ace, Hardwood

Fireplace, Softwood

El enent al

33% 95%
75% 79%
26% 54%

32%

L%

Table 2.4

Concent rations of Benzo(a)pyrene in Particulate Matter fromVarious Sources

Sour ce

Tunnel sanpl es
Coal Burning - Residential Anthracite
Coal Burning - Residential Bitum nous
Coal Burning - Power Plants
Q1 - Burning Power plants

Residential wood burning - Fireplaces

Wyod Stoves
Coke Pl ant
Soi |
aut onobi l e, diesel

automobil e, gasoline

liglg BaP in particulate

matter
66- 500
10- 20
240- 600
7+ 10-*
. 005
3-141
213-870
1400- 5800
1-2.3
81

189

Car bon/ Organi ¢ Carbon

Ref er ence

Dai sey, 1986

Li,
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The organic conmposition of conbustion particles may also vary widely as a
finction of conbustion source.  Autonohile gasoline engine exhaust particulates were
characterized as consisting of 50%saturated aliphatic, 5%PAH and 30% oxygenat ed
hydrocarhbons (Boyer and Laitinen, 1975). Allegheny tunnel samples consisted of 50%
aliphatics, 10%PAH and 21%very polar conpounds (Sal meen et al., 1985).

Analysis by fractionation of wood soot indicates that only 11-14%of the extractabl e
organics were eluted in the neutral or sempolar fractions, probably aliphatic and

PAHs, and 81-84%el utes in the most polar fraction, suggesting that most of the
particle-bound organics in wood snoke are very polar in nature (Kanens et al., 1985).
Specific extractable organic conpounds have been identified on conbustion particles,
primarily inan attenpt to identify conpounds unique to particular sources for use as
tracers. Aliphatics, aza-arenes (heterocyclic nitrogen conpounds), PAHs, nitto-PAH
aliphatic and aromatic carboxylic acids, dicarboxylic acids, aromatic acids, ketones,

qui nones, phenol s, and hal ogenat ed hal ocarbons are conpound classes which have been
characterized in filter collected ambient air particles, although know edge about relative
source contributions is inconplete. Polar organic compounds have been difficult to
identify using current gas chromatography (GO or liquid chromatography (LC)

techni ques due to their thermal instability, or reactivity with the colum support.
However, a number of nethoxyphenolic compounds simlar to lignin structural units
have been identified in unfractionated wood combustion particle extracts (Haw horne et

al., 1989)
Polycyclic aromatic hydrocarbons absorb strongly in the utaaviolet radiation
region and are readily photooxidized by ultraviolet light transmtted through the

atnosphere.  The rate of photoreactivity increases wth increasing polarity of the
sol vent when PAH s are irradiated in liquids (Nielsen et al., 1983). PAH half-lives in

tol uene are found to be directly reduced when nethoxyphenol s are added to the
sol ution, and photodegradation of PAHin pure methoxyphenols is 10-30 tines faster
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than in pure hexadecane (MDow et al., 1991).  The relative inportance of surface
characteristics and organic |ayer conposition in determning PAH reactivity on
combustion particles remins to be determned.

Results of PAH reactivity experiments using nodel combustion particles are
often difficult to interpret due to the different protocols used. Variations in the
ultraviolet source, particle surface area, PAH concentration, and particle surface
properties must all be characterized prior to determning their interconparability and
relevance to real combustion particles (Valerio et al.,1984). Table 2.5 concisely
describes the protocol and results for PAH reactivity measurenents on node

combustion surfaces fromseveral investigators

11
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I nvesti gat or

Behymer & Kites
(1985)

1 Behymer & Kites
(1985)
Behymer & Kites
(1985)
Behymer & Kites
(1985)
Thomas & Tebbi ns
(1968)

Dai sey et al.,
(1982)
Korfinacher et al.
(1980)

Dai sey et al.
(1982)
Kanens et al .
(1985)

Fox & Qive

(17

Table 2.5

Revi ew of Heterogeneous PAH Phot odegradation Experinents

React or

rotary cell

tubul ar cell

I1ftx6in

f1uidized

bed

rotary cell

fluidized bed

Smog Chanber

filters

Irradiation Source

Mercury |anp,

17. 6W n2

200W Hg vapor

| anp, 36W n2

150W Xenon Arc

Lanp

200W Hg Vapor

| anp, 36Wn2

Sunlight, .2-

.3cal/cm2/min

Sunl i ght

Substrate

Silica gel

al unmi na

fly ash

carbon bl ack

acetyl ene soot

coal fly ash

coal fly a®

carbon bl ack.

carbosieve S

carbon bl ack.
aerosol i zed

enri ched

atm part.

Sur face

Ar ea

224

11.6

unknown 1800 My/g , BAP

860

230

unknown

PAK PAK
concentratio cover age
«s/ « | | gl il
450ft gl g of - 706
m xed PAK
450 2.0
450 88
450 39
570 My/ g, 63

Pyrene

75 My/ g BaP 10.1

80 . 093
100 .44
unknown unknown

Kal f-Life of

PAK (hrs)

31

570

<1 (58%

| oss 40ni n)

> 76

>23

>10

short

12
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The influence of physical and chemcal characteristics of combustion particles
on the photo-reactivity of adsorbed PAH must be identified to accurately assess reaction
mechani sms. PAH concentration on the particle surface is an exanple of one factor
whi ch influences the photodegradation rate, which mght explain discrepancies which
exi st among reported half-lives of PAHs when the particle substrate is identical. Fy
ash had heen investigated as a surface which stahilizes PAHs. However, investigators
have reported different reactivities for PAH on fly ash. Korfmacher et al.( 1980a
1980b) found that only 11 %of BaP degraded upon exposure to 190 hours of radiation
Phot odeconposition initially occurred rapidly but stopped after only a small fraction of
BaP degraded. Daisey et al. (1982) found that pyrene adsorbed on fly ash degraded
much faster when exposed to light, and had a half life of 7 hours. The systens
empl oyed to expose the particles to light are different but have been conpared hy
Behymer and Htes (1988) and shown to give equivalent results. Korfmacher enployed
a rotary reactor where particles are rotated ina cell whichis transversely irradiated by
a light source (1980b). A fluidized bed photoreactor was designed by Daisey et
al. (1982) to enhance |ight exposure to particles by suspending themin a gas flow. The
PAH concentrations adsorbed on the fly ash varied between 63/tg/g in Korfnacher's
study and 570/ig/g in Daisey's study. Although different PAH were used in these
studies, simlar reactivity is expected for pyrene and BaP. The differences in the two
studies is not likely to be due to differences in specific compounds. The vapor
deposition technique used by Korfmacher allowed monol ayer adsorption of PAHs from
the vapor phase, to mmc the condensation processes undergone by PAHs in the stack
of coal furnaces (1980b). In Daisey's experinent, the PAHs were adsorbed onto fly
ash using a slurry coating technique, where the concentration adsorbed is determned by
varying the solution concentration applied. Different types of fly ash may also account
for the difference in rates observed (Behyner and Htes, 1988). These exanples
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I11ustrate the inportance of knowing what factors to control in experiments of PAH
phot odegradation on model and real particles.

Adsorption of PAHs on fly ash has been studied by Eiceman and Vandiver
(1983), using el ution analysis, showing that the adsorption isotherns are irreversible at
concentrations bel ow 30"g/ g concentration of PAH Therefore, PAHs which are
chem sorbed or adsorbed in an irreversible manner to the surface of fly ash may not be
abl e to undergo photodeconposition. This could explain the discrepancy between
results of Daisey et al. (1982) and Korfmacher et al. (1980a). PAHs adsorbed on top
of previously sorbed PAHs or other organics would be able to undergo photochem ca
reactions as is observed in solution. The concentrations of extractable organics found
on fly ash sanpled fromindustrial stacks suggests that PAHs on fly ash in the
atmosphere are present as |ess than a nonolayer. If the particle substrate and PAH
concentration are the controlling factors in the atmospheric system then Korfmacher's
results of stability may be atnospherically relevant for fly ash particles emtted from
industrial stacks

Consi derabl e care must therefore be taken when designing a systemto node
particle associated organic compounds. The enmphasis of this research was to model a
het erogeneous two phase sol id-1iquid combustion particle so as to evaluate the
important physical and chemcal factors of combustion particles which determne PAH
photoreactivity. The model combustion particle contained PAHs dissolved in an
organic |ayer surrounding a carbon core. The criteria for a model systemwas that
particles be consistent|y generated, that the organic composition could be easily
modi fied, and that the particles be readily accessible to exposure to ultraviol et
radiation. In the method devel oped, selected organics were coated onto carbon black
particles along with the PAHs.

The goal of this study was to develop a technique to nodel, in an

atmospherical [y relevant manner, the PAH photodegradation on combustion particles.
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Distribution of a PAHin the environment depends on whether the PAH has a stronger
affinity for the solid, liquid or gas phase, as is influenced by its vapor pressure
solubility, and adsorptive properties. The photoreactivity of a PAH varies depending
on whether it isina vapor, solution, or solid phase. PAHs primarily on the particle
phase are in close proximty to other organic conpounds al so adsorbed on the particle
surface. This investigation of the particle associated PAH reactivity addresses the role

of associated organic conpounds in addition to the role of elenmental carbon surface

characteristics.
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3. Procedure

A method was devel oped using a |iquid phase technique to prepare uniform
mul ticonponent organi¢c coatings on carbon black particles, and to unifornty distribute
the coated particles on supportive Teflon filters. This nethod permts the adjustment of
the composition and amount of constituents in the organic coating, and the type of
surfaces used, so that realistic PAH environments on combustion particles can be
generated and studied. Particles were exposed to ultraviolet light and subsequent!y
anal yzed for evidence of PAH photodegradation over tine.

Figure 3.1 illustrates the methodol ogy and apparatus used in this study
Mul ticonponent organi ¢ coated carbon black particles were dispersed on Teflon filters.
After coating and dispersing the nulticomponent particles onto duplicate filters, the
sampl es were supported on a turntable which encircled a water-cooled W lanp
Samples were removed fromthe turntabl e reactor at different intervals during the
exposure period. The sanples were then extracted using a mni-Soxhl et extraction
apparatus and prepared for analysis by reverse phase HPLC and GOVB
Determnation of the rate of photochem cal transformation of PAHs was deterni ned

fromanalysis of the filter sanples

3. A Buchner Funnel Liquid Particle Coating and Di spersion Techni que

The coating technique required specification of five conponents: 1) Target
Conpound for Photoreactivity analysis, 2) Co-reacting Organic Species, 3) Particle
Surface, 4) Dispersion [iquid, and 5) Filter. The selection of representative PAHs
was based on their ability to absorb atmospheric W (see Figures 3.2 and 3.3) and on
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the existing data base on Iiquid phase reactivity. The PAH spectra were obtained from
Finlayson-Pitts and Pitts (1986). The isoeugenol spectrumwas obtained wth a HP
8451A Diode Array Spectrophotoneter (W-VIS). The absorption spectrumin Figure
3.2 plots the amunt of [ight adsorbed by a compound, or log e, the log of the molar
extinction coefficent as a function of wavelength. The nolar extinction coefficent of a
compound reflects its ability to absorb light and may be defined using the Beer-Lanbert
absorption |aw (equation 3.1).

1 /71, =10" """ eq. 3. 1
lq = incident light, | =transmtted light, e(l/nol*cm = molar extinction coefficent,
¢ = concentration of absorbing species, 1 = path |ength

The concentrations chosen were in the same range as those found on
conbustion-generated particles collected fromthe atmosphere. A nunber of PAHs
were chosen so that possible effects of differing vapor pressures or solubility on
reactivity within the matrices could be nonitored. Constituents of the organic |ayer
were chosen which exhibited strong influences on PAH photodegradation in [iquid
phase experinents (see Figure 3.4). Concentrations of these co-reactive constituents
were chosen to be simlar to concentrations observed on combustion particles
(Hawthorne et al., 1989). A nodel conbustion surface which had surface areas,
surface functional groups and carbon content sinlar to atmospheric combustion
particles was chosen. Criteria for surfaces were that they be well characterized in
addition to being simlar to combustion-generated particle surfaces, such asis the case
for carbon blacks. The dispersion solvent was to be easily evaporated fromthe
particles and the filter. Solvents and filters were selected which maxi mzed the amount
of PAH adsorbed on the particles and mnimzed adsorption on the filters. Coating
components were to be mscible with the dispersion [iquid yet the dispersion liquid was
not to conpete with the PAH isoeugenol or other coating components for adsorption to
the surface of the carbon black. The supportive filter upon which the particulate matter
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was evenly dispersed was to be nonadsorptive to all of the constituents, so that the
coating remined attached to the particle surface rather than to the filter surface

The fol | owing procedure was used to obtain an evenly-distributed, thin layer of
coated particle on Teflon filters. 1 ny Carbon Black (Developnent Carhon T10121
[Ctco]) was syringe-spiked with 400/*! of the nulticomponent coating dissolved in
di chl oromethane. The mixture was sonicated for one mnute ina 2m glass vial, then
the dichloromethane was evaporated, |eaving the coating on the particles. The coated
particles were then deposited on a 2*mpore size, 47mm Zefluor filter. Zefluor filters
are a tortuous path filter Teflon menbrane with a chemcally resistant Teflon backing
The particles were evenly dispersed on the filter using a Biichner funnel.  25m of
dichloromet hane sol vent was placed in the Biichner funnel over the Zefluor filter. The
coated particles were scraped out of the glass vial using a spatula and washed with
di chl oromet hane into the Biichner funnel. Particles which could not be retrieved of f
the glass vial wth a spatula were sonicated briefly, as extensive sonication would
extract the coating fromthe particles (Daisey et al., 1986). Once all the particles were
suspended and dispersed in the liquid above the Biichner funnel a vacuumwas applied,
drawing the sol vent through the filter, and leaving the particlelcoating matrix

distributed evenly on the filter.

The Biichner Funnel Filtration Technique: The Buchner funnel filtration (BFF)
technique first involved coating carbon black particles ina smll vial and then
transferring the particles to the Biichner funnel. Avariety of transfer techniques were
evaluated. First, the coated particles were resuspended in a small vol une of sol vent.
Then the coated carbon black particles were scraped off the walls of the glass vial using
a spatula (spatula nethod) or removed fromthe walls using sonication (sonication
method), then transferred to the filter. The reference nethod for conplete transfer of
coated particles to the liquid phase vas to use glass wool to collect the particles and


NEATPAGEINFO:id=72CFA057-B24F-4E0B-926C-B70AE8FFA1DE


19

clean the wall's which then were placed in a thinble for extraction. This method was
only used as a test for performance of the spatula and sonication methods

An alternative method of adsorbing the compounds froma liquid phase onto the
carbon black particles was investigated. Carbon black and the organic constituents
were separately placed in the Biichner funnel, so the step of tiansferring coated
particles froma vial to the liquid phase could be elimnated (no transfer nethod).
Adsorption of the organic constituents fromsolution to the carbon black surface woul d
be contioUed by their diffusion rates in solution, the number of collisions with the
surface, and the adsorption strength.

The Slurry Coating Technique;  Qther coating techniques were attenpted
before and during devel opment of the Biichner funnel filtration (BFF) technique
Initial experiments neasuring PAH reactivity on filter surfaces in the dark and exposed
to light were perforned with the PAH slurry coated on the filters. To initially
determne the effect of carbon black on PAH reactivity in the light and dark, PAHs
were slurry coated on bare filters and filters containing carbon black. Using this
method a slurry coating of carbon black, PAH organics and dichloromethane are
deposited on to a filter. The dichloronethane is allowed to evaporate. PAH and
organics remain coated on to the carbon black on the filter. Aninitial experinent was
performed to measure the influence of isoeugenol on PAH reactivity on particles. For
this experiment, two slurry coatings were prepared in dichloronethane, one containing
I soeugenol and PAH and one containing PAH for application to carbon black particles

on filters.

