
The carbon isotopic content and concentration
of ambient formic and acetic acid.

Item Type text; Dissertation-Reproduction (electronic)

Authors Johnson, Bryan Jay.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:29:42

Link to Item http://hdl.handle.net/10150/185355

http://hdl.handle.net/10150/185355


INFORMATION TO USERS 

The most advanced technology has been used to photograph and 

reproduce this manuscript from the microfilm master. UMI films the 

text directly from the original or copy submitted. Thus, some thesis and 
dissertation copies are in typewriter face, while others may be from any 

type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthroug..;' substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand corner and 

continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in 

reduced form at the back of the book. 

Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and 'Nhite 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly 
to order. 

U·M·I 
University Microfilms International 

A Bell & Howell Information Company 
300 North Zeeb Road. Ann Arbor. MI 48106-1346 USA 

313'761-4700 800'521-0600 



------------------------- ----- -----



Order Number 9121543 

The carbon isotopic content and concentration of ambient formic 
and acetic acid 

Johnson, Bryan Jay, Ph.D. 

The University of Arizona, 1991 

U·M·I 
300 N. Zeeb Rd. 
Ann Arbor, MI 48106 



------------



NOTE TO USERS 

THE ORIGINAL DOCUMENT RECEIVED BY U.M.I. CONTAINED PAGES 

WITH SLANTED PRINT. PAGES WERE FILMED AS RECEIVED. 

THIS REPRODUCTION IS THE BEST AVAILABLE COPY. 





THE CARBON ISOTOPIC CONTENT AND CONCENTRATION 
OF AMBIENT FORMIC AND ACETIC ACID 

by 

Bryan Jay Johnson 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF ATMOSPHERIC SCIENCES 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

199 1 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have read 

the dissertation prepared by Bryan Jay Johnson 

entitled The Carbon Isotopic Content and Concentration of Ambient 

Formic and Acetic Acid 

and recommend that it be accepted as fulfilling the dissertation requirement 

for the Degree of Doctor of Philosophy 

,~~~ December 6, 1990 

George A. Dawson Date 

~~. December 6, 1990 

Eric A. Betterton Date 

o2J~~ ~~o4 December 6, 1990 

cr==t:J 
Date 

December 6, 1990 

, Q:Le~~ 
Date 

December 6, 1990 ~clUlelF. Burke Date 

Final approval and acceptance of this dissertation is contingent upon the 
candidate's submission of the final copy of the dissertation to the Graduate 
College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 

req~~~ 
Decemb er 6, 1990 

Dissertation Director George A. Dawson Date 



3 

STATEMEN~ BY THE AUTHOR 

This dissertation has been submitted in partial 
fulfillment of requirements for an advanced degree at the 
University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of the 
Library. 

Brief quotations from this dissertation are allowable 
without special permission, provided that accurate 
acknowledgment of source is made. Requests for permission 
for extended quotation from or reproduction of this 
manuscript in whole or in part may be granted by the head of 
the major department or the Dean of the Graduate College when 
in his or her judgment the proposed use of the material is in 
the interests of scholarship. In all other instances, 
however, permission must be obtained from the author. 

SIGNED: 



4 

ACKNOWLEDGMENTS 

The atmospheric organic acid samples c'ollected in this 
study required a location to set up sampling equipment, and 
often a place for lodging. Therefore, I would like to thank 
Steward Observatory, Mount Lemmon; Institute of Atmospheric 
Sciences, Oregon Graduate Center; California state Parks; The 
New Zealand Department of Scientific & Industrial Research, 
Wellington; Wolf Creek Ski Area, Colorado; and Sims Lutheran 
Church for the use of their facilities for sample collection. 
I would also like to thank Jan and Gary Case, Mrs. Maise, 
Dave Lowe and family, and Brenda and George Dawson for their 
hospitality. 

Thanks are also extended to the Accelerator Carbon-14 
facility group for carbon 14 analysis of several samples. To 
Chris Eastoe and Larry Toolin for helpful information on 
isotopic studies and sample handling, and to Brian Iserman of 
the Pima County Dept. of Transportation and Flood Control for 
Mount Lemmon weather data. 

I thank Professors George A. Dawson, Eric A. Betterton, 
Richard M. Schotland, Quintus Fernando and Michael F.Burke 
for serving on my advising committee. To Dr. Briant Davis 
for his encouragement towards furthering my graduate studies. 
To Dr. Eric Betterton and Dr. Brian Johnson, for their 
guidance in the laboratory. Special thanks to Dr. George A. 
Dawson for his influence on me through his innovative insight 
into the field of Atmospheric Sciences. Finally, I deeply 
thank my family for their continual support and financial 
help, which has made this goal possible. 



5 

TABLE OF CONTENTS 

Page 

LIST OF ILLUSTRATIONS 9 

LIST OF TABLES • 11 

ABSTRACT ••• 13 

Chapter 

1. INTRODUCTION 15 

2. 

1.1 Atmospheric organic Acids . 15 

1.2 Determining the Sources of Organic Acids. 16 

1.2.1 Correlation with Nitrate and CO .. 18 

1.2.2 organic Acids in Remote Locations. 19 

1.2.3 Formic-to-Acetic Acid Ratios . 20 

1.2.4 Seasonal Periodicity of Organic 
Acid Concentrations . . 21 

1.3 Carbon Isotopic Methods . . . 24 

1.3.1 Isotopic Analysis of Atmospheric 
Methane • . • . •. ...... 27 

1.4 project Goals · 28 

COLLECTION OF SAMPLE . . . . . 29 

2.1 Ambient Organic Acid Sampling 

2.2 

2.3 

Calcium Hydroxide Treated Filters 

2.2.1 Filter Preparation 

Collecting the Sample 

2.3.1 Storing Samples 

· 29 

· 31 

. . . . . 32 

· 34 

• • • • 35 

2.3.2 Filter Extraction and IC Analysis. 37 



3. 

4. 

