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STUDIES IN ATMOSPHERIC CHEMISTRY 

I. PRIMARY PEROXIDES FROM HYDROCARBONS 

I I. ELEMENTAL ANALYSIS USING NUCLEAR REACTIONS 

Peter Michael McKinney 

ABSTRACT 

I n the first part the interaction of combustion effluents 

with gas phase S02 was studied in a cylindrical reactor. The 

apparent S02 conce~tration, as monitored ay a fluorescence 

detector, was reduced 60 to 90% during propane combustion 

but only 10% during CO, natural gas or hydrogen combustion. 

The results were consistent with the formation of a gas 

phase su If ur spec i es. 

Perox i des were co I I ec t ed ina bubb I er from the combus-

tion effluent of methane, ethane, propane and butane. The 

peroxide concentration was greatest when the flame was inter-

rupted (5 sec on/5 sec offl, reaching a maximum concentration 

of 0.1 mole per 1000 moles of fuel . The peroxide concentra-

.. ' was lower for d iff us ion and pre mix com bus t ion. The s e per-

oxides reacted rapidly wi th approximately 20 ~M HSO; forming 

More than 80% of the peroxides were H
2

0
2

• No peroxides 

were detected from natural gas combustion; most of the sui fur 

i nth e f u e I was 0 x i d i zed t 0 S.o ~ - • 

Exhaust from 3 different vehicles was also collected in 

the bubbler. 

oxidized to 

A constant fraction of the sui fur, 25%, was 

in the bubb1er water. The S02- concentra-
4 
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t ion i nth e ex h a u s twa sse v era I ppm, cor r- e sp 0 n din g to sev.er ~ I ~~ 
min 

at idle. The exhaust fr-om sulfur- free iso-octane collected 

- . 2-in the bubbler- also r-eacted with HS0
3 

producing 5°
4

• A 

2-concentration of peroxides comparab1e to the 504 was 

detected in the bubbler water, indicating the emission of 

primary peroxides from auto exhaust. 

In the second part simultaneous analysis for C, Nand ° 

in atmospheric aerosols using charged particle activation 

analysis was attempted. Interference with the silver filter 

matrix pr~vented the determination of al I three elements. 

However using the 12C(3He,~,11C and 160 (3 He ,p,18 F reac-

tions it was possible to simultaneously measure carbon and 

oxygen. The carbon results agreed with combustion within 

15%. No comparison of the oxygen results was possible. with 

an independent method, because other methods do not have the 

required sensitivity. 
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INTRODUCTION 

A. ~i~!£~t_£!_~i~_~£~~~!~£~ 

Air pollution has been recognized as a health problem 

since the first Conference on.Smoke Abatement was held about 

100 years ago. This pollution is primarily caused by the 

combustion of fossi fuels--coal, oil and natural gas--whose 

use has increased many fold since the industrial revolution. 

Although the use of the dirtiest of these fuels, coal, has 

been displaced somewhat by oi I and gas, its consumption is 

again growing. Furthermore just the tremendous quantities 

involved, e.g. 10 mi I I ion barrels per day of oi I in the 

United States, result in the considerable release of pollu

tants into the atmosphere. 

This release is from two categories of sources: (a) 

fixed sources such as factories, smelters and power plants, 

and (b) moving ones, such as motor vehicles. In the past 54 

years there have been three major pollution episodes,that 

have resulted in many deaths. 1 First in Belgium in 1930 

approximately 60 people died. Then in 1948 in Donora, PA. 

20 people were ki I led and hundreds were stricken. Finally, 

London had several thousand excess deaths in 1952 as stag-

nant, polluted air enveloped the city for weeks. AI though 

there have been no such episodes in the last 30 years, ser

ious air pollution is a long term health hazard in many 

cities throughout the world. 

Once in the atmosphere. primary pollutants, I ike CO, NO, 

N0
2

, 50
2

, hydrocarbons and soot can react in the presence of 



sunl ight and water to form secondary pollutants, such as 

ozone, aldehydes, PANSlperoxyacyl nitrate), nitric and 

sui furic acids. In the 1950's A. J. Haagen-Smit,2 in Pasa-

dena, studied the interaction of U.V. I ight and mixtures of 

nitrogen oxides and hydrocarbons and showed that they could 

2 

reproduce the smog of the Los Angeles basin. This is refer-

red to as photochemical smog, and its immediate effects are 

visibi I ity reduction, eye irritation and plant damage. The 

long-term health effects are as yet unknown but may include 

emphysema. 

B. ~~~~_~~!~~e~!~!~~~ 

Acid precipitation is caused by the yearly release of 

tens of millions of tons 3 of sulfur and nitrogen oxides into 

the troposphere over North America. Once in the atmosphere 

various homogeneous or heterogeneous chemical reactions 

oxidize these gases into nitric and sulfuric acids. Later 

the acids may be dry deposited or washed out by rainfal I. 

The effects of this acidity depend on the nature of the 

soi lsi t encounters. When the acid precipitation falls on 

soils underlain by limestone, CaC0
3

, it is neutralized and 

does not acidify streams and lakes. on the other hand, if 

the bedrock is granitic, there is no buffering action and 

the acidity is transferred first to streams and then to 

lakes • 

. When the pH of streams and lakes approaches 4 p most fish 

are killed and birds and mammals that depend on them as their 

food supply are affected. Although the acidity itself can 

contribute to morbidity, it is now believed 3 that the fish 
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are also affected by aluminum, dissolved from soi I by acid-

ified water. When strong acids come in contact with the 

soi I, they react rapidly with AI 20
3

·XH
2

0 to release aluminum 

ions into the water. If basic materials are present in the 

soi I, the aluminum ions may react with them and be retained. 

Otherwise they wi I I be released into the environment. I tis 

believed that the aluminum ions irritate fish gills, which 

may cause suffocation. 

Amphibians are also impacted by acid rain, and since 

the y are u sua I I Y f 0 u n din c los e d p 0 n d s the e f f e. c t can b e 

greater. A pH of 4 wi I I have severe effects on their sur-

vival. 

Acid precipitation also destroys plants growing in un-

buffered soi Is. This includes much of the foresets of the 

western United States, eastern Canada, the Appalachians and 

the Adirondack mountains. At first it was believed that the 

damage was caused by contact of the fol iage wi th gaseous 

Standards were therefore set for maximum permissible 

levels. Impacted trees, however, were found outside areas 

of high S02 concentrations. The levels were lowered; never-

theless severely damaged trees were found where the annual 

average S02 concentration in air was less than 20 pg/m
3 • 4 

The damage tended to be heavier on the windward side of 

mountains where trees receive more rain and fog. 

impacted areas the soil pH was low. 

In all the 

These facts led Ulrich 5 to hypothesize a cumulative 

effect of acid pretipitation on soils. Calcium ions and 

other cations essential to the tree's nutrition are displaced 
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by aluminum ions. 

" 
in the increasingly acid soil. These A1 3

+ ions are toxic 

to the fine feeder roots of plants. As the concentration of 

3+ • . AI rIses, needles drop, the moisture content diminIshes 

and bark and twigs die. This phenomenon is found in the 

eastern United States, Canada and in Europe. 

Acid precipitation is not only hazardous to living 

things, but also to inanimate monuments containing marble. 6 

NO x and S02 appear to be the most corros i ve pr i mary po I I u-

tants towards this material. These oxides may accumul~te by 

dry deposition on the marble and be later activated by pre-

ci.pitat ion. Either S02 can ~ombine directly with CaC0
3 

and 

be later oxidized: CaC0
3 

+ S02 + 2H 2 0 ~ CaS0 3
6 2H 20 + CO

2 

CaSO]·2H 20 + !02 ~ Ca$04 + 2H 20 

or CaCO] can combine with acidified S042~. 

CaCO] + SO~- + 2H+ + H
2

0 ~ CaS0 4 '2H 20 + CO
2 

The gypsum, CaSO~·2H20, is washed away or deposited as crusts 

on the marble surface. Continued weathering behind these 

crusts eventually causes them to falloff. The depth of 

weathering depends on the porosity of the marble; unfortunately 

the widely used Carrera marble of Europe is more porous and 

susceptible to weathering. 

Even modern steel and concrete bui Idings are not immune 

from the reactivity of S020 Over the years fine cracks 

develop in buildings; acid rain can then penetrate to the 

steel reinforcing bars. They beg"in to rust and increase in 

volume causing the surrounding concrete or marble to crack 

ii 



further. This process continues ~nd if not ~rrested the 

structure m~y one day disintegr~te. 

