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ABSTRACT

Folycyclic arumatic hydrocarbons (PAH) are mutagenic and
carcinozenic, Vith the anticipated increase in the use of low-
grade fuels such as coal, PAH emissions into the environment are
expected to increase, thus aggravating health hazards.

Data was obtained on the evolution of PAH during the
pyrolysis of coal in a laminar flow, drop tube furnace. Five
coals of different ranks were selected for study, namely, a
liznite, a sub~bltuminous, a high volatile-A bituminous, a medium
volatile bituminous and an anthracilte.

Well-defined coal particles (44 to 53 um, wet-sieved)
were heated at rates of about 10,00000/3 to peak temperatures
ranging from S00K to 1700K. Samples were held at these peak
temperatures for times ranging from 75 to 300 ms. Pyrolysis products
were analysed for PAH by capillary column gas chromatography and
gas chromatography-mass spectrometry. Bloactivities were measured

in Salmonella typhimurium so as to determine the mutagenic

potential of the PAH evolved and cross-check the trends observed
from chemical analysis.

Pyrolysis results indicate that PAH yields peak at about
1300K, regardless of the type of coal being pyrolysed. Specific
mutagenicity also peaks in the temperature range of 1300K to 1500K.
Soot yields increase with temperature, generally levelling out at
temperatures greater than 1300K.

Varizations of PAH yield with residence time of the coal
particles, appear to follow a first~order type of global behaviour,
The peak in PAH evolution shifts to lower residence times as the

pyrolysis temperature 1s increased. Similar trends are observed
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for specific mutagenicity as a function of residence time.
However, soot ylelds increase with residence time, levelling
out at values greater than 225 ms.

It is observed in literature that PAH and soot evolution
increazses with the aromaticity of the parent fuel. For the case
of coal pyrolysis however, though PAH and soot yilelds increase
with coal rank, they reach a peak for the high volatile bitu-
minous coal (85.71% carbon, dmmf) and decrease as the aromatic
carpbon fraction in the coal 1s further increased. PAH yields in
decreasing order are as follows: hiligh volatile bituminous >
medium volatile bituminous > subbituminous > lignite >
anthracite. Specific mutagenicity values show the following
order with respect to coal type: high volatile bituminous >
medium volatile bituminous > lignite > subbituminous >
anthracite. However, the PAH evolved from coals of different
rai.ks are very similar in terms of the number of aromatic rings
and types of alkyl substituents, Direct acting mutagens are
evolved from all the coals studied., However, those evolved from
the low-rank coals exhibit mutagenic activities greater than.
that shown by the activated form of the mutagen,

A comparison between PAH yields observed during pyrolysis
and FAH emisslons. from field units as reported in literature was
also made. This comparison reiterates the approach that pyrolytic
conditions are the "worst-case" situation for prediction of the

degree of pollution.
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CHAPTER_1

INTRODUCTION

Polycyclic aromatic hydrocarbong (PAH) and soot are
found throughout the environment and are formed as a result of
incomplete combustion of organic materials., There is considerable
evidence that PAH iInduce mutations in bacterial systems and are
carcinogenic to experimental animals. Epidemiological observatims

sugnest that they have similar effects in humans (Skopek et al,

1979).

PAH in the environment are usually associated with
combustion generated soot and flyash, which act as carriers for
their transport (NAS, 1972)., Particulate collection strategies
for these particles in the respirable size range of 0.1 to 5 Fm
are especially difficult, due to their small diameters.
Furthermore, technlques for reducing emissions of pollutants
like NO,, such as staged combustion incorporating a fuel-rich

-\

step, often result in increased emigslons of PAH and soot,

There 1s a large data base on the evolution of PAH and
soot in relatively simple flames of vapourizable fuels such as
methane, benzene, tolueng etc, However,there has not been
much systematlic study on the pattern of PAH evolution during
the combustion of industrial fuels such as coal, partly because

of difficulties in clearly defining coal structure and also in

product analysisg,

Nevertheless, there has always been a historical

awareness that coal combustion results in emission of species
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which are detrimental to health. This reczulted in proclamations
benning the use of coal as early as 1306 (Evelyn, 1661; Lodge,

196%). By the eighteenth century, Pott (1775) recognised a
relationship between cancer of the scrotum and occupational

evnosure by chimey sweeps to coal=-generated soot and related

chemicals,

with the dwindling of petreleum resources, a shift to
coal and coal-derived fuels 1s strongly indicated., This would
further aggravate environmental problems, since coal is
expected to evolve greater quantities o0& PAH and soot than

convenltional petroleum—-derived fuels, This 1s illustrated

in TFigure 1.1 .

T+ is well-known that in developing countries and
non-industrial socleties, the burning c¢f coal for cooking and

heating purposes 1is the single most important source of smoke

and other pollutants. In industrialised nations, a substantial

amount of coal is still burned inefficiently in utility boilers

and home heating units. In the future, operations involving

coal-based combustors, coal liquefaction and gasification and
coal=oil slurries are expected to become increasingly important.
It would be desirable to minimise the evolution of PAH and soot
during these coal processing and handling operations. It is

in this context that it would be useful to have a data base on
the evolution of PAH and goot during pyrolysis,

From the point of view of formation of PAH, the primary

variables of interest are pyrolysils temperature and fuel

residence time. It has been established thet even small
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concentrations of oxygen in the combustor atmosphere drastically
reduce PAH yields, Similarly, backmixing or turbulent flow
conditions are also expected to decrease PAll formation, Thus

it was decided to select pyrolytic, laminar flow conditions,

to simulate "worst-cace" situatlons, where PAH yvields are
expecte] <o be meximlised., Pressure variations have not been
considered ss they are not expected to significantly influence
the evoluticon of PAH., It was also declided to observe the

effect of these primary varlables on the evolution of PAH from

differennt grades of coals,

PAH evolved were analysed by capillary column gas
chromatography, confirmatory analysis being performed by gas
chromatography-mass spectrometry. Bloassays were performed
on the PAH evolved, not only to obtaln data on their mutageniec

activity, but tc also serve as an independent check of the

chemical analysis.

Before describing the experimental setup and discussing
the results, it would be informative to set the background by
examining the state-of-the~art in literature, specifically

with reference to current thinking on coal structure,

mechanisms of formation of PAH in flames and the effect of

combustion: gcnditions. These are presented in the next three

chagters,
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after a2ll other constituents have been experimentally

determined.

Tdeally, the mineral matter content should be determined
from detailed equations such as the following derived by
Padia (1976) and improved by Suuberg (1977):

MM = Ash + 0.625 (S ) + 0,8%3 |s

pyrite sulphate
coal

- Ssulphate X %%%
ash -

+ %8% [?.354 (A1203)ash

+ 0.79 (Ca0)

—
ash * 1.1 (rqgo)ashll (201)

However, in this study, detalled mineral matter analysis of
two coals is not available, and in any case determination of

oxygen content is not critical., Hence, mineral matter is

estimated from the Parr formulas
MM (w't;. %) = 1,08 x Ash (Wto %) + 0455
% Sulphur (wt. %) (2.2)

241 The Origin of Coal

There 1s conslderable evidence that coal is formed
from plant substances which have been preserved from complete
decay in a favourable environment and have been altered
chemically and physlcally by various environmental effects,

The conversion of plant debrls to peat deposits is
essentlally a blochemical process. The basic starting materials
include cellulose, lignin, resins, waxes and fats, Peat

formation is favoured by anaerobic fermentation during which

o



cellulose is a source of oxygen for micro organisms., Aerobic
fermentatlion on the other hand, decomposes cellulose into
carbon dioxide and water, and lignins to humic acids, Lignins,
fats, waxes and resins are quite resistant to anaerobic
attack., Thus it can be visuallsed that coals of widely
varying compositions may be produced, depending on the mode
of attack on coal precursors such as plant deposits and peat.
Definitions of ceal rank are slways controversieal,
By the very nature of coal, it 1s difficult to precisely
quantify any one property which bears correlation with the
maximum number of relevant coal characteristics, However,
rank, in terms of carbon fraction, generally reflects the
progression in coal metamorphosis. Lignites are nearest in
composition to peats, after which coalification increases
through subbituminous, high volatile bituminous, medium
volatile bituminous, low volatile bituminous, semlanthracite,
anthracite to metaanthracite which 1s very similar to graphite,
Anthracites with the highest heating values are the least

abundant. Low rank coals such as lignite and sub-bituminous
are found in greater quantities then bituminous, which are of
great utility because of their coking characteristics
(also see Table 2.1),

Coals are heterogeneous in appearance as well as in

composition. Most coals are made W of strata easily

distinguighable by the eye, The science of coal petrography

deals with the description of what 1s seen in the coals by
to

microscopic observations. Usually thin sections of 5/15 pm

are prepared and observed in transmitted light, a procedure
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developed by Thiessen et al (1920, 1938). They observed that
coals were composed of different amounts of distinct
petrographic entities, subsequently defined as macerals.

Mlacerals are of three broad categories and are known
as vitrinites, exinites and inertinites., These vary in
comovositlon and chemical propertlies. In general, it has bheen
found that exinites have the highest hydrogen content, volatile
yields and heatlng value. Inertinites have the greatest density,
refractive index, surface area and aromaticity, whereas
properties of vitrinites, by far the major component in most

coals, lie somewhere in between. Exinites also evolve more

tars than the other macerals,

2.2 Structural Parameters for Coal

One of the major problems concerning the study of
evolution of PAH and scot from coal is that coal structure is
not clearly understood. Advances in analytical techniques
have enabled ldentification of various species evolved during
coal pyrolysils, though it should be stated that product analysis
of hydrocarbons and compounds containing oxygen, nitrogen and
sulphur is still a delicate and 'messy' procedure. However,
these pale into insignificance when one attempts to probe the
chemical nature of coal,

Coal is a complex polymeric solid with no repeating
monomeric units. It is composed of substituted condensed
polynuclear systems, These "monomers" comprise PNA and

hydrogenated FNA and increase in terms of number of aromatic

rings with coal rank., Primary substituents are short-chain



alkyl 2nd cyclic groups, The relative vpropvortions of the
substituents and the FNA groups vary with maceral composition,

Probably the most significant parameter representative
of coal chemical structure is aromaticlty (fa), defined asg
the ratio of aromatlic carbon to total carbon present. Other
important structural parameters are molecular weight, aromatic
and aliphatic hydrogen and functlonal groups. Various physical
and chemlcal methods have been used to characterize these and
other parameters.

Chemical methods in general are inadequate in resolving
molecular structures, The chemical reactions involved are:
alkylation, acylation, aromatlc interchange, reductive alkylation,
oxidation, liguefaction and hydrolytic reactions, All these
reactions are useful in solubllizing or liquefying the coal,
Detailed analysis, such as by GC-MS, 1s possible of such
samples produced 1n solution. ﬁowever, such analyses are not
particularly useful in determining the structure of the
original coal, because degradation of the original coal
structure is severe and secondary reactions certainly take place.
Furthermore, coal is never completely soluble under conditions
which are likely to preserve 1ts basic structure. Increased
solubility is gained at the expense of degradation of the
functional groups and aromatic specles originally present.

However, chemlical analyses provide some corroborative
information., For example, Chakrabartty and Berkowltz (1974)
observe 5?5 ring PAH in pyridine extracts of an hvAb coal,
indicating that some of the "monomers" contain 5 ring speciles,

Kessler et al (1969) from high resolution GC-MS of pyridine



extracts of a reduced and an unreduced Pittsburgh hvAb find

a variety of phenols in the reduced coal fraction, indicating
that ether linkages exlist in the parent coal and are ruptured
under reducing conditions. The presence of eight times as much
orpganic sulvhur in the unreduced fraction also indicates
sulphur linkages.

Fischer assay ylelds of low rank coals which give only
water, carbon monoxide and carbon dioxide as products, imply
that esters, anhydrides and alkoxides are present in these
coals. Low yields of these gases from bituminous coals indicate
the absence, or very low concentrations of the above groups.
Further, the observation that for a bituminous coal, the
maximum evolution of oxygen is at much higher temperature than
that of volatile matter indicates the presence of ether linkages.,

Physical methods of analysis of coal structure include
X-ray diffraction (XRD), electron microscopy and spectroscopic
techniques like infra-red (IR), fourier-transform infra-red
(FTIR), nuclear magnetic resonance (NMR), proton magnetic resonarce
(PMR) and electron spin resonance (ESR). These provide more
reliable information than chemical methods, as they do not
disturb the basic chemical structure of coal.

From XRD studies, Hirsch (1954) has observed that coals
have lamellae of condensed aromatic rings. The number of such
rings per lamella increases with coal rank, being 1 to 3 for
low rank vitrains and 2 to 5 for vitrains with 90% carbon.

The aromatic lamellae in groups of two or more form larger,

imperfect sheets stacked as shown in Fidure 2.1 . mne average

number of lamellae in these stacked sheets increases with
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carbon aromaticity (rank), with coals of highest rank such as
metaénthracites approaching graphitic structures. XRD provides
data on the size of these aromatic lamellae, the average
distance between lamellae ( rv 3,5 2) and mean bond lengths,
Since the mean distance between lamellae is less than the
distance of approach of aliphatic chaina (v &4 K to 5§ X), it
follows that some cross links are of the C-C type rather than
in the form of aliphetic bridges. The aliphatic side chains
and other substituents constitute the amorphous material in the
XRD pattern, These decrease in quantity with rank, from about
34% at 78% carbon content to about 12% at 94% carbon content.

High resolution NMR spectra of coals, obtained through
the use of magic angle spinning (Bartuska et al, 1976) and
cross polarization (Pines et al, 1973, 1978) offers a very
powerful analytical techniques. Aromaticity (f,) is obtainable
directly and exhibits the trend shown in Figure 2,2,

3¢ NMR spectra of an hvb coal clearly indicates that
the aromatic carbon is mainly in substituted forms (Zilm et al,
1979). The aliphatic carbon exists largely in the form of
aromatic methyl, ﬁ -methylene and methylene such as R-CH,-R',
where R and R' are aromatic groups. It was also found
(Wender et al, 1981) that sbout onesthird of the hydrogen in
a high rank 1vb coal oocurs in aliphatic and dicyelic structures,
whereas in a lignite, this fraction is about two-thirds,

The 3¢ mr spectra of the hvb coal and its 493°C
hydrogenation product (Zilm et al, 1979) have been found to be
strikingly similar. The only difference is that the peak
corresponding to the methylene groups joining two aromatic rings



is absent in the liquefaction product spectrum, indicating

the presence of - CH2 -~ bridge groups in the coal. Presence
of such bridges have been postulated earlier by Heredy et al,
1965 . The cross-polarization and magic angle spinning NMR
Loonniaques are far more poverful than the low resolution NMR
-robinz discussed by Suuberg (1977), who discounted evidence
obtained by the latter method in elucldating coal structure.

IR can be used to identify specific functional groups
such as CH, C=0 and OH. Thus, quantitative ratios of aromatic
hydrogen to aliphatic hydrogen have been obtained from their
respective C-H stretching bands in the IR spectra (Brown, 1955),
This ratio is observed to inorease with rank, A bituminous
coal has been found to contain aliphatic CH, CH, and CH3 groups
as well as aromatic rings. It also contains C-0-,C-0-C and
assoclated -OH/-NH bonds (Speight, 1971; Dryden, 1963;
Reteofsky, 1968). Depp et al (1957) have observed no carbonyl

groups, Further, bands due to isolated C=C, CZC or long

aliphatic chains are not observed., Relatlve intensities of

three bands in the region from 900 to 700 o™ indicate the
degree of condensation and substitution of the aromatic

lamellae, The 900 to 700 cm"1 out=of-plane bending vibrations

have been used to estimate fa‘

FTIR offers another powerful quantitative tool for
estimation of various parameters, such as, numerical
concentrations of the hydroxyl, allphatic and aromatic
hydrogen (Solomon, 1979) and of aliphatic (hydroaromatic) and
aromatic carbon {(Solomon, 1980). Qualitative information has

also been obtained, about the types of ether linkages, the
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distribution of aromatic hydrogen, mineral concentrations
(Painter et al, 1978) and the forms of aliphatic hydrogen
(methyl or methylene),

ESR measures the nmamber of wnmpalred electrons. These
are generally assoclated with PAH structures in coal. The
g-values from spin-orbit coupling have been measured and
are found to decrease with an Increase in coal rank,
indicating the growth of aromatic structures which have more
mobile unpaired electrons. The unusually high g-values of
low rank coals indlcate the presence of oxygen radicals.,

From the previous discussion, the following broad
conclusions may be drawn
(a) The basic structure of coal is aromatic. The average
number of condensed aromatic rings is two to four, primarily
of the phenanthrene and fluorene type, except for very
high rank coals which approach graphitic structures. The
aromaticity increases with rank,

(b) The aromatic rings form lamellae, which in groups of
two or more form ring clusters, The number of aromatic
rings per lamella increases with coal rank::one to two rings
for low rank and three to five for coals with 90% carbon
content (dmmf). The fraction of aromatic lamellae per
cluster also increases with rank.

(c) The mein bridges linking the ring clusters ares

(i) short aliphatic chains such as methylene and ethylene,
with methylene predominant in lignites and ethylene in
bituminous coals, (ii) ether, (i1i) sulfide and, (iv) biphenyl
type aryl-aryl linkages., Hetero atoms such as oxygen,



sulphur and nitrogen are present in the following forms:
quincnes, furans, xanthones, dioxins, thiophenes, pyridines,

aQuinolines and carbazoles.

2.3 odels of Coal Structure

The structural parameters discussed in Chapter 2.2
may be used to evaluate various models proposed in the
Literature to represent coal,

Fuchs and Sandhoff (1942) have proposed the
fechicken-wire" model shown in Figure 2,3 , It is clear
that the number of condensed rings 1s too large as also are
the dimensions proposed for the model structures. Moreover,
routes for pyrolysls based on these structures would involve
a large-scale rupture of aromatic rings which appears to be
unlikely, Values of fa calculated from such structures are
much higher than those observed from NMR studies of coals
with similar carbon contents.

An average coal molecule of repeating 9, 10 =
dihydroanthracene units has been postulated by Given {1960)
for a coal containing 82,3% carbon (daf). Though this
(Figure 2.4) is a better representation of coal than that
shown in Figure 2,3 , there are still some questions,

IR spectra of ccals with similar carbon contents do not
indicate the presence of carbonyl groups, though Given's
model postulates the presence of chelated quinonoid carbonyl
groups, Thus, there should be more ether linkages. There
is no sulphur present though in a l1zter study | Given (1976)

says that based on the molecular weight range there would be

(o5
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less than one S atom, However,this does not explain the
absence of sulfide bridges, which have been observed
experimentally. Aromaticity values are less than expected
implying that there should be more rings in each condensed
structure unit. As a corollary, the average number of
inter-cluster linkages appears to be high, Given's model
can give qualitative yields of various speeles on pyrolysis,.
The stereo-chemistry which causes buckling is introduced by
the small group attached to the centre of his model molecule,

The model proposed by Hill and Lyon (1962), shown in

Flgure 2,5 has many inconsistencies. No average structure
has been defined, there should be more hydroaromatic hydrogens,
it is unlikely that there would be 6~-carbon alkyl bridges,
and the carboxylic groups shown have not been found in
spectroscopic studiess The aromaticity of the structure is
lower than expected. Further ,the large number of OH groups
shown are highly unlikely.

Mazumdar et al (1962) proposed that coals are mixtures
of macerals of various ranks., Thus, a bituminous ooal would
contain varying proportions of I, II and III (Figure 2.5).
While this is an attractive approach, the structurg I, with
a carbon content in the lignite range should have one~two
rings at most. Further, no hetero atoms such as S and N have
been shown. Van Krevelen (1963) has also proposed model
structures (Figure 2,7) which are more representative of
intermediate steps in coalification than of coal,

Mazumdar's (1962) representation appears to give a better

picture.
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FIGURE 2.7

MODEL STRUCTURE FOR COAL
( VAN KREVELEN, 1963 )
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Vender (1975) uses the structures shown in Figure 2.¢
as a convenient way of understanding the reactions of various
tinds of coals, The structures for the hvAb and the 1lvb are
in accordance with the parameters discussed in Chapter 2.2,
However, there i1s no sulphur or nitrogen and the subbituminous
coal appears to have a greater aromaticity than usually
obszrved ((V0.7). The lignite model is quite different from
others proposed, but could fit much of the experimental data,

Wiser's (1975) structure (Figure 2,9) incorporates
many features such as sulphide bridges, aliphatic and aromatic
nitrogen and different forms of oxygen, though again
carboxylic groups are unlikely as are the C=0 groups. However,
this gives a good qualitative plcture of various experimental
findings and as can be seen, cleavage of methylene bridges
should provide the desired range of PAH and tars. The
propylene bridge shown 1s not likely to be present,

Heredy and Wender's (1979) model incorporates carbon
aromaticities derived by CP-MAS NMR, and spectroscopically
determined oxygen distributions amongst various functional

groups (Figure 2.10). Observed linkages between condensed

ring systems such as biphenyl, heteroatom (aromatic ether)

and methylene are also included, The expected behaviour of

the model molecule is compared with the behaviour of hvb
coals of similar carbon contents, for reactions such as
catalytic dehydrogenation, reduction with lithium=ethylene
diamine, phenol-BFy = catalyzed depolymerization and
reactions to give carboxylic acids. Good agreements are

obtained between the experimentally obtained and expected

product distributions. Though visual inspection of the
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FIGURE 2.10 MODEL STRUCTURE FOR COAL
(HEREDY AND WENDER,1979)
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evprcted behaviour under pyrolysis would appear to give good
results (for example : from cleavage of the bridpes shown
and cehydrogenation of the C18H105 structure, one to six
ring PAlls should be evolved), 1t would be instructive %o
comnare computed and experimentally observed tar yields.