2.4 

6 

TABLE OF CONTENTS - continued 

Page 

Field Testing Ca(OH)2 Fjlters . • 39 

2.4.1 Filter Collection Efficiency . 39 

2.4.2 Effects on Collection Efficiency . 40 

2.4.3 Long Term Filter Effectiveness •. 41 

2.4.4 Formaldehyde Artifact Formation 
Tests • • . • . . . . • . 42 

ISOTOPIC MEASUREMENTS · 52 

3.1 Sample Workup for Isotopic Analysis. 52 

3.1'.1 Oxidation Equipment . . · 54 

3.1.2 Procedure for Oxidation of Formic 
and Acetic Acid . . . . . . . . . . 56 

3.2 Isotopic Fractionation . . . . · 59 

3.2.1 Experimental Measurement of k12/k13 61 

3.3 Blank Isotopic Composition Run. · 64 

SOLUBILITY MEASUREMENTS · 65 

4.1 Isotopic Fractionation in the Atmosphere. 65 

4.1.1 Hydroxyl Radical Reaction ....• 65 

4.1.2 Dry Deposition 

4.1.3 Wet Deposition 

. • . 67 

· 68 

4.2 Experimental KH and Fractionation of HCOOH 72 

4.2.1 Experimental Procedure · 75 

4.3 Results of Solubility Experiment . • 77 

4.3.1 Henry's Law Coefficient ...... 77 



7 

TABLE OF CONTENTS - continued 

Page 

4.3.2 Carbon-13 Content of Aqueous and 
Gas Phase HCOOH • . • . . • . •. 78 

4.4 Conclusions . . . 79 

5. SOURCE MEASUREMENTS OF ORGANIC ACIDS •..... 81 

5.1 Potential Sources of organic Acids . 81 

5.2 Auto Exhaust Emissions. . . . . . . 84 

5.2.1 Urban Emissions and Concentrations 86 

5.3 Formicine Ant Emissions . . 89 

5.3.1 Comparison of Ant 13C Composition 
and Emissions . .. ..... 93 

5.4 Carbon-14 Measurements 94 

6. ATMOSPHERIC CONCENTRATIONS AND CARBON ISOTOPIC 
CONTENT . • . • • • . . 98 

6.1 Collection sites 98 

6.2 Mount Lemmon . . . . 101 

6.2.1 Seasonal Patterns at Mount Lemmon 105 

6.2.2 Diurnal Concentration Patterns 109 

6.2.3 

6.2.4 

Carbon-13 Content of Ambient 
organic Acids • • . . . . . 

Diurnal l3C Patterns 

111 

115 

6.2.5 Influence by Mixing from Tucson . 115 

6.3 Cape Meares, Oregon Coast Samples. . 119 

6.4 Big Sur, California Coast Samples .... 121 

6.5 New Zealand Samples • . . 123 

6.6 Colorado Rockies Data . 125 



8 

TABLE OF CONTENTS - continued 

Page 

6.7 North Dakota Prairie . • • 127 

6.8 Summary of 13C Data 130 

7. CONCLUSIONS AND SUMMARY . 132 

7.1 Collection of Formic Acid by Ca(OH)2 
F i 1 ters • • • • • • . • • • . • .. . 132 

7.2 Seasonal and Diurnal Concentrations of 
Formic Acid . . . . . • . . . . .. . 132 

7.3 Carbon-13 Content of Ambient Formic Acid 133 

7.4 Carbon-13 content of Sources · 134 

7.S Tucson and Mount Lemmon Comparison . · 136 

7.6 Formic Acid Carbon-14 Data 137 

7.7 Partitioning and Fractionation of 
Aqueous Formic Acid · 137 

7.8 Acetic Acid Measurements . · 138 

7.9 Future Work · 139 

LIST OF REFERENCES . . . . • • . . . . . . . . . . 142 



9 

LIST OF ILLUSTRATIONS 

Figure Page 

1. Atmospheric Organic Acid Sampling Arrangement 33 

2. Concentration of Formate and Acetate versus 
Storage Time . . . . . . . . • . • . . . . 36 

3. Formaldehyde Interference Experimental 
Arrangement . . . . . . . . . . · · · · · · · · · 44 

4. Formaldehyde Interference Test Results - Tucson 
18 ppbv HCHO . . . . . . . . . · · · · · · · · · 46 

5. Formaldehyde Interference Test Results 
Mount Lemmon #1, 10 ppbv HCHO · · · · · · · · · 46 

6. Formaldehyde Interference Test Results 
Mount Lemmon #2, 18 ppbv HCHO · · · · · · · · · 47 

7. Formaldehyde Interference Test Results 
Mount Lemmon #3, 27 ppbv HCHO · · · · · · · · · 47 

8. Formaldehyde Interference Test Results 
Mount Lemmon #4, 11 ppbv (with Formic Acid Trap) . 48 

9. Formaldehyde Interference Test Results 
Mount 'Lemmon #5, 7 ppbv (with Formic Acid Trap) · 48 

10. Excess Formate Versus Formaldehyde Input . 49 

11. Glassware for Oxidation of Formic Acid . 55 

12. Isotopic Ratio of Products ~ to Reactants ~ 
versus Reaction Yield . . . . . . . . . . . . . . 63 

13. Formic Acid Aqueous/Gas Partitioning Experiment. 73 

14. U.S. organic Acid Sampling Sites 99 

15. New Zealand Sampling sites 100 



10 

LIST OF ILLUSTRATIONS-.-Continued 

Page 

16. Formic Acid Atmospheric concentrations (ppb) 
Mount Lemmon, Arizona . . . . . . . . . . . 106 

17. Acetic Acid Atmospheric Concentrations (ppb) 
Mount Lemmon, Arizona . . . . . . . . . . . 107 

18. Formic versus Acetic Acid Concentrations 108 

19. Diurnal Variations in Concentrations and 
Carbon-13 content of Atmospheric Formic Acid . . 110 

20. Carbon-13 composition of Formic Acid 
(Mount Lemmon) ................. 112 

21. Carbon-13 Composition of Acetic Acid 
(Mount Lemmon) ........ . 113 

22. Average Height of the Mixed Layer at Mount Lemmon 116 

23. Summary of Atmospheric and Source Formic Acid 
Data. . . . . . . .. ....... .131 



11 

LIST OF TABLES 

Table Page 

1. Carbon-13 content {O/oo vs. PDB> of Natural 
Species • • • • • • • • • . • • • • • • • •. 26 

2. Ambient organic Acid Collection Methods . 29 

3. Formate Extraction Efficiency 38 

4. Long Term Filter CE Test ... . 42 

5. Isotopic Fractionation in HCOOH oxidation .... 62 

6. Experimental Rate Constants for HCOOH + OH . . 66 

7. Experimental Henry's Law Constant {KH> of 
Formic Acid . . . . . . . . . . . . . . . . 78 

8. Isotopic Composition of Liquid (source) and 
Gas Phase Formic Acid . . . . . . . . . . . . . . 79 

9. Auto Exhaust Organic Acid and Isotopic Data 85 

10. Emission Estimate of Organic Acids from the 
California South Coast Air Basin and Tucson 87 

11. Ambient Concentrations and Carbon-13 Content of 
Formic and Acetic Acids in Tucson, AZ . . . . . . 88 

12. Formic Acid Isotopic Composition from 
Formicine Ants • • . • . . • . • . • • 

13. 14C Content of Atmospheric HCOOH Samples 

14. Mount Lemmon Organic Acid Sample Data 

15. Mount Lemmon Weather Data 

16. Tucson and Mount Lemmon Formic Acid Data 

17. Cape Meares Formic Acid Data • 

. 92 

. 96 

.. 103 

.. 104 

117 

120 



18. 

