105
TRACE ORGANIC COMPOUNDS IN NATURAL GAS COMBUSTION

by
J. A. Chisholm, Jr. and D. L. Klass

institute of Gas Technology
- Chicago, Illinois 60616

INTRODUCTION

Complete combustion 1s decidedly ea51er to obtaln with
natural gas than with any other fossil fuel.® Under normal operating
conditions, the flue products of natural-gas-burning equlpment are
relatively free of unburned hydrocarbons and partial combustion pro-
ducts. However, under fuel-rich conditions, small quantities of or-
ganic derivatives are produced. The investigation reported in this
paper to identify and determine the quantities of these trace- com-
pounds, particularly when combustion occurs under low-aeration con-
ditions, was carried out at the Institute of Gas Technology, with
financial support of the American Gas Association.

Classical wet chemical procedures lack the sensitivity and
selectivity for analyses of these trace organic compounds. Conse-
quently, highly sensitive instrumental methods were used, with modifi-.
cations whenever necessary.

EQUIPMENT

The source of combustion products was the burner system

shown in Fig. 1. It consists of a burner, transite base, and glass
chimney. When the burner 1s operated at the low flow rates employed

in this study, a bunsen-type flame is obtained. Disturbance of the

?lame by air currents, dnd dilution of the exhaust gases by surrounding
zir, were. prevented by enclosing the burner in a pyrex glass chimney.
Semples of flue products were withdrawn either from the top of the chim-
ngy or through the probe.

Early in the investlgation, the base of the burner system was
modifisd a&s shown in Fig. 2; a secondary air chamber, with 1/8-in. steel
spheres in it to faclilitate diffusion, was installed.

The burner was operated on 1000 Btu natural gas similar in
carposition to that shown in Table 1, and numerous experiments were
cerriad ocut under a variety of conditions. ' S3ince space does not per-
~it = detailed description of the experimental techniques, only a few
~omrants cen be made here.

Combustion conditions varied from fuel-rich to stoichiometric

operstion. The extreme fuel-rich variable corresponded to flow rates

0" 2 CF/hr of naturel gas, no primary air, and 10 CF/hr of secondary air.
Stoichisretric conditions corresponded to flow rates of 2 CF/hr of nat-
urzl zas and 17.5 CE/hr of primary air. Secondary air was employed in
zel=zctf2d stoichiometric experiments. Sufficient experiments were car-

ried out to insure the reproducibility of the analytical determinations
under the specific operating conditions. All determlnatlo?s of specific
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flue products were normalized to percentages of the total flue products

RESULTS

During this investigation, a large number of saturated and ur
. saturated aliphatic, polynuclear aromatic, and oxygenated hydrocarbons

- wer2 identified. Many were determined quantitatively in the ppb (parts
rer 12°) concentration range. Table 2 gives a partial list of the orgs
iz compounds found in the combustion products under stoichiometric and’
fuel-rich operating conditions.

Gas chromatography with a fliame ionization detector was em-
7ed to messure Ci to Cs saturated and unsaturated aliphatic hydro-

C Under essentially complete combustion conditions, the C; to ¢
rydrocarbons were- present in the flue products in the ppb range, and se
erz. C4 2nd Cs compounds were below limits of detectability, as shown #
Tzries 3 znd 4. When primary air was absent, concentrations of the Ci
tc Cs nhydrocarbons varied inversely with the secondary air flow. Total
Cs + hydrocaroons were determined by reversing carrier gas flow in the
crtromatographic column and backflushing after the emergence of n-butane
Again, the inverse relationshlp of concentration to secondary air flow
w25 0bserved, s shown in Table 5. ' ,

An alumina column operated at 80°C with argon carrier gas
d to separate the Cy; to Cas fraction. The Cs to Cs fraction was se
erzsed one 1/8 in. x 15 £t column of 28% dimethylsulfolane on Chroma.
soro P. Sepdration of total Cs+ hydrocarbons was effected on 4 1/8 in
% € ©t alumina column operating at 100°C.