Finally, K Solomon (1984) has proposed the model shown in

Figure 2,11 for PSOC 170, a high volatile bituminous coal.

It needs to be emphasized that this configuration should not
be considered as a representation of the actual coal structure
but as a device for summarising research results,

The model 1s very simlilar to that presented by
Heredy and Wender (1979). The major difference is in the
use of parametric information derived from FTIR in addition
to ¢ NMR (CP-MAS) used by Heredy and Wender, for determining
aromaticlity., An innovation is the inclusion of hydrogen
bonding as indicated by FTIR spectra. The aromaticity wvalues
are higher than those obtained by Heredy and there are less
hydrogenated ring structures. Thermal decomposltion
experiments have been performed so as to obtaln information
on the relative bond strengths. There is a very good

agreement between the gtructural parameters of the model

and the measured parameters for PSOC 170,

2.4 gimple Kinetic Models of Coal Pyrolysis

Volatile matter significantiy higher than that
indicated by the promixate analysis can be obtained from
coal by rapid heating at rates greather than 104 °c/s. This

would lead to greater ylelds of specles of interest such
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as Pie.. In this section some simple kinetic models for
pyrolysis of coal are discussed, from the point of view of
pretiction of tar yields.

The simplest appro-ch is to model the overall process

— ai\E +

28 a first-order decomposition reaction of the following
general type:
Coal —= volatiles + solid residue (2.3)

If V = vol~tile matter remaining in the coal at time t,

expressed as a fraction of the initial mass of the coal

V..= wvolatile content as t-—> «
then G =K (- V) (2.4)

where the rate constant k has the usual Arrhenius form,

k = k, e~E/RT

Thus, by experimentally determining temperature-time histories
ang Kx, various workers have chosen values for the pre-
eXponential factor ko and activation energy E to fit the
weight-loss data. Values of k, from less than 1072 o 1077
sec™! apd of E from 1 to 45 keal/mole have been proposed,
The kinetlc models proposed are summarised below:

(a) Juntgen and Van Heek (1968);for evolution of various
gaseous species, use an eguation similar to Equation 2.4
with a different k, and E for each species,

(b) Anthony et al (1975) consider an infinite set of
pParalle] independent decomposgsition reactions having the form
of Equation 2.4 with the same k, but with a Gaussjan

distribution of activation energiles.
(c) Reidelbach and Summerfield (1975) postulate a multi-step



series competition model of the following tyoe:

Intermediate Residue2

-
-~ -r
-

Coal .~ 4 Activated Coal- #ﬁ +Primary Gas,
\‘ éesidueh + Gash
3\
; gAigsidues + Gas5
Intermediate Residue, +6Primary Tar (2.5)
3 | 7

b t
Residue6 + Secondary Gas

(@) Kobayashi et al (1977) propose a simpler model o ntaining

to competing reactions,

|  Residue, + Volatiles; (High Eact)

-

-

Coal ~ o
“—h_» \\\* .
Residue, + Volatiles, (Lov Eact) (2.6)

(e) Suuberg et al (1578) present a semi-empirical model

Where the appearance of key specles (such as tar) are

described by 1;% parallel reactions, each with different ko

and E values.
(1) Wen and Chen (1979) have proposed the following

reactionss
Pyrolysis:  Coal }fl__, (Xq) tar + (1..)(1) char
Crackings Tar _Eg,,ﬂ,, product gas
k char (2.7)

Deposition: Tar 3

(g) sprouse and Schuman (1981) have compared the multiple

Parallel reaction model of Anthony et al (1975) with the W Om
Competing reaction model for predicting the devolatilization

'7

!



C..racteristics of a lignite, They find that the multiple
paraliel reaction model has = better (it for the high-

temperature data,
A11 the models cited above show reasonably good
afreement with certain experimental data for the proper

choice of parameters, with Anthony's (1975) possibly offering

the most realistic description of the coal devolatilization

process using the fewest (four) number of modelling parameters,
However, they do not provide much Insight into the mechanistics

of the process and are better regarded as provisional hypotheses

that are convenient for correlating the experimental data,

They do not bring us any nearer to answering the question -

"Given the complete chemical analysis of a coal, is it
PoSsible to predict the evolution of tars, PAH and soot?",

Recently, a mathematical model hasg been proposed by

Solomon (1984) for the thermal decomposition of coal, based

°n data from vacuum pyrolysis experiments., This fits the

géneral behaviour of the coal model discussed in Chapter 2,3

2nd its behaviour under pyrolytic conditions, as denicted

SChematically in Figure 2,12, At sufficiently high

temperatures, the weak links, such as the middle of the

®thylene bridge are ruptured. Bonds between 0Xygen and an

Aliphatic carbon are also likely to breek, The ripg clusters

Which are released are observed in the form of coal tap,

PAY would then be evolved from the tars via further thermal

decomposition reactions.
Coal pyrolysis has been modelled via two roytes, The

08l is depicted as a two dimensional map with X ang v



FIGURE 2.

» CRACKING OF HYPOTHETICAL COAL STRUCTURE
DURING PYROLYSIS (SOLOMON, 1984 )
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dimensions (Figure 2.13). The evolution of each component
into the gaseous form is represented by the following first

order reaction for depletion of the ¥(1i) species:

-k.t
Y(i) = Yo(i) e % (208)

The X dimension cemprises a potential tar forming fraction

X° and a non-tar forming component (1-%X°) with the evolution

of the tar represented by & first order diminishing of the

X ‘ilmensions

x (2.9)

COmparison of experimental results wilth those obtained from

the model are quite good. More important, they allow detailed
Predictions of species evolution under conditions of vacuum
PYrolysis, and provide an understanding of the thermal

decomPOSitiOﬂ process using & single set of rate pal"ame'teps

“hich vary with volatile specles but are independent of coal
¥
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CHAPTER 3
EVOLUTION OF PAH

L veriety of theories have been proposed in lilterature
t0 explain the steps leading to the formation of PAH. Flames
and pyrolysis regimes utilising simple fuels such as acetylene,
methane, 1,3-butadiene, benzene, toluene etc. have been
However, most of the hypotheses are of gz

eXamined in detail.

phenomenological type. The starting fuels and end-products are

tnovn, as are many of the intermediate reactive and unreactive
Species, and different mechanisms have been fitted to these
fixed coordincstes.

£4H found in the environment are often associated with
Soo0t may act as a carrier or as a reaction site, PAH

directly involved In soot formation processes, or may be

Stable byproducts of such reactions. It is in this context

that piHesoot interactions are of interest.
The type of fuel being pyrolysed or burnt is expected to

influepnce PAH and soot evolution. The influence of fuel type

Ls discussed in the last section.

3.1 Mechanisms_of Formation of PAH

Burgoyne (1940) observed the presence of PAH from the

Combustion of benzene, toluene
°f a side chain to benzene appeared to facilitate oxidation.

and ethylbenzene. The addition

' i the sid i "
% mechanigm involving degradation o1 e chain, attack on

the aromatic ring, and ring rupture was proposed, Later

Studieg indicate however that ring rupture Is unlikely to occur



in Burgoyne's temperature range (300° - 500°C). From premixed

lames burning a range of n-alkanes, Street & Thomas (1955)9

1,

imoly that fuel molecules may undergo dehydrogenation, poly-
nerization dad cyclization to form C6°C20 aromatic inter=
mediates, which then polymerize to particles containing PAH,
Flames propagating in acetylene in straight tubes were
examined by Stehling et al (1957), and the following types of

free radical reactions were postulated:

H H C.H H ) H
¢ C=C-C=CH = = ,C=Co
o+ Cfly =2+ = LTV SEB Kealt C.
[ X
R CH
- e QT
~700 x l I (3.1)
~100 Koal o
This could release sufficient energy so that reactions 3.2
and 3,3 could proceed as follows:
/‘. ’/\’ . i (3.2)
) — [

e o4
N N
. A

However penzene was not found to be very reactive and another
en

set of peactions was proposed:

H H

C2H +- C2H2 —_— L =C = C= W -
W
HC

HC = c'

~ = 36 Keal (3.4)

CH=(¢ _cy =CH - CH = CH

-1

D
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+ CZH2 —» CH ZC = CH = CH =« CH = CH - CH = CH

e = 37 Keal (3.5)

Cl = ¢ -CH{ =CH =CH=CH=C=CH+H
~ 3,6 Kcal (3.6)

~ il

Octatriynes

Octatriynes may recombine as follows:

20 T - =C -
b .
C C CH
HC ; C C
l ¢ I i (3.7)
: C
HC\ yz ¢ ~ s ¢ NN b <X )
¢ c c CH

o
o

“Uch reactions could occur more rapidly than a slmple

COlldensa-tion cf aromatic spt?CiE's to lar‘gel" PAHs .
1 studies on pyrolysis, Badger and

In their classica
1960a, 1960b, 1960c) suggested that FAH

coworkers (1962, 1960,
Were formed by free radical mechanisms which involve substitu-

followed by cyclodehydrogenations. They

tong by aryl radicals,
. for the formati ;
Proposeq the scheme ShkOWI in Figure 3.1, on of

primary radicals could be evolved at high

ber
Szo (a) pyrene. .
c—¢ bond fission. Thus, pyrolysis of toluene

temper‘atures via C-H and
since the C-H bond in the methyl

\‘!Ould give the benzyl radical,
jissaciation energy (78 Kcal/mole) than the

ngup has a lower bond
g, (89 Kcal/mole). These radicals would then
>

Capr .
C bong in C6H5 - (CH.
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Possible structures for the intermediates are
1. FEthylene / Acetylene

II. Butadiene/Vinylacetylene

IHI. Styren» /Ethylbenzene

I'7.1 Tetralin /Phenyl butadiene

V.
VI. Benzo {(a) pyrene

FIGURE 3.1 FOGRMATION OF PAH DURING PYROLYSIS
(BADGER, 1962)
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recombine to give products which were highly condensed. Thus,
throush a series of addition and chain~lengthening reactions

barl were synthesized, The presence of high concentrations of
methariz at the exlt appeared to confirm the free radicsl nature
of the reactions which would presumably involve methyl radicals,
Using labelled (& C 1b}) ethylbenzene, Badger also proposed routes
for the formation of toluene, naphthalene, phenanthrene and
3,4-benzofluoranthene,

As further evidence for Badger's route (Figure 3.1),
Stehling et al (1962) observed an increase in the concentration
of naphthalene, when styrene (structure III in Figure 3.1) was
an auditive during acetylene pyrolysis. Key aromatic species
with the CgCo structure |\ structure III{”iive also been pointed
out us precursors of PAH by Crittenden/f\ﬁbng (1973a), viho
Observed the presence of styrene and phenylacetylene in rich
Premixed acetylene and ethylene flames in both the oxidation
8nd burned gas zones.

Crittenden (1973a) postulated the thermal breakdown of
ethylene to acetylene which then proceeded via a series of
free-radical chain lengthening reactions to a variety of end

vy

Products, This sequence ls deplcted schematically in Figure 3,2,

Oro and Han (1967) investigated the thermal degradation
'Y methane and observed a wide range of PAH species with an yield
'T about 15¢%, The route could also be as in Figure 3,2,

Zaghini et al (1972) from studles on n’C7H16/02/N2 in a
®rtical flow reactor advanced the hypothesis, that PAH formation
9S essentially occurring via Badger's (1962) route in pyrolysis
Mes within the flame. Various specles such as vinylacetylene,

‘Nzene, toluene, xylenes etc. were detected, all of which could

on



be regarded as intermediates in the formation of PAH, °7
The high temperatures available in the oxidation zones
~ of rich premixed hydrocarbon flames could lead to decomposition
" of ethylene to acetylene, which would proceed via Badger's (1962)
pyrolysis route to form PAH., Kozlov and Knorre (1962) observed
that at high temperatures, the rate of acetylene decomposition
vas appreciably higher than that for ethylene. Further, ethylene
concentrations declined to zero very rapidly while there was a
considerable formation of acetylene in a rich premixed oxy-ethylene
flame (Homann et al, 1963).
Pasternak et al (1981, 1982) postulated similar mechanisms
of PAH formation in polymer and hydrocarbon flames, after the

initial thermal degradation of polymers to simpler hydrocarbon
fragments, By addition of C2 or Ch units to ring structures,
reactive aromatic radicals could be produced successively. It was
Postulated that any PAH observed were stable byproducts of the
Peactions (also vide Bonne, Homann & Wagner, 1965; Thomas, 19653
Homann, 1967; Longwell, 19682; Bedr et al, 1983).

PAH of two-three rings decreased rapldly relative to pyrene,
Whereas there was almost no effect on five-seven ring species
(D1 Lorenzo et al, 1981), in a premixed CH4/02 flat flame, Buildup
'Y ring size appears to be occuring via free radical routes,
?°mpkins and Long (1969) observe a similar behaviour in g premixed
!232/02 flat flame. With increasing hei%?t above the burner,
‘here is a rapid decline in ratios of 2}3 ring PAH to pyrene and

N increage in this ratio for higher molecular weight PAHs,
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As further evidence of the essentially free radical nature
of tnc Far formation reactions Franceschi et 2l (1976) find that
increasing the concentration of chain reaction inhibitors such
as nitric oxide and methancl decreases PAH yields. Conversely,
the oresence of benzenic and methyl radicals rromotess the
formation of PAid and perinaphthenyl radicals (propcsed as a
precursor for larger PAH)., Similar effects of nitric oxide
(Ihomas, 196%) and methyl radicals (Asaba and Fujii, 1971) have
also veen observed.

I+t had been proposed that PAH could be formed by successiva
Liels = Alder type acdditions of 1,3-butadlene (structure II in
Iigure 3.1) to hydrocarbons. Thls however is unlikely, since
acaing 1,3-butadiene to pyrene resulted in very little increase
in yield of larger PiAHs (vide Badger & Spotswood, 1960z ).

Cypréé and Bredael (1980) have also proposed the diene as an
intermediate, based on studies of flash pyrolysis of cyclohexane
and cyclohexene. Cole (1983) was able to account for benzene
production rates within an order of magrnitude while assuming the

1, 3-butadienyl radical to be a benzene precursor. Iowever,
Crittenden and Long (1973a) find no evidence of the dilene as a
precursor in fuel rich premixed flat tlames, and Vranos and
Liscinsky (1984) find no 1,3-butadiene present during the
formation of a wide range of PAHs. A more interesting possibility

is the polar diene form, proposed by Glassman (1979):

&)

'he importance of conjugated free radicals in PAH and soot

formation has also been stressed by Thomas (1965). Conjugated

species could undergo the followlng type of Dielg-Alder

condensation reactions:
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Davies and Scully (1966) outlined possible routes for
FAH formstion from indene, involving 2-3b bond scission:

Crr =

c,. Pyrolysis > (@( (3.8)
Ill"ll. -

H;,

Folymerization of two such diradicals would give:

Ly~ 0%y R .,

Bond scission of C=C 1n cyclic rings was also observed by
Cyprés and Bredael (1980) during the pyrolysis of decalin and

tetralin., The cracking of the ring structures in decalin

resulted in a wide range of PAH being evolved.
Aromatic species such as benzene and perinephthenyl radical

have also been proposed as precursors of PAH. [I'lelds and
Meyerson (1969), from studies on the pyrolysis of aromatic hydro=

Carbons at about 1000K proposed schemes such a3 the following:

| /‘2 ‘{ ,
ﬁk\x“\i:iiii~gk (3.10)
iy N ' .
> —
/“4 (:) 5 — CZID




senzyne is formed in arcmatic fuel systems as uiniversally as
acetylene 1s in the pyrolysis of aliphatic fuels, and may

result from the cyclo-addition of acetylene to diacetylene:

H C _ =
' I

C C A /\\,

Ww & =S = | (3.11)
: & NF X

l 1

Justiiication for the perinaphthenyl (PN) radical as an
interacdiate for PAH is oifered by Franceschi et al (1975),
Fli iz stable lIn sclution, is a non-ionic radical with a
polycyclic aromatic structure and on pyrolysis evolves ubigher
molecular weigat PAHs. A correlation has been shown between
20 ations and those of high molecular weight PAH in

R o~ P—— PR
§oconcentr

feptane flames scabilised in a vertical reactor. However the stms
- ) not ‘

li+ding to tne formation of the PN radical have/been delineated.,
3ittner and Howard {1980, 1981) in their pioneering

Work, have obtained mole fraction profiles of fiftyone species

Oy using a molecular bea wass spectrometer system to study

4 neur-sooting flat,low pressure benzene/oxygen/argon flame.

It is postulated that Co-Cs species are inltially evolved as

& regult of reactions between benzene and oxygen atoms, Radicals
are formed by the addition of these non-aromatic hydrogenated

Species to aromatlic compounds. The formation of such stable

dducts which can cyclize subsequently, would appear to be the

Pate-limiting step in the evolutlon of PAN.  Kass adaition is



Dy specles such as CoHy, CAHA' CAH3 etc. and not by poly-
@cet lenes (Homann and VWagner, 1967, 1968). Heats of verious
T2ections have been computed to determine the relative
importance of initial addition steps, steps to stabilise the

adduct by the formation of six-membered rings and stabilisation

Without ring formation, An example of possible free radical

addition reacticns is shown in Figure 3,3. Further corro-

boration of free radical mechanisms in the formation of high
mées species of molezular welght greater than 700 amu (M > 700)
1s providea by the observation that relatively high mole
fractions of benzene, monocyclic aromatics and low molecular
Welsht PAH are found in a region of rapid growth of M > 700

Species, Smitn (1979, 1979a) from shock tube studies on toluene,

also observed peak concentrations of phenyl radical, Cqﬂq, C3H3’
C3H4 etc. (all species which can add mass to radicals) in a

Tegion where high molecular welght PAH had maximum concentrations,

FUrther, the sharp decrease of M » 700 is accompanied by the

diSappoarance of Cglig and low molecular weight PAHs. Thus, it
= &

Would appear that the production of monocyclic aromatics such

“3 bengzene, toluene, phenyl radical etc. is a controlling factor,

. 1

nd 3 good mix of these and non-aromatic specles such ag C2H2,

would lead to a rapld growth of PAH., Two

“Hy,, Cully ete.
Mechanismg of growth of PAH have been postulated. In the oxidation

Z0ne, where radical concentrations are high, growth is via free

*adical peactions. However, in the post-flame zone, radical

Concentprations are substantially reduced, lmplying that hetero-

€Cneous mechanisms on soot surfaces or molecular mechanisms

P8 more likely.
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4 progression in the maxima of PAH in the mass range
100-2C00 amu, from 8 to 9 mm above the flame has been vhserved,

200 to

[t

Inere is aliso a shifit in the mass distribution of +h
700 amu specles from 8 to 10 mm  (Fizure 3.4). These ohservar~

st a scyuential growth from smaller aromatic

[

Clons sge:
species througn PAIL of 120-210 amu to heavier species,
Ionic mechanisms have also been proposcd for the
Tormotion of PAH in flames. Concentrations and iass disiribie
tlons oi charged species have been measured in a premixed
S00CiAg 02H2/02 flat flame at 20 mm mercury (Versboryg ot al,

1975)., Observed species 1Include heavy hydrocarbon ions and
charged soot particles. A sequential growth of high mass charged
[

Species is indicated.
Tons in flawes are formed through chemi-ionization and

not via thermal processes (Feugler, 1970; Calcote, 1582). The
N

Main mechanism could be the formaticn of CHO by:

CH 4+ 0 = CHOY + e~ A H = 10 Keal/mol, (3.12)

Other ions would pe formed by reactions between an ion and

a molecule (Lahaye and Prado, 1978), for e.g.