2Fe + 2H 2 50 4 + 02 ~ 2Fe50 4 + 2H 20 

2FeS0 4 + i02 + 3H 20 ~ 2FeO·OH + 2H 250 4 

Direct homogeneous reaction between 502 and 02 to form 

503 is slow even in the presence of sunlight. The triplet 

state of 502 is the most re~ctive and c~n undergo the 

f 0 I I owi n g sequence of re~ctions: 

350 + °2 2 
--.. 5°3 + ° 

350 * + °2 ~ 5°4 + M 
2 

* 5°4 + M ~ 5°4 + M 

504 + (NO, ° 2 , N0 2 , CO) ~ 503 + (N0 2 , ° 3 , N0 3 , CO 2 ) 

7 Moeller has computed an oxidation rate of 0.04% per hour. 

502 can ~Iso react with ° atoms produced in. the photolytic 

decomposition of N0
2

: N02 + hv ~ NO + ° 

The most rapid gas phase oxidation of 502 involves the 

I I OH ° C ° 
7,8 

rad ca s , H 2 and H3 2· 

5 

5°2 + HO + M --.- H050
2 

+ M kl = 1.1 x 10-12 cm 3 /mol-s 

5°2 + H02 ~ 503 + HO k2 .= 8.7 x 10-16 cm 3 /mol_s 

5°2 + CH 30 2 ~ 503 CH
3

0 5.3 10-15 3 . 
+ k3 = x cm Imol-s 

The rates of these reactions depend on the concentrations of 

the radicals OH, H02 and CH 30 2 " Because these radicals are 

produced by photolysis, their concentrations are dependent 

on the month, time of day, latitude and altitude. These 

concentrations may be calculated from a steady state photo-



6 

chemical model; the diurnal concentrations may be as large 

as 106 , 108 and 4 x 10 7 mol/cm 3 respectively. Because of 

the greater rate constant for OH, 70 to 80% of the 50
2 

hom 0 g e n eo u sox ida t ion i s due to.- t his spec i e sin c I e a n air. 

and in July the diurnal rate ~ay be 0.4% per hour at 30 to 40 0 

latitude. In polluted atmospheres the concentrations of H0
2 

and CH
3

0 2 are higher, and therefore they contribute more to 

the oxidation of 50
2 

under.rthese conditions. However, the 

ove~al I rate of oxidation is little changed because NO, N0
2

, 

CO and h y d roc arb 0 n s a I I com pet e s u c c e s s f u I I Y for the s era d i -

cals. These calculated rates of reaction agree reasonably 

wei I with measured rates in plumes over 5t. Louis 9 and seem 

to account for most of the observed oxidation of 50
2 

during 

periods of high solar insolation. 

During certai"n atmospheric conditions the troposphere 

may have considerable water content. 50
2 

is quite soluble 

in water, and at 20 0 C and 1 atmosphere, 40 cm 3 can dissolve 

in 1 cm 3 of water. Therefore the possibil ity exists for the 

Direct reaction of 50
2 

in I iquid water with other substances. 

oxidation by dissolved oxygen is slow because at atmospheric 

pH values of 4 to 6, most 5 ( I V) exists as H50;. 

H
2

O + H
2
O'502 _H50; + H30 

+ 

H50; H ° --'IIr» 50
2

-
+ + + H3 0 2 - 3 

50 2- 2-+ 202 ~S04 3 

During nighttime or winter daytime, periods of low photo-
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chemical activity, heterogeneous soot or transition metal 

catalyzed reactions may be important.
9 Iron and manganese 

are the most frequently cited metal catalysts and Moeller 7 

estimates that the catalyzed rate may be 13 times the uncat-

alyzed one for 502 oxidation by 02. 

Brodzinsky, et al. 10 have shown soot fo be an effective 

catalyst for the oxidation of 502 in water. Carbon is the 

princlpal constituent of aerosols and may comprise up to 

50% of their weight. The concentration of carbon may vary 

from 10 mgll in a fog to 10 gIl as the liquid evaporates. 

The rate of oxidation was first order in carbon concentration 

and independent of pH over a range of H50; concentration from 

They found a very rapid initial rate of 

reaction in which. 20 to 40% of the H50; was oxidized within 

minutes; 40 to 100% of the H50; had reacted within an hour 

depending on the source of the soot. 

E. ~S~!~~~-~~~~!-~~~~~~~~~-~r-~202 

Recently interest has focused on H
2

0
2 

as the major aqueous 

phase oxidant of 5°2. 11 ,12 Even though the tropospheric 

concentration is low and somewhat uncertain,13,14 H
2

0
2 

is 

extremely soluble in water and most of it should reside in 

that phase. At atmospheric pH's of 4 to 6 the rate of oxi-

dation is very. rapid whether at laboratory or atmospheric 

. . 12 15 
concentratIons, , and the reaction is complete wfthin 

minutes. The rate is first order with respect to both H50; 

and H
2

0
2 

and increases with the hydrogen ion concentration. 

16 Recently H
2

0
2 

has been shown to also be an effective oxi-
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dant fo~ HN02 in acidic solutions, with the rate being fi~st 

. + 
orde~ with ~espect to H30 , HN02 and H20 2 • At several ppb 

H
2

0
2 

in the atmosphere the rate should compete with heter-

ogeneous ozone oxidation. 

Isotope studies support an aqueous phase mechanism for 

S02 oxidation. HOlt,!7 studying 180 to 160 isotope ratios 

in aerosol sulfate and preciprtation sulfate, showed that 

the 180/ 16 0 ratio·for 3 of 4 oxygen atoms in p~ecipitation 

sui fate, the sui fate collected in ,.ainfall, seasonally 

t"acked those of rainwate~ and of cloud water. This i~di-

cates isotopic equilibration of the S(IV) p~ecu~so~ in cloud 

wate~: 

It also appears that the mechanisms for the fo~mation of 

precipitation sulfate and aerosol sulfate, the sulfate 

collected on filters, are not the same with the mechanism 

for aerosol sulfate becoming more impo~tant in the late 

spring, summe~ and early fal I ,the times of highe~ sola~ 

insolation. 

It has been assumed that the atmospheric H
2

0
2 

is p~o

duced photochemically; using a detailed model with initial 

18 
NO, CO, °3 , H20, H2 and CH 4 concent~ations, Levy calculated 

an H
2

0
2 

concent~ation of lOll molecules/cm 3 in the lower 

troposphere. 

F. Combustion Studies 

However, 30 years ago various workers stUdying knock 

in inte,.nal combustion engines and cool flames; o~ low temper-

eture combustion, ~eported the formation of seve~al pe~cen~ 
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organic peroxides in the precombustion period. 19 ,20 These 

organic peroxides decompose to give aldehydes, ketones, 

olefins and H
2

0 2 : 

ROOH ---- RO + OH 

20H -H 20
2 

ReH
2

00H ~ RCHO + H
2

0 

Ph Y sic a I I Y t his pre com b us t i on p e,. i 0 dis char a c te r i zed 

by a rapid pressure rise and a blue luminous flame. The 

pressure rise is due to radical branching reactions, which 

increase the number of molecules. The blue flame is caused 

9 

by excited HCHO molecules"which are produced by peroxy 

radicals."-These studies have continued to this day; by means 

of electron spin resonance it is possible to detect these 

intermediate radicals. 21 This work was Largely unknown to 

atmospheric chemists, who assumed al I peroxides to be pro

duced photochemically. 

The goal of this part of the research was to study the 

formation of primary peroxides from the combustion of hydro

carbons to decide whether they play an important role in S02 

oxidation and therefore acid precipitation • 
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I I 0 EXPERIMENTAL 

In the early experiments the interaction of gas phase 

S02 with combustion effluents was investigated. Natural 

gas, carbon monoxide, hydrogen or propane were burnt either 

in a diffusion flame or were premixed with air or oxygen. 

The diminution of the 502 concentration during combustion 

was observed by means of a fluorescence detector, with the 

reduction in 502 concentration dependent on the fuel and 

flame conditions. 

AI I combustion experiments were carried out in a verti-

cally mounted Pyrex chimney 10 cm in diameter and 100 cm 

long, Fig. I. A metal torch was mounted axially in the 

bottom of the chimney, and the fuel was ignited electrically 

with a hot platinum wire. The air flow through the chimney 

was 5 Ilmin, and the flow rate of air sampled by the TEeO 

pulsed fluorescence detector was 1.0 Ilmin. With these flow 

rates the effluent gases and 502 had a residence time of 

t minutiel inithechimney. 