19. 

20. 

21. 

LIST OF TABLES--Continued 

Big Sur Formic Acid Data • • 

New Zealand Formic Acid Data • 

Colorado Formic Acid Data 

North Dakota Formic Acid Data 

12 

Page 

122 

124 

126 

128 



13 

ABSTRACT 

A direct method for source determination of atmospheric 

formic and acetic acid, through carbon isotopic analysis of 

the ambient acids and their potential sources, has been 

successfully developed and tested. These first carbon 

isotopic measurements of formic acid in the atmosphere were 

found to be fairly constant, regardless of location. This is 

consistent with a single dominating source of formic acid, 

with vegetation emissions being the most likely controlling 

source. Collection of relatively large quantities (0.3 - 3.0 

mg) of the organic acids, which was necessary for carbon 

isotopic measurements, was effectively accomplished by a new 

method using calcium hydroxide-treated filters with a high

volume sampler. 

Samples were collected on a regular basis at Mount 

Lemmon, Arizona (elevation = 9200 feet A.S.L.). Atmospheric 

concentrations showed a well-defined seasonal pattern, with 

the lowest concentrations (about 0.2 ppbv) occurring in the 

middle of the winter, which steadily increased to a maximum 

of nearly 2 ppbv in the summer. The J3C content (8 J3C) of 

HCOOH averaged -20.9 ± 2.5 0/00 during the growing season 

(April-September) and -23.2 ± 3.5 0/ 00 during the non-growing 

season at Mount Lemmon. 
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Isotopic measurements of formic acid from several other 

locations included two west coast marine sites (0 13C range of 

-19.1 to -24.6 °/00), three Colorado Rocky Mountain samples 

averaging -23.2 ± 1.0 °/00 , two from the prairie of North 

Dakota (-23.5 ± 1.0 °/00) and three samples collected in the 

urban Tucson, Arizona area (-20.8 ± 3.4 °/ 00). Source 

measurements included HCOOH emissions from two species of 

formicine ants (-18.8 ± 1.7 °/00), and HCOOH in automobile 

exhaust (-28 °/00 from leaded gasoline, and -48.6 °/00 from 

unleaded). 

Further support for a biogenic source of atmospheric 

HCOOH came from the carbon-14 analysis of six Mount Lemmon 

HCOOH samples (93-113% modern carbon), using accelerator mass 

spectrometry. 

Carbon isotopic fractionation during exchange of HCOOH 

between the liquid and gas phases was investigated through a 

gas/liquid partitioning experiment. A first experimental 

measurement of the Henry's Law coefficient (KH) averaged 7400 

± 800 M/atm. Fractionation between HCOOH(g) and HCOOH{aq) was 

found to be negligible. 
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CHAPTER 1 

INTRODUCTION 

1.1 Atmospheric Organic Acids 

Acid rain has been studied extensively in the past 20 

years because of environmental concerns over acid deposition 

to lakes, streams, and forests. Much of the research has 

centered on regions where aquatic and forest life has been 

observed to be declining, such as eastern North America, 

European forests, and Scandinavian lakes. The impacted 

regions are near or downwind from major industrial areas 

which, due to combustion of fossil fuels, emit S02 and NOx; 

these are precursors of the sulfuric and nitric acids present 

in the rain. These inorganic acids received all of the 

attention until the early 1980's when several researchers 

observed organic acids, mainly formic and acetic acid, in the 

gas phase (Dawson and Farmer, 1980; Goldman, 1984) at 

concentrations generally less than one ppb (parts per billion 

by volume) in rural areas. Concentrations as high as 2-10 

ppb have been observed in urban areas (Tuazon et al., 1981; 

Hanst, 1982; Grosjean, 1990). In addition to gas phase 

measurements, analysis of precipitation has revealed that 

formate and acetate are major ionic species present in rain 
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over many areas of the world (Keene and Galloway, 1986), 

including regions such as the Venezuelan Savannah (Sanhueza 

and Elbert, 1989) and the Central Amazon Region (Andrea et 

al., 1988). 

The significance of organic acids in the acidity of 

clouds and precipitation, and their role in gas phase 

photochemistry has begun to take an important role in 

atmospheric chemistry. For example, the pH of rain and cloud 

droplets is an important factor in the oxidation rate of S02 

in the aqueous phase (Seinfeld, 1986). organic acids are 

also involved in urban photochemical models, having a 

potential influence in OH radical chemistry (Wine et al. 

1985; Jacob, 1986). However, the source of formic and acetic 

acid in the atmosphere is not yet resolved, and has become a 

keen area of interest to researchers. 

1.2 Determining the Sources of Organic Acids 

The sources of atmospheric organic acids that have been 

proposed include direct emissions and numerous atmospheric 

reactions. Some of the gas phase reactions include the 

photochemical oxidation of formaldehyde (Sue et al., 1979), 

and the ozone-olefin reaction; in addition to direct auto 

emissions, these two are considered to be major sources of 

organic acids in urban environments such as Los Angeles 
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(Grosjean 1989). In the liquid phase, Chameides and Davis 

(1983) reported that the aqueous phase reaction of aldehydes 

with OH radicals is a potentially potent source. 

In rural air, the above atmospheric reactions are 

considered to be minor contributors to the organic acids 

observed in comparison to some of the possible direct 

emission sources; these include vegetation (Keene and 

Galloway, 1988; Dawson and Farmer, 1988), microorganisms in 

soil (Isidorov, 1990), and formicine ants (Graedel and 

Eisner, 1988). 

Identifying possible sources of HCOOH and CH3COOH has 

been fairly straightforward, but determining which sources 

are responsible for ambient levels measured throughout the 

seasons in rural and urban areas has been elusive. Several 

approaches in the analysis of the growing body of organic 

acid data have, however, started to reveal a general picture 

regarding the potential natural and anthropogenic sources. 