3. B Turnt abl e Phot or eact or

After coated particles were deposited on filters, the filters were then placed in a

Turn-table photoreactor illustiated in Figure 3.1 The turntable arrangement pernitted
all of the filters to be exposed to the sane amount of light, as they all rotated around a
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cylindrical lamp, mnimzing any positional dependence in the exposure process. Use
of a stable, consistent light source and specific exposure configuration hel ped reduce
the variability in exposing these samples to light. The turntable was modified by
making Teflon filter hol ders to occupy standard test-tube positions, to support 9 filters
of 47 nmsize. During the process of heing rotated around the lamp the filters were
vertical, therefore the nethod was sensitive to the particles' ability to remain on the
filter during the exposure process. A 450 att high pressure quartz mercury vapor
l'anp was used to generate the U radiation to which the sanples were exposed. The
spectral distribution of the lanp consisted of discrete emssion lines in the W region;
Figure 3.3 illustrates the spectral distributions of the Hy lanp and the sun. The
Mercury W lamp was placed in either a quartz or a horosilicate water cool ed
imersion well.  The emm sion wavel engths to which the sanples were exposed was
specified by choice of the imersion well and light filters placed around the [anp. The
imersion well was cooled using a Little Gant Model 1-AA submersible punp (Little
Gant Punp Co., Cklahoma City, OK), which cycled distilled deionized well water
through the immersion well and anice bath at 1 liter/mn. The stability of the
ultraviolet light intensity generated by the lanp was continuously nonitored with an
Eppley Utra-Violet Radiometer (Eppley Laboratory, Inc., Newport, R1I.)

3. C Soxhl et Extraction

Before the sanples were extracted, an internal standard of 5w or 10/il of
100ng/ /i1 of b-b'-binapthyl was added to the extraction flask along with 30 nl of
dichloronethane. Filters were individually extracted using mcro-soxhlet extractors for
12 hours.  Dichloronmethane was reduced to a volume of 1 m using a Kudeme- Dani sh
colum, and the entire sanple was transferred to a tared vial. Next the sanple was
bl own down to al most dryness to exchange dichloronethane with acetonitrile, and to
place the constituents in a known volume of acetonitrile (typically 100 - 400 fA).
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Di chl oromet hane was chosen over tolutene to extract the organic constituents fromthe
carbon black to avoid |osses of conpounds through volatization during the sol vent

reduction steps (Daisey et al., 1986).

3. D HPLC

Anal ysis was performed using a Spectra Physics 8700 gradient elution HPLC
with a reverse phase colum, ultraviolet excitation, and fluorescence detection. A
manual |y packed precolum was used to protect and prolong the lifetime of the
anal ytical colum. LiChroprep RP-18 (a hydrocarbon phase CL6 chemical |y honded to
silica gel), particle size 25-48/xm catal og #9303 by EM Reagents was used to pack the
precol um. The anal ytical colum (Supelcosil LC PAH colum with 5 nm packing,
15 cm X 4,6 mm Supel co catal og nunber 5-8318M was specifically designed for
analysis of priority pollutants including PAHs. The mobile phase was water and
acetonitrile of high purity grade, either Fisher Scientific's Qptim or HPLC Gade
The SP 8700 HPLC was equi pped with a helium degassing manifold. Degassing of the
sol vents was necessary to ensure that bubbles do not formon the |ow pressure side of

the punp. The gradient elution solvent programfor PAH analysis is [isted in Table
3.1.
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Table 3.1

Time (mnutes)
0
4
10
16

18

! 1l

HPLC GRADI ENT ELUTI ON SOLVENT PROGRAM

NNt er
50
35
10
[0}

50

50

Ycetontrile
50
65
90
100

50

il
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A Shimadzu Variabl e Wavel ength Fl uorescence Spectrophotometer (model 530)

was used to detect fluorescent compounds including PAHs. The specificity of

fluorescence detection elimnates nuch of the interference due to conpounds which

may coelute with the PAHs, and the sensitivity of this detection systemis on the order

of 1 /tg/L. Although the wavel ength could be varied to identify specific PAHs by their

absorbance and fluorescence characteristics, a fixed excitation and enission wavel ength

pair of Igx = 250nmand Ig" = 400nm was used to detect all of the PAHs. The main

limtation of using the HPLC systemwas that many of the photochem cal reaction

products could not be identified, or were sinply not detected if they did not fluoresce.

3. E Gas Chromatography/ Mass Spectronmetry (GCOMVB)

Anal ysis of the extracted organic compounds was al so conducted using a
Hewl et t - Packard GCOMS, which coul d positively identify conpounds by their mass

spectra. Amcroliter of sanple was injected onto either a split/splitless or cool on-
colum inlet of the HP5890A GC onto a DB-17 fused silica capillary colum with

,32mmor . 25mm 1D, . 15/xmfilm and 30mlength which was interfaced to the
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HP5971A Mass Selective Detector (MSD).  Heliumwas used as the carrier gas; the
inlet tenperature and oven tenperature programvaried depending on the injection inlet
(split/splitless vs on-colum, see Table 3.2a and 3.2b) and sol vent used. M5
Chenstation for DOS on a Hewlett Packard 386 personal conputer was used to control
the GC and MSD paraneters during a run and for subsequent data analysis. \Wen
analyzing for products full scan ion chromatograns were obtained of the filter sanple

extractions, which were injected directly on-colum to the GO,

Tabl e 3.2a

Tenperature Programfor the GC Oven for On-colum injection 1
Oven initial T. 100 °C, oven maxi mum T: 350 °C
Detector: 300 °C Iniector Blon col): 100 °C Run time = 26.2 mnutes |

Rate (°C/ min) Oven Final Temp (°Q) Final Time (nin)
15 250 0
5 280 0 !
Tabl e 3.2b
Tenperature Programfor the GC Oven for Split-Splitless injection 1
Oven initial T. 100 °C, oven maxinumT: 350 °C
Detector: 300 °C, Injector A(split-splitless): 300 °C, :Run time = 30.3 mnutes
Rate (°C/min) Oven Final Tenp (°C) Final Time (mn) 11
10 250 0

15 300 10 |
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3. F NBS St andards

Wrk up and anal ysis nethods were tested, optimzed, and then verified using
NBS Standards. The NBS Diesel Soot 1650 was used to test extraction efficiency and
reproduci bi lity. The NBS 1647b mxture of the PAHs in acetonitrile was used to
quantify the peak areas obtained fromthe chromatograns to the known concentrations
Three standard sanples, each serial dilutions of NBS 1647h were typically anal yzed for

each experinent to generate a calibration curve relating the integrated area data and

concentrations.

3.G Cal cul ati on of Reaction Rates

A pseudo-first-order rate expression has been used to represent PAH
deconposi tion on wood conbustion particles exposed to solar radiation in a smg
chamber (Kanmens etal., 1985). In a first-order reaction the reactant concentration
decreases exponentially with time. This behavior has been observed for the
phot odegradation of the PAH adsorbed on to the carbon black particles in many of the
experiments perfornmed. The first-order rate |aw for PAH di sappearance may be

expressed by equation 3.2a
- d[PAH ANt ptij M [PAHDo at t=0 eq. 3.2
where [PAH is the concentration of PAHand k is the rate constant.

Equation 3.2a rearranges to equation 3.2b:

—2—d[ PAH] =- kdt eq. 3.2b
and when integrated yiel ds equation 3.2¢
| Nl 2™~ =- Kkt eq. 3. 2c

[ PAH,
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[PAHJo is the initial concentration of PAH [PAHj is the concentration of PAH
measured at tine t. If |n--~5---- Is plotted against t, then a first order reaction will

give a straight line. The rate constant k may be determned fromthe slope. A usefu

indication of the rate of a chemcal reactionis the time it takes for the concentration of

a substance to fall to half its value. This is the half-life, expressed as ti/2, and may be
calculated for a first order reaction using equation 3.2c. This is illustrated in equation
3.3a, which may be solved to give equation 3.3b

Kt =- 1 n*—2 eq. 3. 3a

t"“oJd

T 1 — eqg- 3. 3BSBb

For atrue first order reaction the half-life of a reactant will be independent of
the initial concentration. The results obtained for PAH photodegradation due to

phot ol ysis were expressed in terms of the PAH half-lives by applying a linear |east

. PA
square regression for each plot of In[---rq-——versus t. The square of the sanple

correlation coefficient r* neasures the strength of this [inear relationship, but when no
phot odegradation occurs this measure is inadequate. This is also true for other cases

when a straight [ine nodel is not appropriate

3. H BET Surface Area

Characterization of the carbon black used to represent the conbustion surface
was al so undertaken. Surface area analysis of the carbon black was performed by
Mcroneritics, of Norcross GA The surface area of a particle may be determ ned

based on the amount of an inert gas (N, He) of known size which is adsorbed by the
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surface. The adsorption isothermnaned after its authors, Brunauer, Emmett and
Teller, can be used to calculate accurately the surface area fromthe plot of partial
pressure of a gas versus isothermparameters, and the surface area can be cal cul ated

fromthe slope and intercept (Castellan, 1983). The isotherm (equation 3.4a) assumes

mul tilayer adsorption may occur at high pressures.

V/ Vnmon=cz/ ((l-z)(l-(l-c)z)) cqg. 3.4a

V'is volume of adsorbed material, Vion is the volume adsorbed for conplete
monol ayer coverage, ¢ is a constant, z = p/p*, pis the equilibriumvapor pressure, p*

i's the bulk vapor pressure (tenperature dependent). Equation 3.4a may be rewitten to

obtain equation 3.4b.

|/(z-1)V = 1/cVmon + (c-1)z/Vnon eq. 3. 4b

Aplot of I/(z-1)V versus z will permt evaluation of (c-I1)/Vion as the slope and
cViron as the intercept, which combined will give ¢ and Vion.  Once the vol ume of gas
adsorbed on a nmonol ayer is obtained, the nunber of N2 molecules in the nonol ayer on
the surface may be calculated fromthe ideal gas law, n = PV/RT at T=273 K and p =
latm Fromthe nunber of nitrogen nolecules on the surface, the surface area

availabl e for monol ayer adsorption may be determned using a N nol ecul ar cross-

section of. 162 nm

3.1 Scanning Electron M croscopy (SEM

Scanning el ectron mcroscopy photographs of carbon black particles on Teflon

filters were obtained. Characterization of the nature of the organic liquid phase and its
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interaction with the surface was al so attenpted hy taking SEM photographs of the filter
supported carhbon-organic layer matrices.

Scanning Electron Mcroscopy of particle surfaces generates an image which
conveys nore about the shape of particles, roughness, and roundness than optica
mcroscopy. This is aresult of the increased depth of field. The disadvantage of SEM
I's the necessity of examning the sanples under vacuum to generate a stable electron
beam The vacuum may cause vol atile conpounds which are present on particles to
desorb fromthe particle surface, altering the particle characteristics during the process
of analysis. The SEMis located in the electron mcroscopy laboratory in the Pathol ogy
Department of the UNC Medical School.  Before placing sanples in the SEM the
surface of the sample was nade electrically conductive so that current fromthe electric
beamwoul d not build up on the particles. This was acconplished by coating sanples
with a thin conductive naterial. To coat the particles 2 nmx 2 nmsnips of the
filters, mounted on netal studs, were placed in a sputter coater chanber. The chamber
was evacuated and argon was added to create an argon atnosphere. A tungsten
filament heated and vaporized a thin gold-palladiumwire. This placed a thin [ayer a
few atoms thick on the sanple and filter, which was not sufficient to affect the
measurement of particles larger than .0%i«m

The filter sanples were |oaded into the Scanning El ectron Mcroscope when the
el ectron beamwas off. The SEMdiffusion punp was turned off, and nitrogen gas was
added to vent the electron mcroscope chamber. A transfer armwas opened, and
sanpl es on netal studs were placed on the stage along with a standard. The chanber
was punped down to a vacuum and then the electron beamwas turned on. The
el ectron beam scanni ng speed, magnification, focus, contrast and brightness were

adjusted using the standard. The stage was rotated manually to place each sanple

under the beam for exami nation.
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Pictures of SEMimages were obtained with a split image, where the right
frame gave 8 to 10 times the resolution of a small rectangular region of interest
specified within the frame on the left. The scanning el ectron mcroscopy pictures were
used to deternine the particle size distribution using a transparency of the Porton
eyepi ece graticule, which was then calibrated using the line rule displayed on the SEM
phot ograph. The results were plotted on cunul ative | og-probability paper, a count
medi an dianeter was determned, and fromthis a mass median dianmeter by assum ng
uni form density.

Zefluor filters were used to support the particles during the SEManalysis. A
more homogeneous filter with smaller pore sizes would have been preferable; however
it was difficult to acquire filter material resistant to degradation fromthe sol vent which
was used to disperse the particles on the filter (Nucleopore no Ionger manufactures
filters whose menbranes were made of Polyester with a pore size of .2fim. The
particles examned using Scanning Electron Mcroscopy were prepared in an identica
fashion to the particles which were prepared for photodegradation experiments. Filters
whi ch contained particles coated with PAH and three different concentrations of
I soeugenol were prepared using the Biichner funnel filtration technique for SEM
anal ysis. Afilter containing carbon black with no coating, and filters which had
coating but no carbon black, were also prepared using the BFF technique for SEM

anal ysi s. SEM photographs of a blank filter were also obtained to determne the

structure of the filter surface.

3.J Optical and Fluorescence M croscopy
Optical and Fluorescence Mcroscopy pernmitted the fluorescent organic
conpounds in the liquid layer to be observed on the particle surface, and permtted

evaluation of the distribution of benz(a)anthracene and isoeugenol in the liquid |ayer

surrounding the elenental carbon particles. A Leitz orthoplan 2 optical mcroscope


NEATPAGEINFO:id=638599D0-EAF9-41AD-A2E6-A2A0807A0EEA


29

whi ch was equi pped with both a tungsten and a mercury lanp and an Orthomat E
camera was used to generate photographic images of particles and the PAHs in the
sorbed liquid layer. A 25X phase contrast objective Iens was used to magnify the
particles, and color filmwas used to capture the image of the green fluorescence
emtted by the benz(a)anthracene present in the coating surrounding the particles when
illumnated with the mercury lamp. Thin Teflon sheets were cut out to support
particles which were coated with a variety of organics and mxtures of organics
including benz(a)anthracene dissolved in dichloronethane, isoeugenol, and hexadecane
Filter sanples were also prepared using the Biichner funnel filtration technique. Filters
whi ch supported carbon black particles coated with benz(a)anthracene only, and
particles coated with both benz(a)anthracene and isoeugenol were prepared for analysis

using the Optical /Fluorescence M croscope.

3.J Carbon black particle sizing using an Andreasen Sedinentation Pipet

Stoke's |aw describes the settling of particles ina quiescent fluid, and it may be
applied to predict the particle size distribution of particles using either air or |iquid
fluids. If no mxing occurs inthe fluid so that the systemis in equilibrium then the
force of gravity may be equated with the resistant forces on the particles due to the
fluid media as in equation 3.5a and 3.5b

Foo—F" R eq. S. Sa
Fg is the force due to gravity, Frls the resistant force of the fluid

NnNg=—2p~™~TnmnmMud eq. 3. S5b
mis particle mss, ¢ is acceleration due to gravity; /xmis fluid viscosity; uis velocity,
disparticle diameter. Equation 3.6 relates the mass of a particle toits diameter and
the fluid and particle densities and when substituted into equation 3.5b for mass yields

equation 3.7

m=(p/ 6)d3(rp-rm eq. 3.6
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mis the mss, dis the particle dianeter, tpis the particle density, rmis the fluid or
medi um density. Equation 3.7 has been devel oped to determne the particle diameter

as a function of settling velocity, or at specific times with measured settling distance.

d=18mH+ ((rp-rmgt) »/ 2 eq 3.7

dis particle dianeter, mmis fluid viscosity, His distance particle has fallenintimt, r
pisthe particle density, rmis the fluid density, g is the acceleration due to gravity, tis
tine.