The 502 was introduced above the flame from a tank of 

cal ibrated gas containing 157 ppm 502 in nitrogen through 

a flow meter. The concentration of 502 in the chimney could 

be adjusted by means of the flow meter to maintain a back-

ground concentration of 1 ppm and was continuously monitored 

by the fluorescence detector. 

were In the fluorescence detector the 502 molecules 

excited by modulated U.V. radiation, and the fluorescence 

, .. 
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was detected at the modulated frequency by a photomultipl jer 

tube. A signal was produc~d that was I inear with respect to 

the 50
2 

concentration. Periodically the 50
2 

detector was 

cal ibrated by introducing known amounts of 50
2 

and nitrogen 

into it with calibrated mass flow controllers. 

The sampled air passed through a 0.5 micron Teflon fi Iter. 

which trapped 99.9% of the combustion-generated particulates. 

AI I lines to the 502 detector were of Teflon or glass with 

stainless steel fittings. They were wrapped with heating 

tape, as was the chimney, to keep the temperature above the 

maximum dew point, about 300 C; this minimized surface 

reactions. The chimney had ports for attaching sensors for 

measuring the dew point and temperature. The dew point was 

measured with a General Eastern System 1200AP chi I led mirror 

hygrometer, and the air temperature was measured by a thermo-

couple. 

Combustions were carried out for one minute using the 

various fuels, and the 50
2 

concentration in the chimney was 

measured. At other times the flow rate, the time of combus-

or the combustion conditions, e.g. diffusion, premix or 

intermittent (5 sec on/5 sec off) were varied and the dis-

appear.ance of 50
2 

was measured. In the intermittent case, 

flow was interrupted wtth a solenoid and timing circuit. 

The Teflon fliters were analyzed for particulate or 

filterable sulfate by shaking them for! hour in 5.0 ml 

NANOpure water, and then analyzing the .i Itered solution on 

the Dionex ion chromatograph, 

.. 

.. 
., .. 
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In I~ter experiments no 50 2 was introduced into the 

chimney. Instead a Pyrex bubbler, 2.5 cm in diameter and 

15 cm long containing 20 mL of NANOpure water was placed 

downstream from the 0.5 micron Teflon fi Iter, Fig. 1. The 

Teflon I ine to the bubbler was again wrapped with heating 

1.3 

t~pe to prevent condensation. Air flow through the bubbler 

was maint~ined by a calibrated orifice at a flow rate of 

1.5 or 2.7 Ilmin, and water-soluble effluent gases were 

trapped in the bubbler. 

out for 10 minutes. 

Combustions were usually carried 

Experiments were also carried out in which the effluent 

gases were trapped by removing the 20 mL of w~ter from the 

bubbler ~nd surrounding it by an ice bath at 0 0 C. This was 

done to concentrate the condensable gases into a smaller 

volume of liquid, 5.0 mL. 

to .30 minutes. 

The time of combustion was trebled 

I~ the vehicle-sampl ing experiments the exhaust gases 

were passed through a quartz fi Iter before tr~pping them in 

20 mL of bubbler water. A flow of 1.0, 1.5 or 2.7 Ilmin 

was maintained with calibrated orifices, and the collection 

time was 10 or 15 minutes. 

B. ~~.!.'tsis 

The ion analysis of the bubbler water or Teflon fi I ters 

was carried out with a Dionex, model 12, ion chromatograph • 

This instrument was suitable for the low concentrations 

encountered in these experiments, less than 1 ppm, and had a 

detection I imit of 0.0.3 ppm. By choosing a suitable eluent, 



14 

e.g. and peaks 

could be clearly resolved within 20 minutes. A I I water used 

for ion analysis was obtained from a Barnstead NANOpure 

system and had a resistivity greater than 10 megohms. The 

NO;, NO; and SO~- standard solution was prepared from serial 

di lutions of 1000 ppm standards. These standards were pre-

pared by weighing anlllytical grade reagents and diluting to 

1 liter. The HSO; solution was prepared fresh daily by 

-4 weighing about 10 mole of analytical grade sodium meta-

bisulfite, dissolving in 100 mL of w~r-er-and then diluting 

this 1:100. 

Initially the total peroxide analysis was carried out by 

. 22 
the spectroscopic method of Wolfe. In this technique a 

reagent. solution containing 4 gram of TiCI
4 

in 1 liter'of 

4 N HCI was prepared. To 3.0 mL of this reagent, 2.0 mL of 

standard H2 0
2 

solutions or bubbler water was added and the 

absorbance at 415 nm was measured after, hour. 

an intensely colored comple~ ion with titanium that has a 

Ti~g 2+ linkage. Organic peroxides may also be measured by 

this method if they hydrolyzed in the 4 N HCI to give H
2

0 2 • 

The concentratio~ of the Ti complex ion was quantitated 

spectroscop~cal Iy with a Cary 21g'spectrophotometer with 1 

cm cel Is in the sample and reference beams. 

tions were prepared by serial di lutions of 30% H
2

0
2

, with 

the second di lution being standardized against sodium thio-

sulfate. The concentration detection I imit was 4 ~M. 

Measurements of total peroxide were also carried out by 

.. 

.-
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a titration technique. To 2.0 mL of bubbler water, 1 mL of 

0.04 g/mL KI and 2 drops of 0.04 g/mL of ammonium molybdate 

23 (AMOI was added. The ammonium molybdate (AMOI was necessary 

to catalyze the otherwise slow reaction. Two drops of 1% 

starch soluti~n was then added and the blue color was titra-

2-ted to its disappearance with 0.001 'N S203 ' previously 

standardized against K10
3

• 

2H+ + H
2

0
2 

+ 31 ~ I; + 2H
2

0 

- 2- 2-
13 + 2S203 '~S406 + 31 

The concentration detection imit of this technique was 10 ~M. 

Unfortunately neither of these methods clearly distin-

guished between H
2

0
2 

and organic peroxides. To do this two 

other methods were employed. Following Richards, et al. 24 

a dilute solution o,f bovine catalase, Sigma, containing 

32,200 units per mL was prepared. 0.05 mL of this di lute 

solution was added to one of two 2.0 mL samples of bubbler 

water buffered with 0.25 mL of 0.01 M Trizma base, Tris-

(hydroxymethyllaminomethane. The catalase destroys H2 0 2 

more rapidly than organic peroxides, therefore when KI and 

AMO were subsequently added, only the organic peroxides 

reacted to form I;. KI and AMO were added to the other 2.0 

mL sample and both were titrated with thiosulfate. The 

rat,lo of the volumes of thiosulfate x 100 gave the percent 

organic peroxide • 

Another technique to distinguish between peroxides was 

to separate them on a waters high pressure liquid chromato-

graph using a cyano or reverse phase column and 50/50 
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0.05 M LiCI0 4 /methanoi as an eluent. Most conventional 

detectors are insensitive at the 0.0001 M concentrations of 

peroxide in the bubbler. Therefore a Bioanalytical System 

Electrochemical detector was used, which can detect peroxides 

in the 0.0001 M concentration rangeo It had the additional 

advantage of being somewhat selective. responding only to 

substances that can be oxidized at 0.5 volts. 
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I I I. RESULTS 

A. ~~2 £~~~EE!~~~~~! 

In the ea~ly expe~iments the S02 was int~oduced above the 

flame, Fig. 1, and a ~apid dec~ease in the 1 ppm backg~ound 

S02 concent~ation was noticed du~ing 1 to 2 minute combustions 

of p~opane at a flow of 60 to 120 mL/min. This dec~ease 

was app~oximatelydi~ectly p~opo~tional to the flow ~ate of 

the p~opane and inve~sely p~opo~tional to the flow ~ate of 

ai~ th~ough the chimney, Fig. 2. Howeve~ the S02 concent~a-

tion dec~ease had a non-I inea~ dependence on the time of 

combustion, and a ! minute bu~n gave about 60% of the loss 

of S02 as a 2 minute bu~n, Fig. 3. A ~ne minute diffusion 

bu~n at 120 mL/min p~oduced a app~oximately 60% diminution 

of S02 concent~ation. Howeve~ if the flame was inte~~upted 

fo~ 5 seconds eve~y 5 seconds, a 90% diminution in the S02 

concent~ation was obse~ved, Fig. 4. 

To investigate fu~the~ this phenomenon oxygen at a flow 

~ate of 0.2 I/min was p~emixed with the p~opane. This p~o-

duced only * the ~eduction in S02 concent~ation as a diffusion 

flame of the same flow and du~ation. Hyd~ogen, natu~al gas 

and CO we~e used in place of p~opane at flow ~ates to p~oduce 

the same amount of wate~ and/o~ CO
2

• These-fuels p~oduced 

only about 10% of the reduction in S02 concent~ation as did 

p~opane, Fig. 4. These ~esults indicated that neither wate~ 

nor CO
2 

were p~ima~i Iy ~esponsible for the observed effect. 