Some of the more common methods in source determination 

include: 

1. correlating organic acid concentrations with the 

concentration of another well known anthropogenic 

pollutant. 

2. measuring the gas and aqueous phase concentration of 

organic acids in a wide variety of remote locations. 



3. analyzing formate-to-acetate ratios in air and 

precipitation and comparing with the ratio found in 

potential sources. 

18 

4. observing the seasonal variations in concentration at a 

single sampling location. 

All of the methods listed above are based on measuring 

atmospheric concentrations of formic and acetic acid and 

usually do not involve direct source strength observations. 

Thus, there are implied assumptions such as uniform mixing, 

and constant, even equal loss rates of the measured gases 

that must be considered before concentrations and sources of 

different components can be related. 

1.2.1 Correlation with Nitrate and Carbon Monoxide 

Norton (1985) measured nitrate, a strong indicator of 

urban polluted air (Hueber et a1., 1982) and organic anions 

in precipitation at Niwot Ridge (10,000 feet elevation) and 

nearby Boulder, Colorado (5400 feet). Very good correlation 

with nitrate was found, suggesting anthropogenic pollution 

may be responsible for the higher levels of formate and 

acetate observed in precipitation there. Dawson (1988) 

observed a similar relationship between nitric acid and 

gaseous formic and acetic acids at several southwest u.s. 

locations. However, two anomalies in the relationship were 
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observed at Mount Lemmon, Arizona and San Diego, California. 

The remote, forested Mount Lemmon site (9200 feet elevation) 

showed high levels of organic acids (1-2 ppb) , with very low 

nitric acid (0.2 ppb) suggesting local vegetation sources. 

The opposite relationship was observed in air from onshore 

winds in San Diego; nitric acid was high (2 ppb) , but organic 

acids were barely detectable. 

Carbon monoxide is also a good indicator of urban air 

masses since it is produced in the incomplete combustion of 

fossil fuels. About 75% of the total CO emissions in the u.S. 

have been estimated to be from motor vehicles in 1977 

(Finlayson, Pitts and Pitts, 1986). Grosjean (1988) found 

formic acid/CO and acetic acid/Co concentration ratios in the 

2-12x10~ range with diurnal variations identical to ozone 

concentrations. His work suggested that in-situ organic acid 

production in the atmosphere is an important process for 

urban air in Claremont, California. Talbot et ale (1988) 

measured CO, CO2, HCOOH, and CH3COOH from vehicular emissions 

in a heavily traveled bridge tunnel and found that CO and 

acetic acid exhibited a strong correlation with traffic 

density. 

1.2.2 Organic Acids in Remote Locations 

Keene and Galloway (1982, 1986) have measured the 

acidity and composition of precipitation at a wide variety of 
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locations around the globe. They found HCOOH and CH3COOH to 

be ubiquitous in precipitation, with highly correlated 

concentrations. The weak organic acids were the major 

contributors to the free acidity of precipitation in the 

remote locations. Chapman and Sklarew (1987) obtained 

similar results in the U.S., finding a correlation of r>0.89 

for formate and acetate concentrations in precipitation; 

there was little or no correlation between organic and 

inorganic analytes in this study. 

Gas phase measurements of formic and acetic acids have 

also been highly correlated in remote regions, such as 

Amazonia (Andrea et al.,1988) and eastern Virginia (Talbot et 

al.,1988). The high degree of correlation between the acid 

concentrations suggest that their sources are related. In 

the Amazonia study (Andrea et al., 1988), the direct emission 

of formic and acetic acid by vegetation, and the oxidation of 

precursor emissions in the atmosphere were the two types of 

sources considered to be dominant. 

1.2.3 Formic-to-Acetic Acid Ratios 

In general, the observed formic acid concentrations are 

often greater than the respective acetic acid concentrations 

in rural areas, resulting in formic-to-acetic ratios slightly 

greater than one. The ratio is often greatest during the 

growing season and may drop slightly below unity during the 
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nongrowing season. This indicates that either formic acid 

has a stronger source during the growing season or ambient 

acetic acid may have higher contributions from superimposed 

anthropogenic sources. The latter hypothesis seems more 

likely when observing the ratios in emissions from biomass 

burning and in automobile exhaust. Talbot et al. (1988) 

measured a gas phase formic-to-acetic acid ratio of - 0.1 in 

a biomass burning experiment. The fuel consisted of typical 

fireplace wood, brush and leaves (dried and green). To 

obtain a ratio representative of auto combustion, they 

sampled air from an exhaust duct leading to a heavily 

traveled (lOs vehicles/day) bridge tunnel connecting Hampton 

and Norfolk, Virginia. The average formic acid concentration 

was 2.04 ppb, while acetic acid was 4.06 ppb, i.e., a formic 

to acetic acid ratio of - 0.5. Kawamura (1985) found an even 

lower ratio in a direct measurement of auto exhaust, with 

31.8 ppb acetic and 9.3 ppb formic acid present in the 

emissions. 

1.2.4 Seasonal Periodicity of Organic Acid Concentrations 

Finally, the seasonal periodicity of ambient formic and 

acetic acid concentrations at more remote sites is consistent 

with sUbstantial contributions from vegetative or biogenic 

emissions, especially during the growing season. Gas phase 

measurements made by Talbot et al. (1988) in eastern Virginia 
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over a 15 month period showed an average of 1.89 ppb formic 

and 1.31 ppb acetic acid during the growing season (March

September); the concentrations dropped to 0.70 ppb for both 

formic and acetic acid in the nongrowing season (October

February) . The shift in the formic-to-acetic acid ratio 

observed in the growing and nongrowing seasons was discussed 

above. Keene and Galloway (1986) also observed a periodic 

trend in the magnitude of organic acidity in precipitation 

from a central Virginia site. The total formate and acetate 

concentrations consistently increased during the growing 

season followed by an abrupt decrease in October. 

Since formic and acetic acid is found in the tissue of 

plant foliage (Bulen et al., 1952; Mader et al., 1955) it 

seems reasonable to expect that some can be emitted directly 

to the atmosphere, though this has not been demonstrated. 