CHOT H,0 —> H30+ +C0 AH = - 50 Kecal/mol, (3.13)

Evidence of the importance of ilonic specles has been obtained
by many investigators such as Wersborg et al, 1973; Calcote,
1978; Haynes et al, 1979; Glassman, 1979; Calcote, 1981 ;
Michaud ot al, 19813 Olson and Calcote, 19313 and Smyth et

al, 1982, Calcote (1981) suggests the following scheme:

o
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ions Aromatic ions

PAH could be Tormed by neutralization of larger aromatic

ions,

C:Hg nas been found to be one of the most abundant
-
fons in a variety of systems (Lahaye & Prado, 1978). This

could form by the following reactions in rich flames:

H_z+ 4 e— AH =17 Kca}-/mOla (3!)15)

il

CH + C,H, —> C
& <

‘nother possibility 1s charge transfer in lean flames via:

. v 1 F o

C.H o‘l + C2H2 _% (43}13 + CO + Hz, 18 P\Cdl/IHOl. (5 016)

) ) P R T - & E e
C}IBO F -t czhz """'9 \./3}l3 5 1'120. 45 KC 1/Iﬁ01o (J > I '/"
Michaud et al (1981) find that ove

Reactions such as the following

r 80% of the signal by

¥ +
flame ions is due to Czflz .

could occur:

N + - -
Catls™ + Coply > Canaz’s 7 Hop M= 13 (3.18)
+ p
C3Hz" + CopHy — Copetils + Har B = 274 (3.19)
i th c - +
smyth et al (1 gg2) confirm the abundance of CiHy

and enerest TWO gtructures for it: a cyclopropenium ion whlch
- ’ ""l({‘!:"‘ -

£n

——
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is less reactive, and the more reactive linear propargyl ion,
The cyclic 03H3+ ig found to react with a wilde variety of
unsaturated hydrocarbons at flame temperatures leading to the
rapid production of large PAH moleculzr lons. Further, the
linear CsHB* condenses with acetylenes and benzene forming

larger PAH lons (some of which could aeutralize and form neutral

PAH):
HC = CCHy + Cplly —> CgHg™ (3.20)
—>  CgHgT + Hy (3.21)
CoHy* + CoHy —  CoHgT + H, : (3.22)
CoH,* + CoHy —>  CoHg' (3.23)
(3.24)

+
HC = CCH2 + C6H6
— * + H
09H7 L) 2

—— C7H7+ + CZHZ (3025)

Tonic mechanisms for PAH formatlion are attractive

since igomerization and initial reaction rates are expected

to be very fast. In general, free radical reaction rates

are slower and rearrangement of linear hydrocarbon chains to

aromatic species has a very high activation energy, However,

in £lame reglons, concentrations of ionic specles are much

lower than free radical species (Homann, 1967, 1968; Olson and

Calcote, 4981a; Calcote, 1981)e. In the post flame zone, ion

Concentrations are still low compared to neutral reactive

Species, though in sole cases, the ilon concentration can exceed



the number concentration of soot (Longwell, 1982). Further,
lonic mechanisms cannot explain the tendency in diffusion flames

0l isomers to suvot differently.
A role for both free radical and icnic mechanisms has been

“Urrested by Glassman (1979). The stability necessary for FPaH

and soot precursors at high flame temperature is inherent in

arom.tic species and multiple bond aliphatics which are conju-

zated and have resonance structures. bSome of these resonance

structures are polar and can undergo rapld reactions with each

other ana with other lons and neutral species., For example,

the polar resonance structures of benzene are:

N

] e

\

~ \ t ,/ 2
2 u

o
-"‘

-}~
1, 3~butadiene, earlier postulated as an intermediate in the
butauiene,
formation of PAH has the following polar resonance structure:
C—C=C"CH2

H2

@ O
By addition of hydrogei, 1,3-butadiene can readily form a reactive
Carbonium ion:

H,C - CH - CH = CH,

®

rsor to PAH since it 1s not
C2H2 18 unlikely to be & precu

Polar o jugeted Diacetylene and vinylacetylene satisfy
- I con ¢

th eSe requirements .

3.2 PAH - soot Interactions

The interactions of soot with PAH is of considerable
e
Interest (Mitra et al, q982). PAH from combustion sources



are usuelly associated with soot, which may play multiple
roles __reazctant, condensation site, catalyst and transport
vYehicle, Condensation of PAH onto soot during sampling
srocedures hes an impact on adverse nealth effects, since PAH
ladlon 300t cersists in the atmosphere and is subseguently
ingested into numnans via respiration. Soot surfaces also
orovide reactlion sites on which the oxidation reactions which
Lransform FPall into more poltent mutagens may take place, further,
it is probable that PAH may be a precursor to soot formatiocn,
that in the hot reaction zones of industrial combustors, PAH
may decompose to form soot or react with soot already present,
500t generated in such processes is not a uniquely
defined substance. It contains carbon {(greater than 90% by
welsht), upto 10% (W/W) hydrogen and traces of other elements,
A lurge fraction of the hydrogen can be extracted by organic
scivents where it appears mainlty in condensed aromatic species,
Thomasg (1$65) has postulated that soot probably consists of
hiuhly condensed polybenzenoid structures similar to circum-
anthracene. Soot particles collected during their growth show
Much stronger ESR signals than those of fully developed particles
(Wagner, 1979), thus demonstrating the radical character of soot,
Visible soot flocculates comprise agglomerate chains of
elementary particles which are nearly spherical and have mean

dianeters of 100 =~ 300 g, corresponding to about 106 carbon

atomg, The density of these particles is of the order of

g/cm P

2800K, 1s usually accompanied or preceded by the formation of
Y 5



unszturated hydrocarbons, especially acetylenes and condensed
unsaturetezd ring systems such as PAH. These hydrocarbons are

chemicsily stable as ccempared to olefins or paraffins., The

seneral tendency of this process can be seen in Figure 3.5
(Jagnern 107S), As can be geen, the growth line of FAH does not

lead to soot directly. As Wagner states _.."What would be

necessury is a condensation of specles of the right hydroegen
content, @ condensation of species with higher hydrogen content
and consccutive dehyarogenation; or a combinution of both'.

frow ¢ thermodynamic point of view, the formation of soot should

start vhen 'm' in

SR Il ¢ !
o, 50, —— 2960 + 5y + (8 = 29) Copyg (3.26)
becomes e.ual to or larger than 2y, that is when the C/0

ratio excecds one. However, experimentally, scot 1s observed

to oceur et C/C retios as low as 0.5
Of a large variety of the "right" kind of species, PAH
radicals have most of the necessary properties to be soot

Precursors. They can survive the high flame temperatures, are
very stable due to resonance, can accommodate considerable energy

(therma1 and chemical) without dissocilating, and can undergo

fast free radical reactions and Diels-Alder type condensations

(Thomas, 1965).

Direct evidenc
PAH or PAH type gubstances peak in concenw

e from experimental systems shows that in

& variety of cases,
y

tration prior to the puildup of s00%T,
oot formation mechanisms,

implying that PAH are

mportant in the
Concentration profiles of PAH run through maxima and

decrenge when carbon 18 formed in benzene-oxygen flames (Homann
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and sagner, 1967). The PAH are already formed in the oxidation
zone which mainly contains C. species and PAH,

Tompxins and Long (1968) observe that in their premixed
02H2/02 {1a% flames, total FAH concentrations reach a mavima
0.5 cm nrior to the soot maxima. These maxima are early in the
flame just beyond the blue-green zone, and just after thes neak
flame temperature of about 1600K (Figure 3.6).

Ais oxygen mole fractions are increased from C.18 to Q.26 in
& C,H, /0. /N, diffuslion {lame (Chakraborty and Long, 1968), zoot
concentrations increase by about 16%, carbonaceous residue (CRr)
by 100%, whereas PAH and chloroform soluble materials (USM)
decrease to zero (Figure 3.7). As the oxygen concentration Increases,

temperatures increase and due to enhanced pyrolysis, soot formation

should increase initially. However, as the concenlration of

Oxygen gas increases that of the oxidisers O, OH also rise in
Concentration and thus rates of reactions with soot precursors
Should also be enhanced leading tc a decrease in soot formation,
Thege two competing routes balance at an oxygen mole fraction of
0,26, subsequent to which increased diffusion of OH into the
Pyrolysis zone essentially consumes all the PAH and combustion of
800t takes over.

While studying the thermal decomposition of benzene, Prado
(1972) measured the yields of carbon black, pyrolytic carbon and
tars, puel concentrations were 2% molal benzene in nitrogen ana

the pPyrolysis temperature was about 1400K (Figure 3.8),

Tars. obtained by benzene extraction of carbon black, consist

Pimarily of paH (Palmer et al, 19683 Ray and Long, 1964,

1968) and are seen to peak and then decrease as soot formation
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reaches csyrptotic values. Zaghini et al (1972) aleo ohsarve
t agglomerates incresses after the vellcw

& reglon corresponding to the meximum cencentration of

Thie 'reasctive' PAH are found to peak urior to soot formation

~

s pheric premived CH, » @ (A
¢yodn atmespheric premixed qu,O2 Tiemes (D'ilescio et al,
1975) hoviever, the 'unreactive PAHE' increesse ir concentretion with
height above the rlamke., The above authors deduce the+t though

the reactive FAll are precursors in the soot Fformation rovte, their
Cerniribation would e only of the order of 2 to %3 of +4re soot formeq,

Profiles of PAH exiiibit o maximum just upstream of +the

3
{

by

SO0T maximum in turbuleat benzene/air and kerosens/air Fflomes

e s 7! -_ el oy i VALY ey oy PR T S
STtud ied by Prado et al (1977). The decrease in PAH concentration

18 more drastic tnan for soot {(Figure 3.10), strongly indicating

that PAH are intermediates of soot formation. Though the

AWthors gpeculate that this could also be possible if PAH burnout
Were fagter than that of soot, local turbulent miring conditions
ouid indicate tnat this is less likely. Further, the rate of
decrease in PAH concentratlon is faster for benzene flames than
that for kerosene flames, though the mass loading for the Lformer,

MOre spomatic fuel is over three times as much as the latter. This

8Bain implles that PAH are precursors of soot. They are observed

" be present in greater concentrations in the aromatic flame ang
woulq form soot faster (and hence decay faster} thar in the
“erosene riame.

It was generally found that long chain alkylated PAH in
fUels guon as Solvent Refined Coal (SRC-II) either disappeared or

o y - - very loew concentrations.
Y8re present in the effluent in ¥ trations, during
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Combustion in staged and unstagzed 1MW turbulent comhustors
5 D [%3
(5-8F ot al, 1982), Compounds such as acenaphthalene or naphtha

leng wepe vyrosynthesized, whereas unreactive (LewisgyAﬁdstmom
Edstrom,

D~ 7 T 0y — "
1253) PAHs such as vyrene, fluoranthene, phenanthrene and anthrag -

-

Ctne were cuite resilient to burnout. Various PAH decreasod

SNarply in concentration along axial distances, as soot formation
lNCraased to peazk values in an SRC-II heavy distillate flame

Under unstaged combustion (Figure 3.11). Similar trends were

Observed during staged combustion, suggesting that PAH were

CODSUmed by the soot formation process, leaving only stable
fgoring specles,
Vranos and Liscinsky (1983), from pyrolysis of n-tetra-
“2Cane in free droplet vapourization, observed that PAH attained

Moximum level of about 1400K before appreciable soot production
The majority of the PAH identified

2

“Omnenced (Figure 3.12).
Maximum PAH levelSshifted to higher

SSo»

“Ontained four rings or le
temperatures at reduced residence times.

Graham et al {1975) have observed two regions of soot
OTmation in their shock tube studies on aromatic hydrocarbons;

T teuperstures below 1750K, the rate of soot formation increases

YeTy rapidly, whereas at higher temperatures, soot yield is
dr33ficall¥ reduced. This suggests a competltion between the

*1lowing two reaction paths: E
SN [¢9~\\/,/\
= - II | Fast Soot
{ * ~ . 5 n‘

, | Condensatipo ’\§;//“v‘% —— (direct (3.27)
v route)

Q§;/L | .

CHx " !
. slow -~ oS00t

—_  C,Hlx 7 (indirect route) (3.28)
cBl{x

[ s
TRgmerdation
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~¥ Lhe uirect route aromatics undergo condensation reactions,
Frocecding via intact FAH to soot. Uraham (1877, Maesh (1575)
fhtccnnet et al (1974) have also suggested thal S00% may be

sormes by oclymerizatlon/denydrogenation of the sub-sicrosconie

Liuis erystaliine dreplets of melecular PAH, produced auring
L8 phase pyrolysis at low temperatures by reaction 3627
macromelecules of pelycyclic character could be sytithes

. L . & P con 0
Slzed guring pgas phose resctions of hydrocarbons at 1100 and
and

4 resldences time of about 1s (Lahaye / :rado, 19785, The partial
Precsures of these macromolecules would i1ncreasc with time till

SUpersaturation would cause physical condensaticn lnto drOplmts,

at whicn polnt, no further lormation of liguld nuclel woulu De

likely, Ihe macromolecules 5till present would maintain auclel

POWIn furmeation and would ultlmately crack thermally o I0O0LUCE
S0lid soot. albright and Yu {1979) have suggesied & similar

Mechanisy for coke formatlon Irom the pyrelysis of acetylene,

butadioene snd benzene in tubalar reazctorsz, rhysical condensation

OL PAlt wnd neavy hydrocarben molecules (produced in the .ae
Phase) could take place in the form of liguids on the rezciop

Yalls, where they would subsequently decompose to colie and
Olher products.

valente (1981) in his review ol mechanisms of soot
Niclegtion processes in flames, has proposed an
Cverall process from primery molecular specles to soot

AWereputes, suning ions as the nucleatling agent (Figure 5¢13).
VﬂPious polycyclic aromatic long have been obgerved 1, soc0ting

- + 3 FEN et LY A
LE”z/Uz flames, rangiag up to L'19”11 » & Iive ring PAH ion, Other
9¢Taily on FAH lons and thelr formatlon have already been

discussed in chapter 2.7,

1?.
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Frenklach et al (1983) have Investigated soot formetion
\
in toluene ... argon mixtures behind feflected shock waves.,

wwsoaped curves were generated for scoot yields as a function
of residence time, a shape very characteristic of auto~

catelytic reactions. They suggest that soot formation from

aroma=tic hydrocarbons 1s controlled more by Kkinetic, rather than

¢cyuilibrium considerations since the maximum in scot yield is
found to depend on factors such as observation time, pressure
and the wavelength used in measurement, The following kinetic
skeleton is suggested:

Formation:t A E$_> L (3.29)
Polymerization: A * £ Kps S (3.30)
aromatic specles with Intact

where A =
rings
X = fragmented ring species
s = soot

the computed profiles of soot yleld are very similar to
actual data on soot yield versus temperature. The reactions
3.29 and 3,30 also explain the autocatalytic trends observed.
plained only 1f A —» X 1is tne

hese gimilarities can be &¥
¢ hydrocarbon to its

Qecomposition of the parent aromatl
f X on A 1s gimilar to reactions of

{ragments, The attack ©
jc ring, postulated by Bittner

i i t
CEH2 type speciles with an aromd

*Nd Howard (1981).

so been Su
do not participate directly in soot

ggeSted that PAH iscolated from

It has al
MO8t combustion systens

They @
tion reactions and consist primarily

v be stable byproducts of
foPmation processes. a,

Premytyre chain termind

3



bf non-substituted PAH (Thomas,1965; Bonne et al, 1965; 79

Homann, 19673 Pasternmak et al, 19813 Longwell, 1982; Beer et
al, 1982)., Lewis and Ldstrom (1963) have defined two classes

pf PAH, thermally 'reactive' and thermally 'unreactive' (see

Tables 3.1, 3.2). The former class forms tars under pyrolysis
at temperatures of about 1000K, whereas the latter distil in
the absence of any reaction. The PAH isolated from flames have
generally been observed to be of the unreactive type. Yokono

et al (1979) corroborate Lewis and Edstrom (1963) by computing
free valences (Fr) of atoms in PAHs, where Fr is a measure of
the free radical tendency of a PAH. Brown (1950) calculates the
reactivities of various specles to Diels-Alder addition

The 'unreactive! PAH show very little reactivity,

reactions.
Thus, PAH species which could be intermediates in seot formation

are the 'reactive' kind, PAH radicals, large polycyclic ions,
and substituted PAH containing alkyl side chains, known to be

very reactive in chain propagation reactions.

Various investigators have also concluded that PAH cannot
function as intermediates in soot formation mechanisms,

parker and Wolfhard (1950) found no absorptlon bands for
haphthalene or anthracene in benzene flames. However, these

Species may be stable enough to escape and other polycyclic species

Fave been found by other workers in such flat flawes. They also
broposed a mechanism involving polymerization, followed by
'graphitization' of large polymers. A major objection to this
scheme is that if these polymers are not polycyclic in nature,
steric hindrance to the liberation of hydrogen atoms from large

>olymers would preclude auch a mechanism,

¢
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TABLE 3.3
[ Thermally "Reactive' PNA
No. PNA MASY e (YT prmag) ()
| 1o Pentacene - 6.23 0.540
2. Dibenzo (a,1) pentacene - 6.40 0.536
3. 9,10 Benzylanthracene - 7.07 0,534
4, Dibenzo (def, mno) chrysene - 6.86 0,531
5. Dibenzo (a,1) pyrene - 7.07 0.531
6. Naphthacene 9250 6.64 0,530
7. Dibenzo (b,k) chrysene® S - 5.95 0,517*
8, Tribenzo (a,e,i) pyrene* - 7.16% 0,513*
9. 9,9' - dianthranyl - - -
10, 9,9' - difluorenyl - - -
11, 9,97 « bifluorylidene 1370 - -
12, Decacyclene - - -
13, Acenaphthylene 1030 - -
Criteria for "Reactive" PNA:
(1) M.A, 2 950 (Lewis and Edstrom, 1963)
(2) I.P. < 7.10 ev (Lewis and Edstrom, 1963a)
(3) Fr (max) > 0.530 (Yokono et al, 1979)

* = Exceptions



TABLE 3.2

Thermally "Unreactive®™ PNA

No,

e e et

1.
2,
30
b,

11.
12,
13.
14,
15,
16,
17,
18,
19,
20,
21,

22,
23,
24,

PNA m.a,010 1.p,(2) Fr(max) 2)
Benzene 1 10,00 0,399
Diphenyl ether 2.5 - -
Pyridine 3 - o
Biphenyl 5 8.69 0.436
Triphenylene - - 0.439
Acenaphthene 11 - -
Naphthalene 22 B8.12 0.452
Phenanthrene 27 8,03 Q.451
3.4 - benzophenanthrene - - 0.451
luoranthene - - -
Quinoline 29 = &
Isoquinoline 36 - -
Chrysene 57.5 7.72 0457
Picene N 7.62 0,457
Benzo {e) pyrene - 7.60 0.464
Pyrene 125 7.56 0,469
Perylene* - 6.84% 0,477
Fluorene 300 - -
Acridine 430 - _
Dibenz (a,h) anthracene - 742 0,498
Dibenz (a,c) anthracene - 7 43 0,499
Dibenz {a,}) anthracene - - 0,510
Dibenzo (a,e) pvrene - 7.2% 0.512
Benzo (a) anthracene 515 74 35 0.514



TABLE 3.2 (contd.)

o, PNA M.A,rl) I.p, 2 I.'-‘r(max)(37
25, Anthracene 820 7022 0,520
20, 9-phenylanthracene - - -
27, 1=1* binaphthyl - - -
28, Dipenzo (a,Ll) pyrene* - 7. 05% 0.526
29, Benzo {a) pyrene - 731 0,529
= 7.50 0,437

30, Coronene

Oriteria for Thermally "Unreactive? PNA,

(1) Methyl Affinity, M.A. < 950
(Lewls and Edstrom, 1963)

(2) Tonization Potential, I.P. > 7.10 ev
(Lewls and Edstrom, 19632)

(3) Free Valence at atom r, Fr{max) <= 0.53%0
(Yokono et al, 1979)

# = Exceptions



Garner et al (1953) did not find any diphenyl in 50 oting
araffinic or naphthenic fuels and concluded that FAH were unlikely
¢ be intermeciates, Here asguin it nust be stressed that other

v v
Mo

couis pe presert as intermeciates bul were nct identified by
"',.'3 T v M 0 e
Lehalla sna aclomald (1955 state that = breskdown to

malilcr products must occur rather than a growth to ercnmetic

by

ing structures in diffusion flames. Smoke formaticn would tlhien
sour tnreupnly o simultanecus polymerization and dehydreopgenation
{ smasl meliecules such as acetylene and hydrocarbon fragments,
Stehling et al (1962) suggest that since arcmetic hydro~
arbons such as benzenre and nephthalene are less reactive than
setyiene or vinylacetylene under pyrolytic conditions, it is
1likely that in general soot is formed by polymerization of

H. to IPAl followed by dehydrogenation/condensation, Reactions

2
Ich ns A = H 4+ H = AP => Ar - Ar + H2 are thermodynamically
‘asible but are not self=-propagating. Further, orientation and
ttropy factors from successive steps to produce condensed ring
ructures from simpler aromatics would imply reactions teco slow
r the soct formation time scales observed.