A comercial |y availabl e Andreasen Sedimentation Pipet (loaned to us by Dr.
David Leith) was used to determne the particle size distribution of the organically
coated particles generated by using the BFF technique. The Biichner funnel filtration
technique is a liquid based technique, therefore a liquid based settling technique was
preferred to determne the actual size of particles generated during particle preparation.
The iquid used in the BFF technique to coat the particles was dichloromethane. The
apparatus was placed in a hood, and the dichloromethane was al | owed to equilibrate for
several hours prior to use. Four grams of carbon black which were coated with
i soeugenol were added to the pipet along with the dichloronethane; the apparatus was
shaken vigorously for two mnutes. Ten mlliliter sanples were then drawn fromthe
bottomof the pipet into a tared al um numweighing pan. The dichl oromet hane was
allowed to evaporate at roomtenperature overnight, and then the final weights were
obtained. Nine sanples were taken every 2.5" mnutes, n=0to0 9 This allowed the
particles to be classified into nine size ranges between . Sfimand 29.6/im The total
particle settling tine was 2.6 days, during which tine the pipet was inmobilized to
prevent disturbance of the dichloromethane. The tenperature within the lab also

remained fairly constant which helped to mnimze the convective fluid motion,
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Figure 3.2. W Absorption Spectrumof BaA and BaP fromFinlayson-Pitts and Pitts, 1986
and of Isoeugenol, measured with a HP 8451A Diode Array Spectrophot onet er
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4. Results

Summary of Experiments

There were 11 phases to the experimental work. First, PAH reactivity on filter
surfaces in the dark and exposed to |ight was determned. Second, reactivity of PAH
when coated on bare carbon black surfaces supported by filters in the dark and exposed
to light was deternined. Third, the influence of isoeugenol's presence with PAHin the
coating of the carbon black particles supported hy filters on PAH stability in the dark
and exposed to light was measured. Fourth, a technique was devel oped for the
preparation of uniformmulticonponent organic coating on carbon black particles which
mnimzed association of the coating with the filter, and maximzed coating association
with the carbon black surface. Fifth, PAH degradation rates on these nulticonponent
organi ¢ coated carbon black particles in the dark and in the light were measured. The
sixth phase was geared towards product analysis of the photodegraded PAH sanples as
wel | as PAH degradation rate determination on nulticonmponent organic coated carhon
black particles at higher isoeugenol concentrations than in the fifth phase. In the
seventh phase different light filters were used including the borosilicate immersion
wel |, and the light filters to cut out everything but 366nmwavel ength. The particle
surface area was measured using the BET method of analysis in phase 8. Scanning
el ectron mcroscopy was performed on filter sanples in phase 9. Qptical and
fI uorescence mcroscopy was perforned in phase 10. In the el eventh phase the particle
size distribution of the coated carbon black particles was determned using an

Andreasen Sedimentation Pipet.
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4.A First Phase

Sept 4, 1991

The purpose of this experinment was to evaluate PAH degradation in the dark for PAH
deposited on Pallflex filters. The sanples were placed in the turntable reactor for 3
hours, and removed for extraction and anal ysis at 1 hour increnents. The PAH were
slurry coated on to the filter (see section 3A). A syringe was used to transfer 501 of
NBS 1647b sol ution containing PAHto the filter. The concentration of PAHin the
solution was 114.5 ng/"1. The HPLC instrument was used to anal yze the extracted
sanpl es. Results are described in Table 4.1 for fluoranthene (Fl), benz(a)anthracene

(BaA), benzo(k)fluoranthene(BkF) and benzo(a)pyrene (BaP). TT refers to the

turntabl e reactor.

Table 4. 1a Table 4. Ib
PAH Dark Reactivity on Pallflex Filters % PAH Remaining on Filter after
3hr in Dark
Conpound Half-life R2 Conpound % on Filter %on Filter
(his) inIT @1lir inIT  @hrinbox
Fl uor ant hene (Fl) 1.8 .99 Fl 32 77
Benz(a) ant hracene, 10 .65 BaA 79 90
(BaA)
Benzo(k) f 1 uorant hene 27 .97 BkF 92 90
, (BKF)
Benz(a) pyrene (BaP) 8.7 91 BaP 79 % l

The results are shown in Tables 4. la and 4. |b, and indicate that PAH are not reactive

on the filter in the dark, and there is some oss due to bl ow off when placed under a

vacuum when in the Turntable reactor.
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Septenber 14, 1991
The purpose of this experiment was to determ ne PAH photodegradation rates on
Pal I flex quartz fiber filters. Filter samples were irradiated for 0, .5 1, 1.5 and 3 hrs
prior to extraction and subsequent analysis. One filter was kept in the dark for 3 hours
prior to extraction.

A PAH stock solution Standard #1, containing fluoranthene
benzo(a)ant hracene, benzo(k)fluoranthene, and benzo(a)pyrene was prepared.
Concentrations of PAHin this standard are reported in Table 5.1 (section 5B). 250"1
of Standard #1 solution was slurry coated on to each filter. The total PAH

concentration in the solution was 34.3ng/"l. HPLC was used to anal yze the extracted

sanpl es.
Table 4.2
PAH Photol ysis Rates on Pallflex Filters I
and % PAK\ Remaining on Filter after Exposure to W
Conpound  Half-life (hrs)  R2  Half-life (hrs) 12 %on Filter %on Filter
till 1.5hr til3hr @.shr inlIT @hr in1lr
Fi .48 .91 .75 .87 14 6
BaA .55 .91 .83 . 88 16 7
BKF 3.2 77 3.5 .62 110 54
BaP .90 .92 1.2 .94 34 lo |

Results in Table 4.2 suggest that Fl, BaA and BaP are all reactive when exposed to

W light. BkFis less photoreactive then the other PAHs. PAHs were stable on the

filter which was unexposed to light.
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4. B Second Phase

Sept enber 27, 1991

The purpose of this experiment was to deternine the reactivity of PAHin solution with
hexadecane adsorbed on filters containing Carbon Black, versus PAH adsorbed on bare
filters inthe dark. Filters were extracted for analysis at times equal to 0 hour, .5 hour,
1 hour, and 3 hours after preparation. The filters were slurry coated using 250/il of
Standard #1 solution syringe spike, total concentration of the PAH solution was
n.5ng/fil, 250"1 was applied per filter. The weight of carbon black applied to one set
of the filters was 1.5ng, The mass percentage of PAH on the carbon black (CB)

particles was .33%  The HPLC instrument was used to analyze the extracted sanples.

Tabl e 4. 3a
PAH Dark Reactivity on CBversus Filter

Compound Half-1ife (hrs), Hal f-1ife (hrs) on

on CBin TT filter inTT
Fl 10 stabl e
BaA 5.9 32
BkF 3 stabl e

BaP 2.2 58 ].
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Table 4.3b Table 4.3c
98>AK] Remaining after 3 Hours Recovery of PAH from CB
Conpound % on CB+Filter %on Filter n
@hr @hr
Fl 76 103 106
BaA 69 95 51
BkF 50 98 T34
BaP 39 107 ) |

The results indicate that PAH coated on the filter are very stable, nore stable than was
observed in the first experiment. Reactions are referred to as stable in Table 4.3 if

hal f-1ives were nuch |onger than the experinmental duration. The results indicate that
PAH have significantly shorter half-life in the dark when CBis present, but the data
are nore variable. Initial concentrations of PAH were nuch higher on the filter without
CB.  Recovery is the amount of PAH extracted fromthe carbon black divided by the
amount placed on the carbon black. Even though thinbles were used in the soxhl et
extractor the recovery of PAH fromcarbon black was low.  This led to an extraction

met hod i nprovenent of using glass wool above and below the filter in the thinbles.

Cct ober 20, 1991

The purpose of this experiment was to measure the PAH photodegradation rates for
PAH and hexadecane coated on carbon bl ack versus coated on filters. The goal was to
deternmne the effect of carbon black surface on the photodegradation rate of PAH
Filters were removed for extraction and analysis at .5 hour intervals for CB, Ihr
intervals for hexadecane sanples, with the total exposure of 3 hours for the last pair of
filters. The PAH were slurry coated on the filters using a syringe to apply 250"x1 of

Standard #1 solution. The concentration of PAHin solution was 313.5ng/*. The
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mass of carbon black applied to one set of filters was |.Om on each filter. The mass
percentage of PAH adsorbed on the carbon black was 7.8% The HPLC instrunent

was used to analyze the extracted samples. Results are presented in Table 4.4.

Tabl e 4. 4a

PAH Phot ol ysis Rates on Carbon Bl ack Versus Zefluor Filter

Conpound Hal f-1ife(hr) on CB r2 Half-life - on
+Hexadecane+Zef | uor Hexadecane + Zefl uor
Fl . 86 .93 <.5
BaA . 66 .92 <.5
BkF 1.3 .97 <.5
BaP .81 .96 ) |
Tabl e 4. 4b

% PAH Rerai ni ng After Exposure to W Light

Conpound %remaining %remining %remining %remaining

onCB + on Zef | uor onCB + on Zef | uor
Zef | uor @ hr Zef | uor @hr
@ hr @hr
Fl 45 19 18 5.5
BaA 26 3.4 14 5.6
BkF 64 8.6 28 8.0
BaP 41 4.5 19 70 ].

PAH initially degrade quickly upon exposure, and then appear stable under continued

exposure to light.  PAH in hexadecane on the filter has a faster initial rate and

saturates at |ower concentrations than for PAHs in hexadecane on carbon black on
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filters. Mre data are needed for PAH reactivity on hexadecane + filter at earlier
times to calculate their half-lives. The presence of carbon black caused a decrease in
the photoreactivity of PAH PAHs photodegrade quickly on the filter. The observed

phot odegradation rate for PAH on Zefluor filters was faster than that previously

observed for PAH on Pallflex filters.

Novenber 2, 1991

The purpose of this experiment was to eval uate PAH Photodegradation on

CB+Pal | flex filter, CB+Zefluor filter to determne if PAH reactivity on carbon black
is influenced by the filter media. Filters were analyzed at 0.5 hr intervals for a tota
duration of 2.5 hours for both systems. The PAH were slurry coated on to the filter,
using a syringe to apply 250/il of Standard #1 solution to each filter. The concentration
of PAH in solution was 184ng//il. The weight of carbon black applied to each filter
was 1.0 ng. The mass percentage of PAH on CB on Pallflex filters was 4.6% The
initial unexposed filter (t=0) was lost for the set with PAH adsorbed to carbon bl ack
on the Zelfuor filter. HPLC was used to analyze the extracted sanples. Results are

given in Table 4.5

Tabl e 4.5a

PAHP | ot ol ysi s Rates when Ac sorbed on CB on Different Filters

Conpound Hal f-1ife(hrs) R2 Hal f-1ife(hrs) r2
CB + Pal | flex CB + Zefl uor

Fl 12 .41 1.8 .90

BaA 2.3 .90 1.8 . 86

BkF 1.7 .94 2.1 .98

BaP 1.6 .94 0.9 .90
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Tabl e 4.5b
o AHRemI ning after Exposure to W light |

1 Conpound %remining on CB  %remining on CB
+ Pallflex @.5hr + Zefluor @. 5hr.

using t=.5 as t=0 usingt=.5 as t=0

l H 96 53
BaA 69 52
BkF 7S 72
1 B a2 i 1

Fl and BaA have |onger half-1ives on carbon black -I- Pallflex filters than carbon bl ack

+ Zefluor filters, indicating that there s an effect on PAH reactivity due to the type of
filter mterial used. The BaP and BKF hal f-1ives observed on Zefluor and Pallflex

filters with carbon black are simlar. BkF and BaP may be preferentially adsorbed by
the carbon black and not present as much on the filter surface. Thus, there is no effect

due to using different filter surfaces to support carbon black particles for BkF and BaP
adsorption. The concentration of PAHin hexadecane in this experinent is the same for
the Oct 20, 1991 experinent. PAH half-lives when coated on carbon black on Zefluor
filters are simlar for the two experinments of Qct 20, and Nov 2, indicating
reproducibility of the measurenent.

4.C Third Phase

Novenber 28, 1991

In this and subsequent experinents Zefluor Teflon menbrane filters were used instead
of Pallflex quartz fiber filters to support the coated carbon black. The purpose of this
experiment was to measure PAH Photodegradation rates for coatings with and without


NEATPAGEINFO:id=E1279A55-0E33-4CB6-94A3-EE903C73A61A


43

| soeugenol on (B and Zel fuor filters. Exposed filter sanples were removed for
extraction and anal ysis at 0.25hr intervals for a total exposure duration of 1 hour
The goal was to adsorb organic compounds onto the carbon black particle to achieve

particle conposition simlar to atnospheric conbustion particles. The composition was
targeted to be 50%elenental carbon, 45%organic carbon, 1%PAH and 4%

| soeugenol . Carbon black was used to represent el enental carbon. Hexadecane was
used to represent organic carbon. The organic conpounds were slurry coated on to the
carbon bl ack which was supported by a filter. Asyringe vas used to transfer 5011 of
Standard #1 solution. The PAH concentration in the sol ution was 125ng//il. The

wei ght of carbon black used per filter was .8ny. The mass percentage of PAH
adsorbed on the carbon black vas 0.79% The half-1ives were calculated by
performng a regression out to .75 hour, as the concentration of PAH remained stable

between the 0.75 hour and 1 hour filter samples. HPLC was used to analyze the
extracted sanples. Results are given in Table 4.6.

Tabl e 4. 6a
PAH Phot ol ysi s Rates when Adsorbed on OB Wth and without Isceugenol |
Conpound Hal f-1ife(hour) R2 Hal -1 fe(hour) r2

(w isoeugenol)

0.35 0.93 0.29 0.85
BaA 0.21 0.87 0. 27 0.76
BkF 0.5 0.63 0.31 0.96

BaP 0. 23 0.9 0.31 0.731
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Tabl e 4. 6b

% PAH Remai ning on Carbon Black after Exposure

Conpound % Remai n® % Remai n % Remai n® %Renai n
. 25hr @ 25hr w Ihr @hr w
i soeugenol i soeugenol
FI 61 25 19 5
BaA 22 22 17 5
M 57 42 43 12
| BP 27 24 22 ] 1

There was an observed difference in PAH reactivity due to isoeugenol for FI, both the
magni tude and shape of the photodegradation curve changes. No difference is observed
between the phot odegradation rates for BkF with isoeugenol and without isoeugenol.
The phot odegr adation rates for BaA and BaP could not be determned because they are
too reactive and mostly degraded within 15 mn.

The question of why the degradation rates were faster than those observed in the
Qct 20 experinent needs to be addressed. The PAH concentration nay be 1.6 times
that of Oct 20 and Nov 2. The change in photodegradation rate mght be due to the use
of less CB and nore PAH In previous experinents with slight differences in PAH and
particle concentrations large differences in the photodegradation rates are not observed.