Soot was el iminated as the cause when the S02 was introduced 

afte~ the 0.5 mic~on Teflon filter, Fig. 1, and the same 
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reduction in the 50 2 concentration was noticed during combus-

tion. This reaction must be rapid because only 5 seconds 

are required for the effluent gases to travel from the filter 

to the 50
2 

detector. Even pyrolized oils, heated in a plat-

i num dish, and tobacco smoke produced as;i.m:i I ar' re,du;cJ'.i.ot"l 

in 50
2 

concentration within the chimney. 

Discussions with the manufacturer of the detector indi-

cated that ,there are no known negative interferents; the 

only interferents are those that increase the ~ignal I ike 

fluorescent hydrocarbons. 

One possible explanation for the observed results was 

the conversion of 502 to sulfate. To test this hypothesis 

the particulate on the 0.5 micron Teflon filters was tested 

for soluble sulfate using the Dionex ion chromatograph. 

Fi Iters were shaken for a half hour in NANOpure water to 

release any sulfate before analysis. None was found above 

the 0.03 ppm detection I imit of the system, and therefore no 

primary sulfate was being produced during combustion. 

A logical explanatio~ for the above observation was that 

a gas phase combustion product combined with 50
2 

to produce 

a gaseous sulfur species not detected by the TECO instrument. 

In fact a stabilized Criegee intermediate with 50
2 

has been 

25 reported, which would explain the above observations. 

(;r""~""0 
RCHOO + 50

2
, ____ RCHO I 

To investigate further these observations a bubbler was 

included after the filter filled with 20 mL of NANOpure water. 
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The water was later analyzed for NO;, NO;, HSO; and SO:-

with the Dionex ion chromatograph. When only 1 ppm S02 was 

drawn through the bubbler, 85% remained in the SIIV) state. 

When fi I tered combustion gases from a 4 minute intermittent 

propane combustion were drawn through the bubbler along with 

1 ppm S02 for 10 minutes, one third of the S02 was oxidized 

2-
to S04 . However when 1 ppm S02 was drawn through the bubbler 

after the fi It~red combustion gases, more than 80% of the S02 

was oxidized to SO!-. 

B. Conversion of Bisulfite to Sulfate 

In the remaining experiments no S02 was introduced into 

the chimney. Instead duplicate 2.0 mL samples of bubbler 

water collected during combustion were reacted with 2.0 mL 

of approximately 20 ~M Hso;-or2.0 mL of NANOpure water with

in i hour of analysis on the Dionex ion chromatograph. For 

intermittent combustion most of the added HSO; was transformed 

2-
into S04 ' Fig. 5. If the bubbler water stood 24 hours its 

reactivity towards HSO; was I ittle changed. The reactivity 

was also retained if the bubbler water was heated below its 

boi I ing point for 30 minutes In an attempt to concentrate it. 

By carrying out the analysis on the ion chromatograph as 

rapidly as possible, the ~eaction towards HSO; was shown to 

be complete within minutes. This reactivity towards HSO; 

suggested the presence of peroxides •. TiCI, i~ 4 N HCI 22 

was used to test for them, and they were found in concentra

tions of 10-' to .10-5 M, depending on the combustion condi-

tions. When equal amounts of propane were burnt, 0.05 mole, 
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the highest concentrations of peroxides were found with an 

intermittent flame, 5 sec on/5 sec off, while none were found 

above the 4)JM detection I imit from diffusion and premix 

flame s, Fig. 6. This analytical technique did not distinguish 

between H2 0
2 

and organic peroxides because the latter hydro

lyze in 4 N Hel too give H
2

0
2

• 

In two experiments the peroxid~ concentration was again 

measured after reaction with H50;, this involves a 1:1 dilu

tion. With the Intermittent flame the peroxJde concentration 

was reduced from 3.35 to 2.2 x 10-5 M, while with the dif-

f us i on flame the concentration was -5 reduced from 1.15 x 10 M 

to 0. This indicated complete 1:1 reaction with the added 

H50;, initially 1.2 x 10- 5 M. 

- 2- + 
H50 3 + H2 0 2 --- 504 + H3 0 

To see if other fuels showed the same behavior three 

serie~ of experiments with 0.05 mole of butane, 0.075 mole 

ethane and 0.15 mole of methane were carried out. The results 

were similar to propane, Figs. 6,7, with the intermittent 

flames giving the most H50; oxidation and having peroxides 

above the 4 ~M detection I imit. From 0.07 to 1.5 umole of 

peroxides were collected from the combustion of 0.05 to 0.15 

mole of fuel; 351 of the products were passed through the 

bubbler. Therefore in these experiments 0.00013 to 0.0086 

mole percent of peroxides were produced during intermittent 

combustion. Table 1. 

In the next group of experiments the 20 mL of water was 

el iminated and the bubbler was surrounded by an ice bath at 
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Table 1. Peroxide production from intermittent combustion. 

Total 
Fuel Moles H

2
0

2 >JM >Jmole H
2

0
2 

..umo I e Mole % 

Butane 0.05 7.5 0.15 0.43 0.00086 

Butane 0.05 9.0 0.18 0.51 0.0010 .. 
Propane 0.05 14.0 0.28 0.80 0.0016 

Propane 0.05 32.0 0.64 1.8 0.0036 

Ethane 0.075 65.0 1.3 3.7 0.0074 

Ethane 0.075 75.0 1.5 4.3 0.0086 

Methane 0.15 3.4 0.068 0.19 0.00013 

Methane 0.15 4.4 0.088 0.25 0.00017 

Relative amounts of organic peroxides and HP2 

for intermittent combust iorr. 

mL 2- mL 2-5
2

0
3 

5
2

0
3 % Organic 

Fuel Moles 
wI catalase wlout catalase Peroxide 

Ethane 0.075 0.222 1.700 13 

Ethane 0.075 0.147 1. 44 10 

Propane 0.05 2.26 11.9 19 

Propane 0.05 0.820 5.70 14 

Butane 0.05 0 1.566 0 

Butane 0.05 0 1.363 0 

Methane 0.15 0.227 1.405 12 

Methane 0.15 0.227 1.925 16 
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oOe to condense and concent~ate wate~ and pe~oxide vapor. 

The time of combustion was inc~eased to 30 minutes at the 

p~evious flow ~ates; the~efo~e the amount of butane, p~opane, 

ethane and methane bu~nt was 0.15, 0.15, 0.23 and 0.45 moles 

~espectively. Butane, p~opane and ethane 'showed 'peroxide 

concentrations in the 5.0 mL of condensate from 10 ~M to 

200 ~M, whi Ie only one methane combust.ion showed a concen-

tration at the 4 ~M detection limit. This co~responded to 

0.0001 to 0.002 mole percent peroxides pe~ mole of fuel 

burnt for diffusion and premix combustion, Table 2. 

The speed of the ~eaction of H50; with bubbler water 

suggested that the peroxides might be H20
2

• This rate of 

reaction has been measured by Hoffman and Edwards in acid 

I t · 15 so . u Ion. With thei~ rate constant and 10 ~M concentrations 

the reaction was calculated to be complete within minutes, 

in agreement with the observations. The method of Richards, 

24 et al. was adapt.ed to determine the relative amounts of. 

10 drops of 0.01 M Trizma buffer 

was added to dupl icate 2.0 mL samples of bubbler water. Then 

to one of these 2 drops of catalase were added which select-

ively destroyed the H
2

0
2

• KI and AMD were added to both sam

ples, and after the addition of 2 drops of 1~ starch they 

2-were titrated to a colorless endpoint with 0.001 N 5
2

0
3 

• 

No organic pe~oxides we~e found with butane, whi Ie 10 to 20~ 

of the total were found with methane, ethane and p~opane 

intermittent combustion, Table 1~ 

This resul t was supported by the analysis of samples of 
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Table 2. Peroxide production from diffusion and premix 

combustion. 