However, it is known that hydrocarbons which can act as acid 

precursors (such as isoprene, 2-methyl-1,3-butadiene) are 

emitted by numerous species of living foliage, especially 

deciduous trees (Rasmussen, 1970). Jacob and Wofsy (1988) 

suggested a chemical mechanism whereby photochemical 

decomposition of isoprene in the gas phase produces 

sUbstantial concentrations of 

prediction of ambient formic 

formic acid. Their model 

acid concentration for the 

Amazon region, based on midday isoprene concentrations of 2-4 

ppbv measured by Rasmussen and Khalil (1988), resulted in 0.5 



ppb formic acid. 
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This fell short of the actual average 

formic acid concentration of 1.6 +0.6 ppb measured by Andreae 

(1988) in that region. On the basis of this data set, 

concentrations were consistent with a combination of direct 

emission and oxidation of precursors. 

In summary, the major sources of atmospheric organic 

acids in remote reg ions appear to be biogenic in or ig in 

during the growing season, but many uncertainties remain. 

Some of the major unresolved issues are: 

1. Which vegetative species emit organic acids or precursors, 

and how important are they in controlling the atmospheric 

concentrations. 

2. What is the wintertime source of organic acids? 

3. How important is the source strength and influence from 

formicine ants? 

4. Is there an important biogenic source from the oceans? 

5. How much influence do anthropogenic sources have on 

surrounding rural regions and vice versa? 

The current methods of source determination discussed 

above are unable to resolve these questions since they do not 

provide a reliable direct link between sources and 

concentrations of organic acids observed in the atmosphere. 

A more direct method of source determination is required; 
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isotopic analysis of the organic acids was investigated as 

such a method. 

1.3 Carbon Isotopic Methods 

Carbon has three isotopes, two stable ( 12C and J3C), and 

one radioactive e4C). In nature, the abundance of 12C and J3C 

is about 98.9% and 1.1%, respectively; the fractional amount 

of 14C is only about 10-12 of the total (stumm and Morgan, 

1981) . 

Carbon-14 decays with a half life of 5720 years, and is 

replenished by cosmic ray interaction with 14N in the 

atmosphere. 14C is therefore produced in the atmosphere and 

taken up by growing biomass; its radioactive decay makes it 

a useful tracer, since most anthropogenic sources of carbon 

are fossil fuels, which have no remaining radioactivity 

(referred to as "dead carbon"). Measurements of 14C are 

expressed as "percent modern carbon"; currently the range is 

from 0-115 % modern carbon, since anthropogenic activities 

have enhanced the 14C levels in the atmosphere. 

The 13C/12C ratio (R) has been a useful marker in a 

variety of atmospheric (stevens and Engelkemeir, 1988; 

stevens and Wagner, 1989; Johnson and Dawson, 1990), plant 

(Bender, 1971) and geochemical (Craig, 1952) studies. The 

isotopic ratio of a sample is measured concurrently with a 
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known standard by mass spectrometry. The numeric ratios are 

awkward to use since a wide range of different samples in 

nature may differ by only a few parts in ten thousand. 

Therefore, the isotopic ratios are expressed as a deviation 

(0) from a standard, in parts per thousand or per mil (°/ 00), 

o 13C(0/00) = [R(sample)/R(standard)-1]x1000. (1) 

The commonly used standard in equation (1) is PDB (belemnite 

from the Pee Dee Formation in South Carolina). The PDB ratio 

is relatively high (R=O.01124), so most carbon 0 l3C values 

are negative; larger negative 0 l3c numbers represent samples 

more depleted in l3C. As will be seen below, changes in 

isotopic composition (isotopic fractionation) are often 

associated with oxidation/reduction reactions. For this and 

other reasons, organic carbon is often highly depleted in l3e, 

while in the inorganic, oxidized form l3e is more concentrated 

(as in the Belemnite standard). Some typical natural and 

fossil fuel carbon-13 compositions are given in Table 1. 
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Table 1. Carbon-13 content (o/oo vs. PDB) of Natural species 

Carbonate (Greenhorn) 
Atmospheric CO2 
C4 Plants 
C3 Plants 
oil (New Zealand) 
Coal & Petroleum 

o to +3 
-7 

-10 to -15 
-24 to -30 
-26 to -28 

--30 

Hayes et ale (1989) 
craig (1954) 
smith & Brown (1973) 
Pritz & Fontes (1989) 
Hirner and Lyon(1989) 
Hoefs (1973) 

From the data in Table 1, it is apparent that plants are 

significantly depleted in carbon 13 compared to atmospheric 

carbon dioxide. This is due to the discrimination all plants 

exhibit during photosynthesis (Bender, 1971); photosynthesis 

favors the lighter 12C02 molecule. The degree of 

discrimination is dependent on the type of photosynthetic 

pathway (C3 or C4 ) the plant functions by. Most of the 

temperate zone plants follow the C3 pathway, producing a 

three-carbon acid after fixing CO2. The C4 plants and grasses 

are more common in the tropics; they are so described for 

producing a four-carbon acid (ego oxaloacetic acid) from 

fixing CO2 (Walton, 1988). Distinguishing between C3 and C4 

plants is possible due to the difference in isotopic 

composition of the two types (O'Leary, 1981). 
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1.3.1 Isotopic Analysis of Atmospheric Methane 

One area of research in atmospheric chemistry where 

carbon isotopic analysis has been used successfully is to 

determine relative sources of methane, an important 

greenhouse gas. Both the stable and radioacti ve carbon 

isotopic content of methane have been measured. The 14C 

measurements of atmospheric CH4, done originally by W. F. 

Libby, showed that the composition was consistent with 20% 

'dead' methane and 80% of recent biological origin (Ehhalt 

and Schmidt, 1978). More recent measurements of the 13C/12C 

and 14C/12C ratios of atmospheric methane, from clea.n Southern 

Hemisphere air, indicate that about 32% of the CH4 originated 

from fossil carbon sources (Lowe, et al.; 1988). 

The significant natural and anthropogenic sources have 

been further elucidated by comparing the direct l3c 

composition of individual sources to the estimated 

composition of the overall atmospheric methane source (o l3c 

= -57 0/ 00). The observed atmospheric methane composition is 

actually more enriched in 13C (-4 7 0/ 00), but isotopic 

fractionation, due to the maj or loss process of CH4 by 

reaction with OH (Ehhalt and Schmidt, 1978), results in an 

isotopic steady state composition 10 °/00 more enriched in 

carbon-13 (less negative) than the biogenic input. Some of 

the published source l3C data, listed by Stevens and 

Engelkemeir (1988), include: enteric fermentation in 
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herbivores (-60 °/00)' rice paddies (-67 ~oo), natural gas 

leakage (-44 °/00)' coal mining (-37 °/00)' and biomass burning 

(-25 °/00). Most of the increasing levels of methane in the 

atmosphere has been attributed to anthropogenic biomass 

burning (Craig et al., 1988). 