It was determned subsequent to this experiment that the water immersion vell
may have been unknowi ngly changed prior to this experinent. A quartz well was
unknow ingly used as a replacement after an accidental breakage of the borosilicate
immersion well. The increase in PAH photodegratation rates could then be attributed

to a reduced filtration of the [ight enmtted fromthe mercury lanp caused by using a
quartz versus borosilicate i mersion well
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Another factor which may inhibit an observable difference in photodegradation
rates due to isoeugenol is the distribution of PAH and isoeugenol between the carbon
black and filter surfaces.  PAH may be preferentially adsorbed to the carbon black
surface, while isoeugenol nmay adsorb equally to the filter and carbon black surfaces
On the basis of this experiment it was concluded that an inmproved technique of
applying the organic constituents to the carbon black surface was needed. This
techni que shoul d ensure that the organic constituents are adsorbed to the particle

surface and not to the filter.

4. D Fourth Phase
Jan 8, 1992

Devel opnent of a technique to adsorb organic constituents froma |iquid phase onto
carbon black particles was the goal of this experinent.  The adsorptive ability of the
carbon black was neasured by determning the sorbate concentration on carbon black
after coated particles were suspended into sol vent, dispersed, and deposited on filter
relative to the concentration in the original coating. Dependence of this recovery
measurenent on different methods of transferring the coated carbon black particles to
the liquid phase in the Biichner funnel was also measured. Three transfer methods are
compared in Table 4.7, These are referred to as the "spatula method", the "sonication
method" and the "reference method". All three are described in detail in Section 3A
Di chl oromet hane was used as the dispersion [iquid The weight of the carbon bl ack
used was Iny. HPLC was used to anal yze the extracted samples.
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Table 4.7
Recovery using methods of Transferring Coated Carbon Black Particles from
beaker to |iquid in Biichner Funnel

Cornpound % Recovery % Recovery % Recovery % Recovery

Soni cation Soni cation Spat ul a- Ref erence
Scr aped Met hod
| soeugenol 0 0.02 1 0.3
Fl 1.8 1.7 2.7 5.7
BaA 7.6 7.5 9.1 12.8
BkF 21.8 23 26 26
1 BaP 22.3 23 27 il |

Recoveries were poor but consistent. The recovery of PAH on the carbon bl ack is
greater for the higher nolecular weight conpounds, indicating stronger adsorption of

BkF and BaP to the carbon bl ack surface.

Jan 18, 1992

The purpose of this experiment was to measure the recovery of PAH on the carbon

bl ack as a function of the solvent chosen to disperse the coated carbon black. The PAH
solubi ity in pentane is |ower than PAH solubility in dichloronethane, therefore
adsorption onto the carbon black surface should be greater in pentane. The recovery of
PAH due to adsorption of PAH on the filter with no carbon black present was also
measured.  The technique for tiansferring the coated particles was to use a spatula to
transfer the mjority of the particles, then to sonicate and transfer any remaining

particles fromthe walls of the glass beaker. HPLC was used to performanalysis of the
extracted filter sanple. Results are givenin Table 4.8
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Table 4.8

Recovery of PAH on Carbon Black using different solvents for the Liquid
DI spersion Phase |

%Rec. on %Rec on CB % Rec in % Rec in
Conpound CBin MeCh in Pentane Me Cb Pent ane
| soeugenol - 04 .57 0 0
m 3.4 5.4 0 0
BaA 8.9 24 .45 .34
BkF 16 49 .54 .50
BaP 21 54 55 3 |

Pentane is a better dispersion liquid for PAH than dichloromethane (MC2). The
observed recovery for PAH dispersed with no carbon black to adsorh is less than 1 %
indicating that [ittle adsorption on the filter occurs. The observed recovery for PAH
when adsorbed on carbon black is nuch higher, indicating that most of the PAH
remains adsorbed on the carbon black. On further study it was observed that pentane

was a poor solvent for dissolution of isoeugenol at concentrations typically used in

these experinents

Jan 26, 1992

The purpose of this experinent was to determne whether the coating technique vas
inproved if carbon black and organics were seperately placed in the Buchner funne

using the "no transfer method" of Section 3A It was hypothesized that this woul d

obviate the step of transferring particles fromthe beaker where the organics were

coated to the |iquid phase in the Buchner funnel. The proposed ratio of constituents
was 30% carbon black, 1% PAH 40% organic carbon, and 29% | soeugenol . The

47
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mass of carbon black used for this experiment was 1.5 ng. HPLC was used to

performanal ysis of the extracted filter sanples. Results are givenin Table 4.9.

Table 4.9

% Recovery for Coating ina Vial + Transferring or
Adsorbing PAH In Liquid Phase |

Compound % Recovered % Recover ed
no transfer BFT
| soeugenol 21 .16
Fl .83 . 80
BaA 3.5 5.5
BkF 27 21
BaP 24 il |
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70-80% of the carbon bl ack particles were transferred successfully when the technique

of coating the particles inavial then transferring themto the Biichner funnel was used.

Onl'y 50-70%of the carbon black particles were transferred successfully when carbon

black was transferred dry to the Biichner funnel.

Feb. 1, 1992

The purpose of this experiment was to deternmine the reproducibility in PAH

concentration observed on the coated particles using the BFT described in Section 3A

and to determne if filters were adsorhing PAH fromthe [iquid phase. Six identical

Biichner funnel filters were prepared containing organic constituents adsorbed to carbon

black for extraction and analysis. Three identical filters were prepared by placing the

organi ¢ conpounds in the [iquid phase without any carbon black, then drawing them
through the filters for extraction and analysis. Two vial's containing coated carbon
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black were transferred directly to the soxhiet extractor to determne the extraction
efficiency for removing PAH fromcarbon black. HPLC was used to performanalysis

of the extracted filter sanple

Table 4.10

% PAH Recovered on Carbon Black and Filter and on Filtei Only

Conpound % Recover ed on cv, % Recovered on v,
CB on Zefl uor 6 sanpl es, Filter 3 sanpl es
| soeugenol
Fl 1.2 8 0. 17 (2 filters w no Fl)
BaA 5.2 27 0.42 16
BkF 26 12 0.52 12
BaP 32 14 0.49 b !

Results (Table 4.10) showed good reproducibility for adsorbing organic conpounds

onto carbon black. The term"CV" refers to the coefficient of variation which is the

percent sanple standard deviation divided by the mean. Mich more PAH adsorbed to
Carbon Bl ack than adsorbed on to the filter.

4. E Fifth Phase

March 11, 1992

The purpose of this experinent is to determne the stability of PAH when adsorbed on
carbon black with and without isoeugenol in the dark using the BFT. The sanples
were placed in the turntable reactor and renoved at intervals of 0 hour, 1 hour, 2
hours, 2.5 hours, and 3.5 hours. The coating sol ution was prepared to obtain the

projected coating composition of 30%carbon black, 1% PAH 40% hexadecane, and
29% i soeugenol . The total PAH concentration adsorbed on the carbon black was
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48.3ng/ [ xI'. The sample solutions were applied and analyzed in volumes of 250ft|. The
wei ght of carbon black used on each filter was 1.45 ng. The mass percentage of PAH
adsorbed to the carbon black was . 81 % The mass percentage of isoeugenol adsorbed
to the carbon black was . 9% (nuch |ess than desired). To achieve the adsorbed
organi ¢ conposition the solution contained 20.7 /tl of hexadecane, and 10.8 (xI

I soeugenol, in additionto 2 m of Standard #1 solution (2 x cone). HPLC was used to

performanalysis of the extracted filter sanple. Results are given in Table 4.11

Table 4.11

PAH Reactivity in the Dark on Carbon Black Adsorbed w + wout Isoeugenol using BFT |

Conpound Half-life Half-life Y%PAH remaining %PAH remai ning
(Woiso) (hr) (W iso)(hr) (wo iso) (Wiso)
| soeugenol 1.8 1.3
@ Fl. 9.7 5.9 82 65
BaA 21 24 86 92
BkF 18 76 83 101
BaP 25 172 86 10 !

| soeugenol apparent!y decayed with a 1.8 hour half-life, this may have been due to
evaporation fromthe surface. The results indicate that some PAH may be more stable
in dark when isoeugenol is coadsorbed on the carbon black surface

March 26, 1992

The purpose of this experiment was to measure the photodegradation rate of PAH
coated either with isoeugenol or without isoeugenol on carbon black prepared by the
BFT. Filter sanples were extracted at 0.5 hour intervals over a 2 hour exposure
period. The PAH concentration obtained on the carbon black was 18.9 ng/*1 which
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was applied and analyzed in 250/il of solvent. The weight of carbon black used on
each filter was 1.5 ng. The mass percentage of PAH adsorbed on to the carbon black
was .32% The mass percentage of isoeugenol adsorbed on to the carbon black was
.9% To achieve the desired adsorbed organic conposition the solution contained 20.7
A1 of hexadecane, and 10.8 fd isoeugenol, in additionto 2 nt of Standard #1 solution
(2 X cone). HPLC was used to performanalysis of the extracted filter samle.

Table 4.12
Influence of |soeugenol on Photolysis Rate of PAH coated ©nCB
Conpound  Half-life(hr)  R2 Half-life(w R2

i s0)(hr)

| soeugenol
FI 4.0 .25 9.9 .17
BaA 6.8 .52 6.8 .31
BkF' a .37 12 .16
BaP 4.6 .83 4.5 81

Table 4.12a

9@>AH Remai ning or! the filter after |Exposure to UV Light

Conpound % Remai n® % Rermai n % Remai n® % Remai n
. 5hr @5hr w 2hr @hr w
i soeugenol i soeugenol
Fla 70 126 60 99
BaA 81 87 81 72
Bk F 92 104 90 83

BaP 80 107 70 72 1
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The results (Table 4.12) indicate that the PAH are stable both in the presence and
absence of isoeugenol. This result is not consistent with the Novenber 28 slurry
coating experiment in which each PAH reacted rapidly. No difference due to the
presence of isoeugenol was detected. It was specul ated that the observed stability was
due to the [ow PAH concentration on the particle. Afraction of the PAH mght be
strongly bound to the particle surface and unavailable for Iight absorption or

phot odegradation. This fraction is expected to decrease with increasing total PAH
concentration. The PAH may be inside the pores of the carbon black and shiel ded
fromradiation. It is possible that the concentration of isoeugenol adsorbed on the

particle surface was also too low.  The next experiments were analyzed using GOVS
to detect the photodegradation products of isoeugenol

April 20, 1992

The purpose of this experiment was to repeat the March 26 experiment using higher

| soeugenol concentrations (6-9 times higher). Filter sanples were extracted at .5 hour
ntervals over a 1.5 hour exposure period. The BFT technique was used to prepare the

particles. The PAH concentration obtained on the carbon black was 14.4 ng//xl which

was applied and analyzed in 250/il of solvent. The weight of carbon black used on

each filter was 1.5 ng. The mass percentage of PAH adsorbed on carhbon bl ack was

0.24 % The mass percentage of isoeugenol adsorbed on the carhon black was 2.6%

To achi eve the adsorbed organic composition the solution contained 40/*| of

hexadecane, and 60" isoeugenol, in additionto 2 nf of Standard #1 solution (2 tines

concentrated).  GOMS and HPLC were used to performanal ysis of the extracted filter

sanples. Results from GOVS data are reported in Table 4.13 (HPLC and GOMS data

Were consistent).
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1 Table 4.13

Influence of Isoeugenol on Photolysis Rate of PAH on CB, and % PAH Remai ning
atter Exposure to W Lignt |

Conpound Half-life R2 Half-life w R2 %Rem %Rem
(hr) I soeugenol (hr) wiso
| soeugenol 0.28 .57 1.2
Hexadecane 0.29 .99 0.25 0.88 2.9 0.68
Fl 5.1 .30 0.58 0.98 65 7.9
BaA 0.32 .53
BkF 4.4 .01 3.4 . 005 54 36
BaP

The data obtained had serious problens with variability, BaA and BaP are not
consistent|y detected on the extracted sanples. The amount of PAH measured on each
sample i s subject to error during the extraction procedure, the CB coating procedure
and during exposure to light when mounted in the turntable reactor. The results
indicate that fluoranthene reacts faster in isoeugenol. This experiment indicated the
need to use the GG-M6 to analyze for product formation, to determne what happens to
the isoeugenol. PAH when coadsorbed with a higher concentration of isoeugenol than
that used in Mrch 26th experinent is observed to be more photoreactive.

May 14, 1992

The purpose of this experiment was to repeat the March 26 and April 20 experinents
using a shorter time interval for exposure. The goal was to measure the initia

phot odegradation rate, as the rate may change as products formand change the

adsorbed organic layer properties.  Filter sanples were extracted at .25 hour intervals
over a 1 hour exposure period. The PAH concentration obtained on the carbon bl ack
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was 14.4 ng/"1 which was applied and analyzed in 250 nl of solvent. The weight of
carbon black used on each filter was 1.5 ng.  The mass percentage of PAH adsorbed
onto carbon black was 0.24% The mass percentage of isoeugenol adsorbed on the
carbon bl ack was 2.6% To achieve the adsorbed organic conposition the sol ution
contained 40/il of hexadecane, and 60/il isoeugenol, in additionto 2 nf of Standard #1
solution (2 x cone). The GC-MS and HPLC instruments were used to perform

analysis of the extracted filter sanples. Results from GC-MS data are reported in
Tabl e 4.14 (HPLC and GC-MS data were consistent).

Table 4.14

Influence of Isoeugenol on Photolysis Rate of PAH on CB, and % PAH Remai ni ng
after Exposure |

Corrpound Hal f-life R2 Hal f-1ife widi R2 % Renai n % Remai n w/

(hr) | soeugenol i soeugenol
| soeugenol 0.29 0.53 0.26 0.79 16 23
Hexadecane 0.41 0.75 0.37 0.99 29 17
Fl 1.5 0.23 0.79 0.59 90 40
BaA
BkF 9.6 0.29 1.8 0.52 97 67
BaP 3.1 0.27 3.2 0.02 78 N !

The data indicate that trace amounts of isoeugenol were present even in the particle
sampl es not coated with isoeugenol, due to contamnation caused by using the wrong
Biichner funnel. The fraction of PAH remaining after exposure indicate that the PAH
reacted faster when isoeugenol was present. R2 values indicate a high degree of
variability in the data. Unexposed filter samples suggest that PAH adsorbed with

| soeugenol on the carbon black was |ost during the extraction procedure. Variability in


NEATPAGEINFO:id=FCDE920F-8C42-4285-817A-529AFAD150E7


55

the data fromthis experinent pronpted an investigation of the reproducibility of
exposed filter sanples. BaA concentrations were not measured on either filters, and

may have been present at concentrations too |owto detect

May 24

The purpose of this experiment was to determne the reproducibility of exposed filter
sanpl es, which may be poor if particles are lost in the turntable reactor during
exposure to [ight. PAH photodegradation with isoeugenol present on the carbon bl ack
was measured. Three identical filter sanples for each exposure interval were prepared
using the BFT. Filters were extracted at 0.25 hour intervals over a 0.75 hr exposure
duration. The PAH concentration obtained on the carbon black was 26.6 ng//Lil which
was applied and analyzed in 250 /x| of solvent. The weight of carbon black used on
each filter was 1.5 ng. The mass percentage of PAH adsorbed on carbon bl ack was
0.44 % The mass percentage of isoeugenol adsorbed on carbon black was 5.2% To
achi eve the desired adsorbed organic conposition the solution contained 80 /il of
hexadecane, and 120 /x| isoeugenol, in addition to 4 M of Standard #1 solution (2 x
cone). GOV and HPLC were used to performanalysis of the extracted filter
sanpl es. Results from GOMS data are reported in Table 4.15 (HPLC and GCMG data
were consistent). Half-lives are reported as "short" if most of the conpound had

reacted after the first tine interval.
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Tabl e 4. 15a

Reproduci bi ity of adsorbed [PAH on Exposed Filter Sanples

Conpound Avg [ PAH] Cvat t =0 Cvat t =. 75hr
ng/fil 3 sanpl es 2 sanpl es
| soeugenol 41 34
Hexadecane 27 40
FI 2.6 27 22
BaA 5.8 11 9
BkF 4.7 2.0 11
BaP 6.1 0. 46 8
Tabl e 4.15b Tabl e 4. 15c
PAH Phot ol ysis Rate on CB w % PAH Remaining after Exposure
| soeugenol
Conpound  Half-life (hr) 12 Conpound % Remai n® % Remain
w . 25hr W @ 75hr w
i soeugenol i soeugenol i soeugenol
| soeugenol short 0.80 | soeugenol 1.3 13
Hexadecane 0.21 0.95 Hexadecane 30 7.8
FI 0.7 0.58 Fi 42 42
BaA 1.2 0.82 BaA 71 61
BkF 2.5 0.76 BkF 85 78
l BiP L9 0,871 BaP 84 i3 !