ETHANE 

~M H
2

0
2 

~mole H
2

0
2 

Total Mole % 

.. 
Diffusion 65 0.32 1.0 0.0004 

Di ffusion 64 0.32 1.0 0.0004 

Diffusion 19 0.10 0.30 0.00015 

Premix 0 0.0 0.0 0.0 

Premix 0 0.0 0.0 0.0 

Premix 10 0.05 0.15 0.0001 

PROPANE 

~M H
2

0
2 

)Jmo Ie H
2

0
2 Total Mole % 

Diffusion 84 0.42 1.3 0.001 

Diffusion 120 0.60 1.8 0.0012 

Premix 200 1. 00 3.0 0.002 

Premix 110 0.50 1.5 0.001 

8UTANE 

~M H
2

0
2 

;Jmo I e H
2

0
2 

Total Mole % 

Di ffusion 20 0.10 0.30 0.0002 

Diffusion 20 0.10 0.30 0.0002 

Di ffusion 50 0.25 0.75 0.0005 

Premix 0 0.0 0.0 0.0 

Premix 20 0.10 0.30 0.0002 

Total = 3 x ~mole H20 2 
Mole % =(TotaI/Mole f u e I) x 100 



bubbler water from intermittent propane combustion on a 

H.P.L.C. with an electrochemical detector in the oxidative 

mode. A single peak in the bubbler water had the same 

retention time as H
2

0
2 

on both cyano and on reverse phase 

columns, Fig. 8. 

30 

24 
Richards et al. found that formaldehyde forms an addi-

tion product with HSO;, which interferes with the oxidation 

Therefore the bubbler water was tested for the presence of 

HCHO using the technique of Miksch, et al.26 I t was found 

in al I fuels with al I combustion conditions in concentrations 

greater than the peroxide concentration. In these experiments 

the HSO; was added to a solution containing H
2

0
2 

and HCHO. 

Apparent I y H2 0 2 competed successfu II y for the HSO; and oxi

dation took place rapidly. 

Attempt~ to find peroxides from the combustion of natural 

gas were unsuccessful. When 0.15 mole of natural gas was 

burnt under"' intermittent, diffusion "nd premix conditions 

and collected in 20 mL of NANOpure water, 0.1 to 0.2 ppm of 

2-S04 was found in the bubbler water. 

If natural gas was burnt for 30 minutes a 3 times the 

o propane flow, 0.45 mole, and the vapor condensed at ° C, no 

peroxides were found above the 10 ~M detection I imit of KI 

and AMD. 80th diffusion and premix experiments showed little 

conversion of - 2-HS0 3 to 504 when 20 ~M HSO; was added, but 

showed moderate amounts of 50 2- from the fuel 
4 

and combustion 
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Fig. 8. H.P.L.C. chromatograms of bubbler water 
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p~ocess, Table 3. Boiler exhaust from natural gas combustion 

was condensed fo~ 20 minutes at OOC at a flow rate of 2.7 

11m in. 
2-

Ion analysis showed 0.07 ppm of 50
4 

in 5.0 mL of 

condensate, 
2-

co~~esponding to 4 ppb 50
4 

in the exhaust. 

These ~esults suggested that sufficient pe~oxides we~e fo~med 

in the combustion process to oxidize the sulfur present in 

the fuel. 

T his ~ e sui t was simi I a r to that of auto sam p lin g ex p e ~ i -

ments in which filte~ed exhaust f~om an idling car o~ t~uck 

was passed through the bubbler fo~ 10 o~ 15 minutes at a 

flow ~ate of 1.0 I/min. Bubble~ wate~ samples were diluted 

1:1 wi th water o~ about 20 ~M H50; and were analyzed for 

2-
NO;, NO;, H 5 0; and 50

4 
b Y ,tre.' ion c h ~ 0 mat 0 g ~ a ph. In all cases 

substantial 
2-

amounts of H50; and 50
4 

wer~ found in the bubbler 

water, di luted with water, with an approximate ratio of 5(VI) 

to total sulfu~ of 0.25, Table 4. 98% of the sui fu~ was 

~etained by the fi~st bubble~ as expected f~om the Hen~y's 

Law constant fo~ 50
2 

at ~oom tempe~ature. 

To decide if the sulfate was fo~med in the gas phase, 

prima~y, o~ in the aqueous phase, secondary, the 0.5 micron 

Tef Ion f i I te~ was heated 'to p~event condensat ion, and the 

collected pa~ticulate was shaken fo~ a half hou~ in 5.0 mL 

of NANOpu~e water and then this filtered solution was anal-

yzed on the ion Chromatograph. Only 5% of the sulfate was 

collected on the filte~ showing that the oxidation of 50
2 

was taking place in the aqueous phase. Howeve~ no peroxides 

~,e,.e.·dound in any of these experiments, because if present 
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Ta~le 3. HSO; oxidation from natural gas combustion. The 

HSO; was initially 0.82 ppm. 

Sample ppm HSO; ppm 50 2 -
4 

o iff / H-SO; 0.75 0.83 

Oiff/H
2

O 0.06 0.67 

Oiff/H50; 0.57 0.60 

Oi ff/H
2

O 0.0 0.48 

OifflH50; 0.78 0.58 

Oi ff/H
2

O 0.09 0.42 

Premix/HSO; 0.63 0.61 

premix/H
2

O 0.02 0.42 

Premi XIHSO; 0.89 0.45 

Premix/H
2

O 0.16 0.38 

premix/HSO; 0.87 0.70 

Premix/H
2

O 0.16 0.54 
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was added to 2.0 mL of bubbler H
2

0 

from di ffusion or premix combustion. 
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they reacted with the HSO; in the bubbler water solution. 

To establ ish their presence in the exhaust another auto 

sampl ing experiment was carried out in which the gasol ine 

was replaced by suI fur free iso-octane. Auto exhaust was 

collected in 20 mL of bubbler water for 9 minutes at a flow 

rate of 2.7 I/min. Samples of bubbler water were diluted 

1:1 with water or 17 ~M HSO; and analyzed on the ion chroma-

tograph. 70% of 2-
the added HSO; was oxidized to S04 ' which 

2-corresponded to a 50
4 

concentration of 4 ~M. From the 

TiCI
4 

analysis, the peroxide concentration in the bubbler 

water was estimated to be 2.5 ~M. 

In these experiments the amounts of fuel used and the 

flow rates were measured to a precision of 10%. The total 

peroxide concentration was measured to a precision of 5 ~M by 

the KI + AMD technique and to a precision of 2 ~M by the 

TiC'4 technique. The ion concentrations were measured to a 

precision of 0.03 ppm or 0.3 ~M on the Dionex ion chroma-

tograph. 
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Table 4. Oxidation of exhaust 50
2 

in bubbler water. 

Vehicle Run ppm 51 IV) 
__ ~~~~~_ ppm 50 2 

ppm ·5 I V I ) 5 ( I V) +5 (V I ) Time (m in I ox i d i zed 

A I fa .1 0.31 0.073 0.19 10 0.06 

.. A I fa 2 2.43 0.61 0.25 15 0.43 

A I fa 3 3.20 1. 20 0.27 15 0.64 

Audi 3.36 1. 21 0.26 10 0.97 

Truck* 0.40 0.13 0.24 15 0.01 

*Catalytic converter 

ppm 50
2 

oxidized in exhaust = ppm 5rVI) x 20(mL H20) 

2.5 x Time (m in) x F I ow ( I 1m in) 

.. 
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IV. DISCUSSION AND CONCLUSIONS 

These experiments have shown that H
2

0
2 

and organic per

oxides produced during the combustion of simple hydrocarbons 

did escape from the region of combustion. The relative 

amount of peroxides produced depended on the combustion 

conditions and the fuel. Because peroxides are known to be 

intermediate products of t · 19,20,27. t combus Ion, I was not 

surprising that the largest amounts, up to one mole per 

10,000 moles of fuel, were found during the most inefficient, 

i.e. intermittent combustion. Aldehydes are also intermediate 

products of combustion, and the largest amounts wer~ again 

found with intermittent combustion. The following reactions 

lead to these intermediates and begin by H-atom abstraction~'~ 

RH + (0, OH, H02 or H) -- R + (OH, H20, H2 0 2' H 2) 

RCH 2 + ° - RCHO + H 

° + CH 3 --.. HCHO + H 

H + RCHO --....HCHO + R 

C3
H7 --.-C 2 H4 + CH 3 

C2 HS + 02 _C 2 H4 + H02 

Lesser amounts of peroxides were found during diffusion 

combustion or when air was premixed with the fuel, up to 20 

moles per mi II ion moles of fuel. Under these combustion 

conditions relatively more of these intermediate peroxides 

continue to react as combustion goes more nearly to completion. 

Also peroxides are unstable with respect to decomposition, 

and this reaction increases with the temperature of the flame. 