That PAH type macromolecules are byproducts of thermsl
composition of hydrocarbons, was stated by Johnson and
derson (1962). They concluded that large amounts of polymers
e obtained in situations where no soot appears, that scot and
lymers are formed by two competing reactions in the gas phase
d that the "continued Increase in the 3lze and number of solid
rticles under conditions where 1iquid polymer is not produced
Ovides additional ovidence contradicting the theory of carbon

rmatlon from polymers',



As discussed earlier, Lewis and Edstrom (1963) observed
thet there existed a large class of unreactive PAHs which would
digtid and not form soot under low temperature pyrolytic
conditions.

bBonne et al (1965), Homann and Wagner (1967) and Homann
(1967) observe that in premixed C,H, flames,PAH evaporated from
soot sampled beyond the oxidation zone and PAH sampled in the

£4s phase by a molecular beam system are ldentical. Thus they
infer thet PAH condense with soot during sampling procedures.

c4H ape formed later than polyacetylenes whnich reach a maximum

at tile end o. the reaction zone, in a region where nuclei for

Carbon particles are formed. Further, total PAH concentrations

are of the order of 10'2 mole % of the burned gas, and their

Concentration increases steadily behind the oxidation zone without

Passing through a maxima. From these observations, they infer
’ S &

that PAH cannot be important intermediates for soot formation,

D'4lessio et al (1975) also conclude that unreactive PAH are
acti d t

byproducts of soot fai?ation reactions and that reactive PAH

contribute at most 2/3% to total soot mass loadings.

Lahaye and prado (1978) confirm that it is possible to

Sbtuin PAH in the absence of soot. Under conditions such as low
residence times and low molal fractions of initial hydrocarbon,

the vapour pressure of PAH type macromolecules would be insufficient
to induce nucleation in the bulk of the rezctor. At the reactor
exit, where temperatures would be lower than under reactor
Conditions, condensation of these macromclecules could occur

without their transformation into carbon black particles.

Longwell (1982) observed that for Toluene, increasing ¢ from



very little effect on the evolution of PAH., In an n-heptane

ficme an intermediate Juantity of soot was formed, though PAH

gh P
producticn was larger. Thus, adjustment of a rich mixture flame
to reduce soot formation will not automatlically reduce PAH,

3 tne Influence of Fuel Type

“rojccted snifts to lower grade fuels Increase the
possibility of adverssa heslth effects due to higher production
of mutagenic and carcinogenic specles. [fuels themselves contain
widely varying amounts of PAH (Longwell, 1982). Gasoline may

contain small amounts of naphthalene and alkyl naphthalenes in

its hi.h boiling fractions. sutomative dlesel fuel and No. 2

residential heating oil can contain many higher mol
enic alkyl phenanthrenes and alkyl

ecular weight

D0lycyelics such as the mutag

Nthracenes guch liguid fuels, vapourized and mixed with hot
oxldise. Mutagenic and

Sombustion products can pyrolyze and
ed may bypass the Tlame zone and

’arcinogzenic species SO form
Ondense on to soot and other particulates in the effluent.
)

ions of unburned fuels
phere when burning synthetic fuels

P and pyrolysis produced
*lsnificant fract By Y P

Ars may escape tO the atmos
the case of domestic stoves and fireplaces.

Uch a5 H-coal and in

rves thatl as the
g combustion in automobile engines,

ross (1972) obse PNA content of commercial
As0line is increased durin
pondingly higher. Detailed analysis of

N emissions are corres

light fuel oil and of the emissions from a domestic oil oven,
®Monstrate that the emitted aromatics can be unburned residues
TOm the fuel charge (Herlamls 1978). Large quantities of



xygens ied polyaromatics are detected in the exhaust gas, some
&

y© wnich are direct acting mutagens and need no activation.

ources ol FAH emissions are evaluted in Appendix B,

It is thus clear that it is necessary to exawmine the

Tfeet uel type on scoting and emissions of PAH during

O

cubustion. ‘I'his section discusses some qualitative trends
nserved in a variety of combustion systems.

The most important distinction may be made between
romatcic end aliphatic fuels. Franceschi et al (1976) observe
hat total FAH 1in the exhaust of a vertical flow reactor is
tron,ly linkcd O the aromaticity of the fuel. Thus,ratios of

Jdi Lo that produced while burning the aliphatic n-~heptane are

s Tfoliows:

‘heptane + 10 toluene ): (n-heptane + 10% nesitylene)

(n-heptane + benzeney (n-heptane )

17.5 : 10.5 : 5.7 + 1.0

nzene fuel evolves over three times as much PAH and soot as

rosene in a turbulent diffusion flame (Prade et al, 1977).

I example, at a sampling location of 4 cm  above the burner,

e values for PAH are 802 mg/Sm and 75 mg/am respectively,

fther, in the aromatic rlame, PAH (and soot) are generated

“lier implying faster reactions mechanisms. Pasternak et al

)lves more PAH than polystyrene, in both flaming and non-

In another {nvestigation though (Jagoda et al,

1ves PAH in greater quantities Lhan poly-

1ming modes.
0) polystyrene evo

'Pylene, for which no PAH is ©
the former 1n poth the pyrolysis zone and

pserved in the pyrolysis zone.

T 1s obgerved in

flame front but only in the flame front in the latter., Whoreas



> concentration of polycyclics in the burned gas from a premixed
s i < . -2 ) ’
12 fiame is roughly 10 mole percent, that of benzene is of +the

ler of 1,0 mole percent, for the same C/0 ratio (Hlomann anc

goer, 1967).

sooting tendencies of fuels are generally as above For PA[
aromatic fuels produce greater guontities tnan aliphatics
.. 1 )
ler similar conditions (Thorp et al, 1951; Calcote and ¥Manos
. LT o .)?

ihen plotted as a function of the nmurber of carbon atoms
9

33).
is clear that aromatics have the greatest tendency to scot

lgure 3%,14)., Various workers have reported sooting propensity

diverse fuel systems. For premixed flames, Street and ‘"homns

)55) and Schalla et al (1957, 1959) observe the following

ressin: propensity €O s00t:

tthalenes , benzenes > alkanes ) alkenes > acetylenes

diffusion flames, Clark et al (1946) and Schalla and

mald (1955) report t

ithalenes » benzenes D
ategorizations could be misleading since

ne following sooting order:

alkynes > alkenes ) alkanes

'wer, such general C

* ignore flame parauters such @
n Chapter 4) and detailed fuel structures.

s temperature, oxygen concen-

‘lon (discussed 1
ovided by Davies and Scully

titative soot yields are pT
6) from a premixed flame; whereas indene (53%) and ethyl

are high, that for acetylene 1is only 4%,

ene (21%) yields
jcal eguivalence ratl
romatic to aliphatic hydrocarbons:

her, the crit o for soot formation, @c,

lound to increase from a



o0
(DN

Fuel . ge
Oxylene 1.45
‘oluene 1.46
Lenzene To5k
Cumene 1.56
Uctane 1.73
Hexane 1.72
Fropane 1.73 (from Miller ang
1.74 Calcote, 1977:

Cyclo-nexane

teetylene 2,00 Meker burner)

‘nus, greater guantitles of oxygen are required to burn the

Same fuel if it is aromatic rather than aliphatic. Glassman

and Yaccarino (1981) explain this by stating that at a given

Stoichiometry, an aromatic is "richer" than an aliphatic
) caroon
Dixture, presumably because two / atoms in the ring form carboxyl

groups and thus the oxygen demand is greater.

(1980, 1981) note that the initial aromatic structure has the

Bittner and Howargd

ability to undergo substitution reactions readily, and thus las

® propengity for forming PAH and soot. Glassman (1979) also

Speculates that those fuels such as aromatics which have a

“reater ability to form multibonded . radicals with polar resonance

StrUCtures,should have the greater tendency to soot,

Voarious trends are observed within the class of aromatic

fuels yitn respect to tendency to evolve PAH and soot. In

Beneral, increasing the number of rings leads to an increase in

PAH ang soot formation., Thus, Pasternak et al (1981) report the

following values for the yields of PAH (mg/z of combusted material):



Benzene 7.2
Napnthalene 15.0
Antihracene 32,5
Pyrene 36.6
Ciend was observed Ior sootb yields, Kinney and
sel (1954) rcepori tne foilowing trend witn respect to euse
0L conversicn to soot during pyrolysis:

4anNthracene > Pyrene » Naphthalene > Benzene
Chrysene

It shaulg be noted that for PAH of larger than three rings,

Orientution factors could cause steric Lindrance and thus

Peduce goot yields.

Alkyl substitution at carbon atoms on thg/arcmatic ring
Markedly increases PAH and scot yields (Davies / Scully, 1956,
Frazee sng Anderson (1959) observe that substitution by a methyl

Eroup has more effect tharn increasing the aumber of ringsy thus

L'Oluene hasfreater socting tendencies than naphthalens. 4is the
18

l@ngth T the side chain and the number of side chains increases,
3 o1 @ SHictllY
PAH and soot production is usually higher. From pyrolysis

Studies, nadger et al (1960, 1960a) observe that PAH evolution
3 p a 2

1S in the rollowing order:

o - C,H. » Ph = CH
Ph - G Hg > Ph = SgHy 2 PR = Gofts 2 3

A8 the length of the side~chain is increased the PAH mass

rih+ )
Ustribytion shifts to those of higher molecular weight. Calcote

i d ¢iffusi
N faneg (1983 ) however note that In premixed an ffusicn

though sooting increases with sidechain substitutions
oug

5
‘1ﬂmes,

' g1 in results
n aromatics, increasing the length of the sidechai 3
’

i Lzatlion
D redycty in soot yields. An Increase in polymerizat
‘ uctions 1



during czrbon black manufacture results in nigher yields

(Ceuliy & lavies, 1965) as the number of methyl substituents

- :' e (;‘Ie )2 ”/" C6il5 o I"Ie > C6H5 gI'].

..ylene Toluene Benzene

‘1mi)ar trends are observed by Hunt (1953) and Nakanishi et

al (1981). Hetero-atoms within aromatic rings provide sites

carbon-— hetero atom honds are usuvally

o

10r rin; rupture, as

weaker This also leads to reduced soot vields.

Certain trends are also observed witnin the group of

¢livhatic fuels. Smoke polnt is found to decrease in the
following order (Hunt, 1953 ) :

~ N I P ”
Stroicht chain slkanes & Branched cialn elkanss <

Highly branched cycloalkanes.
Branching in n-parasflns and an increase in the ring
Size of cycloparaffins results in higher soot yields {Schalia and
Mchonald, 1953) . calcote and Maunos (1983%) show thaat the

el 4

threshold sooting index (T3L) ol
carbon atoms, will: the alkanes

n-alkanes and n~alk:ines

Inereasos with the mmber oL
having higher TSI values ot a specific carbon number.
The effect on PAal and soot ylelds of doping fuelys with
small amounts of aromatics 18 not clear. Stehling et al (1957)
Observe that though benzenls acditive (upto 10%) in Coli, flames
in a floyw reactor &acts essentially as a dlluent, tolueuc,
Naphthalene and anthracele 4t only 2 to 4% promwote soot formation,
HOWever, there is very 1ittle differerce ln PAH and scot yield
between a benzene turbulent aiffusion flame and one doped with
1% anthracene (Prado et 51, 1977). No slgnificant effect is

=



observed as regards soot yleld, on doping a C6H6/CH4 premixed
[lame with 1% by weight (of N, in fuel) of pyrrole, pyridine and
thiophene (Kausch et al, 1981). By analysing the nitrogen
containin~ PAH thus evolved, and noting that substitution of
argon shield gas by nitrogen had no effect on ylelds of nitrogen
containin. PAH,the authors conclude that the nitrogen source

is from the fuel and not from the atmosphere.

Various workers have trled to obtain correlations bhetween

fuel nroperties and the tendency to produce soot and PAH, In an

carly investigation, Schalla and McDonald (1953) found no

correlation between parameters such as diffusion coefficient,

boiling point, density, rate of pyrolysis and rate of poly-

merization and the smoking tendency of 108 hydrocarbons burning

in wick and tube diffasaon flames. However, they did observe

that a ,ualitative linkage appeared to exlst between smoking

tendency and the total carbon-carbon bond strength (Kcal/mole)

of many hydrocarbon specles. Bond strengths are of the

following magnitude:
¢ = C 80 Kcal/mole

C 150 Kcal/mole
C 200 Kcal/mole

2

i

¢
iy

- H 100 Kcal/mole

ity of the compound increases, there is a

(@]

Thus, as the stabil
greater chance of the C-H bond being broken. This implies that
the dehydrogenated carbon skeletons forwed would polymerize to
form soot., Thus, there 1s & strong relationship between the

lase of removal of hydrogen and smoking characteristics of a

1ydrocarbon fuel.



Viarious workers (Beé? et al, 1982; Shirmer, 1971;
“utze and xhlers, 1975; Blazowskl, 1977) have observed
correzlations between the H/C ratio (atomic) of a fuel and its

ahility to soot. Fuels covered include JP=4, JP=5, SRC-II

(heavy) and SRC-II (2.9:1). The trend observed is that socot

emissions increase a8 H/C ratio decreases, Data from Holliday

(1955) 1is nresented in Figure 3.15 to 1llustrate this noint,
However, Schug et al (1980) from plots of scoting height versus
C/H ratio of acetylene — fuel mixtures burning in diffusion
nat though C/H ratio is not a major factor in

flames, observe t

the sooting tendency (all mixtures overlap over a wide range
ing

of C/Il ratios), at a given C/H, the mixtures soot at different
hei:hts They conclude that flame temperature and fuel nolecular

Structures are more important than H/
for evaluating the onset of soot formation in

~atlio,

Y
¢./ In an attempt to arrive

at a common index
both premixed and jdiffusion flames, Celcote and Manos (1983)
have gefined a Threshold Sooting Index (TSI) that 1s independent

ntal apparatus. TSI is analogous to the

of individual experime
0ctane pumper for petroleum derived fuels and is defined as follows:

Premixed flames, 7SI = a = b Pc (3.31)
. MW
Diffusion flames, i) T8l = a(f) + P
MW
s1) T8I = alF) +© (3.32)

jvalence ratio for sooting

Where fe . Critical equ
h - Crit?cal height of flame for the onset of
gooting
: 1
v - (Critical volg?stric flow rate for the
onset of S00 2

' nts calculated from existing soot
Cconsta ta to make TSI self-consistent

B0 = formation da
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31 is normalised to a range of O to 100, where arbitrary values

i

of 2.0 anéd 100.0 have been assigned to n~hexane and {-methyl
na hthalene respectively, two compounds with the lowest and

“i hest observed sooting tendencies. TSI 1s plotted as a

funetiorn of the number of carbon atoms and C/H ratio in

TSI for diffusion

Figures %.16 and 3.17 for premixed flames.

and premixed flames are compared in Figure 3.18. It is clear

from the above figures that the greater the aromatic character

of a fuel, the greater 1s its propensity to form soot. This
b b4

effect is more pronounced in diffusion flames than in premixed
o) -

flames,

N
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CHAPTER 4

Ei~ECT_OF CoMBUSTION CONDITIONS ON_THE YIELD OF PAH

o

The primary varizbles tihat are expected to atfect the form-tion

0o PAH and soot in combustion systems are temperature, ambient
oxysen concentraticns, fuel equivalence ratios, residence time,

pressure «nd mixing conditions., These efiects are interdependent, -

For example, increasing oxygen concentrations would also increase

adiabntic flame temperatures in premixed flames, and variations

In temperature in flow systems could affect gas flow rates which

would alter fuel residence times, However, in order to identify
the efects of these combustion parameters and as an aid in the
desipgn of eyperimeﬂtsv it is instructive to study these variables

Separately.

4.1 Effect of Temperature

fect of temperature on pyrolysis, PAH

Studies of the ef
amic stability indicate that

and soot formation and thermodyn
PAR production goes through a maximum with increasing temperature.
oductio

Bad.er et al (1960, 1960a, 1960b, 1960c, 1962) observed
ad.e

udies of simple fuels su
e optimum temperature range for PAH

5 ch as acetylene, toluene
<4

Pom pyrolysis st
And alyy] penzenes that th
formation was 930 K to 1010 K.

ns and Long (1968) also shows that PAH

The work of Tompki
11 about 1500K, after which they

formation rates are very high ti
e b 1). gince these results were obtained

decline rapidly (Figur
where residence times are less than

Lrop a C.H /02 fl1at flame,
272 yroly51s studies, it 1s not surprising

those 1n Badger's (1962) P
e range should extend to higher temperatures.

that the optimum temperatul’
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PAH AND SOOT FLUX

HEIGHT ABOVE BURNER (cm)~—=
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(TOMPKINS AND LONG, 19686 )
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Anotihrr resion of formation of PAH was observed high in the post

flome recion, corresponding to a temperature range of 1173 K to

92% K., Johnson and inderson (1962) also observe that at T < 1073 K
- 9

licuid polymeric material was obtainad from acetylene nyrolysis
: s,

el
o

v_-]hOl‘eaS at T > 1273 K, Soot was predominanto Presumably? the
polymeric material was composed of tars which would contain PAH

An optimum temperature of 1000 K was also indicated by

Chaliraborty and Long (1968, 1968a) for the maximum evolution of

PAI from a C,,HQ/Oz/N2 diffusion flame. These workers also
t- =

observed that as the oxygen concentration increased, the flame

temperatures also increased, However, Wung et al (1981) indicate
that Jor very fuel rich mixtures the presence oi oxygen does
not cause o major cnange in the tomperature for maximum soot
n nitrogen wWes rcplaced by argon, socot

Production. Whe
Production was obsgerved to be less, due to the higher adiabatic
flame temperature of the C2H2/02/Ar system,

g72) were able to characterize three zones

zapghini et al (1
16/02/1‘10 flame held in a vertical reactors,

in a premixed n-C7H

These were: e
T ~ 973 K

max
¢) Yellow flame Tpax 7 1173 K
thet +pough high molecular weight PAH

p) Blue flame

They observed howeVels
~2 1200 K) as the temperature

Wwent through a maximul (Tmax
nolecular welght continued to increase,

incl"eased, pad of 1low

of formatlo
1982) based on the combustion of

Two routes n of particulates were discussed
{ 3

by Pasternsk et al (1981
thylmeﬁhaorylate’POIYpropylene and polystyrene,

Polyethylene,polyme



In ths flamins, or hish tamnerature mode, nparticulate formntion
Wis viioehemieol resctions, uhereas in the nonflaming (smoldering)
mode, it was through condensation schemes.

The work o: Smith (1979'3’ 1979b) -t 10"2 Torr shows thet
production of PAH by toluene pyrolysls maxinmises ot 1300 X =+o
1400 K, The amount produced decreases by a factor of ten
for a 200 K increase in temperature beyond the maximum,
500t production, at higher pre-sures is alc«o maximised at 1700 K

to 1750 K,
Stein (1977, 1978) has published cquilibrium concantration

calculations for Lthe following reactlon:

Aromatic1 + 2 02H2 >~ Aromatic2 - HZ

“ caleculation Tor Q.1 atm of acetylene and 1.0 atm of hydrogen

Pressure shows that growth is not favoured above a certain
temperature. For the conversion of benzene to naphthalene,
this tempersture is about 1650 K. This temperature corresponding

t0 thermodynamic stability, is in the same range as that observed

for maximum PAH production.

Bittner and Howard (1980, 1981) have estimated heats of
formation of intermediatces in the growth of benzene to
Nephthalene via cddition of acetylenic species. They indicate
thet at lage tempere ures, the lifetlme of the intermediates
Proposes is o limiting consideratione Higher temperatures would

SQvey 1 f' i Ao {)11 thw rd
v -re y 1 imi l[; rae I‘cldlCC’-l .
erc‘ne e bc . \'Jez (-—'\ Obo’"ewed ‘to ld'E~“.:4'.l:

vs for PA growth,

PAII such «g 1ndeng,
2), whereas benzene yileld was a

4t about 1000 K (Figure 4.
during the pyrolysic of roetylens

Maximum ot about L1100 K,



in a flow reactor (Stehling et al, 1962). Though the
naphthalene mole percentage did not exhibit a maximum in

tl e temperature range studied it would appear to peak at

hizher temperatures.
Mlsome temperature is also a dominant factor in

determining the tendency to soot. Changes wnich increase

the flame zone temperature, such as reducing inert diluent

concentrations, decreasing diluent heat capacity, preheating

tle fue]l and chenging the fuel type, tend to reduce the

vields of soot in the presence of oxidisers., This has heen

premixed flames, diffusion flames, combustion

observed in
Schalla & McDonald (1955), Street &

of single droplets etc.;
stenling et al (1957), Homann (1967),

Thomas (1959),
Prado et al (198L), Calcote and Olson (1982). Further, the
first two groups of workers observed that prehieating the

perature range of upto hOOOC; had 1ittle

fuel over a tem
ney and fc in premixed flames. Peaks

effect on sooting tende

14 were also observed
r temperature. The extinction velocity,

in soot yle (Nakanishi et al, 1981)

as a function of ai
t which a transition was observed

defined as the air veloclsy @
from an envelope flame (diffusion) to a wake flame (premixed),

also increased with temperl
ytic conditions however, soot yields increase

atures

Under pyrol
y preaching a plateau at high tempera-

with temperatures usuall

& Liscinskys
gh) thet soot formation increased with

tures (Vranos 1983). This explains the observation

by Macfarlane et al (19

thelr premixed flames, Pyrolytic conditions

temperature in

were probably prevalent’
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Tius it would appear ti:at there are twe competing
patiways, by ore of wiidch scot is formed during pyrolysis,
soot ¢iidation occurring via the other., Temperature increases
would promote pyrolysis and alsce lncrease oxidation rates,

It shouid be noted that Milliken (1962} postulated that soot

aprears in premixed flames when the following relationship

is zatisflied:
f =3
‘l C.H, | where
L= ] I Kn,- = oxidation of precursor
i . > _‘_(____ by‘ CH
] £ k- = formation of precursor
| OH | from C,H, (4.1)

The fractlional conversion of various hydrocarbons

into soot (after 2.5 ms) in a shock tube 1s shown in
Fizure 4,3 (from Graham et al, 1975a) as a function of

This illustrates th
ctions via polymerization and thermal

temperature. e competition between rapid

chemical growth rea

tion reactions which start to compete at higher

dissocia

temperatures.