1.4 Project Goals 

Many uncertainties remain in determining the sources of 

ambient organic acids. Carbon isotopic analysis of the 

atmospheric pool of the acids and of specific known sources 

has enormous potential for elucidating relative source 

strengths. This study represents the first such work in this 

area. 

The goals of the project are therefore to characterize 

the isotopic composition of atmospheric formic and acetic 

acids (and its variation) and compare it to two known 

sources, auto exhaust and formicine ants. This required the 

development of a new procedure for extracting relatively 

large quantities (approximately 1 mg) of formic and acetic 

acid from the atmosphere for subsequent analysis by mass 

spectrometry. 
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CHAPTER 2 

COLLECTION OF SAMPLE 

2.1 Ambient Organic Acid Sampling 

The determination of vapor phase formic and acetic acid 

concentrations in the atmosphere is relatively new, and none 

of the methods is considered to be a standard procedure at 

this time. However, nearly all techniques make use of the 

rapid and accurate ion chromatography for the analytical 

stages. The major differences lies in the method of 

collection. The current methods of sampling gas phase 

organic acids are based either on the their fairly high 

solubility in water, or reactions with bases. Table 2 

summarizes some of the methods used to date. 

Table 2. Ambient organic Acid Collection Methods 

Method Sampling 
Rate 

Aqueous Scrubber 7 l/min 
Condensate Method 
KOH impregnated filters (47 rom) 10-14 l\min 
NaOH impregnated filters (47rom) 
K2C03 cellulose filters (25 rom) 
47 rom nylon membranes 
Annular denuder with NaOH coating 
Annular denuder with KOH coating 9 l/min 

Sampling 
Time 

20-60 min 
30 min 
4-24 h 

3-4 h 
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Cofer et al.,(1985) designed an aqueous scrubber for 

high efficiency collection of soluble trace gases. The 

method works well for atmospheric HCOOH and CH3COOH gases 

since their calculated Henry's Law coefficients (KH) are 

fairly high (5600 M/atm and 8800 M/atm, respectively (Keene 

and Galloway, 1986), and would be further increased by 

dissociation. A highly soluble gas would have an effective 

KH > lOs (Brimblecombe and Dawson, 1984). 

All of the methods listed in Table 2, except for the KOH 

techniques, were used in an intercomparison study to evaluate 

the different methods (Keene et al., 1989). One conclusion 

from the study was that strong-base-impregnated filters are 

liable to produce formate and acetate on the sampling media 

through the reactions of ambient aldehydes. For example, the 

K2C03 method showed a four to five fold increase in HCOOH and 

CH3COOH when excess HCHO (10-15 ppb) was added (Keene, 1989). 

In contrast to this conclusion, Grosjean (1989) found the 

production of artifact formate and acetate to be negligible 

from aldehydes when using KOH impregnated filters. Grosjean 

et al., (1990) also conducted a comparison test by measuring 

formic acid in urban air using two methods - the KOH filter 

trap and Fourier Transform Infrared Spectroscopy (FTIR). The 

formic acid concentrations measured by both methods agreed 

reasonably well over the nine day experiment; the 

concentrations ranged from 1 to 12 ppbv. 
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The above conflicting results for different alkaline 

filter collection techniques shows how necessary it is to 

test each new method of organic acid collection for artifact 

formate production from ambient HCHO. The tests should also 

include determination of the collection efficiency (CE) of 

the collecting media and the effects of sample storage. 

These tests are discussed in the remainder of this chapter 

using the Ca(OH)2 filters developed for this study. 

2.2 Calcium Hydroxide Treated Filters 

The minimum sample size for accurate ( ± 0.1 per mil) 

isotopic determination of l3C is about 0.1 mg of carbon; this 

requires 0.38 mg of formic acid or 0.25 mg of acetic acid. By 

contrast, the quantity of formic and acetic acids collected 

by the methods given in Table 2 are typically less than one 

microgram. It is clear that very large volumes of air need 

to be efficiently stripped of their organic acid content, 

and, for reasonable time resolution, this means large volume 

air flows are necessary. A preliminary study showed that 

high volume samplers, with large-area, base-impregnated 

filters were most satisfactory. with this combination, 

sufficient sample could usually be collected in a 24 hour 

period. The method was similar to that of Johnson and Dawson 
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(1990), though the type, number, and treatment of the filters 

was very different. 

The base-impregnated filter methods given in Table 2 

all used highly soluble bases. Subsequent elution after 

sampling left a highly concentrated matrix in which traces of 

the acids had to be determined. The much more complicated 

and pH sensitive work-up and oxidation procedure required for 

isotopic analysis would not tolerate this strong matrix. The 

properties of calcium hydroxide were therefore examined. The 

base was strong enough for acid collection , the solubility of 

the hydroxide and carbonate were low enough to give a dilute 

matrix, readily neutralized, upon elution, and the formate 

and acetate salts were both highly soluble, and therefore 

readily eluted. The major question was whether dry, Ca(OH)2 

impregnated filters would collect acids efficiently. It will 

be seen that they did. The author believes that this is the 

first time that Ca(OH)2-impregnated filters have been used to 

collect atmospheric components. 

2.2.1 Filter preparation 

The high volume sampler (Bendix Model 550), a General 

Metal Works filter holder, a Bendix aluminum shelter, and the 

filter pack configuration used in the collection of ambient 

organic acids are shown in Figure 1. Each filter pack 



Filter Holder " ~ Quartz . '~;s=====--s:::~==--;a. 
Pre-fllter~ ___ ----.. 

Calcium HYdrOxlde..c=:::~ ~ 
Treated Filters ~'-~----

High Volume 
Air Sampler 

Aluminum 
Shelter 

Exhaust 

Figure 1. Atmospheric organic Acid Sampling Arrangement 
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consisted of two ax10 inch Ca(OH)2 treated, quartz filters 

(Pallflex) with a single untreated quartz filter on top for 

particulate removal. 

The treated filters were prepared by rinsing them with 

120 ml of cold (T=OoC) saturated Ca (OH) 2 (Morton Thiokol 

A.C.S. grade) solution and drying in an oven under a constant 

flow of nitrogen for two hours. The rinsing and drying cycle 

was repeated three additional times depositing a total of 

0.30 to 0.35 grams of Ca(OH)2 on each filter. Rinsing the 

filters with excess saturated Ca (OH) 2 solution was 

established as the best method for uniform application of 

Ca(OH)2' and also produced filters with the least background 

levels of formate and acetate. Periodic background checks 

of the treated filters showed formate was nearly always less 

than ten micrograms per filter, while acetate was slightly 

higher at 15 to 35 micrograms. 