M + H20 2 - 20H 
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H
2

0 2 is known to be more stable with respect to thermal 

or surface decomposition than organic peroxides and is more 

I ikely to escape the combustion region. Therefore it is 

not surprising that the majority, 80 to 100%, of the peroxides 

When sui fur was present in the fuel, natural gas or gaso..;; 

I ine, no peroxides were detected. This was undoubtedly be-

cause they reacted with the 50 2 produced during combustion 

to yield SO~- in aqueous solution. SO~- was detected by the 

ion chromatograph as a product of combustion from these fuels. 

With natural gas the amount of 50
2 

and peroxides produced 

during combustion appeared to be comparable, and most of the 

50
2 

was oxidized, Table 3. However when auto exhaust was 

sampled from the combustion of gasol ine the peroxide concen-

tration appeared to be only 20 to 30% that of the 50
2

, and 

an approximately constant ratio was noticed for S(VI l/total 

sulfur, Table 4. I t was demonstrated that this S(VI I was 

produced in the aqueous phase, because only 5% could be 

trapped on a fi Iter. Furthermore when su I fur free iso-octane 

was used 70% of the added HSO; was rapidly oxidized to So~-, 

S(VI I, In the bubbler water, and comparable concentrations 

of peroxides were detected in the bubbler water. These ex-

periments are convincing evidence for the production of pri-

mary peroxides by internal combustion engines and the abi I ity 

of the peroxides to escape into the atmosphere. 

Natural gas was generally over 90% methane, and methane 

produced the least amount.of peroxides of the lower 
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hydrocarbons during combustion. When the exhaust from natur-

al gas combustion was 2-sampled the concentration of 504 was 

only 4 ppb. When this exhaust was di luted in the atmosphere 

it would result in a relatively insignificant addition to 

the atmosphere. Experiments in which H50; was added to nat

ural gas bubbler water indicated that there were little un-

reacted peroxides present. Therefore natural gas combustion 

products are relatively free of peroxides and sulfate. 

2-However with auto exhaust the concentrations of 504 

and presumeably peroxides were 500 times higher, several ppm. 

2-idl ing engine could produce several mi II igrams of 504 An 

per minute and several times that when the car is driving. 

Diesel cars were found to produce several times this amount 

2-
of 504 • With several mi II ion cars in an urban area this 

could represent a significant addition of peroxides or sulfate 

to the atmosphere. 
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I. I NTRODUCT I ON 

A. ~!~~~£~!~~~_~!~~~~~~ 

Three m~jor episodes of pollution were characterized by 

a great deal of particulate matter, smoke or soot, in the 

atmosphere, this was caused by the widespread use of coal in 

home heating and industry. The .r e d u c t ion i n vis i b iii t Y 

caused by particles from 0.1 to 1.0 micron in diameter give 

us a daily reminder of air pollution. Particles less than 

1 micron in diameter are primarily derived from combustion 1 

whereas the larger ones are generated by abrasion of soi I 

particles. Particles smaller than 0.1 micron tend to coagu-

2 late into larger ones. 

Aeroso Is may a I so be re f erred to as "pr i mary," if they 

are emitted directly into the atmosphere, or "secondary" if 

they are formed by reactions among gases, between gases and 

particles, or among particles. There is currently some con-

troversy as to which type of aerosol predominates. If effec-

tive control strategies are to be devised it is important to 

know whether aerosols are mostly caused by combustion from 

fixed and moving sources or they are due to secondary photo~ 

chemical reactions involving gas to particle caD~~ts1oo. 

To discover the principal sources of atmospheric ~erosols 

we need to know their elemental composition. It also is 

Important to know their elemental composition if we are to 

understand the heterogeneous chemical reactions that take 

place on wet aerosols. 
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Because most of the mass of aerosols is C, Nand 0, we 

need to be able to analyze rapidly for these elements in low 

levels. 3 The goal of this part of the research is to develop 

a non-destructive method of simultaneous analysis for these 

three elements so that other tests could be carried out on 

the same samples. 

Currently combustion analysis is the most common techni-

que for analyzing low-Z elements. Until recently it was 

only avai lable for C and N, however it has been extended. to 

4 o by Benner. The sensitivity is marginal for lightly loaded 

samples, and of " course the sample is destroyed during anal-

y sis • 

Among the no~-destructive methods, X~ray fluorescen~e is 

perhaps the most important for elements with Z less than 12. 

The fluorescence yield for the I ighter elements is low, 

because they are more I ikely to emit Auger electrons than 

X-rays when they decay. A further problem is that the X-ray 

tends to be sel f absorbed by the sample. 

There are also problems using neutron activation analysis 

fo"r C, Nand 0 because the (n,l) reactions of the 99+% iso-

topes lead to stable isotopes that cannot be counted. The 

(n,l') reactions with 13C , 15 N and 180 are impractical because 

the reaction cross section is low and because the product 

isotopes have hal f-I ives that are either too long, 14C, or 

16 19 . too short, Nand 0, to be convenient for counting. 

For these reasons charged particle activation analysis 
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was used to analyze atmospheric aerosols. This technique is 

2 suitable for analyzing C, Nand 0 and is sensitive to 2 ug/cm. 

Markowitz and Mahony5 pointed the suitabi I ity of 3 He nuclei 

for charged particle activation analysis, and it has been 

applied in the determination of C and 0 in semiconductor 

materials and metals. Recently Clemenson, et al. used protons 

I f 't (5 I f 7 to ana yze or nl rogen and deuterons to ana yze or carbon 

in atmospheric aerosols. The goal of this part of the re-

search was to select a single bombarding particle and set of 

conditions to analyze ~l~~~!!~!~~~1 for C, Nand 0 in atmo-

spheric aerosols. 

In charged particle activation analysis a beam of parti-

cles is accelerated in a cyclotron of Van de Graaff generator 

to millions of electron volts (Mev) and made to impinge on a 

sample. This caused various nuclear reactions to take place, 

resulting in radioactive products. To be convenient for 

counting, these radioactive products should have half-lives 

from a few minutes to a few hours. 

The number of disintegrations per minute at the end of 

bombardment, 0 , 
o 

-~t is given by 0 = !:I1G"(l - e ). o 

n = number of 2 target atoms/cm 

= average beam intensity 

~= cross section for the nuclear reaction 

t = time of bombardment (minutes) 

2 (cm ) 

A= decay constant of the product -1 ( min ) = I n 2 /'t'~ 

For bombarding times much shorter than the half-life,'t
f 

,,' 



o = nla-At. o 

I (p art i c I e s 1m i n·) 

The probabi I ity of 8 nuclear process is expresseed in 
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terms of a cross sect ion, cr,' which has the dimensions of area. 

This comes from the simple picture that the probabi I ity for 

the reaction between a nucleus and an impinging particle is 

proportional to the cross-sectional target area of the nucleus. 

Cross sections may also be defined for elastic or inelastic 

scattering reactions. The variation of the cross section 

with the energy of the bombarding particle is known as the 

excitation function, Fig. 1. 

Because the "relative" method of analysis was used, it 

was not necessary to know the absolute cross sections, but 

only the relative probabi I ity of reaction as a function of 

energy. In this way the reaction can be carried out at an 

energy where the cross section was large and.did not vary 

too rapidly with energy. 

To determine the excitation functions for the reactions 

of interest a "sandwich" of alternating layers of -! mi I Mylar 

fi 1m and thin sheets of aluminum foil was mounted onto the 

"TAG" target, acyl indrical, water-coiled copper block, 

Fig. 2. Because the Mylar and aluminum degraded the energy 

of the beam by successive amounts, the different sheets of 

Mylar were activated by a beam of different energy. The 

intensity was nearly constant because only a smal I fraction 

of the beam particles Interacted with any given layer. At 

.. ' 
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the end of bomb~rdment the TAG target was quickly disassembled 

~nd the Mylar sheets with their catcher foi Is were mounted 

on ~Iuminum counting cards. These Mylar sheets were then 

counted in succession for 12 hours. Dec~y curves were pre-

pared f or each My I ~ r f i 1m, an d t he en d 0 f b 0 m b~ r d men t ~ c t i v i t Y 

oft he f jim, A , was c a I cui a· ted for e a c h, Fig. 3. o 
The ratio 

of the A 's w~s proportional to the ratio of the cross 
o 

sections, and these were plotted as ~ function of the energy 

of the be~m on the successive layers of Mylar film. 

A = ODe x 0 I 100 o 0 

A! / A ~ = U1 / 02 

Where ODe is the overall detection coefficient and othe 

rel~tive cross section. 

Nucle~r re~ctions may absorb or release energy, with Q 

the amount of energy absorbed or released, A + a = B + b + Q. 