Lo Effect of Pressure

tle work on the efféct of pressure

There has been 1it
However, inferences may be drawn

on the evolution of PAH.
ed in sooting flames,

from pressure effects observ
In general, as the system pressure increases, sooting
ge, Schalla and McDonald (1955)

tendency 1s observed to increa
note that for compustion of alkenes, aromatics and JP-k
iffusion flames, pressure variations of

(aviation fuel) in d
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FIGURE 4.4
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0¢5 atm to 12 atm increased smoke formation. It would appear

that pressure directly influences the rate of diffusion of

fuel into the oxidation zone, The critical pressure at which

300t Jjust appears in premixed flames increases as the mixture

ls made lean (Fenimore et al, 1957). Soot formation ratio

Verles directly as p?e? or p> upto a maximum value of P (pressure).

1 eculvalence ratlo however 1is affected very

i

Ine critical fue
1ittle by pressure variations in premixed flames 3 vide

~-nd Coworkers (1964), Miller and Calcote (1977).

Macfarlane
Studies in well=stirred reactors (Wright, 1970) also show
the some effects. Wang et al (1681) observe two types of
beheviour from shock tube studies on toluene/oxygen mixtures,
the 1nfluence of pressure is

At temperatures beloW 1800K,

scussed., However at higher temperatures,

Similar to the trends di
500t yields decrease wilth ascending pressuree.
+ may be deduced that at constant @,

From the above 1
1d dincrease with pressure,

the mo1e fraction of PAH shod
s (1980, 1981) nonsooting ¢ =1.,8, 20 torr

Bittner and Howard'
alene concentrations below the

benzene flame gave naphth
detection 1imits of 10~8 mole fraction. On the other hand a

"11ldly sooting, @ = 1.67, atmospheric pressure
(Longwell, 1982). Most flame

toluene flame

8ave measurable amounts of PAR
t sub~atmospheric pressures,

SYstems have been investigated a
ger reaction zone 1s obtainable, At

Primarily pecause & lon
difficult to resolve concentration

tmospheric pressures it 1is

Ustributions of PAH specles:

xidiser Concentrationg

4 result in high yields of PAH (Longwell,

{
Y3  pffect of O

Pyrolysis regime
1083). Lahaye and Prado (1978)

1982, Mitra et a1, 19021



report upto 30% conversion to tar (containing PAH) for

vs5is of benzene=oxygen mixtures at very short residence
cimilar results were reported by Scully and Davies
(1965) in investlgations where aromatic hydrocarbons were

injected into the post-flame oxygen-deficient zone of a

rich toluene gas flame. Badger et al (1960, 1960a, 1960b,

1960c, 1962) also observed very high yields of PAH from

the therm:1 cracking of a variety of aliphatic and aromatic

hydrscurbons.

In sgeneral it has been observed that an increase
in oxidizer concentrations in systems such as premixed
flames, turbulent flames, shock tubes, stirred reactors and
g in lower yields of soot and PAH.

flow systems, result
68) report that the flux of PAH

Tompkins and Long (19
eased ratios of 02/02H2
g formation at Z > 18 cm is probably

is lower at incr (Figure 4.4) . The

Observed increase in PA

due to increased pyrolysts of Cafo
gimilar results
o also ohserve sharp increases

in these oxygen-deficlent
are also obtalned by

POst=flame zonese.

Crittenden and Long (1973)s W0
g in the blue zone where oxygen

in PAH formation rate
t decrease very rapidly.

Concentrations are high bu
rom Thom2Sy

Macfarlane (£ 1965) reports that the net
aclra
Vields of various 3 0 7r

tnerease vith ¥
formation of the 3=ring perinaphthenyl

| Hydroxyl radicals (OH
Tlame of C6H6/02 (o) e

Observyed to inhibit the
radical and reduce total yields of PAH in rich heptane/oxygen
1976) . The authors conclude that

flames (Franceschl et als

\,""
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simil=r phenomena would occur if compounds producing oxygen
cont: ining radicals were introduced into the flame, Concen-
iretinns of cyclonenta (¢ d) pyrene increase 2s § increases

in & turbulent 06H6 diffusion flame, Soot yields also
inerense dremetically from 96 mg/sm3 to 410 mg/sm3 as @ is
reised from 0.8 to 1.2 (Prado et al, 1977). An increase

in the ratio of 02/CH1+ from 0.79 to 0.91, produces a four-fold

reduction in PAHM yields in an atmospheric pressure flat

flame (Dilorenzo et al, 1981). Studies conducted in a vertical
flow reactor {Zaghini et al, 1972) using n-heptane as the
fuel also show that PAH concentrations are highest in the
a region of very low oxygen concentrations,

At increased ratios of cof in a diffusion flame, a range

ylege

yellow flame,

qto benzo (ghil) perylene decline

of PAH from acenaphth
though soot yleld remains at near

rapidly in concentratioll
lue (Chakraborty and Long, 1968).

its maximum va
pit similar behavicur patterns, Heavier

Tonic PAH exhi
010H7+ (nephthenylium) and

Polyaromatic specles such as
1ium) appear only &s @ is increased pas®

* (fiuoreny
~ and Calcote, 1977). A strong increase

C13tg
sootiny 1imits (Mille
r of ciiarged spec
1t volume 15 observed by Wersborg and

in the pumbe ies wilth molecular welights greater

than 300 amu per Mn

Coworkers (1975) as § 1

n total jon conce
cnift to higher molecular weight ions

ang

1981; Olson Caleote, 1981)

s raised from 2 to about 3 in acetylene

ntrations remai
flames, Thous fain nearly

Constant, & dramatic

(Michaud et als

is observed
naller polyaromatic ions (amu < 300), for

at the expense of S

enhanced @.



“oot concentrations in premixed flames and otiher systems

cing of fuel and oxidiser are also reduced

4

svide mi

*s

\}'..iC.'. )
ot en  nced oxidiser levels (Street and Thomas, 1955;

“ v '-3-'5:
Stelin: et al, 1957, 1962; Fendmore & Jones, 19633 Wright,
1975: DIrado et aly 198L; DBlazowskl, 1080 Vrng et al, 19815,

Hydroxyl redicals ~nd atomic oxygen have bLeen preposed as

thie primary oxidlsing speclies. Doping 02H2/02 flames with

hydrogen ciloride incre«ses the soot yieid (Feniuore ond

Jones 1968), probabdly pecsuge 0 and CH gpeclies are cousuniea
8s follows:

HC1 + 0 —— OH + Cl

HCL OH =——> HZO + Ci

The chloride rodicsl produced is less efficient oxidant,
a4 scully (1966) note thet
ency of methyl groups attached to aromatlc

Davies rn cxidisers inhibit the
soot promoting tend
) ) + Meeler ave studied tue
rlnﬂso GTCV@nStGln onc MOUJET (1970) ha 1
atic compounds
o(3p),and not by molecular

; and postulate atitack by
Oxidation ol &rom ana p ¥

ground state atomlC oxygen

OXygen:

H
'] C‘
PSRl
.,- H fagt . 1 (4,2)
> alow -7—5—-,’ { .
") v %P @ (J

active to oxidative attack

A subetrate which was less re
ch tar, implying that oxidation

as mu

Produced ten times
anse of benzene. Wright {1975)

reduced tar yields in *he
ot high tepperatures and low equivalence

8lso speculates that
gen would beceme important,

by atomic OXY

atios, oxidation
atic flame temperatures and

X
adiab

rrom his gravimetric investigations

that isy in the regicn of

stolchiometric mixturese

—
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O_' d .
- & lon ~ a
?

fusl . .rinn
LT gl recimes
nes, oxidation 1s m
ore 1ikely by OH
Y radica
1ls.

T a2 situatd
ion is qualitatively different in d
iffusion

b
- uhere “rere 1s no intim
! ate mixing of
the fuel
and

oxidiser s
pecies (Sjogren, 197
, 3y Glassman and
Yaccarino
?

y . !C T.;O‘
14108 el 9

1968; S
c
; Schug et al, 1980), Here in general, incr
oXygen conc ' Faeine
2 entrations also increa
gse socot yields
’ though

PAH
destruction rates are enhanced.

I
or premixed flames, sootlng is determined b
Competiti A
petition between the rate of pyrolysis and growtl
owth of

D
i

Ck

o)

n these precursorss

oxidative attack increases resulti
ng

1
s increased, the raté of

i

n lower PAH and soot yields.

n controlled conditions, there is n
o

Under diffusio
ursors. However increasing

0
Xidative attack on the prec
n higher adiabatic flame

tration results 1

t -
he oxygen concen
ngly higher pyrolysis rates and

te
mperatures, correspondli

r tendency to soot. Indeed, small amount f
50
ough the flame

again increasing sooting. Tw
. iwo

thus a greate
front could homogeneously

OXygen diffusing thr
e
atalyse fuel pyrolysiss

een observed
1980). At low oxygen mole fracti
ons

m .

echanisgs have b in sooting diffusion f1
ames

(Glassman and Yaccarino:

£ 0,24 an incr

parti°1e bur
at higher’ oxygen concentrations, tt
¢ e

0

f upto abou case in the oxygen concentrati

. on
esults in greater nout rates, and a decrease

i
N sooting. Howevels



inerease in flame temperature and thus pyrolysis rates
offsets the increase in particle ournout rates, resulting

This explains tne apparentliy

2

in sreater socot yields.

'

anom-Jous results of Chakraborty and Long {1953). In all

cases, increased Flame temperatures would result in

higher destruction of PAH.

b4 Erffect of Mixlng

There have been few studies on the effect of mixing

intenaity on PAH productiofl
Orc of the most detailed investigations is that of
n turbulent kerosene and benzene diffusicn

Prade et 21 (1977 ©

The non-unifcrnm dist
sag or eddies of verying fuel/fair

ritution of the fuel in alr wag

1‘] o
- -~l1m0'r;.

Popresented by pockets of
e fuel rich and the rest fuel

ratiog, fThus some sddles Wer
would then occur in the fuel

leanu PAH and soct production
derice times accounting for

rich eddies, insufficient rest
served that higher atomizing

their supvival. Prado et al ob
+icelly reduced Doth PAH

However, when the

8nd soot yields (Figures b
cased, l.e. the superficlal

thmughput of the burner was incr
rom 0096 n/s o

ulted in decreased peak soot

2.6; Dl/,s, inc ef‘;n
. L5
Velocity was increased £ recses

g air pressure res

In the atomisin
ylelds, possibly because

ultimate s00F
numbers indicate that the soot

Yields, but increased

the flame was quenched &% b

gh Reynolds
essentially mixing contrelled (Becker

Studles at hi

“oncentration field 18

iolden and rhring (1959) observed that

A4 Yamazaki, 1977)e



MASS LOADING OF PAH

FIGURE 4.5 E
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soot “ormation increased as mixing ratlos were decreased.

Turbul-nce around a smoking diffusion flame (Schalla ang

lichonald, 1955) induced by increasing air flow velocities,

resulted in a reduction In smoking tendency.
Backmixing or recirculation nas also been found to

reduce soot concentrations (Macfarlane, 1964; Sjogren,

1973: Chakraborty and Long, 1968) in laboratory flames and

industrinl burners. Beer et al (1982) discuss the strong
effect of an increase in Jet momentum on the decay of scot

In jet flames. In a review 0On soot formation in combustion,
Yapner (1979) reports a steep increase in the maximum amount

of s00t present (in curbulent diffusion flames) as a function

0f the Richardson number ri {(the ratio o
ght (1969, 1970) and Blazowski (1980)

f buoyant to momentum

forces), Finally, Wri
Note that in well-stirred reac

Ficher mixtures 1s achieved than is po
n soot yields are observed for

tors, soot free combustion of

ssible in premixed flames,

Reductions of over o0% 1
1,3=butadiene, benzene and

fuelg such as ethylenes propene,

m toluene combustion are presented in

toluene, Results fro

Figure 4.7,

45 Effect of Residence Time

the initial appearance of sooi

jred for

The time reg4
der of one WS in premixed flames and

1s Very snort, of tne or

about 10 me in giffusion flamese
n zone of a combustor is an important

Figure 3.13 gives the

1ved. The residence time

dmensions of the time

L {he in the reactio
o fuel ning pAH and gsoot yields, This sectlon
ictor in deter

—_—
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discusses data obtained From various flame systems, where

the hei;ht above the burner is taken as a measure of

esidence time,
Tomokins and Long (1968) observed that as the height

above the flat flame burner surface increased, ylelds of

PAH and soot peaked and then decreased.
e of behaviour can be seen from

A first order typ
system (Figure 4.8). The flame

PAH
yields in an nC7H16/02/N2

which was premixed vas held in a vertical flow reactor

f a range of PAH were observed

Peaks of formatlon ©O
as the shift was made from 02H2

At hisher residence Times,
lames (Crittenden and Long, 1973a). In

to CQH& premixed f
both cages, oxygen concentrations were near
flue zone, the region of max

PAH and perinaphthenyl rad

zero in the

imum PAH formation.
ical both went through a

Baximum with increasing residence time, in &n (n=CoHly g+
10% c.H_)/0, flame (Franceschi et al, 1976) as in Figure 4.8,
6767 "2 welght (LMW) PAH were observed

Though the 1ow moleculdr

%0 decreage with an {ncrease in
) pAH were found t

jbited aberrant behaviour (Figure 4,10),

eactor length, the high

o increase, Chrysene
molecular weight (HMW .
and bepz(a) anthracene exh

Prado et al (1977) also ©
c
Mlecular weight pAH with residen

Pance of the more reactiv

pserved an enrichment of high

e time. The rate of disappea~

gaturated carbon (such as fluorene),

YaS copngld ply Lastel than that of more stable PAH,
crnyglderably +°
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aH yvi
P4iH yields were observed to increase with residernce

time in a CH4/02 premixed flat flame (Dilorenzo et al, 1981)
« $ °

EEO'.;") R R TR - . N
cver ratios of poth 2«3 ring and 5-7 ring FPAH to a 4 rin
Al c .
&

{pyrane) decreased (Figur 4,1 ' iner i
(Figure 1). Ihe increase in total

DAl yislds can only be explained by assuming thot the bulk
ecies increased with / . 1o peaking

0. monocyclic aromatic Sp

0f El :
L rali yields were ocbserved, probably because sampling was
not - ; . :

ot conaucted at greater heights above the burner surface,

h et al (1981) noted however that in a CHQ/C6H6

fausc
both N-PAH and soot yields apvroached

Tlame (1,5 molar ratio),
height above the burner,

Asyuptotic values with increasing
555 of corresponding soot values,

fatll concentrations were about
FAT ang soot both increaseé with height above the burner
e system (D'alessio et al, 1975),

(Figuro L,12) in a flat flam

idation ZOoNeo.
pAH are somewhat different (Figure

SUbseynent to the 0X However trends in the
Venaviour of individual
¢ conversion of ben
rder type of behaviour (Kinney

':‘ \ . B -
*13). The pyrolyti zene to diphenyl

\Pigure 4,14) shows @ first ©
The growth of 8
~ure 4.15. Concentration nrofiles

=]

nd Del Bel, 1954)- ont throush a flame is

i E
Lustrated graphically in F1
n species are s
o 4,16 are a group of reactive

°T the major nydrocarbo hown in Figure 4,16,

T .
Re precursors shown i Figur
re in the

t+han PAH such as C14H8, which

“AH yith gide chains and & mass range of 150 to 550 amu.
I'h
‘€Y contain more hydrogen atoms

15
18 in the mass range of
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CHAPTER_5
©YPERIMENTAL SETUP AND PROCETLURES

5.1 Introduction

cecal pyrolysis experiments were designed so as to

The
obtain the highest possible yields of velatile species, a condition

which should result in the maximum evolution of PAH, It is
already knowvn (Loison and Chauvin, 1964; Kimber and Gray, 1967;

Kobayasni, 1976) that under conditions of rapid heating, that is
for heating rates greater than 10%°C/s, the evolution of wvolatiles
1s uoto 50% higher than that obtained in the ASIM proximate yields

of volatile matter.
ltasid pyrolysis i1s possible in both entrained particle
The former invelves fine

M captive particle experiments.

s which are carried int
g Hawksley, 1970; Kobayashi, 1976; Anthony

Zround particle o a reactor on a stream

of hot gas (Badzioch an

and Howard, 1976),where the T
with the carri

ments in which high heating rates are desired

eactor 1is usually an electrically

heateq refractory tube er gas and coal in plug flow,

Captive particle experi
aprticles (50-70 Pm) trapped in the

Usually employ fine ground p
wire mesh (Anthony,
ments have certain major
articulate density is lower, and thus

1974s Suuberg, 1977). However,

folds or a fine
advantages over

entraineq flow expert

wire mesh technigues. The p

s interactlve effects
s of volatile matter are obtained.

there are 1es and no extemmal carbon capture.
As g pesult higher yleld

Furthermore, instantaneous he
ysis condi tions c

hat maximum particle

ating rates are readily achieved,
and 1sothermal pyTrol an be easily maintained. The
rasidence time are

primary disadvantage 18 t



only ¢ the order of 1s, though such short heating times are

reprocentative of industrial processes of coal combustion

the other major advantage of rapid pyrolysis lies in the
fact th-t the coal devolatilizes without much change in the

ori;inal structure., At lower heating rates, extensive decomposi-

tion and repolymerization reactions could occur, leading to
reordering or crystallization of the coal structure. Such

Chemical processes could bind material that would be otherwilse

evolved during pyrolysis.

Yields, preduct dlstributions and the duration of decompo~

sition reactions are also drastically
and sample sizes chosen, Though in general

affected by the coal

particle aiameter(d)

the rate of volatlle release 1is dependent on temperature and

residence time ,this rate is proportional to @ for particles

larger than 100 um in dlameter. The rate of evolution of

volatiles is independent of d, for d< 60 pm (Essenhigh in Yen

and Lee, 1979). Temperature gragients are also induced within

larger particles which together with an increase in the residence

time of nrimary volatile decomposition products within such

could lead to increase
It is also observed that for particle diameters of

particles, d rates of secondary decompositio

reactions.

less than 50 pjm, ther

vores dquring thermal cracking an
ed by the volatile flux from evolving volatile

1967), Finally, particles smaller

e is minimal internal soot capture within the

d that particles larger than

65 um are screen

specles (Howard and Essenhigh,
desired reaction temperatures

than 100 um can be heated rapidly to
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or the reasons stated above, an entrained flow reactor heas
beer chosen for the coal pyrolysis experiments. An optimum coal
narticle size range of L4b=53 um hés been selected; the advant.apes

of ~oinrs Aown to smaller varticle sizes are movre than courter

by the difficulties in obtaining yell-defined particle

Dalanced

5izen under wet-sleved condltlons (giscussad in Chepter 5.3.1)

coals chosea in this study are & Montena lignite (ML),

Resebud subbltuminous (MR), a Fittsburgh high volatile-A

Pocakontas No.3Z medium volatile bituminous

a ."_‘_'.. L e

biturinous (hvib), 2
primrose anthracite (an).
sent=d in Table 5.1, Lhe entire renge

(mvb) and o Elemental cempositions and

other .roperties are DT®
OF csrben renks ls covereds including representatives of the three
bro~qd #ynes of coal. The medium and high volatile coels have
ultimate analyses corresponding to two cecals for which Yender(1975)
hes “roncsed model structures (see Flgure 2.8). The lignite and
have high oxXVEge

Some of these may be directeacting

Subbitrrinous n contents and may evolve heterocyclic

Oxypen~containing pAH,
Motamens, that is, the¥ would not require activation hy PMS in

Dectericl systems.