2.3 Collecting The Sample 

The high volume sampler and filter pack in Figure 1 were 

mounted inside the aluminum housing unit during sampling to 

protect the filters from direct sunlight and precipitation. 

In use, the Bendix high volume air sampler had a flow rate of 

about 60 m3 per hour. Exiting gas from the hi-vol sampler 

was routed about 20 feet away through two inch plastic pipe. 
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Ambient samples were usually collected over a 24 hour 

period, depending on the expected gas phase concentrations of 

HCOOH and CH3COOH. Several 30-48 hour samples were collected 

at remote wintertime and marine locations when concentrations 

were less than 0.2 ppb. Volumetric flow rate was measured at 

the beginning and end of each sample run by timing how long 

it took to fill a 1.93 m3 plastic bag placed over the sample 

exhaust. Though crude, the method always agreed to within 

10% with volumetric flow rates measured by using a top load

ing orifice calibrator. 

2.3.1 Storing Samples 

After collecting the sample, the two lower Ca (OH) 2 

filters were wrapped in aluminum foil and sealed inside two 

polyethylene freezer bags. The samples were refrigerated 

until they could be extracted with 10.0 ml of deionized water 

for Ion Chromatographic analysis. storage experiments showed 

that refrigerated filters lost 8% of their initial formate 

after five weeks, while unrefrigerated filters had a much 

higher loss of 53% over the same time period. The optimum 

method of sample storage was found to be to refrigerate the 

deionized water extract containing the formate and acetate. 

Figure 2 shows the variation with time of total formate and 

acetate concentration of a sample so stored over a period of 
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100 days. The sample remained in the refrigerator for just 

over a year and still showed no significant changes. 

2.3.2 Filter Extraction and Ion Chromatograph Analysis 

An effective method of extracting and concentrating the 

formic and acetic acid collected on the Ca(OH)2 filters is by 

eluting the filters with deionized water. An 8 1/2 inch 

long by 1/2 inch 0.0. glass tube was just long enough to 

accommodate one whole sample filter firmly tamped inside it. 

The filter was first placed on a teflon sheet and cut 

lengthwise into 1/4 inch wide strips with a multiwheel cutter 

for ease of handling before tamping the strips into the glass 

tube. Any excess space in the tube was filled with a glass 

wool plug. The tube had teflon fittings at both ends and was 

connected to a high pressure pump, which forced deionized 

water through the packed tube at a rate of about 0.9 ml per 

minute until 10.0 ml of eluent was collected in a 

volumetric flask. This volume of water extracted about 95% 

of the total formate present on the sample filter as shown in 

Table 3. The acetate is even more soluble, so nearly 100% of 

it was extracted. 



Table 3. Formate Extraction Efficiency 

Eluent 

first 5 ml 
second 5 ml 
third 5 ml 
fourth 5 ml 

Formate percent cumulative 
(micrograms) extracted 

1785 
137 

54 
27 

88.5% 
95.2% 
97.8% 
99.2% 
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As shown in Table 3, 20 ml would extract nearly all of 

the formic acid from the sample filter, eliminating any 

chance of isotopic fractionation that may occur during 

extraction of the sample. However, the extraction of the 

final 4% of the total formate was not worth the addition of 

extra alkaline contaminants (such as carbonate) contained in 

the final 10 milliliters. Also, in the elution of short 

packed columns such as these, the width of the elution band 

is largely determined by microscale flow variations of the 

liquid. This is a purely mechanical process that is not 

isotope dependent. There should therefore be no isotopic 

fractionation associated with this incomplete extraction. 

Total formate and acetate in the upper and lower filter 

extracts were measured by ion chromatography (Dionex, Model 

QIC-1), using a Dionex Ion PAC column (HPIC-AS4A), 0.002 

molar borate buffer, and standard solutions of formate and 

acetate prepared from their respective sodium salts (Fischer 

Scientific Company A.C.S HCOONa, and Ashland A.C.S. 

CH3COONa'3H20). Each sample injection (3-4 measurements were 
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made for each sample extract) was prepared by diluting 10 to 

50 microliters of the sample extract to 10.0 ml with 

deionized water, so sample loss was negligible. 

Approximately 3 ml of this dilution was flushed through the 

150 microliter sample injection loop, prior to each 

injection. 

2.4 Field Testing Ca(OH)2 Filters 

2.4.1 Filter Collection Efficiency 

A single treated filter has about 0.33 grams of ca(OH)2 

distributed over an 80 square inch surface area. Considering 

the large quantities of ambient air drawn through the filter 

(60 m3/hr for 24 hours; filter face velocity v=32 cm/s) , the 

organic acid and Ca (OH) 2 reaction must be very fast to 

collect a high percentage of the formic and acetic acid 

vapors that reach the filter. High collection efficiency 

(CE) during ambient sampling of the organic acids is 

necessary in this type of experiment to eliminate errors in 

isotopic composition resulting from fractionation during 

collection; it will be shown in a later experiment (section 

5.3) that the fractionation error is insignificant for a 

Ca(OHh filter. Since all filter sets consisted of two 

Ca (OHh filters, the CE could be obtained from the total 

formate or acetate measured on the upper and lower filters. 



40 

CE for formic acid on the upper Ca(OH)2 filter was 

consistently very high at 97 ± 2%; this was observed under 

all types of weather conditions. The CE for acetic acid was 

considerably lower at 65 ± 20% ; the CE approached 90% when 

the relative humidity was high (RH>70%). 

The top untreated filter, used for particulate removal, 

was also eluted in several sample runs to confirm that 

organic acids were not being collected on the front filter. 

The formate and acetate on the top filter amounted to about 

1% of the total from the upper and lower treated filters; 

this agrees with the low levels of formate and acetate 

observed in the particulate phase by several researchers 

(Ludwig and Klemm, 1988; Talbot et al., 1988), and shows low 

uptake of organic acid gases by untreated quartz filters, as 

expected. 

2.4.2 Effects on Collection Efficiency 

Filter sets were often prepared well in advance of field 

sampling days; the sets were stored in the refrigerator for 

anywhere from a day to nearly three months before use. In 

order to test if storage of the blank Ca(OH)2 filters reduced 

their collection efficiency, a Ca(OH)2 filter was prepared 

and refrigerated for over two months prior to use as the 

upper filter for a 24 hour sample collection on Mount Lemmon. 