A = the t~rget nucleus 

~ = the bombarding particle 

B = the product nucleus 

b = the emitted particle 

A positive Q-value corresponds to the release of energy and 

a negative Q-value corresponds to the absorption of energy. 

The Q-value may be calculated using Q = (M
A + M ) - (M

B + Mb ) , 
~ 

MA =- mtiSS of the target nucleus 

M = mass of bomb~rding p~rticle a 

Me = m~ss of product nucleus 

Mb = mass of emitted p~rticle 

A neg~tive Q-v~lue gives the amount of energy required 
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by the bombarding p~rticle in the center of m~ss system to 

make the reaction occur. Because Ma/(MA + Mal of the kinetic 

energy of the bombarding particle Is retained by the products 

due to conversation of momentum, only MA/(M a + MAl of the 

particle's kinetic energy Is evail8ble for the re~ction • 

Therefore the t~reshold energy required by the bomb~rding 

particle to m~ke the re8ction energetic~lly possible is 

A second r~~son why bomb~rdlng p8rticles m~st have kin-

etic energy gre~ter th~n the Q-v8lue is th8t they h~ve the 

s~me ch~rge as the nucleus and must overcome the Coulomb 

repulsion between them. This Coulomb repulsion b~rrler may 

be estimated as the energy when two spheres are touching and 

equ~ls ZA Za e2 /1Ra + RAI. 

e = fundament~1 unit of charge 

ZA = atomic number of 

Z = 8tomic number of 
~ 

R = 1.6 x 10-13 A1/3 , 

A = m~ss number 

Expressed in units of Mev It 

the t~rget nucleus 

the bombarding nucleus 

r~dius of nucleus 

B becomes 1.44Za ZA • 

1~~~~;73~-~;/31 

The Coulomb b~rrler of 8 3 He ion 8S 8 function of the target 

nucleus is shown In Fig. 4, 8nd th8t of 8 2H ion 8S 8 

function of the t~rget nucleus in Fig. 5. 
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I I. EXPER I MENTAL 

AI I irradiations of the samples were carried out using 

the 88 inch cyclotron. The cyclotron used a radiofrequency 

potential to stepwise accelerate positive ions. These ions 

were forced to move in a spiral path by a perpendicular 

magnetic field. 8ecause the high frequency potential was 

applied between two electrodes called dees, the positive 

ions accelerate towards the negative dee and away from 

the positive dee. With each trip around the ions acquired 

energy and moved in a path of greater radius. The equation 

of motion for a particle sUbject to these forces showed 

that the angular velocity,~, is independent of the 

radius:W= Helm 

-1 = angular velocity in sec 

H = magnetic field strength 

M = ion mass In kg 

e = ion charge In coulombs 

-4 in gauss x 10 

This equation showed that all ions with the.same charge to 
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mass ratio wi I I be accelerated at the same angular velocity. 

When they had the desired energy they were deflected down a 

beam line by a deflector plate. For the beam energies in 

these experiments relativistic effects were unimportant. 

Typical :3 beam currents were, to 1 ~A, and for He, the 

beam energy was 14.0 Mev. To reduce the beam energy to the 

desired value on the sample, thin sheets of aluminum were 

.. 
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used. The bombarding particles lost a definite amount of 

energy for a particular thickness of aluminum, which could 

be calculated from range-energy tables. 9 In this way the 

:3 
He beam energy was reduced to 9.0 Mev on the samples or 

Mylar standard • 

In the experiments standards and samples were placed 
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on seperate TAG targets and covered with the same thickness 

of aluminum to reduce the 3He beam to the same energy on 

both. ! mil Nylon or Mylar films were used as standards, 

Table 1, and for less than 15 pcoulomb of irradiation there 

was no visible radiation damage to these standards. The 

aerosol samples were collected on silver filters at a flow 

of 75 I iters/minute for 4 to 24 hours. This resulted in 

aeroso "I 2 loadings of 100 to 500 pg/cm Standard film s or 

aerosol samples were held in place by an aluminum collar 

with vacuum tight seals. Because al I materials were aluminum, 

copper or silver, there was good dissipation of heat away 

from my samples. 

The TAG target was also used as the back of the 

Faraday cup at the end of the beam pipe, Fig. 6. The TAG 

target was insulated from ground and was attached to an 

integrating electrometer which measured the charge 

impinging on the target. The front end of the apparatus 

had a i-inch col I imator that could be used to center the 

beam on target. About five minutes was required to inter-

change standard and sample TAG targets. At the end of 



54 

Table 1. Composition of Mylar and Nylon standards. 

MYLAR 

Element Exp t ' I I C81c'd I .. 
Carbon 62.7 60.0 

Hydrogen 4.1 8.0 

* Oxygen 33.2 32.0 

NYLON 

Element E xp t I I I Calc'd I 

Carbon 62.2 63.7 

Hydrogen 9.7 9.7 

* Oxygen 16.0 14.2 

Nitrogen 12.1 12.4 

* Determined by difference. 
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bomb~rdment the samples were removed from the t~rgets, 

rapidly mounted on ~Iuminum counting c~rds, s~curedwith a 

Sl!ir~n film ~nd covered wi th ~ copper ~bsorbero 

All the r~dioactive nuclides of Interest were neutron 

14 deficient ~nd decayed by positron emission. Other th~n 0, 

they emitted no nuclear gamm~ rays. These positrons were 

emitted into surrounding copper or ~Iuminum, and when they 

quickly came to rest, the positron.'-electron pair annihi: lated. 

This resulted in two 0.511 Mev g~mm~ rays being simultaneously 

emitted in ex~ctly opposite directions to conserve momentum. 

This angul~r ~nd time correl~tion could be used to discrimin-

~te ~gl!iinst unwanted radiati~n by coincidence counting. 

When the longer I ived 11 C120.4 min) and 18Fl109.8 min) 

decay products were of interest the s~mples were counted 

using a sol id st~te GelLi) diode detector. The efficiency 

of the detector, the overal I detection coefficient, 

ODC = peek ~rea Icts/min) x 100/¥'min -1 

was determined with a 22Na stand~rd from the International 

Atomic Energy Authority, Vienn~, ~nd was found to be 1.8%. 

The output of the Gelli) detector went to e Charge-sensitive 

dc-coupled preampl ifler with a sensitivity of 170 mY/Mev. 

This preamplifier output went to a high rate linear amplifier 

and then to ~ C~nberra multichannel an~lyzero This spectrum 

showed a narrow 0.511 Mev peak with no inlerferences. It 

could be seen that this peak "s~t" on ~ b~ckg,.ound of 

Compton events caused by higher energy g~mml!i rays. This 

• 
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background was removed by subtracting 5 ch~nnels on either 

side of the 0.511 Mev pe~k from the 10 ch~nnels covering the 

range of the peak. This multichannel ~nalyzer output was fed 

into ~ printer which g~ve counts for the peak ~nd b~ckground, 

length of counting interv~1 ~nd the time of d~y. 

In the second type, of experiment the one ~nd two minute 

h~lf-lived 17F and 150 were of interest. Therefore ~ counting 

app~ratus was set up ne~r the cyclotron using Nal CTI) scin-

ti I I~tion detectors in coincidence to reduce background. 

Their pre~mpl ifier outputs were sent to a single channel 

coincidence unit and then to ~ counter ~nd printer, Fig. 7. 

There w~s I ittle b~ckground to subtr~ct with this arrangement, 

and only counts, duration of interv~1 and time of day were 

printed out. 14 When 0 was of interest ~ ,third ampl ifier and 

analyzer w~s included .to count its 2.3 Mev nuclear gamma rays. 

For counting intervals less th~n 0.2 h~If-life the timing 

error in using the mid point of the counting interval was 

less th~n 0.1%. The sample activity ~s a function of time 

after bomb~rdment was plotted on semi-log paper for sam~les 

and st~ndard, resulting in ~ dec~y curve. For ~ single 

radio~ctive component it would be a str~ight I ine, but for 

several components it gave 8 curve that w~s concave upw~rd, 

Figs. 2, 8. The activity at the end of bombardment, A , was 
o 

given by ~ ClSQ10 code. This could be determined to an error 

of about 1%. The greater the number of counts in the inter-

v~1 the better the statistics, since st~nd~rd deviation, 

std. dev. = VNo. of counts. When the b~ckground was also 
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C 0 u n ted and s ub t I" act ed, s t d. d e v. =.J N i n t + N b k 9 d • 

N. t = Number of counts in the interval 
In 

Nbkgd = Number of counts in the background 
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The amount of carbon and oxygen in my samples was deter-

mined by the relative method of analysis. In this method 

both sample and standard were bombarded by a beam of the 

same energy, duration and intensity. Therefore the number 

of disintegrations pel" minute and the counts pel" minute, A , 
o 

was proportional to the mass of a particular king of atom 

in the standard 01" samp.le. Therefore Mass unk = 

The relative method had the advantage that many 

unk 
A x Mass std •. 0-----------

A
std 
o 

systemic 

errors cancel out. However the beam intensity could vary 

between sample and standard runs by perhaps 2%. Errors in 

weighing and timing would also each be about 2%. Therefore 

it should be possible to measure carbon and oxygen in atmos-

pheric aerosols with a standard deviation of less than 10%. 