Polynuclear aromatic hydrocarbons were collected in a low-
temperature trapping system, and separated by means of liquid extractic
procedures and column, paper, and gas chromatography. Ultraviolet ab-
sorption and fluorescence spectrophotometry were then employed to iden.
©i7y the seperated fractions. By these techniques, fifteen-polynucleaﬁ/
sroratic compounds were identified; seven of these were determined quan
titetively. Quantitative determination was based on separation via col
urn chromatography, and identification and measurement were accomplishc
vy ultraviolet flucrescence spectrophotometry. Table 6 shows that the
~oncentrations ranged from less than 0.1 ppb for g-phenylenepyrene unde
conditions of essentially complete combustion, to 1040 ppb for pyrene
under Tusl-rich conditions. ,

Several classes of oxygenated hydrocarbons were investigated,
inzluding aldehydes, phenols, and ketones. Because aldehydes are alwa)
rroduced Zuring incomplete combustion,® these compounds were studied 1
sore detail. The spectrophotoretric methods used are specific for fors
dehyde, acrclein, total aliphatic aldehydes and total aldehydes. Table
shows that when cnly secondary air was present, the concentration of tg
tel szldehydes was inversely related to the flow of secondary air. In t
sence of secondary air, but with sufficient primary air to ensure es-
ntielly complete combustion, aldehydes were produced in only ppb con-
ntrztions. Formeldehyde was predominent, and persisted under all but!
izhiometric combustion conditions. With increased seccndary alr, a
ner=1ly increasing retio of formaldehyde to other aldehydes was ob-
rred. Thes?afindings zre consistent with the reported stability of
r~&ldehyde.
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Table 1.-Typical Analysis ‘of Chicago Natural Gas
Component Mole % Component Mcle %
AMr - 3.21 Propane 1.21.
Helium - 0.08 n-Butane 0.17
Nitrogen 1.79% - " I-Butane : 0.08
Carbon dioxide - 0.63 Pentanes 0.04
Methane 88.21 Hexanes 0.03
Ethane 4.51 HEptanes 0.04
100.00

Heating Value - 1001 Btu/SCF, Saturated . gas at 60°F, 30 in. Hg

*Nitrogen in excess of that included in air.

. Table 2.-TYPES AND QUANTITIES OF ORGANIC COMPOUNDS FOUND IN

THE COMBUSTION PRODUCTS OF A NATURAL GAS FLAME

Concentration Found after

Stoichiometric
Type of Compound Combustion
Aldehydes: , ‘ '
Formaldehyde <0.02 ppm
Other Aliphatic Aldehydes <0.02
Nonaliphatic Aldehydes <0.02
Total Aldehydes <0.02 .
Polynuciear Aromatics:
Anthanthrene <3.0 ppb
Anthracene <0.4
Benzo [a] pyrene 0.4
Fluoranthene 6.0
1-Methylpyrene 0.6
o-Phenylenepyrene 0.1
Pyrene 14.0
Other Hydrocarbons:
Methane 0.08 ppm
Ethane 0.13
Propane 0.10
i-Butane <0.01
n-Butane <0.01
Fentane plus <5.00
Acetylene <0.01
Ethylene : 0.06

Propylene : <0.01

Fuel

-Rich

Combustion

20
13

6
39

275
46
89

468
78

1040

ppm

ppb

ppm
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- Table 4. — ATR FLOW VS. C4-Cs CONCENTRATIONS

) RmNo.. 0 - Mbp . 4 kb  Kla  42a
Flow Rates,.CF/hr . L :
! Primary Air 0 o o 0o 175
v Secondary Alr - 10 15 20 25 o}
i Natural Gas .2 - 2 2 .2
k Concentration, ppm* . : .
Y Butene-1 : 1820 550 165 17  <0.05
-- i-Butene 2 <0.05 <0.05 <0.05 <«0.05 <0.05
trans-Butene-2 50 8 2 <0.05 <0.05
| i-Pentane <0.05. <0.05 <0.05 <0.05 <0.05
cls-Butene-2 . <0.05 <0.05 <0.05 <0.05 <0.05
Pentane " <0.05 <0.05 <0.05 <0.05 <0.05
A 3-Methylbutene-1 <0.05 <0.05 . <0.05 <0.05 <0.05
1, 3-Butadlene 4o 9 1 <0.05 <0.05
Pentene-1 , 118 43 7 <0.05 <0.05
l * Chromatograph callbrated on basis of response to n-butane
i
|