The isoeugenol has was |ow after 15 mn, nost of it reacting prior to analysis of the
first sanple.  Poor reproducibility was observed for isoeugenol concentrations on the
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unexposed filters. PAH appears to stop reacting after isoeugenol is gone. The
availabl e data indicate that PAH reacts quickly when isoeugenol is present. The
reproduci bility of the PAH concentration found on the carbon black on filters exposed
to identical anounts of light is good, although the relative standard deviation seens to

increase with decreasing nol ecul ar weight.

4. F Si xth Phase

June 19

The purpose of this experiment was to use duplicate filters for each exposure time to
determne the influence of isoeugenol on the PAH photodegradation rate. Filters were
extracted at 0.5 hour intervals over a 1.5 hr exposure duration. The BFT was used to
prepare the particles. A second standard stock sol ution was prepared (Standard #2).
Concentrations of PAHin the standard sol ution are reported in Table 5.1 (Section 5B)
The PAH concentration obtained on the carbon black was determned to be 35.1 ng/fi
whi ch was applied and analyzed in 400 (A of solvent. The weight of carbon black used
on each filter was 1.5 ng. The mass percentage of PAH adsorbed on carbon bl ack
was 0.94% The mass percentage of isoeugenol adsorbed on carbon black was 3.5 %
To achi eve the adsorbed organic composition the solution contained 80 "L of
hexadecane, and 120 "1 isoeugenol, in addition to 4 m of Standard #2 solution

GOVG and HPLC were used to performanalysis of the extracted filter samples
Results from GCVS data are reported in Table 4.16 (HPLC and GOMS data were

consi stent).
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Tabl e 4. 16a

Influence of 1[S0eUgenol on Photolysis Rate of PAHon CB |

Conmpound

| soeugenol

Hexadecane
m
BaA
BkF

BaP

Half-life (hr) R2 Hal f-life w
i soeugenol

(hr)

0.21
0. 44 0. 62 0. 40
1.4 0.43 1.2
1.6 0.59 1.6
1.9 0.58 2.6
1.2 0.86 1.7

Tabl e 4.16b

R2

0.81
0. 85
0. 64
0.71

0.78

0.931

Initial Concentration ol* PAH and 94 PAH Remaini ng after EXpOSUfG

Compound [ PAH|
ng/ m
| soeugenol
Hexadecane
Fi 11
BaA 9.0
BkF 8.0

BaP 13

[ PAH| % Renai n
W iso, @. 5hr
ng/ m

11 37

7.4 51

6.2 57

10

% Renmai n
@ 5hr w
i soeugenol

2.1

15

38

52

66

66

% Remai n

@ 1. 5hr

41
49
55

39

YRemai n
@. 5hrw
i soeugenol

0.55

6. 45

37

50

67

58
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Most of the isoeugenol reacted before the first exposed filter sanple at 0.5 hour. The
concentration of hexadecane al so decreased rapidly within 0.5 hr. It appears that the
PAH degraded slightly faster with no isoeugenol present, contrary to what was
expected and contradicting earlier experinents. The only difference with this
experiment was that the PAH concentration was higher. Initially PAH reacts quickly,
declining 50%in .5 hr. PAH then seemstable in both systems. The remaining PAH
may not be available for photodegradation.

These sanples were anal yzed on the GOMS in full ion scan, and injected
directly on-colum in order to identify major products formed in the photolysis of the
mul ti conponent organical |y coated carbon black particles. The major products
characterized frompossible isoeugenol reaction in the organic coating were vanillin and
dehydrodiisoeugenol (see Figure 4.1). The only PAH photodegradation product
characterized was henz(a)anthracene-7,12-dione (Figure 4.1).

July 18

The purpose of this experinent was to determne the influence of isoeugenol when
coadsorbed with PAH on the carbon black on the PAH photodegradation rate. The
concentration of isoeugenol was increased in the coating solution, to guarantee that

I soeugenol was present on the carbon black surface with the PAH Filters were
extracted at ~ 0.5 hr intervals for 1.5 hr exposure duration.  The BFT was used to
prepare the particles. The PAH concentration obtained on the carbon black was 35
ng/1 which was applied and anal yzed in 500 /xI of solvent. The weight of carhon
black used on each filter was 1.5 ny. The mass percentage of PAH adsorbed on
carbon black was 1.2% The mass percentage of adsorbed isoeugenol was 43 % To

achi eve the adsorbed organi ¢ composition the solution contained 1nt isoeugenol, in
addition to 4 m of Standard #2 solution.  The GCMS and HPLC instruments were
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used to performanalysis of the extracted filter sanples. Results from GC-MS data are
reported in Table 4.17 (HPLC and GCMS data were consistent).

Table 4. 17

Infl uence on PAH Photolysis Rate on CB due to Isoeugenol + % PAH

Remai ning after Exposure

Conpound Hal f-life (hr) R2 Hal f-life R2 % Remai n % Renmi n
with @ . 75hr @ 75hrw
i soeugenol i soeugenol
(hr)
| soeugenol
R 2.0 0.79 0.58 0.83 59 17
BaA 1.47 0.25 1.3 0.97 49 52
BKF 3.41 0.31 5.4 0.91 59 86
l B3P 4.5 0.89 0 n o1

The results indicate that FI reacts faster, and BkF reacts slower in the presence of
I soeugenol versus no isoeugenol filter samples. More variability was observed in the
PAH concentrations for filters supporting carbon black coated with PAH only. The
| ower R2 value indicating the fit of the data points to a straight [ine in this experiment
reflects that higher variability. Aimost all of the isoeugenol disappeared in the first 45
mnutes. BaP was not observed on the carbon black filters which had only PAH and no
| soeugenol adsorbed on them Each of the PAHs degraded significantly before the first
exposure data point at 0.75 hr. Then the reaction slowed, indicating the need for
information at shorter time intervals between sanples.

These sanples were also anal yzed for products. The sane major products were
characterized as found in June 19th experiment. The structures are illustrated belowin
figure 4.1 Procedures for conpound identification are described in Section 5F
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Figure 4.2 s
| soeugenol Vani I lin Dehydr odi i soeugenol
MW =164 MV = 152 MWV = 326
cH Mo CH
—o cH , —e=c— N\ -
oH
BaA Benz(A)Aiithxacene 7, 12 dione
MWV = 228 MWV = 258

BaP

4. G Seventh Riase
August 11

The purpose of this experiment was to observe PAH phot odegradation for PAH only or
PAHti soeugenol adsorbed on carbon black when exposed to atmospherical |y revel ant
wavel engths above 290 nm A horosilicate well was used to replace the quartz

| mersion wel | which was improperly used for a series of earlier experiments ("Nov.
28-July 18).  Reactions appeared to be too rapid to allow measurement of reaction
rates in the previous experiments of Phases 5 and 6 in which the quartz immersion well
was used. Thi's suggested that shorter exposure tines should be used. However, when
the borosilicate imersion well was used the nost energetic wavebands fromthe
mercury lanp were filtered out and ligh intensity was less than when the quartz

i mmersion well was used. Consequently reaction rates could still be measured with

| ong exposure tines when the borosilicate imersion well was used. Filters were
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extracted at ~ 0.5 hr intervals for 1.5 hr exposure duration.  The Biichner funnel
filtration technique was used to prepare the particles. The PAH concentration obtained
on the carbon black was determned to be 3.25 ng//nl which was applied and anal yzed
in 400 (il of solvent. The weight of carbon black used on each filter was 1.5 ngy CB.
The mass percentage of PAH adsorbed on carbon black was 0.087%  The mass
percentage of adsorbed isoeugenol was 21.5 % To achieve the desired adsorbed
organi ¢ conposition the solution contained 500 | A isoeugenol, in additionto 4 m of
Standard #2 solution.  GCOMS and HPLC were used to performanalysis of the

extracted filter sanples, and results from GCMS data are reported in Table 4.18a.

Tabl e 4.18a

PAH Phot ol ysis Rate on CB due to Isoeugenol using

Borosilicate Wil 1

Conpound  Half-life (hr)  R2  Half-life (hr) F2

w i soeugenol
| soeugenol 0.39 0.79
Fl 2.5 0.51 0.99 0. 66
BaA stabl e 0.16 2.6 0.41
BkF stabl e 0.03 6.7 0.31

BaP 2.8 0.78 1
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Tabl e 4.18b

% Rermining on Filter after Exposure to Atmospherically Relevant

Wavel engt hs
Conpound % Remai n® % Remai n

. 5hr @>5hr w iso

| soeugenol 14
Fi 65 38
BaA 123 63
BkF 102 87
1 BaP 0 82

% Remai n®

62

78

106

o}

% Renai n
@. 5hr
W iso
7
33
64

87

I

1

63

The data for BaP obtained in sanples which did not include isoeugenol in the adsorbed

l'ayer was poor again. Either BaP was not being recovered fromthe carbon black or it

was reacting immediately. The data indicate that PAH other than BaP react faster

when isoeugenol is present. The initial rate of reaction is difficult to determne from

these data because most of the reactivity occured before the first exposure sanple at .5

hour. In contrast to previous experiments, initial reaction rates were easily neasured
with the borosilicate imersion well because the W Iight was |ess energetic and had

| ower intensity than when the quartz immersion well was used. On the basis of this

experinent a new standard stock solution (Standard #3, see Table 5.1) was prepared to

ensure that the BaP results were not due to degradation of the stock solution. Results
also indicate that significantly less PAHis reacting on the particles using the
borosilicate [amp immersion well than was observed when the quartz immersion well

was used.
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August 26

The purpose of this experiment was to determne the recovery of PAH and isoeugeno
on the carbon black 4- filter versus filter only when a high PAH and isoeugenol coating
concentration was placed on the carbon black and the particles dispersed in the liquid
phase. A third standard stock solution was prepared for this experiment. To achieve
the desired adsorbed organic conposition 5 "L of isoeugenol and 400 "1 of Standard #3

was used to coat each ny of carbon black. Results are given in Table 4.19

Tabl e 4.19

% PAH Recovered on Carbon Black and Filter and on Filter Cnly

Conpound % Recovery on % Recovery on % Recovery on
1.5ng CB on |. OgCB Zef | uor
Zef | uor Zef | uor
| soeugenol 0.2 1.0 1.7
Fi 1.1 1.5 1.7
BaA 2.1 2.0 1.6
BkF 3.7 3.1 1.3
BaP 4.8 3.9 L3 !

Only the PAH of higher molecular weight show evidence of being adsorbed by the
carbon black in greater concentration than adsorbing on the filter alone. Mst of the
PAH in the highly concentrated stock solution were washed through the filter, and only
the amount of PAH which the surface of the carbon black and filter was able to retain
was recovered. This suggests that the stock solution should not be as concentrated in
future experiments. In this experinent, dichloromethane was the solvent used to

di sperse the coated carbon black particles. It was the only solvent which was mscible
with both isoeugenol and PAHs. However, this liquid may conpete with the coating
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conpounds for the carbon black surface, or the coating conpounds are more likely to

dissolve in the solvent than to remain on the carbon black surface

August 28

The purpose of this experiment was to measure the PAH phot odegradation rate for

PAH onl'y or PAH + isoeugenol adsorbed on carbon black particles. A quartz
imersion well with light filters was installed. This reduced the light intensity 90% by
filtering all wavel engths except the 366 nmemmssion band fromthe Hy lamp. Filters
were extracted at 0.75 hour intervals for a total 3 hour exposure duration.  The BFF
technique was used to prepare the particles. The PAH concentration obtained on the
carbon black was determned to be 27 ng/fA which was applied and anal yzed in 400 /nl
of solvent. The weight of carbon black used on each filter was 1.0 ng. The mass
percentage of PAH adsorbed on carbon black was 1.08% The mass percentage of
adsorbed isoeugenol was 16% To achieve the adsorbed organic conposition the
solution contained 250 "1 isoeugenol, in additionto 3 m of Standard #3. GOMVS and

HPLC were used to performanal ysis of the extracted filter sanples. Results from
GCOVS data are reported in Table 4. 20.
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Tabl e 4.20

Influence of |soeugenol on Photolysis Rate of PAH on CB using Optical Filters,

and % Remaining on Filter after Exposure

Conpound Half-1ife wo R2 Half-life R2 % Remai n % Remai n
i soeugenol with @3hr wo @hr w
(hr) i soeugenol i soeugenol i soeugenol
(hr)
| soeugenol 0.77 0.75 11
Fi 2.8 0.78 5.0 0.46 56 70
BaA 8. 4 0.68 8.6 0.76 81 85
BkF 37 0.2 4.9 0.72 100 68
| BaP 27 0.21 5.5 0.87 98 7 1

The data indicate that BkF and BaP are reacting faster in the presence of isoeugenol. A
significant amount of the adsorbed PAH remains unreacted on the carbon black both in
the presence and absence of isoeugenol. The fraction of fluoranthene remaining on the
carbon black surface after 3 hours is high. This indicates either that the [ oss of

fluorant hene observed in previous experiments probably should not be attributed to |oss
due to volatilization or that volatilization is not inportant when isoeugenol is present.
On the basis of these results an experinent of |onger exposure tine duration was

planned to deternine the behavior of the adsorbed PAH under continued exposure to
light.
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Sept 9

The purpose of this experiment was to extend the time over which filter sanples were
exposed to a total of 6 hours, as a shorter experiment resulted in degradation of only
10-20% of the adsorbed PAH. The goal was to measure the PAH phot odegradation
rate for PAH only or PAHtl soeugenol adsorbed on carbon black particles. As in the
previous experiment, a quartz immersion well with [ight filters was installed which
reduced the light intensity 90%by filtering out all emssion bands except 366 nmfrom
the Hy lanp. Filter sanples were extracted at 1.5 hour intervals for a total 6 hour
exposure duration.  The BFF technique was used to prepare the particles. The PAH
concentration obtained on the carbon black was 55.7 ng//il, which was applied and
analyzed in 400 "1 of solvent. The weight of carbon black used on each filter was 1.5
my. The mass percentage of PAH adsorbed on carbon black was 1.48% The mass
percentage of adsorbed isoeugenol was 10% To achieve the desired adsorbed organic
conposition the solution contained 250 "1 isoeugenol, in addition to 3 m of Standard
#3 solution. GCMS and HPLC were used to performanalysis of the extracted filter
sanples, results from GOMS data are reported in Table 4.21. The photodegradation
curves for BaP and BaA adsorbed on carbon black with and without isoeugenol are

plotted as C/Cy versus time in Figures 3.3a and 3.3b respectively.
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Table 4.21

Influence of |soeugenol on Photoly;iis Rate of PAHoONCB ysing Optical Filters and %

Remai ning' on Filter after Exposure to Atnospderical b Relevant Vével engths |

Conpound Half-life r2 Half-life r2 % % Remai n
(hr) with Remai n® ®4. Shr
i soeugenol 4. 5hr wiso
(hr)
| soeugenol 3.0 0.39 24
Fl 7.3 0. 40 3.7 0.97 55 45
BaA 18 0.35 5.6 0.96 7 59
BkF 37 0.01 11.7 0. 90 97 78
! BaP stable  0.28 13.6 0. 88 105 B |

The 6 hour sanple for the filter with isoeugenol coadsorbed on the carbon black was
lost during extraction. The data indicate that PAH react faster in the presence of

I soeugenol adsorbed on the carbon black (figure 4.2a,b). The enhancenent of PAH
reactivity due to isoeugenol is not as great as what was observed for PAH reactivity
enhancenent due to isoeugenol in solution (MDow et al., 1991, 1992). (ne possible
explanation of this result is that the carbon black surface stabilizes the PAH which are

adsorbed onto its surface.
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Figure 4.3a Figure 4.3b
o PEELARYTRE, o BENEL ANEGRNE

TAI LORED PARTI CULATE MATRI CES TAI LORED PARTI CULATE MATRI CES

1% PAH on carbon bl ack
1% PAH on carbon bl acl :

10% | soeugenol and 1% PAH

5(,\) 6 on carbon ol ask
U u 10% | soeugenol and 1% PAH
4 4 on carbon bl ack
.2 2
0 0 T i
= =1 = 1 P
TIME (hours) TIME (hours)

4.H Eighth Phase

Particle Characterization

BET surface area anal ysis was obtained by sending sanples to Mcroneritics
Instrument Corportation for analysis. The neasured val ue of the BET surface area of

the carbon black particles was 95.5 m'/g. Diesel soot particles have a surface area in
80-112 nR/g range.