5.2 Experimental Setup

The majoT components

rolled drop tube fu
g probe and a sampling train,

of the system are: a laminar f£1ow-
temperature cont mece, a fluidized coal particle

feeder, a multi-phase samplin

5.2.1 Pyrclysis. Furnace SYSTeR

plysis experiments wer
and electrically heated furnace

The coal pYyI e conducted in an Asvrc
i
Mogel 1000 temperature controlled
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(Figure 5.1). Heating is accomplished by a graphite resistance
element, and a 50 mm I.D. graphite muffle tube is used to

maintain a 150 mm 2long uniformly heated zone. This isothermal
zone srovides residence times of upto 0.5 s in Suspension, adequate
for purposes of simulating processes occurring in pulverized coal

flames. Longer residence times simulating processes occurring in

stokers and fluidlzed bed combustors, may be achieved by collecting

the solids in a porcelain crucible in the hot zone of the fummace,

he temperature is controlled by a graphite/boronateq

graphite thermocouple located Just outside of the heating element

in the centre of the furnace., Three quartz observation ports,

12 mm in diameter and located along the vertiCal axis of the

furnace at intervals of 37 mm provide optical access to the
A rediation pyrometer of the "disappearing filament"

reaction zone.
The

type is used to determine actual furnace temperatures,

instrument is a Micro Optical Pyrometer M6714 (Pyrometer

Instrument Co.,Bergenfield, N.J.).
0.% to O.4 g of size graded coal particles (44-53 pmawet -

sieved) in an argon carrier gas (0.1 1/min STP) are injected into

the pepction zone through a water-cooled stainless steel tube

along the centre 1ine of the furnace.
o fluidized coal feeder, that is, by elution
The coal

A uniform feed rate is

ensured by using
From a vibrated bed of cgal contained in a glass vial.

feed rate is controlled by varying the rate of displacement of
the glass vial using a variable speed motor to displace the platfom

on which the viel is mounted. A Bage Instruments Model 3414

Syringe Infusion Pump (Orion Inc,, Cambridge, MA) is utilised for
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this oursose. The coal is fed through an 18 gauge hypodermic tube

2
tainless steel tube (Finure 5.2).

s

7

cad yitivin the water-coolied

[
(R

are nsed fer most of the runs, It

‘)
h]

0 rates of about 2.4 g /hr

Lol

alsc important to ensure that the total amount of coal fed

[

is
G5 no* vary by more than 30%, since quantitative yields of PAH
and seot cannot then be nomalised.

‘he compositlon in the furnace is contrelled by a flow of
£ (510)/min of a gas strean which 1s preheated to furmace

temperatures in a honeycomb Flow straightener surrounding the
vater-conled injection tube. Argon is used for maintaining an

inert pimcsphere, Oxygen nay be mixed in with the inert gas for
a1l combustion gtudies. Uniform flow around

combustion or partl
eved by means of the elumina flow

the coal feed stream js achi
The harrov stream

ated by the
particle heating rates have been

of coal narticles exitins the

* 'r‘a. g}’] » e
t 1 W2 t-.'..' T
qurmunding Cﬁrr‘ier gas and by

feeder are rapidly he

radiation from the wallS:

and gaseous are quenched at 2 gpecified

ng them through a water-ccoled

extimatod to be 10

The prodicts, solid
drawil

Blstance in the furnace by

1s are 'OI'OVidEd in Nenniger (198*4), Mi trg

Probe, Mirther detal
et al (1980, 1981, 1982’ 1983)-

. : Trail
5.2.2 Sample Collection

a collection train comprises: a stalnless

The sampling &3
,ﬂ.ate = CQ0
jon of the residual char from the solid

1ed probey a centripeter for on-line
Steel porous wall

aerodynamic separat
.nd condensed PAH), a modified Anderson

DYyrolysis products (so0®
tor for inert
an XAD-2 polymer trap for collection of gas-

1al separation and size gradation

200 cascade impaC

Of the solid specles:



To furnace
A 18 Ga Hypodermic tube

\ﬁ‘j <~ Vibrator attachment
2 paint
|-1

Carrier ——a=

Gas in

a— Syringe pump

i il e —4—— Syringe pump
clamp

—— Pyrex sample
vial containing
coal particles

—- Syringe pump
drive

gp coaL FEEDER
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phase PAH and a vacuum system, The train was designed to

cocurrently recover a mixture of char, condensible PAH, soot

and gaseous products, with minimal interaction between the

vhices,
Pyrolysis nroducts are drawn into the sampling orobe
J0uvitioned coaxially with the coal feed stream and the main gas

The outer shell of the probe contains a

flow (Figure 5.3).
4 stainless steel liner through which inert gas is

vorous, sintere

transpired at 6 (STP)/min.

thn probe mouth by radial injection of 20
anspiring gas serves to quench reactions and

Products are rapldly aquenched at

(3TP)/min of argon

&us,  The axially tr

?150 to prevent deposition of particulates and condensed PAH on

An injection gas velocity of 3 mm/s

the inner wall of the probe.
ficient to overcome the thermophoretic

t the probe wall is suf
drift vejocity.
Th ucts from the furnace usually consist of agglomerated
e prodgucts
Shar, upto 100 pm in d

Characters stic sizes of 100

jameter, soot angd condensed PAH sith
to 1000 ? and gas-borne species,

d condensed PAH by aerodynamic

Tha chart is separated fyom soot an
centripeter gesigned for a cut-off noint

leans, py employing 2

°f about 2.5 po (Figure 5,40
annin
Cheekeqg qualitatively by s¢ .
nt for the anthracite, lignite and medium

The soot-char separation is

g electron microscepy. Separation

®Lliciency was excelle
Some soot was observed in the char
Ylatile bituminous co8lSe
tuminous coal and could be attri-

bl
fraction of the high VOL8TLLE
4ings goot-char coagulation in the sampling

Buteq to nigher soot 102
ation internal to the char particle.

'Fobe ang possibleé soot form

n would be manlfested by char appearing in

Particle bounce, Whi®
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20 soot fraction, was minimal and was observed only for the

te coal.

atithracit
The char is collected on precleaned glass fibre filters on
the top two stages of the four stage impactor (Figure 5.4), Soot

narticulates were collected from the bottom two imoactor stages
5 uu‘g

and the exit filters of 0,22 jm pore size (teflon) on the

centripeter and impactor. Argon at 4 1 (S8TP)/min was injectegd
Into the centripeter and at 6 1 (STP)/min into the impactor, so

as o minimize any sample 10sSs through deposition on the inner

of the flow containing the char particles 1is

“7lls, about 10%
The remaining 90%, containing

renoved through the centre tube.
Most of the finer particles and gas=-brrme compounads is remnoved
through a side arm and fed to the impactor.
A are captured downstream by a water-cooled trap

Gas-phase P
Containing XAD-2, 2 commercial styrene~divinylbenzene copolymer
It is important to

(R'Ohm & Haas) of 20 to 60 mesh partic
erature of the XAD-2 does not exceed about

The

le slze,

®sure that the temp
0°F, since otherwise colle

efficiency of collection and extractio
1ass beads (40~

ction efficiencies are reduced.
n was evaluated by injecting

alumina particles and 8 70 pm) impregnated with

known amounts of PAH into the furm

ower ylelds attribute
The weights of soot and associated

d to loss of the more

obtaineg with the 1

volatile species bY evaporation.

ned by weighing the collection filters in a dry-box,

PAH are getermi
betore and after sampling.

5,3  Experimental Procedures
neist of size

ntal teclmiques €O

Briefly, the experime
on cf sampling equipment,

grading coal, precleaning and passivati



Mimnce pyrolysis r
= I y uns, sample processing and sample analysis

5.2,17 Coal Preparation

Coal Ls obtained in the form of % inch briquettes from the

Pennsylvania Coal Bank (University of Pennsylvania). The

Oriquettes are pulverized in a rolling mill and then size graded

in g Testing Sieve Shaker (¥.S. Tyler and Co.). Coal particles
Obtained in the size range of 4475 pm are then dry sieved by
Shaking them on a 300 mesh stainless steel screen and simultaneously
through the screen by means of a vacuum

Sucking out the fines
und that fines still tend to adhere

Pumn,  However, 1t has been fo

grade of coal part
particles are subseqguently wet-sieved,

to the 44-53 pm size icle thus obtained., To

Obviate this, the coal

this consists of taxing ! v
er on & 300 mesh
To prevent flocculation caused by

0 2 & weights of coal, and washing them

stainless screen, till the

With qistilled wat

offlyent is clear of &8
the coal slurry is then ultrasonniccated

the yet sieving precess
(Ultrasonios Sonniccator Model W-225R) for

n a ce11 disruptor

an hour at moderate pulseé speeds. The coal particles are then
a

at about 35°Cfor at least

dried in an oven swep®
a dessiccator. Prior to an

particles are dried for

®Xperiment, the reqt’
telve hours in a drying oven:

nt
5.3.2 Pretrea'bment Of ) 1in Beuinpme
ty for sample contamination or

m OPP°rtuni

To offer minim
¢ come in direct contact with PAH and soot

loss, a11 spparatus @

4 such that the contact surfaces are made of glass,

are constructe
It is particularly

Yoe 304 or 316 st -



insorte 4o : .
-ortent that materials such as plastics (for example tygon

bi
bing ) should not be in contact with samples, since this leads

to very serious background contamination.
Since photochemical degradation of PAH can also cccur, sampl
5 pie

d transfer contalners are made of amber coloured glass
CAD 9

opague materlal such as aluminium foil

3T0raze an

O are covered with an
ries are equipoed with gold bulbs, which

“2mnle processing laborato
°¥hinit no significant emisslion of 1ight at wavelenzths below

350 nm,
used are of ultra-high purity, such

£11 solvents which are
Mallinckrodt Chemical Company,

as 3
the "Nanograde™ variety of

ot checked by £35S chromatography to

e
hese are pericdically SP

GNa .
Asure minimum backgfound'

1 surfaces coming into direct contact with

Stajnless stee
assifled as follows:

Samples are cleaned @nd P
with a 1:1 volume mixture of

act for one B
ic acid and dis?

gistilied water,
e methylene chloride

our

(1) standing cont
11led water

concentrated nit

(2) Successive washes of
g of u1tra"pur

5oC and sweeping the oven with

isopropyl alcchol and

small quantitie

ag at a 10w flow rate,

prepurified ni trogen g

g follows:

e-treatEd a
i xture of Alconox and tap

i'th a 2:1 m
431 wix of concentrated sulphuric

oA AT :
lacg gsurfaces are pr

(1) syccessive washes ¥

water, tap
ssive rinses of distilleq

and nitric aclds,
one to TeT

methyle?
N %5°C and sweeping with prepurified

ove any water and finally two rinses

water, acet
e chloride.

with ultra-pure
n an oven @

(2) Drying 3
at 1o¥ f1ov

ra'teS °

nitrogen gas



Pzssification b 1V
i successive rinses of di
y lute hydroc 3
ya hloric

(3)
acid, formic acld and deionized water,

Tef]_
on surfaces are cleaned as above for glass

dass fibre filters, teflon filters and XAD=2 polymer which
are yused for collection of condensed PAH and soot and gas=ph
%] =pilase

DA

PhH are cleaned as follows?

action for of hours with a 137 (vol) mixtur
e

(1) Soxhlet extr
e and methanol.

of methylene chlorid
n swept with prepurified

f',. \ , an
\&) Subse unent drying in ove
q

nitrogen gas at 35°C.
Sampling lines etc. aT¢ cleaned down DY rinsing with acetone,

lene chloride.

aces are protecte
xposed surfaces with clean aluminium

followed by methy
d from atmospheric

A11 cleaned surf
Contamination by covering ©
g filters aTre st
a slurry of meth

ored in dessiccators, whereas

“0il. Precleane
anol.

KAD=2 1s preserved if

5.3.3 FUrnacg_QﬂgﬁﬁﬁlQQ

hois kept under 10 psig of inert pressure
& $

The furnaces whic
to prevent any 0XV&e" pleeding in 1S first vented to the hood.
plies to the furnace and the collection

Te coo1ing water SUP
are the quench gases to the sampling

as
{5 checked to ensure that there are

Probe agre turned O%s
ction probe
and tha
ce is broug
xed by an optical pyrometer,

train, The colleé
¢ the quench gas flow is uniform

No leaks around the cap

t i -
the fuma ht up to desired temperature,
being cheC

rain, that
assembled, after welghing all filters

Q
Simul taneouslys

The sampling ©

impactor and YAD-2 tréP are
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in a dry box. Main gas flow is increased to 61 /min , the

collection probe is inserted into the furnace to the desired

heizht and the main vacuum pump 18 switched on.

Cozl to be fed is welghed in a precleaned glass vial and
iz then carefully evacuated down to a vacuum of about 22 in, o

mercury, Care must be taken to ensure tnat no ceal particles

escase into the vacuum system, Carrier gas flow is then turned

on end adjusted to the desired value.

The sampling train {s then attached to the probe and gas

entripeter and impactor swltched on.
ospheric and all gas flows alloved to

flows to the ¢ The furnace

Pressure is adjusted to atm

stabilise so that the system reaches stea
ate is achieved, the syringe pump and vibrator

dy state,

Once steady st
d into the reaction zone of the fumace,

are ‘urned on and coal 1s fe
been injected. During the run,

wtil 0,3 to 0.4 g of coal has
intained at atmospheric, and the feeder

Turnace pressure 18 ma
lugging. This is manifested by

Carefully watched for signs of p
he feeder vial and a drop in the carrier gas

Pressure rise in t

Rlov-rate.
3 t0 0.4 g of coal has been fed, the run is

terminated by sutting off the coal feeder. The coal vial 1s
t in the dry box. Ihe sampling train

lmnediately removed and kep

15 qisgssempled and all rilters an
The probe 18 remcved from the furnace

for subsequent welghing.

ecked for leakage.
XAD-2 trap are washed down
ored in amber glass bottles, The

d XaD-2 stored in the drybox

Teflon lines connecting the

24 the seal ¢h
with methylene

Centripeter and the
-the \'faSh being St

Chloride,
e hood is close

d to prevent any oxygen from

furnace vent to th



eitering. The furnace temperature is checked during the run by

heans of an optical pyrometer through each of the three martz

Observation ports.

2.3, Sample Processing

The amounts of char, soot and assoclated PAH are determineg

VY dlfference in filter weight before and after each run., The
the filters are then extracted for 30 hours in a soxhlet
The line wash with

with nanograde methylene chloride,
chloride is added to the XAD-2 extract and the total

adPraratus

methylene

Volume of about 400 to 500 ml of soot (filter) extract and gas-

chi se PAH (XAD-2) extract are separately distilled down to about

2 %0 5 ml in an 82 cms long distillation column., From model

Compound studies, 4t has been estimated that the recovery of
lizhter molecular weight PAH (two ring or less) is of the order of
85% whereas that of the heavier specles was higher than 95%, It
Should be emphasized that distillation to concentrate the PAH in
solution,though a lengthier process,is far more efficlent than

ti ue wher
the more common vacuum rotary evaporation techniqg e losses

0f naphthalene have been estimated to be as high as 50%, lethylene

chlorige was chosen as the ext
(Donovan, 1978; Grosjean, 1975) have shown that the largest
erial are thus obtained.

raction solvent since studies

However, recent

amounts of extracted mat
studies also indicate that for polar compounds and for those with

methanol may

a molecular weight larger than that of coronene,
It is also important that

be a more sultable extraction solvent.
e inhalation of its

methylene chloride be handled with care, sinc
While handling

Vapours or skin contact can lead to health hazards.



All samples, thin plastic gloves are used.

2.5 cample Analysis

The distilled samples are stored in centrifuge tubes

®ouinped with teflon cap liners in the freezer of an unlit

refriperator. It has been estimated that sample integrity is

rotained for periods of upto two months under such storase

curtditions.
Capillary gas-chromatographlic analysis is performed on the

hethylene chloride extracts, to separate and identify individual

comnounds including many PAH isomers. A fused sillca caplllary

column, coated with an SE-52 methyl phenyl sllicone stationary

phase 1s utilised for the separation, in a Perkin-Elmer Sigma I
§as chromatograph. The 15 m column 1s programmed as follows:
45°C (held for 4 min) to 280°C at 10°C/min (held for 13 win at
280°C), An external qtandard solution containing 24 PAH compounds
ranging from tetralin (2-ring) to coronene (7-ring) is used to
determine response facters, o0y defined as:

13t injected
Mass of compound J . 1€ 1, 24

the GC

“h B area recorded by
The response facters are +hen fitted to the retentien times
s by a Lth~order polynomial,

of the standard compound
present in the pyrolysis

Trom which CC'i of unknown PAH
The concentration, Ci of an
mg PAHL

Sample can be determined.
Cj_ ( g coal fed-dmmf )

Unknown PAH would then bes



Area recorded for PAHi Total sample volume

= o0, X X i —
- sample volume injected ( g coal fed~dmmf
into GC

“he i entification of indiwvidual PAH specles 1s performed ag

follows:
(1) As a first approximation, the GC of the 24-compound
standard 1s compared with that of the unknownm sample and

prominent peaks are correlated.

(2) Petalled gas chreomatograph - mass spectrometric
identification is carried out on samples containing
the widest range of PAHs, after an initial screening
has been undertaken by caplllary GC.

(3) Individual structures are assigned by correlating mass
spectral data and information from the capillary GC

snalysis by calculating retention indices (Lee et al,
1979) for each peak in the GC of the pyrolysis sample.

A list of the types of compounds which have been identified by

the above procedure iz shown in Table 5.2,

5.3.6 Mutagenic Assays

Genetic testing is performed with a bacterial forward

Mutation assay 14 Salmonella typhimurium, using reslstance to

the purine analog 8-azaguanine as a genetic marker (Kaden et al,

1979), PAH are not direct-acting mutagens. Rat liver post-

Mmitochondrial supernatant (PMS) is added to PAH to allow
The mutagenic

metabolism of promutagens to their active forms.

Metabolites are epoxide forms of PAH,

1345



TABLE _ 5,2

Polycveclic aromatic nydrocarbons_identified fro
coal pyrolysis T

Primary Mutagenic N-PAH S-PAH
specles species

1, Indene

2, Methylphenol
3. Methylindene
L, Tetralin

5. Naphthalene
6, Benrnzo(b)thicphene

7. Indole N
8, Cuinoline P M N
9, 2~methylnaphthalene P

10. 2-methyibenzo{b)thiophene

11, l-methylnaphthalene 3 M

12, Methylquinoline .

12, Biphenyl F

14, 2-ethylnaphthalene

15, l-ethylnaphthalene P

16, Methylindole

17, 2,6~dimethy1naphthalene

18, 2.7-dimethylnaphthalene

19. 1.3-dimethylnaphthalene P

20, 1,7~dimethy1naphthalene

21. 1,6-dimethylnaphtha1ene

22, 2,3-dimethylnaphthalene

23, 1,4-dimethylnaphthalene

24, l,5—dimethy1naphthalene "

25, icenaphthylene P

o

O

28. L methylbiphenyl
29, Dipenzofuran

30, Acenaphthene

31, C3-naphthene

32, Iluorene

3%. 9-methylfluorene
34, C2-biphenyl

35, 9-ethylfluorene
36, 2-methylfluorene
37. 9=fluorenone .
%8, Dibenzothiopnene
39, Phenanthrene

40, Anthracene .
41, Carbazole

42, 1-phenylnaphthalene

4,3 . 3-methylphenanthren® 5 y

41, 2-methylphenanthrene

M

W ooty

woad



TABLE 5.2 (contd.)
Primary
species

2-methylanthracene
QH—cyclopenta(def)phenanthrene P
9-methylphenani/irene
l-metnylanthracene
1-methylphenanthrene P
2=phcny1naphtha1ene
2-ethnylphenanthrene
Fluoranthene

Benz( j)acenaphthylene

W

. Fyrene

Lenzo(a)lluorene
Benzo{ b)tluorene
c—metnylpyrene
Cy010penta(cd)pyrene
Banzl a yanthracene
Lhrysena
Triphenylene
Methylchrysené
Benzo(j;fluoranthene
Benzo{ e)pyrene

Benzof{a)pyrene
¥=meth lcholanthrene

Libenz(a,c anlhracene

WY wd

. Libenz(a,h anthracene

Benzo( ghi)perylene
Coronene

Mutagenic
speciles

N-PAH

S-PAH

1

o



—
“J
2

A cdistinction needs to be made between the toxicity ang

mitagenicity of the pyrolysis products, since in many cases,

bacteria are lost due to toxic conditions. The assay is thus

Corrected for the toxicity of the test sample.