Table 5.—Cs + HYDROCARBONS

Totai Cs+

- ' ’ . Total Cs+
ﬁ ¥Air Input, CF/hr, Hydrocarbons, Air Input, CE/hr Hydrocarbons,
Frimary Secondary ppm Primary Secondary Ppm .
5 10 <5 0 25 <5
5 ¢ 5 20 0 20 <5
0 15 <5
0 12.5 80
2.5 10 <5 .0 12.5 100
! 2.5 7.5 20 0 10 90
' 2.5 7.5 C 14 0 7.5 110
2.5 5 85 0 7.5 144

» Natural Gas Input, ‘1 CF/hr
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Table 6.fPOLYNUCLEARJAROMATIC HYDROCARBONS
DETERMINED IN NATURAL GAS COMBUSTION PRODUCTS

<0.02

Flow Rate, CF/hr | !
_ —_— Run No.——— {
Aeration Conditions 9 SR 7 ‘r§;” ‘10 |
Primary air 0 0 o .o 175
Secondary air 10 15 20 25 L0 !
Natural gas 2 2 2 i o 2 *
Compeﬁeht .. Concentr-ation‘L pjb ‘ N
Anthanfhrene : 240 275 11 - <3 RS .
'Anthracene 26 46.‘_ 6 _ 6 :56.3 :
' Benzo[a]pyrene 89 78 40 11 . 044 A
Flucranthene 434 468. 256 117 - 6 s
1-Methylpyrene 78 48 11 . ﬁ_ '0.6'
Q—Phenyienepyrene 75 75 84 43 “<d,l .
Pyrene 1040 454 185 - 103 " '
(,
Table 7.-AIR FLOW VsS. AlDEHYDE PRODUCTION
ES: Flow Rates, CF/hr Aldehyde Concentration, ppm
_ Primary Secondary Natural ' Aliphatic Total
" Air Alr ] Ges“ Formaldehyde Aldehydes Aldehydes_
3 o ‘10 2 19.%4 32.9 9.3
4 0 15 2 18.4- 25.6 34,6
0 20 2 13.4 13.1 18.5
0 25 2 2.4 1.9 6.0
7.5 0 2 <0.01 <0.02
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The unsaturated &4ldehyde acrolein occurs in the exhaust geases
from most combustion processes.Z?728212 Upnder fuel-rich combustion con-
ditions, acrolein concentrations ranging from less than 0.03 ppm (parts
per million) to about 6 ppm (Table 8) were determined by a spectropho-
tometric method. ; :

Phenols are another group of oxygenated organic derivatives
that is gnown to be present in combustion products from natural gas
flames.*® Total phenol concentrations varied from 0.007 ppm to about
4 ppm (Table 9).

Several spectrophotometric procedures were investigated
for determination of ketones, but interference from water and formel-
dehyde introduced excessive error. Gas chromatography, however, re-
%U%Eedl%n accurate determinations of several ketones, as shown in
able .

Chromatographic studies gave tentatlve evldence of the pre-
sence of methyl and ethyl alcohols in the flue products. Quantitative
measurements were not made, but methyl alcohol peak areas indicated -
concentrations of about 3 ppm.

DISCUSSION

The experimental data collected in our investigation of the
flue products from fuel-rich flames might be Interpreted in terms of
numerous hypothetical reaction mechanisms that have no real meaning.
Instead, let us consider how the formation of trace components oro-
duced under poor combustion conditions can be rationalized and quali-
tatively expEained in terms of ‘a few reaction mechanisms which are
known to be operative in fuel-rich flames. (Carbenes and perhaps
methyné are very likely involved in the formation of flue-gas combus-
tion products; but they are not considered in this treatment.)

Many of the major mechanlsms operative in lean flames are
reasonably well understood, but the organic chemistry of fuel-rich
flemes presents a considerably more complex situation.® The initial
reactions in a fuel-rich methane-oxygen flame have been shown to in-
volve formation of methyl gadicals, which are probably produced by
hydrogen atom abstraction:

CHy + H - CHs + H>

The methyl radicals might be called the "key intermediates'’
in the combustion of methane in fuel-rich systems because their con-
‘centration is sufficient to produce other structures by conversion
to higher molecular weight intermediates. Subsequent chemical reac-
tions of methyl radicels in fuel-rich flames therefore determine, to
a large extent, the structures of the partial combustion products.