4.1 Nnth Phase

The Scanning Electron Mcroscopy pictures of the particles which included PAH and
| soeugenol adsorbed on the carbon black were used to estimte the particle mass median
diameter of the coated particles. The results indicated that the mass nedian dianeter of

the particles was dnmt=12.5/[tm with a geometric standard deviation of Sg=1.7 (Figure
4.4)
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The phot ographs al so verified that iseugenol was present on the carbon black filters. In
addition the photographs showed that use of too much isoeugenol caused it to coat both

the filters and the particles.

4.J Tenth Phase

The optical and fluorescence mcroscopy photographs showed that PAH woul d
distribute itself in the isoeugenol phase in preference to the hexadecane phase, as the
two solvents were immscible. In addition a few photographs were interpreted to show
that isoeugenol kept the PAH in the liquid [ayer above the carbon black surface
Pictures of PAH coated on bare carbon black did not show any fluorescence, whereas
pictures of PAH coated with isoeugenol on carbon black did capture the fluorescence of
PAH Thi's could suggest that either the PAH on bare carbon black was shielded by the
carbon black fromabsorhing the W [ight preventing fluorescence, or the carbon black
effectively prevented the fluorescence which was emitted frombeing recieved by the

m croscope.

4. K El eventh Phase

The Andreasen Sedimentation Pipet was used to determne the particle size distribution
of coated carbon black particles using dichloromethane as the liquid in which the
particles settled. The nass nedian diameter was measured to be dinmd= 12.5/Lim wth a
geometric standard deviation of sg=3.4 using a log probability plot and assumption of a
log normal distribution (see Figure 4.3). Conparison of these results with the
distribution deternined using the SEM photographs suggests that a larger range of
particle sizes was measured using this technique. The major limtation of using the

SEM pictures to measure the particle distribution was that small particles could not be
distinguished fromthe filter material in the background of the pictures. The large
distribution of particle sizes as indicated by the settling technique i's possible, as carbon
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black particles are believed to be nade up of nanoneter size aggregates which form
large particles

The external specific surface area may be cal culated using equation 4.1
Sext = 6/ (r*dnrad) eq. 4. 1
where Sext is the external specific surface area, r is the particle density (assuned to be
2.0 glcn) (Ross et al., 1982), dmmd is the mass nedian dianeter of the particles.
Using this equation the external surface area was determned to be 3 mt/g. This val ue
for the external surface area is much |ower than the BET surface area of 95.5 m/g.
This calculated external surface area was determned by measuring the dianeters of
aggl onerated carbon black particles. The surface area measured using the BET
technique is nore representative of the surface area available to PAH assumng that the
size of the pores within the carbon black is [arger than the PAH mol ecul er dianeter.
The surface area within the aggl onerated particles therefore may still be available for

adsorption by the PAH and isoeugenol


NEATPAGEINFO:id=1CA95DE6-0B79-4679-9CB3-5C852E0A0494


8§ o m2om

Carbon Black Particle Distribution by Mass

Using Scanning El ectron Mcroscopy Photographs
100

— “"P E
10 pL-1 :
A ) «3/\/\ —U— _
—Or{| e[ ATTT Lovil il |

ft« al 11

Cunul ative Mass (%

Carbon Black Particle Distribution by Mss
Using Scanning Electron Mcroscopy Photographs

t —

o 13kf f

u/\

2o

am at i

CAiiulative Mass (K)

Carbon Black Particle Distribution by Mass
Using Andraesen Sedknwitation Pl pet

uu -_:\
K?
!
10 -1 —hH-
"""" SR o
R [ oo YT OW a1

Cuntalva Mass (%

Figure 4.4. Log Probability Gaphs of Carbon Bl ack

Particle Size Distribution

72


NEATPAGEINFO:id=E97E7DF9-503A-4572-B69E-CBBECC6FC8EA


73

5. Discussion

Devel opment of the method described in this study involved consideration of the
following factors: particle surface characteristics, conposition and concentration of
organi ¢ constituents, the liquid dispersion coating technique, PAH stability in the dark,

adsorbed organic concentrations, reproducibility, and U exposure source

5. A Particle surface

Current theory suggests that combustion particles, although varying in
conposi tion, consist of an elemental carbon core surrounded by an adsorbed organic
layer (MDow et al., 1991, 1992). The influence of different particle surfaces on the
photoreactivity of adsorbed PAH has been investigated by Behymer and Hites (1985).
The chemical and physical properties of carbon black are judged to be the nost
representative of the elemental carbon present in combustion particles (Ross et al.
1982). The physicochem cal properties of diesel conbustion particles were found by
Ross & Rishy to be simlar to graphitized carbon black when adsorption isotherns were
measured (Ross et al., 1982). The BET surface area and heats of adsorption as a
function of adsorbate concentration were found to be most similar for the diesel
particles which had | ess material sorbed on them (Ross and Rishy, 1982). Their BET
surface area was calculated as 80 to 112 nt'/q for the diesel soot, while the carbon
black used in their studies had a surface area of 80 nf/g (Ross et al., 1982).

The BET surface area for the carbon black used in these experiments was
measured as 95.5 m\/g. Calculation of the concentration of PAH which would exist as

a monol ayer on the surface can be performed fromthe amount of surface area required
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to accommodate each sorbed nol ecul e. The ol ecul ar surface area val ues were
obtained froma calculation by Pankow (1987) as being "3.8 x O cnt | molecule,
for a wide range of conpounds including PAH and organochl orine conpounds
Assuming this molecular surface area for BaP, and using the BET carbon black surface
area of 95,5 nt/g, the anount of BaP which may be adsorbed on a monolayer of the
carbon black is 104 /tg BaP per mgy carbon black. The cal culation assumes that no
other organics are conpeting for the available surface area. This assunption is
probably not strictly correct if isoeugenol is present because isoeugenol mght also
adsorh to CB. The highest concentration coating applied to the carbon black in this
research was 78 “g/ny, for the Cct. 20 experiment. These calculations indicate that
PAH were not |ikely to be present in nultiple layers on the carbon black surface
assumng no other organics were coadsorbed on the surface.

The concentration cal culated for a monolayer of PAHis much higher than
concentrations used in Table 2.5 for PAH adsorbed on nodel combustion particles
which typically were inthe 75 - 500 /xg per gramrange. The studies reported in Table
2.3 included no other associated organics, and therefore |ess than monolayer coverage
of PAH was |ikely. The surface area cal culated fromthe measured mass median
dianeter was 3 nt/g, this is the external surface area for a spherical particle with a
mass median dianeter of 12.5 /im The surface area obtained using BET adsorption
| sotherns measured the total surface area available for nitrogen gas adsorption
Typical carbon black may be characterized as mcroneter size agglonerates of
nanometer size particles (Col doerg, 1985). The discrepancy between the BET surface
area and the external surface calculated for 12.5 [xmcarbon black particles is nost
|ikely due to available surface wthin the aggl onerated particles

As discussed later carbon black slowed the reactivity of PAH when the filters
Were exposed to light after slurry coating preparation (Table 4.4a).  The stabilization
of PAH reactivity may be due to the physical properties of the carbon black. The
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mechani sms by whi ch carbon bl ack stabilizes PAHs to photolysis may be simlar to
those postul ated by Korfmacher et al. (1980) for PAHs adsorbed on fly ash particles
The total surface area to which the PAH are adsorbed may be greater than the cross-
section exposed and PAH may he shielded fromthe light by adsorption to inner pore
surfaces of the carbon black agglomerates (Korfmacher et al., 1980). Carbon bl ack
al so may be absorhing light which would be reflected back out through the organic

| ayer (Behymer and Kites, 1988).

The stabilization of PAH reactivity could also be due to chemcal properties of
the carbon black (Nielsen et al., 1983). The chemcal structures of the adsorption sites
of particle-associated PAH contain surface groups such as carboxylic acids, phenolic
hydroxyl groups, carbonyl groups, and qui nones (Gol dberg, 1985; Chang & Novakov,
1983; Smith et al., 1989). PAHs adsorbed to carbon black surfaces may be
chem sorbed, the chemcal properties of the PAH being altered by their adsorption to
the surface (Eiceman, 1983; Natusch and Tomkins, 1978). These PAH may be
unavail abl e for absorption of U and excitation into the triplet state, or have shorter
triplet excited state lifetimes, or are resistant to degradation by other normal pathways
for degradation (Nielsen et al., 1983).

The stabilization of PAH due to adsorption on carbon black has been observed
in an outdoor chamber experiment (Kamens et al., 1985). Particles slurry coated with
fl uoranthene, anthracene, pyrene, and fluorene concentrations of 50ng/ng-100ng/ ny
were injected into the chambers using a cyclonic device. Little if any decay of PAH
concentration on the particles was observed in the presence of sunlight. PAH adsorbed
on carbon black were found to he stable which contrasted the observed photoreactive
behavior of PAH on wood combustion particles. The observed photoreactivity on rea
combustion particles indicates that the measured stability for PAH adsorbed on carbon
black particle without organic co-adsorbates may only be relevant to fly ash carbon

particles or particles fromincinerators. Here PAHs probably are adsorbed directly on
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to an elemental carbon surface for particles generated using high tenperature

conbusti on.

5.B Coating Techni que

Devel opment of a method to permt control over the amount and type of organic
compounds adsorbed to the carbon black surface involved choosing an adsorption
techni que. A vapor phase deposition technique was devel oped by Korfnacher et al
(1979). However, the equipment required to performthis experinment was not available
to us. Inaddition, due to the extreme toxicity of these conpounds it was preferable to
avoid placing large quantities of PAHin the gas phase. An alternative method of
adsorbing the conpounds froma liquid phase onto the carbon black particles was
Investigated. A Buchner funnel was used to suspend coated particles in an organic
sol vent above a 47mmfilter, solvent drawn through the filter leaving particles
distributed evenly on top of the filter (see Section 3A)

Devel oping the liquid dispersion technique required choosing a sol vent, a
transfer method, type of filter, and determning the concentration of organics to place
inthe liquid phase with the particles.

The sol vents chosen were dichloronethane and pentane, which were good
candi dates due to their Iow boiling points of 40-41 °C and 35-37°C respectively, and
due to PAH solubility in them PAHs are polarizable compounds which are more
readi|y extractable by polar solvents than in nonpolar solvents (Gant and H guchi
1990). Selectivity insolubility for these polarizable conpounds is due to the relative
inportance of the Debye interactions which are not as well understood as dispersion or
London forces by which non polar nolecules interact (Gant and Hguchi, 1990).

The goal of the initial coating experiment of January 8 was to determne in what
anounts the organic constituents woul d be adsorbed on to the carbon black surface

using the BFF technique. Recovery measurenents were made, conparing the
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concentration of PAH retained on the carbon black and filter to the concentration of the
PAH in the coating solution applied. The results showed generally low recoveries for
all of the PAH (Table 4.7). The lower molecular weight PAH (e.g., fluoranthene)
were adsorbed by the carbon black very little, and only 1-10%of the PAH in the
coating remained on the carbon black on the filter. The higher molecular weight PAH
(e.g., benzo(a)pyrene) were nore strongly adsorbed by the carbon black, with >20%
recovery. The solvent used was dichloronethane.  The effectiveness of the method
used to transfer the coated particles is reflected in the observed recovery, in addition to
the desired measure of adsorption capacity of the carbon black. The nost efficient
means identified to transfer the coated particles to the liquid phase was to scrape most
of particles off the walls of the glass vial using a spatula (Section 3. A Table 4.7)
Additional work was conducted to inmprove carbon black adsorption of the
organic constituents by reducing the solubility of the PAHin the liquid phase
Recovery trial's were performed using pentane or dichloronethane as the solvent, to
det erm ne whi ch maxi m zed PAH adsorption on carbon black. The technique used for
transferring the coated particles was to use a spatula to transfer the mgjority of the
particles to the liquid phase, then to sonicate and transfer any remaining particles from
the walls of the glass vial (sonication method, Section 3A). The results of this
experinent show that use of pentane as the liquid phase significantly increased the
adsorption of PAH onto the carbon bl ack surface (Table 4.8). The recovery of BaP
was 54%in pentane and only 20%in dichloronethane. Thus, by reducing the affinity
of the organic constituents for the solvent, greater affinity for the carbon black surface
was pronoted. The Iiquid phase may be chosen hased on its ability to keep the PAH In
contact with the carbon black surface. At high concentrations isoeugenol would
separate out due to its lowsolubility in pentane, thus when higher concentrations of
adsorbed i soeugenol were desired, it was necessary to use dichloromethane as the [iquid
— I &= = = _ -
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Consi deration was given to a variation of the BFF technique which would place
the organic constituents and carbon black in the liquid phase separately (no transfer
method, Section 3A) (Table 4.9). This method was considered to avoid | oss of the
PAHs incurred when precoating themin a vial. Placing the organic coating solution
directly in the liquid phase, and then adding the carbon black required that the coating
conpounds adsorb to the carbon black fromsolution. Once the particles and coating
were evenly mxed the liquid phase was drawn through the filter, evenly dispersing the
particles on top of the filter. Recovery trials using the sonication method and the no
transfer method were perfornmed (Section 3. A). The no transfer method gave | ower
recoveries of the PAHs (Table 4.9). The possibility exists for the PAH to diffuse and
adsorb to the glass walls of the funnel in addition to the carbon black, which would
contribute to loss of PAH Mre carbon particles were lost during transfer of uncoated
carbon black fromthe vial to the Biichner funnel than were |ost using the no precoating
transfer method.  The particles coated with isoeugenol and PAH were observed to be

easier to physically remve fromthe glass surface than carbon black particles.