'" 
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I I I. RESULTS 

The goal of this research was to simultaneously analyze 

for C, Nand 0 using charged particle activation analysis. 

To do this it was necessary to examine the potential nuclear 

reactions and their interferences, Table 2. Because most 

nuclear reactions of these elements involved the production 

of positron emitters that decayed with their 0.511 Mev anni-

hilation radiation, it was necessary to choose reactions in 

which the products differed by a factor of two or more in 

their half-lives. Furthermore reactions were chosen that 

had cross sections greater than 100 mb, so that lightly 

loaded aerosol 2 samples, 100 to 500 ~g/cm , could be analyzed. 

With these constraints, deuterium, 2 H, wa~ chosen as the 

activating particle using 12Cld,n113N for C, 14Nld,n1150 for 

16 17 Nand Old,nl F for O. The first reaction was used by 

Clemenson 7 to determine C in aerosols and had a half-life of 

10 minutes. 13 Therefore the N could easi Iy be distinguished 

in the decay curve from 1 minute 17F and 2 minute 150 • How-

ever it would be difficult to analyze for 0 and N because 

their product nuclides only differed by a factor of 2 in 

half-life. Nevertheless an attempt was made usIng deuterium 

actIvation and a coincidence counting apparatus, Fig. 7. 

Unfortunately the S.OMev deuterium Ions also activated the 

silver filters on which the aerosol was collected, 107 Agld ,tl 

106 Ag • 106 Ag had a 24.0 minute half-I ife which dominated 

the decay curve after a few minutes, making it impossible to 



Table 2. Possible reactions and interferences using 2H to determine carbon, oxygen 8nd nitrogen. 

Reaction Half-Ilfelmlnl Q-valuelMevl Interfering Half-life Q-value 

Reactions 

12Cldgn,13N 10.0 -0.28 14 N1d ,dn,13 N 10.0 -10.5 

14 N1d tl 13 N , 10.0 -4.3 

160 I d ,~n , 13 N 10.0 -7.4 

1601d ,n,11 F 1.1 -1.6 14Nld,n1150 2.0 +5.1 

14 N1d ,n,150 2.0 +5.1 1601d ,n,11 F 1.1 -1.6 

.. .~. ... ~ 

01 
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simultaneously analyze for C, Nand 0 on silver. Other 

transition metals might be free of interferences but were 

not commercially avai lable as f 11 terSe Plastics or quartz 

containing C and 0 could not be used because their activation 

would overwhelm that of the sample. 

B. Pairwise Determination 

Next reactions were sought which would make it possible 

to determine pairs of elements, C and N, Nand 0 or C and O. 

11 Clemenson used protons in separate experiments to determine 

N by 14N(P~)11C and 0 by 160(p,~)13N. These products had 

half-lives of 20.4 and 10 minutes respectively. Therefore it 

might be possible to simultaneously determine these two 

elements. However oxygen was much more abundant than nitro-

13 gen and its product, N, might dominate .thedecay cu~ve. 

Carbon and oxygen are the most abundant elements in aero-

sols and their concentrations would be of greatest interest, 

especially since oxygen is difficult to measure. 3 He would 

be the most promising activating particle via the 12C(3He,~) 

11C and 18 F have ha If-I i ves 

of 20.4 and 109.8 minutes and could be easily resolved in a 

decay curve. Furthermore they have cross sections of 400 mb 

around 8 to 9 Mev, below the Coulomb barrier of 3He ions on 

silver filters, Fig. 4. 

Among the C, Nand 0 reactions only 12C (3 He ,d)13 N is 

I ikely to be a problem, as Its cross section rises sharply 

above 6 Mev. However at 9 Mev, below the maximum of the 12C 

rea c t ion, the c r 0 s sse c t ion i son e f i f t h t hat 0 f 12 C ( 3 H e ,e<.) llC. 
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I 
If counting is begun 20 to 30 minutes after the end of bom= 

bardment, only * to 1/8 of the activity of 13 N wi I I remain, 

and it should not interfere with the carbon determination. 

The 23 Na ,3 He ,2oC 118 F reaction could be an interference in 

the oxygen determination, Table 3, however the cross section , 
for this reaction is only 15 mb at 8 Mev, 25 times less than 

for 3 He on O. 18 Fluorine and neon would also produce F, but 

they are expected to be insignificant constituents of aero-

11 3 11 9 3 11 sols. For the same reason the BI He,tl C and Bel He,nl C 

can be el iminated as possible interferences in the carbon 

determination. E I ernen t s I ike C I, A I, 5 ian d 5 are po 5 sib I e 

minor constituents of aerosols and one needs to consider their 

product nucl ides after 3 He bombardment. Only CI and 5 pro-

to llC' 18 duce isotopes with half-lives comparable or F, 

namely 32 minute 34 CI • Because the experimental results for 

C agree wei I with the combustion determinations the concentra-
. 

tions'of 5 and CI must have been low, Table 4. 



6;- ikc 

Table 3. Possible reactions and interferences using 3He 

to determine carbon an.d oxygen. 

Reaction Hal f-II felmin) Q-lIalueIMell) 

12C13He,4Hel11c 20.4 +1.9 

160 (c 3He, pi 18F 109.8 +2.0 

Interfering 

Reactions 

160(3He,2oCll1C 

14NC3He,o(dl11C 

118(3He,tl11c 

9ae(3He,nl11C 

19F ( 3 He ,0<.,1 18F 

20Ne(3He,o(p)18F 

23Na(3He,2ot)18F 

. -4 

Hal f-II fe 

20.4 

20.4 

20.4 

20.4 

109,8 

109.8 

109.8 

~ . 

Q-value 

-5.8 

-8.4 

-2.0 

+7.6 

+10.1 

-2.7 

-0.3 

0\ 
I,Jl 
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Teble 4. Comp~rison of ectivation anelysis with combustion. 

Aerosol C (Nuc I) CIComb) RetiolNucl/Combl OINucl) 

AE 35 109 2 104 ;.Jg/cm 2 
1. 05 242..ug/cm 2 )J 9 I cm 1 

AE 47 110 104 1. 06 420 

AE 81 84 101 0.83 149 

AE 82 48 69 0.70 217 

AE 83 98 103 0.95 195 

AE 84 113 107 1.06 270 

AE 93 112 110 1. 02 264 
-----

R = 0.95 + 0.14 

A combustion" determination of oxygen was not available at 

the time of these experiments. 

~" 
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IV. DISCUSSION AND CONCLUSIONS 

These ch~rged perticle ~ctivation analysis experiments 

demonstreted the difficul ty of simult~neously ~n~lyzing for 

low-Z elements, beceuse they heve few distinct t-r~ys end 

h~ve positron emitting decey products with similar h~lf-lives. 

It was necessary to heve e f~ctor of 5 different in helf-

I ives to resolve clearly the different elements in the 

dec~y curve. 

. . 12 3 11 16:3 18 This could be done with Ct He,~) C ~nd Ot He,p) F 

r e ~ c t ion s lee din g to radioactive Isotopes with h ~ If - I i v e s 

of 20.4 ~nd 109.8 minutes respectively. In using these 

nuclear re~ctions it w~s possible to measure c~rbon--and 

presume~bly oxygen--in ~tmospheric aerosols to better than 

Attempts to simultaneously measure C, N ~nd 0 using 

deuterium activetion were unsuccessful because of the close-

ness in h~lf-lives of isotopes from different elements ~nd 

because of a severe interference with a radioactive isotope 

of the silver filter metrix. Unfortun~tely other suiteble 

filter materials ~re not presently available. If other high 

etomic number filters become commercially available, then the 

high Coulomb barrier would prevent activation of the fi Iter 

itself, possibly permitting a successful, simultaneous ~nal-

ysis of C, Nand 0 in atmospheric aerosols. 
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