We should thus be able to relate our experimental results to these’
methyl radical reactions, especially those that occur with small or
essentially zero activation energies.

Pirst, the reaction of methyl radicals with oxygen would
not be expected to be the dominant one in an oxygen-deficient flame,
but the reaction should occur to some degree with formation of peroxy
radicals:

CHs + 02 - CHa0O — H—g—H + OH '




1k

Tzble 8. -AIR FLOWYVS. ACROLEIN PRODUCTION

Natural . .
Gas, Air, CF/hr :
Run CF/nr = Primary Secondary Acrolein, ppm L
21 2 17.5 0 <0.03
22 2 o 10 6.3
2 2 0 15 i " B.6
24 2 0 20 5.3
25 2 0 25 2.9
' Table 2. -ATR FLOW VS. PHENOL PRODUCTION
Flow Rates, CF/hf ‘ ' r
Primary Secondary Natural
Run No. - Alr . Alr Gas Phenol Concentration, ppm*
4 0 10 2 4.0
5 0 15 ' 2 k1
5 O 20 2 1.0
g 0 ‘ 25 -2 0.5
& 17.5 0 2 0.026
2 25.0 0 2 " 0.007 4

- Czlltraticn curves were prepared with phenol solutions as standards.

Taile 20.-ATR FLOW VS. CARBONYL PRODUCTION

Hetureal . Carbonyl Productlon, ppm
Gas, Air, CF/hr Acétal- Acrolein- Proplon- 2-Bu-
CF/hr Prhnarj‘Sécondary dehyde Acetone aldehyde teanone
2 0 10 6.2 1.5 0.07 1.6
2 0 15 3.4 0.8 0.03 - 1.0 y
2 o) 20 2.9 1.2 0.05 1.8
2 0 25 5.0 1.5 0.01 2.8
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These rddicals.are-known to decompose rapidly to yield formaldehyde.%237
Further oxidation of formaldehyde would be expected, sven in an oxygen-
deficlent. flame, because of the high reactlvity of aldehyde groups.

Since the rate of formation of formaldehyde should be greater
than the rates of formation of the higher aldehydes from the methyl-
radical-derived intermediates -that will be discussed later, we would
expect formaldehyde to be present in higher concentrations than the
other aldehydes in the flue gases. As already shown in Tebles 2 ‘and-
7, over half of the total aldehydes in almost all of our experiments
was formaldehyde when the flue products were produced under oxygen-
deficient conditions. . . '

‘ Recombinaﬁion of excess methyl radicals in okygén-deficient
flames: :

2CHs ~ CHsCHs

wculd be favored over methyl radical-oxygen reactions, so larger con-
centrations of ethane relative to formaldehyde would be expected in

the flue gases. The formation of ethane in thils type of recombination
reaction, however, is not as simple as it appears. When the new carbon-
to-carbon bond is formed, a large amount of energy 1s liberated.  This
energy, along with the original thermal energy carried by -the methyl
radicals, can dissociate ethane back to methyl radicals, or. .the result-
ing vibrationally excited ethane molecules can be deactivated by & three-
body collision process. In the presence of a third body, Such as another
molecule with which the energy-rich ethane molecules collide, the ex-
cess energy can be transferred with concurrent formaetion of substantial
amounts of ethane without homolytic dissoclation to methyl radicals. How-
ever, according to Kistiakowsky,* the energy-rich ethane molecules ini-

tially produced do not necessarily require & three-body process to pre-
vent dissociation. o :

. . Since methyl radical recombination 1s & direct oné-step path
to a stable paraffin, one would expect larger concentrations of ethane

. than the higher paraffins in the flue gases. This concluslion is sup-

ported by the results summarized in Table 2. Significantly higher con~
centrations of ethane than propane were detected in the flue products
under oxygen-deficient conditions. The concentrations of propane were
in turn higher than the total Cs4+ paraffin concentrations. The natural

, gases studied in thils Investigatlion contained a few percent ethane and

propane, but the relative ratios of these hydrocarbons in the flue gases
should still be indicative of the combustion mechanism. .