Di chl or onet hane was used to transfer both the coated and the uncoated carbon bl ack

fromthe vial to the Biichner funnel. Lower recoveries which were observed in the no

precoating transfer method may be due to the [ower particle surface area available for
the PAH to adsorb to when particles are lost.  An alternative reason for higher
recoveries observed with precoating the particles may be that the coating adsorbed to
the carbon black prior to the particles being dispersed in the liquid phase remain
adsorbed, and that an adsorption equilibriumwas not established in the Iiquid phase
The method of precoating in a vial prior to particle dispersionin the liquid phase was
resumed as the best way to coat and transfer particles using the Biichner funne
techni que

A low adsorbing filter material was chosen to support the coated carbon bl ack

particles on the basis of results obtained by Behymer and Htes, that photodegradation
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rates of adsorbed PAH are influenced by surface characteristics (Behymer and Hites
1985). The nethod was devised to ensure that the photodegradation rates observed
were for PAH adsorbed on the carbon black and not on the filter surface. Teflon
Zefluor filters were chosen to avoid adsorption of the organic constituents fromthe
liquid phase or the carbon black to the filter surface. The reported filter surface area
for a 2fim2Mluor filter is 26 (nt surface area)/(nR exposed filter area) and this val ue
I's less than the 126 (m' of surface area)/ (nt exposed filter area) for Pallflex QAOT
quartz filters (Turpin, 1986).

The relative adsorption of the PAH by the filter only, conpared to adsorption
by the carhon black and the filter is shown in Table 4.10. The results of this
experiment justified the extra expense of the Teflon filter conpared to quartz fiber
filters, as less than 1 %of all the organic constituents were recovered or adsorbed by
the filter and greater than 20% adsorbed by the carbon black (Figure 5.1). The relative
adsorption of PAH by carbon black versus the filter is also dependent upon the

concentration of PAHin the liquid phase, as discussed bel ow

30

FL Ba A Bk F BaP

Recovery of PAH s after coating

On Zefluor filters only
On Carbon Bl ack on Zefluor filters

Figure 5.1. Verification that organics are adsorbed
to the carbon black surface and not on the Zefluor filters
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Concentration of the organics may also influence the particle composition, in addition
to the distribution of the constituents between the particle and the filter. The
concentrations of constituents used in the organic layer for adsorption by the carbon

bl ack were increased between phase V and phase VI1 experinments in an effort to obtain
adsorbed concentrations simlar to those observed on conbustion particles, which are

50 - 200ng/ my (seeTable 5.1).

Table 5.1 Table of Standard Concentrations

Nanme of Standard Standard #1 Standard #2 Standard #3
Date Prepared Sept ember 13, 1991 June 19, 1992 August 26, 1992
Conpound Concentration Concentration Concentration
(ng/ul) (ng/ul) (ng/ul)
Fl uorant hene (Fl) 200 400 1600
Benz(a) ant hracene (BaA) 40 80 320
Benzo(k) f 1 uorant hene (BkF) 25 60 240
Benzo( a) pyrene (BaP) 25 60 240

To reaffirmthat these conpounds were being adsorbed by the carbon black, and not
retained by the filter, additional coating recovery experiments were performed. The
anal ysis of the results led to the conclusion that the PAH concentrations in the stock
sol ution were too high. The carbon black surface is only able to adsorb a certain
amount of organics fromsolution. As the Iiquid phase concentration increases beyond
the concentration needed to obtain equilibriumbetween adsorption on the surface and
concentration in solution, a higher percentage of the organic constituents is drawn
through the filter. As the percentage drawn through the filter increases, the amount

retained by the filter relative to that absorbed by the carbon black increases as well
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Four percent of the BaP in solution was recovered fromthe carbon black and filter, 1 %
was retained by the filter only and the remaining PAH passed unabsorbed to the flask
bel ow (Tabl e 4.19). Lower concentrations of isoeugenol should be used to avoid
placing the organic constituents on the filter in addition to the carbon black. Despite
the high concentrations of PAH and the |ow recovery, 80%of the adsorbed PAH were
on the carbon black and only 20%on the filter. While PAH concentrations shoul d be
sufficiently high to observe reactivity differences, thereis alimt as to how nuch can
be put on the particles wthout causing |arge amounts of the PAH to adsorb on the
filters. The observation that eighty percent of the PAH remained adsorbed to the
carbon black surface indicates that the observed photoreactivity will be relevant to
combustion particles, and not sinply the photoreactivity of PAH adsorbed on filter
mat er i al

Fl uorescent mcroscope examnation of the filters led to insights about the
distribution of the PAHs in hexadecane versus isoeugenol. Hexadecane and i Soeugeno
were the two conpounds which were initially chosen to represent constituents of the
organic |ayer on conbustion particles. A primary concern was whether or not the
i soeugenol was in contact with the PAH on the surface of the particle. The pictures
indicated where the PAH was in the mediumas it fluoresced with a green color when
irradiated by light fromthe mcroscope's nercury lanp. Wien PAH were placed in
sol ution with hexadecane and isoeugenol, a predominance of PAH were observed via
fluorescence in the isoeugenol phase conpared to the hexadecane phase. The
m croscope pictures also clearly showed that isoeugenol and hexadecane were
immiscible. Acoating solution of PAHwas directly applied to a filter containing
carbon black (slurry coating technique. Section 3A) and then observed under the
m croscope. In the photographs one coul d observe PAH crystals outlining the edges of

the carbon black, although some fluorescence on the filter separate fromthe carbon
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bl ack was observed.  PAH on the filter not adsorbed to carbon black were not as

visible in photographs of particles prepared using the BFF technique (Section 3. A).
SEM Phot ographs illustrated that the carbon black particles were evenly

distributed on the filter for particles with 1% adsorbed PAH and 10% adsor bed

i soeugenol (Figure 5.2). Wen the isoeugenol concentration was increased to 30% of

the particle mass the SEM photographs may be described as showing particles engul fed

by a layer of isoeugenol on the filter surface (Figure 5.3). On the basis of these

phot ographs the isoeugenol concentrations of the coating were reduced in subsequent

experinments (after Aug 19) to keep adsorption on the carbon black of isoeugenol |ess

than 10%of the particle mass. Based on these studies the BFF technique of preparing

particles by adsorbing organic constituents froma |iquid phase onto a solid carbon

bl ack surface was demonstrated to be a reproducible adsorption technique for use in

Studyi ng heterogeneous PAH phot odegradation rates

5.C Dark Reactivity

To determne whether photolysis was primarily responsible for PAH reactivity
on heterogeneous surfaces the extent of reactivity by dark thermal reaction or
evaporation nust be characterized. Results of slurry coating experiments of PAH
adsorbed on filters indicate that PAH are stable in the dark but reactive when exposed
to light in the turntable photoreactor (Table 4.3a, Table 4.4a). A simlar experinent
was carried out for PAH adsorbed on the filter surface (Table 4.1) This reactivity on
filter media was simlar to that observed in solution (MDow et al., 1991), indicating
that PAH are not stabilized significantly by the filter surface

The rate of PAH reaction in the dark for PAH adsorbed on carbon bl ack surface
was conpared to that measured for PAH adsorbed on filter media in slurry coated
experiments performed in phase 2. The presence of the carbon black appeared to

enhance the reactivity of the PAHin the dark. The observed half-life for BaP adsorbed
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on carhon black was 2.3 hours. The half-life for BaP adsorbed on filters was much

longer than the duration of the experinent (Table 4.3a). The quality of the datain
Table 4.3a obtained for PAH adsorbed on the carbon black was questionabl e due to
poor extraction recoveries of the PAH fromthe carbon black. On carbon black PAH
was concluded to be more stable in the dark than when exposed to light. As discussed
bel ow, the observed dark reaction rate mich was still slower (BaP half-life =2.28 hr.
Table 4.3a) than the reaction rate observed when filters are exposed to |ight (BaP half-
life = .81 hr, Table 4.4a) for the slurry coated carbon black particles. PAH adsorbed
on carbon black with and without isoeugenol using the BFF technique exhibited
stability inthe dark relative to the light (Table 4.11, Figure 5.4). The half-life for BaP
adsorbed on carbon black was both with and w thout isoeugenol on carbon black was
mich greater than the experiment duration (Table 4,11). On the basis of these
experiments degradation in the reactor was attributed to being driven by photochem ca
reactions and not by thermal reactions influenced by either carbon black surface or

filter surface.

5.D Adsorbed organic concentration

I soeugenol, a conpound in wood combustion particles, has heen shown to
significantly enhance PAH photodegradation when present in solution with PAH
(MDow et al., 1992). The work of Hawthorne et al. (1988) suggests that 20 - 30% of
wood soot particle mass is conposed of methoxyphenolic compounds. Isoeugenol was
used to represent this class of compounds with a target concentration of 10%of the
total carbon black particle mass. Hexadecane was chosen initially to represent the
aliphatic portion found in combustion aerosols, and its target concentration for the
model particle was 40% by mass. PAHs were represented by fluoranthene,
benz(a)ant hracene, benzo(k)fluoranthene, and benzo(a)pyrene and contributed 1 %to

the mass of the particle. Wen the BFF nethod was used there were several occasions
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when the adsorbed organic concentrations were |ower than amounts found on real
combustion particles, as indicated by the percentage of PAH mass adsorbed on the
carbon black in Table 5.2. These problens may be due to poor extraction fromthe
carbon black surface. Attenpts were made to influence reactivity by changing the
adsorbed organic concentrations, but other experinental factors such as organic

distribution between the liquid or solid phase, or exposure conditions may have been

more influential.

Table 5.2

Concentration of adsorbed (| ganics for Photodegradation experinents using BFf

Date of Exp. Standard # YEAH % | soeugenol Experi nenal
Cone. of BaP adsorbed to adsorbed to Modi fications
applied (nglul) cB cB
March 26 #1 ;25 .32 .9
April 20 #1 ;25 .24 2.6 Increased [Isoeugenol].
May 14 #1 ;25 .24 2.6 Short Tine Interval
May 24 #1 ,25 .44 5.2 Triplicate sanmples, iso.
CHly
June 19 #2; 60 - 94 3.5 Dupl i cate Sanples
July 18 #2; 60 1.2 43 I ncreased [isoeugenol ]
Aug. 11 #2: 60 . 087 22 BorosUi cate wel |
Aug. 28 #3 ; 240 1.08 16 light filters
L St ¢ #3240 1.48 10 light filters ]

\When particles were coated and exposed to light using the BFF method,
phot odegradation was observed, but it occurred to a mich [ower extent than that
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observed in the prelimnary slurry coated experiments. The half-life measured for BaP
using the Biichner funnel filtration method was 4.6 hours (Table 4.12). PAH reacted
qui ckl'y when coated on carbon black using a slurry coating method. The half-life was
0.23 hour for BaP (Table 4.6a). A difference in PAH concentration between the two

experiments is one possible cause since the PAH concentration for the slurry coating
method was 7.2% and for the Biichner funnel filtration method was 0.32%  PAH

concentrations on conbustion particles generally range from0.5 to 5%of the tota
particle mass. A possible explanation is that PAH at |ower particle concentrations may
be bound to the particle surface as a nonol ayer and consequent|y unavailable for
reaction.  The calculation of the anount of PAH which may be adsorbed by a 95n2/g
surface area particle indicated that the range of PAH concentrations used from Q0. 32%
PAH to 10% PAH by wei ght concentration woul d be mich | ess than nonol ayer
amounts (Section 5.A).  As the concentration is increased, mitiple layers may form
such that PAH are surrounded by other PAH instead of being adsorbed directly to the
carbon black. The 46 - 78 “g/ny PAH concentrations (representing of 4.6 to 7.8% of
the particle mass) used in the slurry coating technique experiments may not have
formed nultiple layers but may coat the filter in addition to the carbon black

Evidence for PAH adsorption to the filter in addition to the carbon black as a result of
slurry coating was observed in the fluorescent mcroscopy photographs. Simlar
adsorption of PAHto the filter in addition to the carbon black surface was not observed
for filters prepared using the Buchner funnel filtration technique. The results may be
interpreted as a reflection of the fact that when PAH are primarily adsorbed to carbon
black they are stabilized to photochemcal reactivity. In contrast when PAH are
surrounded by other PAH or are adsorbed to filter media they are more photoreactive
than if adsorbed to carbon bl ack.

A difference in PAH photoreactivity on the carbon black particles due to

| soeugenol ' s presence was not observed using the slurry coating technique. Only
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fl uorant hene disappeared faster in the presence of isoeugenol (Table 4.6a). The
significance of the observations was questioned due to the inability to determne or
control the distribution of PAH and isoeugenol adsorption on the carbon black surface
and the filter using the slurry coating method. The results were puzzling because the
previous experiments indicated that the PAH were adsorbed to the filter as well as the
carbon black when the slurry coating technique is used. If this is the case then when

i soeugenol is added it should be coadsorbed with the PAH on both the filter and the
carhon bl ack, and enhanced phot odegradation shoul d have heen observed. It is possible
that PAH and isoeugenol are not distributed unifornty on the carbon black surface

The hi gher mol ecul ar wei ght conpounds such as BaP and BkF may be strongly
adsorbed to the carbon black while the [ower nolecul ar weight conpounds isoeugenol
FI, and BaA are absorbed nore evenly by the carbon black and filter surface.
Enhancement of PAH phot odegradation may be dependent on the spatial proximty of
PAH to the nearest neighboring isoeugenol nolecul e. Fluoranthene, which has an
internediate affinity for the carbon black surface between that of BaP or isoeugenol

may be more concentrated on the filter than the particle surface relative to the other
PAH Isoeugenol may not differentiate between the particle and filter surfaces and may
be relatively more concentrated on the filter surface because of its high volatility.
Carbon black stabilization of the higher nolecul ar weight conpounds may supress any
reactivity enhancements due to the presence of isoeugenol.  Coservation that only
fluoranthene's reactivity was enhanced may indicate that it is more [ikely to adsorb near
I soeugenol, or that a smaller fraction of fluoranthene than of benz(a)anthracene or
benzo(a)pyrene i s adsorbed on to the carbon black mking the stablizing effect of CB
less for fluoranthene. Alternatively, the results could be explained by evaporation of
fluoranthene. The results of this experiment led to devel opnent of the BFF technique
to ensure the proper physical environment, (adsorption to the carbon black, not the
filter) for the PAHin addition to the chemcal conposition of the organic layer. A
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factor which ultimtely proved inportant to the observation of isoeugenol's influence
on PAH phot odegradation was the W light characteristics, as discussed in Section 5G
For the August 11 experiment the data for BaP on particles coated only with
PAH were highly variable, either due to poor extraction recovery or bad stock solution
(Table 4.18a). The BaP concentration adsorbed by the carbon black was very |ow
(.09%, and may have been unextractable fromthe surface (Eiceman and Vandi ver
1983). BaP concentrations found on the filters with isoeugenol adsorbed to the carbon
black were consistent. This indicates that BaP may be lost due to irreversible
adsorption onto the surface when isoeugenol is a co-constituent of the organic |ayer.
Preparation of a new stock solution of higher concentration resulted in two successfu
subsequent experinents which had hi gher PAH concentrations adsorbed to the carhbon

black surface (August 28 & Sept. 9).