Derformed in the presence and absence of PMS, sc as to determine

Testing 1s

vhether direct-acting mutagens are present,

Mutagenic screening is also complicated by the fact that

0¥rolysis products contain a complex mixture of PAH, Since the

(ose-response curves for individual PAH are not linear, it is
POssible that the mutagenic activity of the mixture would not be

represented by the mutagenic activities of individual species,



CHAPTER 6
RESULTS AND DISCUSSION

% Effect of Pyrolysis Conditions

Preliminary exoeriments were conducted under oxidisine

Coh7itions, so as to ascertain PAH emission lavels, Oxidative
D¥rolysis of Montana lignite and Pittsburgh nlgh volatile- 4
Jituminous coals in an atmosphere containing as low as 6 nercent
OXyisen produced undetectable quantities of PAH (Chow, 1979).
Similar experiments utilising shale oil and solvent refined coal

(JHC-II) at temperatures upto 1300 K also resulted in negligible

lovels or paAH (Mitra et al, 1980). It appears that any PAH
initially evolved were immediately oxidised, or that the PAH

Precursors were consumed.
Dets from time-resolved studies on PAH and soot evolution is

The distance between the coal

Presented in Figures 6,1 to 6.5,
foed point and the position at which pyrolysis products are

s taken as a measure of residence time, A

QUencheq and sampled i
distance of 6,0 inches corresponds roughly to a residence time of

300 ms for coal particles in the isothermal zone of the fumace,
0 K, the yield of PAH (mg /g aqmmf

At temperatures upte 130
Coal fedq) increases as the residence time increases. At higher

temperatures however, PAH concentrations pass through a maximum
The global evolution of PAH thus

at intermediate residence tilmes.
first-order type of dependance. It is

e temperature-time history of soot

yrolysis temperature, The

Ppears to follow a

interesting to note that th
o be independent of the p

Yields appears t
e not the primary precursors for socot

implication is that PAH ar
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i concent i
ntrations are at most 10% of soot concentrations at th
2 a o

Y

tome residence time.
“he evolution pattern of PAH could be explained 1f one

|)0 .l) m; i & T q n = k-]' Py i, IIC {

activation energies. At temperatures below 1500 K, primary
nyrolysis, defined as the reaction with the lower activation
Merey, is the dominant route. PAH are evolved mainly via thermal
“racking of the coal structurs;, though synthesis from smaller
nolocular fragments is also occurring. At hizher tempersiules,
4 initially occurs in the gas phase, via

Ty e 4
Aentmiction of TAH fome
sis,

as secondary pyrolysd

£
“he route Aefined
en evolution and destruction ic further

The competition betwe

6.6 Lo 6,10, where PAH and soot yields are

tllustrated in Flgures
at a residence time of about

temperature,

dDlotteq versus furnace
s studied, PAH yields follow

range of coal
ion at 1300 K. Tn

peak in Pl evolut
entration lies in a region

The trends reported

300 ms.,  For the wide
There 1s 2

ecline in PAH con¢
asymptotic vailues.

o that from studies on pyrolysis of n-tetradecane
tion (Vranos and Liscinsky, 1983). Here
peak at about 1400 K, PaH

the same trend.
Most cases, the d

“here soot yields appreach

here are similar t
in free droplet vapouriza
n was observed to

ation pefore ap
oty of coals show a similar

also, PAH formatio

Attained a maximun concentr preciable soot formation
s from a vari
st et als 1983 ).

road categoriest thermally

Sccurved, Tar yield

temnerature dependance (Freih
jed into Two D

roactive (vide

psH ayolution
e thermallV unreactive

PAH may be divi
Chapter 4,1 and Lewls

teactive and thermally vn
. at 1300 K could
na Eqgtrom, 19637 The peak 7
med that th

thon he gynlained if 4t 18 @59
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‘Q bain Soruc {
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- STtudi 1 i b Se d on el emern tL"—' al al) s -
dlEd in L.h].S wo r‘l{p a 1 & 4 S . 11
R - oo 1 S Q Vv StILlCtU.Ie 1N 3¢ a
¢ 1 0N th@ (...bo e model hd I‘i ®3 . h i td .
17 ) - QR-CoRy t c ' 1Q e ’
izt » C)‘f'- arom: i'. ['i (S5
=~ rf n3LT1c n(’;s Del" ave]”")p‘e ST tu.fal L!niC arn } t}]

L aliphatic hydrogen present, The protocol for these

C"':L:LCU sy da
1l %tions is based on the method followed by Suuberg (1977,

A

:.‘i'[d l[_;
outlined below for the case of the Pittsburgh high volatile-a

O tyypm s
L t.um_]_nous coal.

| “rom Figure 2.2, the aromaticity of the high volatile
Di‘q‘l.. .
“ifous coal, corresponding to a carbon content of 85.86{% (dmmf)

is ¢
L) 7 . . . Y
The distribution of aromatic and non-aromatic carbon is

o-’4‘4n
IPQSO -« . . i
“Hted in Figure 6.,11. The XRD data (Cartz and Hirsch, 1980)

‘@Vitable, as Brooks and Stephens (1965) question Hirsch's
M the s i

d of analysing the X-ray spectra. Arometicity values obtained
% 1,

"irsch are consistently below those reported by most other

ln
Ve o
“Stigators, As can be seen, the average size of condensed

Arain- s

“Mitic systems increases steeply at carbon percentages greater
th- .
tan 95%., From measurements of electron mobllity in anthracities,

V: .
1 Krovelen (1961) offers the following average cluster sizes foT

Ath
Facites:
Average Number of Atoms per

%G aromatic Cluster ( N )
91.7 40
93,7 “
94,2 0
95.0 37
> 60

96,0
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“rom rigure 6,11, the average number of atoms per aromatic

Cluster ( N ) for an hvAb of 85.86%C (dmmf) is 18. The value for

the snthracite is taken to be ~ 55 corresponding to Van

fravelen's (1961) data.
Then, the carbon atoms per average structural unit.

C = N/fa = 21.43 for hvib,
averare structural unit, R is obtained from the Ring Condensation

It should be noted that for the hvab

The total number of rings for an

It

Index data in Figure 6.12.
aNnd nvbh cozls, a weighted average of RCI values obtainzd from the

Micrinite and vitrinite curves has been calculated, relative to

{te maceral fractions in the coal. when this

Merinite and vitrin
followed for the low rank coals, R values so calculated

@proach is
Wrear to be higher than is likely for such carbon percentages,

For the anthracite, all three curves COnverge. It needs to be
re are inherent dangers in visualizing

®Mphasized again, that the

navarage!! condensed structure; these have

onomers comprising an

2.2 and 203'
Peen giscussed in Chapters R =S (RCI)+ 1 = 5,0
poab coal = 0,382 and R = 3 = 5.09.

Thus, RCI for the
- ¢ structures, the conclusion
ince N = 48 implies 4 TinE aromati
ring content,

c
s that the hvAb has some non—aromati
enollc hydrogen co
Ab cozl of 85.86% C (dmmf), work

ctively. The aromatic hydrogen

4 oh ntents are obtained

The aliphatic and b
from Figure 6.13 and for the IV
out to 477 H/C and C.OA3 H/C resPe

Content 1g then given bY
H

36 ~(0,477+0,043)=0.316 (6.1)

e Hal , OH ) = 0.8

far _ migtal (g4 )
nrdrogenating hydroaromatic structures

. arbon atom

By catalytically ©

berated per €
in coal the number of hydrogen atoms 11
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FIGURE 6.13
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been obtained (Mazumdar et al, 1962; Reggel et al, 1968)
, and
From this plot, a value of iHA = 0.21%

as

is nlotted in Figure 6.14,

-Lu Ob bl =
taired, implying that roughly 4 to 5 hydrogen atoms \ould b
] | e
eleased per average structural unit, for the hvAb coal
he distribution of aliphatic hydrogen between CH, CH_. ang
 J
2

Cif
+ grouns 1s of interest to ascertain the number of bridges., Thi
° 15

distribution data is obtained from Figures 6,15 and 6.16 and is

TV e
fourhly as follows:

H H
CH CH
_..C__g.-_-o.25l; " _5—5-:0'10
H H
H y CH CH
Hog _ Hal _ (o2 4 2 )
C C C C

o 477 - ( .254 + .100 ) = 0.123 (6.2)

gen represents that

Lt may be assumed that methylene hydro
It is then seen that the number of

Dresent only in bridges.
his

Methylene hydrogens for the Pittsburgh hvAb is 3 to 6.
2 to 3 methylene-type bridges in each

Implies that there may be

Cluster,
proportions of oxygen,

n found te contain small

phenolic hydroxyl,
) and ether groups.

Coal has bee
carboxylic acid (salt),

Primarily in the form of
These are

Carbonyl (such as quinone-type
®stimatedg from Flgures 6,17 and 6.18.

arameters which haV
From this table 1

h repeating und®
e 1lignite "monomer"

e bheen calculated are

The various p
+ can be seen that the

Dresenteq in Table 6.7.

or "monomer"
Number of aromatic rings in eaC
ne coal formation P

the subbituminous tw

Incregges during © rocess.
c g
o to three, the high

has one to two rings,
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TABLE 6.1

sl _parameters for cozls studiz

P —— e —
20, ,”':" s Fleley Mals thb_‘__.____r}rf:h an
Lo iromesicity, £ .589 L706  (8L0 923 977
2 Aromutic cerbons/ 7 12 18 24 55
C.T1lc- -‘rn ﬁ
--'jO C::\llb(}l.l C; ‘COD’IS/&VQTQBG 11.88 17000 210 43 25)-075 56929
structuyral unit, C
(c = N/f,)
4, Ring Copdensatlon 0 500 » 340 . 382 o 75 . 710
Infir_e}:: "(EI
(keI = 315354 )
0 6, 40 20,98
5': lo-td’l I‘lﬂ{:’Q//DVLr'a&e 2.& 509 501 3
‘DLL|(‘LUF 1 LJ'I.Ltg o .
G: I'O o / Ve e 2“‘3 3—14 5_6 bv? 20”21
. ringa/averes .
Structural unit
_ A L5 14
" Avometic rings/average 1-2 23
3trie 'z anit
\ rictur =1 ...II"‘.J- 5 50 0477. °31 0000625
el H., /2 (Aliohz‘;tiC) .- .
L.-.l + - l‘:ﬁi{ 0092 O
781 0909 0 &
a) Hoy /C .
2 110 110 .00 058 0
b) Hoy /C :
3 1 0123 0160 0
e059 002
) c) Hqy/C 5 530  «213 »117 0
Ie 02 ¢
H=-hydroaromatic(Hm/C) 087 L0L3 013 0
lo, Pheno 0o /e ,113 ’
nO_iC, OH 167 . 316 92!“!‘6 021575

g /e (vy aiff) -42o

Aromatic, H.p
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Volatil ' i
tile bituminous four and the medium volatile bituminous four
ou

The anthracites with aromaticity values greater than
0.9 . o
7 annroach the highly condensed structure of graphite

reasonable assumption may then be made that coals of

I

ai —
fferent ranks should evolve different types of PAH under
con -4 4+
Nitions which favour thermal cracking of the parent structure
Tug 14 | .
Us 1ov=rank coals should evolve PAH with at most two to three

fuseq aromatic rings whereas high-rank coals such as bituminous

70Uld 1iberate PAH containing four rings or more.

S and soot ylelds are plotted versus the percentage of
gures 6,19 and 6.20. A

) present in the coal in Fi
MS is presented

®arbon ( Anm
"®presentative analysis of pAH identified by GC-
+ conclusions may be drawn,

t coals is very similar, However,

The chemical

in Tapie 6,2, Two distinc
YWpes of paH evolved from differenl

the total concentration of PAH and soot formed shows a distinct

trendv in the following descending order:
> medium volatile bitumlnous >

High volatile bituminous

Subbi”i:uminous:“) lignit9:>’anthr

This trend can be observed pict
£ the PAH evolved
00 ms (Figure 6.21).

aH evolved are not simply as

There 1s

acite
orially by examining the gas

quring the pyrolysis

chrOm&tographiu spectra ©

°f various coals at 1100 K and 3
nt that the P
e in the coal
resultl
This conclusion is

stmctul"e.

Tt is thus evide
ng in a product

A resylt of bridge cleavag

free radical synthesis taking P
n ring compoun

Spectrum of two to seve
orie

Strengthened 1f one examines the the
As already d

Simple fuels in flame Systemso | -
ikely that ring fragmentat 0

lace,

g of PaH formation from
1 scussed 1n Chapter

of aromatic

3.1, it is very unl
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TABLE 6,2

evolved (mz/g coad

Polveyclic aromatic drocar
rolysis at 1250 K, 300 _ms

during coal DY

PSOC 997 ML,
pittshurgh Montana
hvib Lignite
1. Tetralin . 1487
2. lNapnthalene 1.4360 .651.2
3. Penzo(b) thiophene 1341 .1528
4. 2-methylnaphthalene 8571 .0223
5. l-methylnaphthalene 8260 °2127
6. Biphenyl ,1192 .0363
7. 2.3-dimethylnaphthalene °&95g
8. Acenaphthylene -885
9 1579 -1091
» Dibenzofuran
10, - 3870 0224
+ fluorene ’ 555
11, gapmethyifluorene o>
12 meeny L uore .375‘7 .1220
) o 2~methylfluorene 2502
3, D °
W D‘ibenzothiophene 1308 ,088h
» Phenanthrene 43 L1241
15 ,1439
» Anthracene
. 2-methy‘1an'thracene LOlUbl:
17, l-methylphenanthrene 3065 0555
18, Cyoyopentaldef)pnenantirene 1907 1731
19, Mluoranthene .1953 L1173
20, Benz(j)acenaphthylene ’3526 ,1600
210 Pyrene * .0897
2, Cyclopenta(cd)PYrene ,0851
3. Chrysene - 2485
;&u Benzof e)pyrene 0805
5, Benzo(a)_pyr‘el’le 2029
26, Dipenz(ah)anthracehn®

PSOC 869
Primrose
Anthracite

.1109

1238
L0613
0917

,0139
0343

,0768

.0361

0230
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1s is taking place in flames specially when the fuel contains
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or more aromatic rings. Ring fragmentation appears even more

in-.’ - -~
nrobzble for the case of coal, where the weak aliphatic bonds

1inki;
nking the resonance stabilised aromatic “"monomers" would be
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tikely to break first.
fn important difference exists between the types of PAH

®Volved dquring coal pyrolysis and those emitted by other fuels,
Coay mas . .

oal PAH have a greater proportion oI alkyl substituents, specially
and liquid fuels

ethyl ang ethyl groups. Simple gaseous fuels
and Liscinsky, 1083) primarily evolve

engthens the hypothesis that
~ result of free radical

(=N

S
Uch as tetradecane (Vranos

non“alleated PAH., This further str

PAH are evolved as
gments (analogous to flame
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t the greater the aromaticity
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processes)

S¥athesis from smaller fra

A 9150 as a consequence of bridg

Tame studies have also shown tha
greater its tendenc
tudled increases monotonicall
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y to evolve PAH and soot,

°f the parent fuel, the
y from

The aromaticity of the coals S
O 589 for the Montana 1ignite to 0,97
this order, as can be

lution peaks at

Seen fI‘Om Figures 6.19 and 6.20.
corresponding to the

- intermediate value of about a6% carbon,
flgh volatile bituminous coal.
Solomon (1984) establish

tar yield and the aliphatlc hydroge
However,

ed a girect relationship between
n content of the coal, for
such a relationshlp does

ysis in an inert

Conaitions of vacuum pyrolysis.
jcate, the ability

condition of pyrel

Aot aopear to neld for the
studies also ind

mosphere, AS Solomon's (1984) i3 the most
on species 8

°f a conl to yield volatile hydrocarb
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Imortant factor governing the evolution of PAH, A distinction

Neegdg +
eds to be made here between volatile matter (VM) commonly given
a5 a nroperty of coals according to standardised ASTM procedures

s the volatile yield. The volatile yield comprises that fraction

A
0f the volatile matter which is of a hydrocarbon nature, Ihis

“raction is manifested as tars and PAH Low rank coals such as

.t. y ) i . s ~
he 1irnite and subbituminous exhiblt low
“hizgh fraction of the volatile matter consists of low molecular
ted species such as water, carbon

“eight hydrocarbons and oxygena
1978), High rank coals

oNoxide and carbon dioxide (Suuberg et als
sistant to thermal breakdown,

Such as anthracites are extremely Ie
e crcsslinking in their highly

Presumably because of the extensiv

The greatest yields ©
where a major fraction of the volatile

aromatic structures. f PAH and soot occur
.rl
from the bituminous coals

to be present in
1978¢ Solomen,

& 4 form of hlgh molecular
“Pecies is known the
1984) .

veizht taps (Suuberg €t al,
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ical characterization of the pyrolysis
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e their health
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pnasis of tnis thesisi the primary

effects, Assessing th
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ays conducted ©
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TLBLE 6,3

ic hydrocarbons evolved

coal (1250 Ky

@ﬁéﬁﬁnicitv of polveyelic aromat
durins the nyrolyvsis of Montana Lignite
T7ith DNS)

dentana Lisnite, 1250 K. 300 ms )
So0t % Char 100e/m Wt % pM  Mutation x 107

L, 3ameti : 2.1 1 -~
nethylbenzogquinoline .
§' *luoranthene 3*2 %g 45:0
“a byrene 12—0 3 1700
5" Cyclopenta( cd)pyrene 1°g a “5°0
6. hr‘ysene 5'3 21 2.0
i Benzo(e)pyrene 570 13 1.0
3 ° -methyl cholanthr‘ene 6 ‘6 32 30 .0
* Dibenz{ac)anthracene . 5
97 x 10
Sum Mutagenicity a7 % 10°
Observed Mutagenicity
#
5
- , WM Mutaticn x 10
, 4Dz 100ug/m ‘”"2;6 .
2‘ \'Juinoj_ine :26 1.9 -
3’ ?“methylnaphthalene 45 3.0 l°8
Q' 'Censpnthene 73 3.8 1.
' l-methylphenanthrene b 3.7 =
* Pyrene 105
2 x 5
Sum Mutagenlcity 2 x 10
Observed Mutagenicity
———————
My
~Wtana Lignite, 1250 K. 2 G % M Muationx 10°
XAD o 1.0
, =R=2 100pg/nl 1.3 12 1.0
2° Quinoline o9 1 1.0
3" lemethylnaphthalene 7 it
' YiCenaphthene 3 % 10?
3 x 10

Sum MutageniCi?Y
Ohaserved MutagenioiLy



T -BLE 6.4

M

——

Montsana Lignite, 1500 K, 3C0 ms

J4Dw2 300 Pg/ml Wt, %
1. Quinoline .07
§- 2-methylphenanthrene 0.8
j* l-methylphenanthrene 31
» Fluoranthene 45
5»3 pyr’ene -5“
Sum Mutagenicity
Chserved Mutagenicity
dontona Lienite, 1500 K. 225 mS
) "__. O In_l lljt. 96
: AD=2 30 yg/ 475
5° Quinol ine '10
3 Cyclopenta( cd)pyrene ‘06
» Chrysene ’

Sum Mutageniclty
Ohserved Matageniclty

dontana Liznite 00 K 2 £, %

i 1.2
%“ 2-methylphenanthrene 15
3’ 1-methylphenanthrene 15
;° [luoranthene ‘3
5° Pyrene 5%
g° Cyclopenta( cd)pyrene -~
2° Benz(a)anthracene 3%
¢ Chrysene .
Sum Mutagenioi v
Observed Mutagenicity s
t, %
- /ml w .
1 pie il 2.1
« Quinoline '8
2, l-methylphenanthrene "L
2' Fluoranthene '3
» Pyrene 15
5. Benz(a)anthracene sty
Mutagenic
- genicity

Observed Muta

Montana Lignite

t
during the pyrolysis_of I
) R

coal (1500 K!