, " The mechanism of formation of ethylene and acetylene in a
methans-rich flame has not been fully established, but the general
course of the reactions is believed to proceed through C> radical
intermediates.?? Successive dehydrogenation of ethane ylelds ethy-
lene and acetylene. The detailed mechanism of the dehydrogenation 1s
not known.® Homolytic C-H bond rupture by unimolecular decomposition or
hydrogen atom abstraction should be facilitated in methane-rich flames,
because methyl radical recombination affords energy-rich ethane mole-
cules. We therefore expect that stepwlse dehydrogenation of ethane pro-
ceeds via an ethyl radical intermediate: . : : ~ .

CHaCHas - CHaCH» +H

to yield substantial amounts of ethylene and acetylene relstive to the
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other unsaturates. Formation of ethyl radicals subsequently provides .
direct routes to propane and the butanes, but dehydrogenatlion should
be the- preferred reaction path because of the favorable kinetics at
high temperatures °

Thus, the formation and relative concentration of the major
oxygenated and saturated and unsaturated aliphatic compounds detected
as trace components .in the flue gases of methane-rich flames have been
rationalized on the basis of a few known radical reactions. It should '
be emphasized that these reactions are by no means the only paths to
the observed compounds, but ‘their relationship to the experimental re-
sults indicates that they are important.

- It is much more difficult to explain the formation of the
polynuclear aromatics listed in Table 2. Grossly empirical reaction
mechanisms must be postulated because of the complexity of polynuclear
aromatic structures.'® Nevertheless, we believe that a few important
conclusions can be drawn from the data collected in our work.

: Most investigators who have studied the formation of poly-
nuclear aromatics found that these compounds generally form under fuel-
rich conditions.®’250ur data, which include determinations of both
aliphatic and aromatic compounds, show that fuel-rich conditions pro-
mote polynuclear aromatics. formation, but at very low levels relative
to the concentrations of the aliphatic compdunds. It 1s therefore
difficult .to select a particular aliphatic compound, or group of con-
pounds, as key intermediates 1n the mechanism of formation of the aro-
matic compounds.

. Aliphatic intermediates are, however, clearly the precursors
of the aromatic compounds because the natural gases used in our experi-“
ments contained zero polynuclear aromatics. Various investigators have
suggested that methyne and unsaturates such as ethylene and acetylene
play. an important role as intermediates.®’39211s15"Eypirical reaction /
paths ‘have also been postulated toaccount for the formation of poly-
nuclear aromatics from these and other intermediates.®®

In several experiments, our determinations of the polynuclear
arowatlcs formed in fuel-rich flames tend to fall into a particular
pattern. - The higher molecular weight polynuclear aromatics in the flue
gas were-consistently present in lower concentrations than those of
lowver molecular weight. Although other investigators have reported
similar results,'® this information is insufficient for valid conclu-
sions regarding the mechanisms of formation. :

However, significant observations can be made. The distri-
bution of the aromatics was sbout the same in each of our experiments,
as shown in Table 6. Furthermore, this distribution corresponds essen-
tially to that reported by others.®#!°215 Finally, we observed that the
relative concentrations of a few specific polynuclear aromatics are con
.sistently higher than the concentrations of the other aromatics.

These observations suggest that the overall scheme shown in
Fig '3 is & plausible route to the various aromatic compounds iden-
tified in our studies. The reactive species and fragments involved in
the many reactions required to produce the polynuclear aromatics are,
of course, not known. DBut our results and their apparent relationship
to the scheme in Fig. 3 support & stepwise bulldup of the higher aro-
matics through common intermediates. A similar scheme can'also be devel

-oped with Lindsey's data.l®
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Other interpretations of the distribution of the aromatics . 1
(Table 2), such as consideration of their relative stabilities, can X
be employed to rationalize the results. For example, linearly annel- .\,
lated acenes are known to be more reactive than phenes containing the ‘
same number of rings.® Thus, one would not expect a large concentration
of acenes relative to the angularly annellated phenes in the flue pro- i
ducts. Our experimental data show that only one acene, anthracene,
‘was detected. Most. of the polynuclear aromatics determined in this
investigation contain the phenanthrene nucleus.

Quantitative treatment of the distribution of polynuclear

aromatics in terms of electron densitles and bond localization ener-
gies will be attempted when additional data have been compiled.
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