5.E Variability in Alter sanples

The particles were exposed to light using a turntable reactor which permtted al
of the filters to be exposed to the same amount of [ight. A high anount of variability
inthe data of the April 20, and May 14 experiments was observed as discussed bel ow
An experinent was performed on May 24 to measure the reproducibility for triplicate
filters with the same concentration of PAH and isoeugenol adsorbed on the carbon
black particles, exposed to [ight for the same intervals of time (see Table 4.15). This
experinment addressed the problemof whether or not particles were falling off the filters
during the time that they were rotated around the W lanp. The random|oss of
particles fromthe filters during exposure would explain the observed variability in the
data for the previous experiments. Table 4.15a indicates that this is not the case
because reproducibility is still good after .75 hour. The use of the BFF technique to

determne PAH reactivity on organically coated particles was continued.
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As mentioned above the data obtained for the April 20th and May 14th
experiments were extremely variable. The problens were attributed to either poor
extraction techniques, degraded stock solution, poor mscibility in the solvents used, or
to particle loss during exposure in the turntable. BaA BaP, and BkF were not
consistently detected on the filters (Table 4.13). The results indicate that fluoranthene
loss is enhanced when isoeugenol is present (Table 4.13, Table 4.14). The
phot odegradation rate of BkF may be slightly enhanced, but the scatter in the datais
larger than any observable trend. Again, the characteristics of the W light were
determned ultimtely to be inportant to the behavior of the PAH and isoeugeno
adsorbed to carbon black for these experiments as discussed in Section 5G The My
24 veproducibility experinent illustrated that particles were not being lost during
exposure in the turntable. Future experiments were performed using duplicate filter

sanpl es for each exposure tine and condition. An exanple of the variability observed

using this procedure i s shown in Figure 5.5

5. F Product Characterization

Phase VI was directed towards determning what was happening to the PAH as
they were degrading. The aimwas to characterize products, under the possibility that
PAH woul d degrade to unique products when isoeugenol was present. A portion of a
typical total ion chromatogramof the major conpounds identified after irradiationis
shown in Figure 5.6. The only PAH photodegradation product characterized was BaA
7,12-dione (Figure 4.2), which was general |y present in concentrations which were too
low to observe on the total ion chromatogram but which coul d be observed in the
selected ion chromatogramof ion 258 (Figure 5.7). BaA-7,12-dione was identified by
conparison to its NBS Library spectrum (Figure 5.8). BaA-7,12-dione concentration
increased with irradiation time (Figure 5.9). Two products of isoeugenol degradation

dehydrodi i oseugenol and vanillin, were also observed, but their concentrations
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appeared to decrease with irradation time (Figure 5.9). Vanillin and
dehydrodii soeugenol were identified by spectral matching to NBS [ibrary spectra
(Figure 510, Figure 5.11). Both of these compounds are known photodegradation
products of isoeugenol (Eskins et al. 1972, Eskins, 1979). Recent experiments in
solution suggest that the presence of vanillin strongly accelerates PAH
phot odegradation (MDow and Kanens, 1992). Many of the peaks were unmatchabl e
to spectra available in the [iterature. The fragmentation patterns were not characteristic
of expected PAH derivatives such as hydroxy or dihydroxy derivatives, ketones,
carboxal dehydes, dicarboxal dehydes, other PAH qui nnones, and di carboxylic acid
anhydrides (Schuetzle et al., 1981; Konig, 1983). Many of these known PAH
derivatives may oxidize during the analysis, may not elute fromthe GC col um due to
their thermal instability, or may react with the colum substrate. Their concentrations
al so may be bel ow the detection limt.

The use of hexadecane was discontinued due to the abundance of unidentified
peaks in the GOMS chromatogram which were obtained in the analysis of extracts from
the June 19 experiment. The goal was to sinplify the nunber of reactants involved in

PAH phot odegradation on the particle surface, and to reduce the number of products

f or ned.

5. G Exposure to wavel engths bel ow 290 nm

It was determned that many of the experinents were performed using an
exposure of W wavel engths bel ow 290nm An assunption had been made that the
| mersion wel | was made of borosilicate material, which functions as a [ight filter by
adsor bing wavel engths bel ow 290nm Quartz imersion wells do not filter out |ight
bel ow 290nm therefore sanples exposed using the quartz immersion well received
wavel engt hs which are not atmospherical |y relevant (see Figure 3.3). The absorption
spectrumfor PAHs is very strong in the region below 290nm therefore alternate
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phot odegradation pathways were |ikely. These degradation pathways, if stronger than
the photodegradation mechani sns active due to wavel engths above SOOnm might result
in no observable effect due to the presence of isoeugenol. This allowed eval uation of
the inportance of selection of W light characteristics for the results to be
atnospherical |y relevant. It is assummed that the quartz immersion well was used for
experiments Nov. 28, 1991 through July 18, 1992.

5.H Atmospherical |y signincant wavel engt hs

The most inmportant result obtained using this technique was that the measured
BaP phot odegradation rate was enhanced due to the presence of isoeugenol in the
organi ¢ layer adsorbed on the carbon black (Phase VI1). The difference in the
measured rates was statistically significant for BaP adsorbed on carbon black versus
BaP and isoeugenol adsorbed on carbon black (Table 4.21). The results obtained are
relevant to real conbustion particles because the devel oped nethod models physical and

chemcal conditions for particle associated PAHin the atnosphere

1% PAH on carbon bl ack

carbon bl acl

8 -
o 10% I soeugenol and 1% PAH
NG on carbon bl ack
U U 10% I soeugenol and 1% PAH

0 A on carhon bl ack

Sept. 9, 1992 O Sept. 9, 1992
0
0 =2 a = =1 66
TI'ME (hours) TIME (hours)

Figure 5.12: BaP and BaA photodegradation rates observed
with and wthout isoeugenol coadsorbed on carhon bl ack.
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The greatest differences in PAH photodegradation rate due to isoeugenol were
observed when optical filters were used to isolate the 366 nmmercury line (Tables 4.20
& 4.21, Figure 512, Figure 5,13, Figure 5. 14). This was probably because the |ight
was |ess intense and because the more energetic wavebands were filtered out, so that
the reaction was sl ow enough to fol low over several tine intervals. The rates of
phot odegradation in hoth experinents were tested for parallelism (K einbaumet al.
1988) by conparing the slopes fromthe regressions of In(C Co) vs. time for PAH
adsorbed on carbon bl ack with and without isoeugenol. In spite of what [ook Iike
simlar rates in the presence and absence of isoeugenol, the hypothesis of parallelism
was rejected for both BaA (p < .01) and BaP (p < .05) for the Septenmber 9 experinment
indicating that there is a statistically significant difference between the rates (Figure
5.13aéh and 5.14adh; Table 5.3 and 5.4). In the August 28 experiment significance
was borderline for BaP (.05 < p < 10) and the hypothesis of parallelismcould not be
rejected for BaA These results are supported by results of a third experiment, in
which light was filtered with a borosilicate well (Table 4.18, Figure 5.15)

The light filters used in these experiments removed all but the 366nm
wavel ength, thereby reducing the light intensity by 90%(Tables 4.20 & 4.21). The
purpose of this was to slow down the reaction, and use W light relevant to
atmospheri ¢ exposures so that the rate of the fast initial degradation pathway observed
in previous experinents could be measured. An experinent of 3hr duration, with 0.75
hour intervals was performed to conpare whether isoeugenol enhanced PAH
phot odegradation on the particles using 366nmwavel ength exposure. The results
indicated that BaP was reacting faster in the presence of isoeugenol, but a significant
anount remained on the carbon black after 3hr (Table 4.20). A second experinment was
6hr in duration with 1. 5hr sanpling intervals, to investigate the photoreactivity of

adsorbed PAH exposed to [ight for [onger times. BaP again exhibited the enhanced
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reactivity in the presence of isoeugenol, with mch of the BaP still remaining on the
carbon black after 4.5hours (Table 4.21).

The first experiment performed using a new borosilicate well indicated that BaP
phot odegraded at an enhanced rate when isoeugenol was present in the organic |ayer of
the particles (Exp 8/11). However, the results of this experinent were not conclusive
for two reasons. First, the reaction took place too rapidly, and second, the PAH
concentration of .09%of the particle mass was too |ow (Table 4.18a). The mass
percentage of PAH remaining on the carbon black at 1.5hr was simlar to that observed
after the first 0.5hr exposure, indicating that the PAHs reacted initially very fast, and
then were stable over the next hour of U exposure (Table 4.18b).

Figure 5. 12 illustrates the trends in the data obtained for the behavior of
adsorbed BaP when exposed to 366nmlight in the Sept. 9 experiment. The difference
between the sl opes obtained fromthe averaged concentrations for two filters at each
exposure time and condition were statistically significant for the curves illustrated in
Figure 5.12. To test the significance of the change in rate due to isoeugenol the log of
the concentration at time =t divided by the initial concentration is plotted against time
= t. To conpare the two straight lines, a single regression equation 5.1 containing
dumy variabl es to distinguish between the groups being compared (with and without
i soeugenol ) was used.

hi (CCo) = 6fT + B2»1*T eq. 5. 1
Cis the concentration at tine =t, Cqis the concentration at zero time, | =0 for wth
no isoeugenol coadsorbed with the PAH | =1 for with isoeugenol coadsorbed with
PAH on carhbon black, Bj, R2 ™ the slopes determned fromthe fit of the regression
equation and express the rate of PAH photodegradation. The independent variable is
zero at time = 0 (C=Co), therefore the intercept was fixed at zero in the regression
equation. The goal was to determne if the rate of PAH degradation when isoeugeno

was present was different than in its absence. If there was no influence due to the
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presence of isoeugenol the rates would be the same, and therefore the Iines parallel and
coincident, therefore 62 = 0. The null hypothesis of no influence on the rate of

phot odegradation due to isoeugenol was tested using SYSTAT, a statistical package for
the IBMPC (WIkinson, 1986). A multivariate general linear hypothesis (MiLH was
used to test the model equation 5. 1. The 90% confidence intervals and the data fitted
with a linear regression line are illustrated in figure 5. 16a for BaP with no isoeugenol
figure 5. 16b for BaP with isoeugenol, figure 5. 17a for BaA with no isoeugenol, figure
5.17b for BaA with isoeugenol. Table 5.3 gives the SYSTAT MAH regression
results for BaP which supports the rejection of the hypothesis that there is no influence
due to iseugenol with a p-value less than .05, and Table 5.4 contains the results for

BaA with a p-val ue less than .01. The BaP concentration adsorbed on carbon black
was observed to he stable, or remain fairly constant. BaP coadsorbed wth isoeugeno
on carbon bl ack was observed to undergo photodegredation, degrading 20%after 4.5
hours of exposure. These results indicated that the conposition of the organic |ayer
was an inportant determnant of PAH photoreactivity on carbon black. The results
obtained are Iikely to be applicable to real combustion particles due to the efforts made

to emulate their physical and chemcal properties in the atmosphere
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Figure 5.2. Scanning Electron Mcroscopy Photographs
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Figure 5.3. Scanning Electron Mcroscopy Photographs
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Figure 5.4 PAH stability in the dark adsorbed on
carbon black with and w thout |soeugenol
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Figure 5.9 Products of PAH and isoeugenol degradation
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Figure 5.13 PAH Phot ockgradation without and with isoeugenol
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Table 5.3. MLH Regression Results of Mbdel Equation 5.1 for BaP

: 13 MATIPLER _ .684 _ SQUARED MATIPLE R ___ 468
PBIUSTED SO 7ARED MALTIBLE R - 419 STANDARD ERROR OF ESTIMATE: 0.0777689

VARI ABLE CCEFFI Cl ENT STD ERROR STD CCEF TOLERANCE T P(2 TAIL)

Ve 0.0031915 0. 0067498 0. 1157108 0.80822  0.47284  0.64557
"o -0, 0457587 0. 0154130 -0, 7265219 0.80822 -2.96885  0.01277

ANALYSI S OF VARI ANCE

SOURCE SUM OF- SQUABES OF MEAN- SQUARE F- RATIO P
REGRESSI ON 0. 0584290 2 0.0292145  4.8304413 0.0312134
RESI DUAL 0. 0665280 11 0. 0060480

Table 5.4. MaLH Regre35|on Results of Mbdel Equation 5.1 for BaA

DEP VAR BAA 13 MIULTIPLE R 925 SQUARED MULTI PLE R 856
ADJUSTED SQUARED IVULTXPI £ R . 843 STANDARD ERROR ESTI MATE: 0.1181746
VARI ABLE CCEFFI Cl ENT STD ERROR STD COEF TOUERANCE T P(2 TAIL)
TI VE - 0. 0546983 0.0102567 -0.6787843 0.80822 -5.33294 0.00024

Tll gg* -0. 0732622 0. 0234209 -0.3981441 0. 80822 -3.12806 0.00961

ANALYSI S OF VARI ANCE

SOURCE SUM OF- SQUARES DF  MEAN- SQUARE F-RATI O P

. GRESSI ON 0.9129527 2 0. 4564763 32. 6866036 0. 0000235
RESI DUAL 0. 1536177 11 0. 0139652
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6. Summary and Concl usi ons

A method has been devel oped to eval uate PAH reactivity on heterogeneous
combustion aerosol particles as a function of specific physical and chemcal properties
whi ch are representative of the character of the PAH environment. PAHs represent
from0.5 to 5 %of the organic fraction of conbustion aerosols. Photolysis during
transport of PAH on combustion particles can lead to a loss of carcinogenic species
(Nelsenet al., 1988) or an increase in the amount of mutagenic species (Finlayson-
Pitts & Pitts, 1986). There is current disagreement concerning PAH particle phase
reactivity in atmospheric systems (Behymer & Htes, 1988). Combustion particles
fromdifferent combustion sources vary in chenical and physical properties. Although
varying in conposition, conbustion particles typically consist of an elenental carbon
core surrounded by an adsorbed organic |ayer

This investigation of particle associated PAH photo-reactivity addresses the role
of associated organic conpounds in addition to the role of elemental carbon surfaces in
determning the reaction rate. A method was devel oped to incorporate different
conpounds and the anounts of these constituents in the organic coating on different
types of particle surfaces. This was done so that realistic PAH environments on
combustion soot particles could be generated and studied

Model irradiation conditions and nodel combustion particles were generated to
reduce the conplexity inherent in combustion particles. The criteria for the node
systemwere that particles were consistently generated, that organic composition could
be easily nodified, and that particles were readily accessible to exposure to ultraviolet
radiation. The method involved use of a liquid phase adsorption technique to prepare
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uni form mul ticomponent organi ¢ coatings on carbon black particles, and to uniformy
distribute the particles on to Teflon filters. Particles were exposed to light ina
turntabl e photoreactor and subsequently analyzed for evidence of PAH

phot odegradati on over tine.

To obtain results which were relevant to real conbustion particles, factors
influential to the measurement of photodegradation rates of adsorbed polycyclic
aromatic hydrocarbons were evaluated.  Particle surface characteristics, identity and
concentration of organic constituents, and PAH stability in the dark were exanined to
determne their effect on the measured photodegradation rates. In the dark, PAH
coated on carbon black (using a Iiquid suspension coating technique) did not show any
appreciabl e decay over a period of three hours. The surface characteristics of the
substrate were determned to influence the photodegradation rate of adsorbed PAH
PAH were observed to be more photoreactive when adsorbed on filters than when
adsorbed on carbon black. On the basis of dark experiments, PAH degradation in the
reactor was attributed to photochemcal reactions and not to thermal reactions
influenced by either the carbon black surface or the filter surface processes. Choice of
solvent, transfer method, type of filter, and organic concentrations were made to
optimze PAH and other organic constituents adsorption to the carbon black surface
Suspensi ons of the particles and coating organics in dichloromethane, followed by
collection on a Teflon filter in a Buchner funnel, proved the be the best method for
coating and collecting particles

The influence of co-adsorbed organic compounds on the rate of PAH
phot odegr adation on carbon black particles was neasured. PAH photodegradation in
sol ution was known to be enhanced by the presence of methoxyphenol s
Met hoxyphenol s are known constituents of the extractable organic |ayer found on wood
combustion particles. Inthe presence of isoeugenol, BaP on carbon black particles had
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a half-life in the photoreactor of 14 hours. Under the same photoreactor conditions
BaP on carbon black without isoeugenol was stable and did not react.

This inplies that the methoxyphenol nediated PAH photodegradation processes
observed in solution and on these nodel particles, may also occur in the atnmosphere on
conbustion particles.

The method devel oped in this study allows evaluation of the inportance of the
particle surface and conposition of the organic layer to the photodegradation processes
whi ch may occur on conmbustion particles in the atnosphere. Based on the chem ca
and physical character of conmbustion particles the reactivity of adsorbed PAH may be
evaluated to determine the transport, fate, and potential health inplications of emtted

particulate matter fromvarious combustion sources
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