Mutation x 10°

3

Mutation

0.5
o0

205
9

1.0

2

1,0

2
0

x 10°

2genicity of polycyelic aromatic hydrocarbons evolved

Mutation x 105

3.0
2¢5

21,0
21,0

—al

5
3

4,0

6.5
3

x 10
x 10

5
5

Mutation x lO5

13

2.5
2.0

4.0
8.5

x 10
x 10

5
5



TABLE 6.4 (contd,)

Yontana Lignite, 1500 K, 75 ms

uM  Mutation x 10°

of

Char 100 pg/m W, % |
:7;. Benzo(b)fluorene 9.7 47 14
<+« Benz (a) anthracene 2.9 12 &

5
Sum Mutagenicity 18 x 10z
Observed Mutagenicity 5 x 107

10°
Soot: 150 pg/ml Wt. % pM Mutation X
1, l-methylphenanthrene 2.2 17 4
2+ Fluoranthene ) 6 =
¢ pyl"ene 2.1 16 1
icit 5 X lO5
Sum Mutagenicity FEET:

Observed Mutagenicity

3
[



TABLE 6,5

Yutarenicity of
s LG 1) ’nolvcvgljc aromatic hyvdrocarbons ev
urinz the pyrolvels af Priprnge Anthracite coal 1§ége§)
£30C_869 (Primrose Anthracite), 1250 K, 300 ms
XADw2 100 pg/ml it. % pM  Mutetion x 107
%- 9uinoline 022 1.8 -
i %nmethylnaphthalene 722 5.1 1.0
d- foenaphthene .82 5. b 1.0
i l-metiylphenanthrene 42 2.2 C.5
-60 E\’YI‘QI‘;Q .22: 193 -
+ l-methylpyrene -1 7 =
7. Chrvsene 7 JSh 1:5 -
Sum Mutagenicity 2.0 % 10;
Observed Mutagenicity 21 x 10
Inls]
280C _gpa (Primrose AQtQR&EiEﬂthéﬁﬁLﬁL—zgi-mg
AD-> 500 pa/m. Ve %  pM  utation X 10°
%. Quinoline 7L 12:% %’g
2, 1-ge thylnaphthalene 79 Yo 2.0
L Acenaphthylene ‘gg L.3 1.0
5. Acenaphthene N 8.5 1.5
6. E«methylphenanthrenﬁ '50 7'5 >
Sum Mutagenicit 39 % 107
Opeerved Mutasentctty
——t—
” K 0_ms
P\SO—C 86@ (Primr‘ sé A rac ; Mu*"’tion % 105
W+ =
XADw2 100 pg/nl N ; ’,;Mj =
§° Quinoline 229 3.9 143
« Acenaphthylene ok 1.6 -
g Acenaphthene 71 3.5 =
5" Pyrene 62 2.7 Le0
» Chrysene 2.5 X 107
Sum MutageniCitY 14 x 105
Observed MutageniCitz,__a- -
Dorm o) 2 O ¢ =
500 86 Primro Apthre Wt % IUM Mutation X lC)5
éo (uinoline .60 3.1 1.'.0
3-0 2-.me-t}1ylphenanthreﬂe 7.00 209 a— \ 5
« Pyrene %’0 f ;05
Muta enicity 1 ™ =
un p jcity

Opserved Mutagen
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(Fitra et a1, 1982). An expected mutagenic activity is computed by

Surnr }

Wining the individual mutagenic activities of known mutagenic

In the majority of cases, this tallies
The

PMH present in the sample,
Very well with the experimentally observed mutagenicity.

Mutagenicity was accounted for mainly by fluoranthene, cyclopenta

(cq) vyrene, acenaphthylene, acenaphthene, quinoline, pyrene,

cthsene, alkylated naphthalenes and phenanthrenes, Significantly,

ben 5o (a) oyrene, reported as the primary mutating PAH in several

farlier studies, contributes insignificantly to total mutagenic

lOadingS.

The attempt was to look for
This would be manifested by an unusually

any unusual mutagenicity in

the pyrolysis samplese.
lapge discrepancy between the expected and the experimentally
1e, where the cbserved mutagenicily

bserved ymtagenicities, for examp
This has not yet been

1s huch Jarger than the expected value.

ObseFVed in the samples tested so fars
have beel plotted versus pyrolysis

Specific mutagenicities

s studied (Figures 6.22 to 6.31).

“emperature for the five coal
C mutagenicities have been calculated per unit mass of

of tar (matar) and are defined

e specirt
Coal (macoal) and per unit mass
6.5 (pBrauls
n is plotted as
ample and leve
fidence levele.
ussed garlier.

MLy J .

tiztions 6.4 and
a function of the

The mutant fractio
°°n°entration of the pyr01}’Sis 5

1on at the 99% con
ns have been disc

15 determined for

Procedures for

Slgni ficant mutat

Ne
asuring mutant fractio nse curves is then

- o
The maximum S1OP€ of the dose~resp

fraction (MF) (6.3)

)
le (_Egsééﬂﬁig)

0btained,
Matant
entration of samp

Maximum slopeé = cont
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taximum slopes are obtained for both gas-phase PAH and

nla}
for PAH cong
condensed onto soot particulates. The two slopes are

“ el

“eip T .
fht-averaged (Vornat, 1984) for a given coal sample to obtain

® Specific mutagenicity.

q'\.
“r.' < o
42, for M8tar
MEF = ml )

Sbeci fic
mutagenicity ( 2g tar
MF —ME_
g tar ( ns tar)g + _pg tar ( pg tar),
ml ml

( Mg tar)g v ( ne tar)s

. UF - ml 1000 pe (6.4)
g tar Comg
ere the subscripts 'g' and 15! genote gas-phase and soot-
D <
‘ha”e PAH respectively.
ities per unit weight of coal

(b) To obtain specific mutagenic
ific mutagenicity per weight of tar 1s multiplied

Laq
4 () the spec
ds. Thus, M8,541

by
" the appropriate pAH ylel

S . “ 1.
Peciric mutagenicity z coal Fod &
o= ML ng _af e (6.5)
g sl ey fed
- mg tar * g daf coal
rom the mutageniclty

may be made f

ming the mutagenic activity
e

Certain observations

rveg (Figures 6.22 to 6.31) conc

0
¥ the coal pyrolysis tars’
(i) Effect of Pyrolysis Temperatur’e o
' re, & e
rticula?r furnace temperatui€r e
e oo ter specifliC mutagenlcitles
greatel’ =

4 3 ibit
YTolysis products (+ PM3) exh
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than aj
> direct- " - +
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Deg; .
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Murther the trend in ma
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a-nd mat
ar
Bar

:n P",..H AP
vield versus temperature (Figures 6.6 to 6.10)
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U ODsSAYrvs C
bserved to peak at about 1500 K.
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) Effect of Residence Time
e, it is cbserved that

my,
Tricugh the data here i5 nov complet
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N o~
" 8eneral both 1 6 2 .
: ma ang ma, are higher at onzer resi
coal ! ar & 2013 csidence
the hvAb coal, the maximum ma, .- md m
CcCOo3L &tar

fim
T2 . Ho tReRVED 3 fO I3
at 1100 kK

“U¢ 0Ctained at a residence time of about 225 ms
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Jerature, At 1500 K,
peclflc mutageniciti

'to N .
that for PAH yilelds; both S

1 @ maxlmul at 150 ms.

Con .
Centrzations attall

(i44%
11) Coal Type Effect

Both ma, el and ma, .. exhibit the following order of
> anthracite.
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qa the 1ignite.

minous
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The above order 1s
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ot yields (per

1
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Tt i i
1s interesting to note that the order of specifi
C

“Riazoniclti y
alde i z
& ties roughly pvarallels the lewels of nitrog
en present

- L;h 3 L y S 3 9, I-_)O S I t Jlas beel] lj ] l'
G -

| 1977 ) that higher nitrogen levels in fuels could lead
O Creater mutagenicities. -

(iv) Direct-acting Mutagens

These are defined as mutagenic species which do nol requi
- qulre

actiyoe
tivation by PMS and are denoted Dy '-PMS' in Figures 06,22 to

such mutagens have been observed In diesels, oil
-~ D I.IJ’

“31, 1111 now
mbustion in a JSR (Nenniger, 1983),

“Urners and from toluene cO
It i5 clear, that direct acting mutagens &are produced from the
though at differing ratios to the IS
m the low rank subbituminous coal

It

£
ve coal: pyrolysed,
3Ctivity, Tars evolved fro

shou, greater direct activity than
ting mutagens are detoxified by

when activated by PMS3,

oulq appear that the direct=-ac
tho pI/IS, together V]ith a sj_multaneous aC'tiVa'tion of the PAH
For the 1ignite,

es is very 1ittlie
, and high pyrolysis temperatures,

the difference between =-PMS

(Nenniger, 1983).
under conditions of

Mg +pMS mutagenic activitl

“hort pesidence times at both low
er oxygen contents than

Both these coals have considerably high
pears that such low

the other three high rank coals., Thus, it ap
s tting direct 2

Tank cogls would Dbe capable of el
which would not need to be gctivated

cting mutagens

Such as oxygenated PAH,
nds in specific

1 human systems.
The high correlation observed between tre
olysis temp era

Mitagenicity and in pAH yield with p¥yr
uncertainties in

considering th

ture, 18
herent

e experimental
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racy of the results discussed earlier in Chapt 6
ers 0.1

~

ana 6,2,
I'r* ' . fmd
L nhas also been observed that higher molecular weisht
o - e F2A -l

Comno 3 e
oounds condense preferentlally oato the soot during the
Coon : . !
ling and collection steps in sampling, especially at lower
The majority of the lighter species

“hperatures (Figure 6.32).
b
S-ring) are gasborne and are collected on the HAD-2 though

SISI/IP >
2 of the more volatile high molecular welght PAH3 are a2lso
This stratificatiocn of PAH

o
und on the XAD-2 (Figure 6.33).
since a majority of the highly mutagenic

51 ¢ .
“e 1s significant,
%)
PeCies are found adsorbed on the soot, which can be respired and
The sharp transition from compounds with

Ca
N lodge in the lungs.
d into the XAD-2, to those of 3 to 7

tions that a sequential
with an outer layer

leg
©S8 than 3-rings condense

r
gs on the soot, confimm expecta
will occur on the soot,

C
Ndensation of PAH
" lighter molecular weight PAH condensed onto the heavier and

I
Ore mutagenic PAH,

6-.[ )
¢ Comparison with Field Studies
studles are comvared with

Data obtained on coal pyrolysis
ker coal-fired boilers,

m residential sto
wood=-fired

fired power plant,
ed 1in carlier studies
(neavy and 2,921
al, 1981) are

Py :
¥ emjisgions reported fro

c
hain~grate stokers, a coal-
pAH measul’

i

lreplace and baffled stove.

Using the 1iquid fuels so1vent-refined coal
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1.9

In general (Table &,6) the production of PAH during coal

Dyrolysis is 2 to 10 times greater than that reported for small

Nord-stoked residential boilers (Giammar, 1976), 107 times

Sreater than an industrial stoker, and 10° times than a large

Utility boiler (Zelenski et al, 1980). From the pyrolysis of
Tzl o0ils, PAH productlon is about 103 times greater than that
renorted in exhaust emissilors from the 7 M.W, M,I.T, C,R.T,
1980 ) and about 'IO4 to 107 times greater than a large
(Table 6.7)»

importance of the burnout process

(Beer‘g

0il-fired power plant

This establishes the
from the field units and confirms

in egtablishing emission levels
ing the pyrolysis stage for detailed study

the validity of choos

O PiH emlssions.
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_TABLE 6.7

Comparizon of FUA evolved (ng/J) during the

Zyrolysis of sore liguid fuels with that
_emitted by field sources

Mo.I,T, CRF {1iM)  —

“Jilstince irom OIL s X o I 8
8z Burner Nozzle FIRED SRC=IT IiDO-""SRC-If
L An/T) Gub6 m 4,42 m  PONAR (2.9:1)  MALAY  (Heavy)

S~ PLANT
\"“ﬂ_

AN thpen o/ 5.02 485183 7.45x10%  7.78 10,9 9,24

LI r',"\C éne

\\“\

'.-‘-‘:"-r“. 1 - -L" ° =
“Ylohenanthrenes/ - - 0.735%x10 - 24,4
"'“Illj'r’-Cen.?s

] _ 18

TNt ane 1.16 2.98x100 0.34:15°%  2.62 16,85 1.3
| \\‘
| \‘__ — e -
=3 - - ,88
Jl "Pene 2.16 3.29x1070,18a07% 3,38 G2 2

\\\\ . -

Sty 1,98x10° 0,215 % - - -
M Yibyrenes/ 0,92 0

“Oranthenes o
";53'1,, - 0.35x10~7 3,55 - 0.25
o, ‘(f’-n e/Triphenyl ene/ -
. “\a) anthracene .
| \\" _
1 —— 7. 485107 0, 7510 7 sm - 0,12
II y n_.;(')(?gpyfone/ 00_79
(a Py rene -

28 Fl .‘:U@l
.E inClL. eS ET‘)&



-

w
S

CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

‘o major results are summarised below:

amounts of
nd soot vroduced refect the complexitly of the

U
=
I
P

Parent fuel. Thus the concentration of PAH evolved,

in descending order i1s:

iligh volatile-A bituminous > Medium volatile bituminous >
Subbituminous > Lignite > Anthracite

The production of PAH is determined by the competition
betieen evolution during the primary pyrolysis of coal
“nd destruction via secondary pyrolysis in the gas phase,
As a consequence, the total PAH yleld peaks at a
temperature of about 1300 K, regardless of the type of
coal being pyrolysed.

500t yields tend to increase with temperature, finally
approachiang asymptotic values. A fraction of the PaH

act ag precursors for soot formation.

The primary production of PAH during pyrolysis is g
factor 2;?6 times greater than that reported for gpa1y
hang-stoked ecombustors and 105 times that obtaineg from
large coal-burning utility bollers. This establigheg

the importance of the burnout process in determining
levels of emission from field units.

The mutagenic activity of most samples could be Correlateq
well with the sum of the contributions of the indiviguaj
compounds, with fluoranthene, methyl=phenanthrenes ang

cyclopenta(cd)pyrene being the major contributors.



~enzo(n) pyrene, generally reported to be one of the

nrin ry mutagenic species, contributes insignilicantly
to the total mutagenic loading.
-y weilght compounds condense preferentially

1

2
-

or molecul

i-n
~at
[

({

The difference in

cnts thne soot during sampling.

c mposition of the soot extracts and
eflected in the mutegenic activity,

g,

gas--phase

constituents is T
pAil emissions are sliown schematically

+3

pProcesses that lead to
e PAH may be formed by the t!

rolysis (the top branch) or

r woight hydrocarbons
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.ormal brealkdown
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% Figure 7.1. Th

the coal molecule during pY
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he volatile productse | 1shed that PAH burns out in
1
study
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pPAH evolved during partial
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cting mutagens and do

the presence of 0Xygens
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, small amounts of oxygen would bhe introduced
#ith the inert gas steam in the pyrolysis experiments, and

the nroducts quenched and analysed. In the second approach,

3

ducts of pyrolysis in an inert atmosphere would be quenched

ol

r

0

with a cas stream contalning varying amounts of oxygen and
nreheated to different temperatures. The pyrolysls products

would b= cxposed to oxXygen concentrations increaslng linearly

with +ime as the temperature decreases at a controlled rate.

This apnroach would simulate the quenching of pyrolysis
Nl L

broducts in a practical system as a consequence 0f localised

co0ling by the entrainment of air,
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TABLE B,1

E:‘J‘ ] = 6
Cmicsion factors (ug/10 " BtU) for Benzo(a) Pyrene and

tots] PAH emitted by a_vari
a-vepiedt of environmental sources
. - Estimated Esti
Source e on  Paf emtoaion o Eese
— _%233/ . rate aP
: 10 )
ieat Generation pe/10%BtU)  ( pg/10 BtU)
Coal
Residential
a) Hand-stoked 1,400,000 17,111,130 12.2
b) Underfeed lilt, 000 696,249 15.8
Commerclal 5,000 6,250 1,25
Industrial 2,700 35 309 1.23
Electric generation 90 991 11,0
011 200 1462 7.3
Gas 100 2964 29,64
( Pg/ton) ( ps/ton)
lefuse Burning
Inclneration 6
00 72
o) Municipal 543 ] 632’473 14,1
00 ’ 27
b) Commercial 310,0 ’ 7.8
(QQQLBum;ng
Municipal refuse 310,000 4,096,165 1302
a) p 000 3,558'257 1105
g 5109 e 8
p) Grass,1eaVe .2 x 10 5.6
onents 26,000,000



TABLE B,1 (Contd,)

217

Estimated

Lgtimated total

Total Pal

ollnea
Ba emission  PAH emission
————— = rate rate BaP
| ( pg/bbL) ( pg/buL)
industrieg ;
“etroleum Catalytic
Cracking Process (catalyst
regeneration
2CC
a) iic CO boiler 240 28,382 118, 3
h) “ith CO boiler 14 233 16,6
HCC
@) no CO boller 218,000 1,134,902 5.2
b) with CO boiler 45 +36 9.7
TCC (Alr Lift)
137 '
a) no CO boiler 90,000 732,127 8.2
5) with CO boiler <4 B -
TCC (Bucket Lift)
31 458 14,8
a) no CO boiler
< 31 > -
b) with CO poiler i
50,/ue/ ton 3733 /pg/ ton 75
Asphalt road BiX /¥ 6 .
104/ g/ ton z,808x10 Pg/ton 381
Asphalt air blowing s pa/eal)
"Qb“ e 50”2233
Gagoline 170 4,811 28,3
putomobiles 71460 25,300 55
Trucks 690 - > 55 (assumed)

Mesel



and oathracenes, I
, acenaphthylene, acenaphthene, cyclopenta (ecd)
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= —
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TABLE B,2

zstimates of annugl FOM emissions by _source tvpe

T een Estimated Percent of Estimated Percent of
= annual POM  total POM annual FOM  total PO
J:‘C_e tyne 7 : 3
L/RE emissions, emissions emissions, emissions
metric from all metric from a11
tons sources tons sources
~i— (1980) (1980) (1967) (1967)
““Sldential heating
*00d-fired total 3,837 38.2
~Lrimary heating 1’38—2
sauxiliary heating 2’3';8
Corrreplaces 102 1.0 5033 77.9
"val-fired 7.4 < 0,1 75 142
*¥1l~fired 5.8 < 0.1 14,5 02
° 3= Fired °
.
“Pen burning sources
aAgricu_thural open 1,190 1.9 o
burning 1 071 10,7
“‘Tescribed burning 1’ i78 14,7
"Orest wildfires 58,5 0.3
*-0al refuse plles -
“hand elepring waste 171 é“g
Purning 86 °
"Tructural fires
hl1e sources 1.5 263, 4 3.8
8 2.
fagt 2,160 2 0.1
PO gmpasoline 1.2 70 110 1.7
*tosediesel 103.5 ’ 550 8.5
nlucks—diesel
_ ‘" *Mcks-gasoline 6.3
Ol 632
_"® proguction
i
Nstry a1 potlers 0.7 701 11
v ©.0 (0.1 529 05
'uoca 1'3 < 0.1 o
'(‘l-’-l 2.1 0o
QG.!‘ 2 < *
l‘_ac 1 . < 0.1
*00d/bark 0.3
*Bagasse
. 1.4 - 02
“herators 0.3 < 8-1 133, 4 2,06
55.8 )

Unlcipal
"“Ommercial



TABLE _B,2 (Contd,)
Estimated Beroent of  Lstimated  rercent or
. annual POM  total POM annual POM total FPOI
“Surce tyne emissions, emissions emissions, emissions
metric from 211 metric from all
tons sources tons sources
o {1980) (1980) (1967) (1967)
“Gility boilers
0.1
oz 12.9 °
oO'i:El 0’3 < 0.1
oG;S 0.3 < 0al
< 01
Carbon black 31
Charcoal aanufacturing
mcontroled DRWR o <OV
«Continuous furnace 0.7 < 041
rreductiol
Asphaa 4 »roduction < 0.1
b 0.2 2 0.1 ,01229
©aturavors 0.2 s 0.1 AR
» Ly plowing 3,9 R
oot road mix
B g < 0.1
a%".lum chemicali - yiin) 0.3
Slacl sh ro cal >
_ ack ash 1612 2.5
~g
“irnleum cat Y
Packing 0 4ok
10,03704

To bal
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| s = er.

comparison between th
I e 196 1 .
N 967 and 880 Projected
ot i

val emissions of PAH 1ig presented in Taple B.2 Ther
. Je B2, 1ere
LS 8 rermarke ] i i

“hnrkable shift in the estimations fronm residential

Aenting sources.

Coal-fired Sources dominated in 1967
?

whereas wood~fired units appear tu be the hore important

Source now.,

It is clear from both the above estimations that

Contributions from potentially important sources including

Natural sources, future energy sources (for example, coal

g€asification), alrcraft, motorcycles, coal tar production ete

have not been made.
An important contribution is that from cigarette

Smoke, From studies on GC~MS and proton NMd of tobacce
Smoke condensates (Lee et al, 1976), 1t 1is observed that the
total emissions of PAH are 1,922 mg/100 cigarettes, Thus,

an average smoker who goes through 20 cigarettes a day can
expect to take in 0.4 mg of PAH, not to mention other
mutagens such as aza-arenes and NO,. If one 2ssumes a heating

value for tebacco similar to that for wood ("~ 4300 Btu/kg)

5
one gets an emission factor for PAH of roughly 5x10 g

same order of magni
PAH/106 Btu., This is a figure of the sa gnitude

s observed in highly polluting residential
Since a small fraction of the

s the emission rate

hand-stoked coal~fired units:

d escape in+t
total PAH produced by a burning cigarette woul p o

garette smoke may well turn out to be a

the atmosphere ci

: o
major 'dark horse' in the PAH sweepstake
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\ C |

) The use of elemental ratios from a point source to
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egtimate
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(a
) Statistical m
vidual PAH concentrations and

ations and factor analysis

Lee et al (1977)
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