The lower filter was prepared a few hours before sampling 
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began. The stored upper filter maintained its effectiveness 

in the collection of HCOOH with a CE of nearly 95% (upper 

filter had 1376 micrograms of formate, while the lower filter 

had 75 micrograms). The acetic acid CE was poorer than 

normal and estimated to be about 50%. 

2.4.3 Long Term Filter Effectiveness 

Results up to this point showed that the collection 

efficiency of the Ca (OHh filters was very high for HCOOH 

during a 24 hour sampling period. To test the filter 

effectiveness for longer time periods the following 

experiment was done: 

1. A 22 hour sample was collected on Mount Lemmon-about 

1500 micrograms of formate was observed on the upper 

filter. The lower filter was estimated to have about 

50 micrograms of formate (based on 97% CE). 

2. The Mount Lemmon lower filter was switched to the upper 

position in a new 24 hour sample collected on the roof 

of the Physics and Atmospheric Science building at the 

University of Arizona. The lower filter was prepared 

fresh. 

3. Results in Table 4 show that the used filter maintained 

a fairly good CE for HCOOH, but not for CH3COOH. 
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Table 4. Long Term Filter CE Test 

Lower Filter CE Upper Filter 
(old) (fresh) (upper filter) 

Formate (micrograms) 
Acetate (micrograms) 

3908 
841 

848 
2470 

2.4.4 Formaldehyde Artifact Formation Tests 

78% 

Formaldehyde is a ubiquitous species in the troposphere, 

present at concentrations in the 0.2 to 1. 0 ppb range in 

remote areas such as the North and South Atlantic (Lowe et 

al., 1981) and. Mount Lemmon, Arizona (Dawson and Farmer, 

1988). HCHO is the only gas species considered, at this 

time, capable of producing excess formate during organic acid 

sampling. The most likely method of producing formate under 

alkaline conditions is the Cannizzaro reaction. Two 

molecules of formaldehyde undergo mutual oxidation/reduction 

producing metal formate and methanol (Morrison and Boyd, 

1973): 

2HCHO SO":' NaOU 
> 

Previous works using base collection of organic acids have 

been tested for this artifact using a large excess of 

formaldehyde (usually 15 ppb) (Keene, 1989; Andreae et al., 

1988; Talbot et al., 1988). 
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Several experiments were conducted to determine the 

effect of HCHO on the ca(OH}2 filter collection system used 

here. The high volume sampler was modified by splitting the 

ambient air intake into four quadrants using the plexiglass 

cell shown in Figure 3. HCHO was added to one of the 

quadrants, bringing the concentration to levels ranging from 

7-27 ppb. A VICI Metronics 15 cm HCHO permeation tube in a 

stream of nitrogen was used as the source. The permeation 

tube output is dependent on temperature which was controlled 

by a rheostat and heat tape wrapped around a glass tube, 

containing the permeation device, and enclosed in a well

insulated container. At the beginning and end of each 24 

hour sampling period, the HCHO output rate was determined by 

bubbling the HCHO/N2 stream into a weak solution of bisulfite 

for several minutes and measuring the amount of HCHO 

collected using the chromotropic acid method (National 

Research council, 1981). Upon completing the sample run, the 

upper and lower Ca(OH}2 filters were cut into four sections 

which were eluted and measured separately for total formate 

and acetate. The results of six HCHO tests are presented in 

the bar graphs given in Figures 4-9. 

The first experiment was performed on the roof of the 

Physics and Atmospheric Science building at the University 

of Arizona on February 1, 1989. Approximately 330 

micrograms HCHO per hour was introduced into one of the 
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quadrants (18 ppb) for the 24 hour run, but no excess formate 

was observed on the HCHO quadrant when compared to the other 

three which averaged 599 + 5 micrograms of formate. 

Five additional HCHO experiments were done at the Mount 

Lemmon sampling site, where background levels of HCHO «lppb 

Johnson, 1989) were expected to be much less than in Tucson, 

so any effect of adding excess HCHO would be more obvious. 

In these experiments some excess formate was detected on the 

HCHO quadrant as shown in several of the bar graphs; the 

excess formate amounted to about 0.5-3.0% of the total moles 

of HCHO added to the HCHO quadrant. The relationship of 

excess formate versus the HCHO concentration (Figure 10) 

appeared to be decreasing with lower levels of HCHO added. 

Thus, only insignificant amounts of formate would be produced 

on the filters when extrapolating down to the background 

level of HCHO at Mount Lemmon. 

However, upon inspection of the data, it could be seen 

that the lower filter (in the HCHO quadrant) showed no signs 

of excess formate (only background levels observed - Figures 

6 and 7) although the upper Ca(OH)2 filter had only picked up 

3% of the total input HCHO, at best. It was concluded that 

small amounts of formic acid may have been emitted directly 

by the HCHO permeation tube and depositing on the upper 

filter. If true, this would explain why the upper filter in 
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the HCHO quadrant showed excess formate, while the lower 

filter was not affected. 

An experiment was conducted to test for the presence of 

formic acid in the HCHO source. The HCHO source was set up 

in the same manner as in the ca(OH)2 filter tests, except the 

output of the HCHO (in a stream of nitrogen) was bubbled into 

a graduated cylinder containing 10 ml of deionized water. In 

order to repress the aqueous phase oxidation of HCHO, the 

deionized water was first heated and purged with helium for 

one hour to remove dissolved oxygen. In addition, the 

graduated cylinder was immersed in an ice bath and covered 

with aluminum foil during the bubbling period. After 11 

hours of bubbling, at an emission rate of about 220 

micrograms of HCHO per hour, the water was immediately 

analyzed on the IC (no dilution). A total of 47 micrograms 

of formate was observed in the water; this amount corresponds 

very well with the levels of excess formate that had been

typically observed on the Ca(OH)2 filters during a 24 hour 

HCHO experiment. 

Two additional Mount Lemmon HCHO tests on Ca(OH)2 

filters were therefore performed. The experiments were 

modified by adding a formic acid trap to the output of the 

HCHO source. The trap consisted of a 10 cm long, 1.3 cm 

diameter glass tube, loosely packed with strips of ca(OH)2 

treated filters. The first experiment, shown in Figure 8, 
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was successful in eliminating the excess formate usually 

observed in the HCHO quadrant (20 hour sample run, with an 

input of 160 micrograms HCHO per hour-11 ppbv HCHO). The 

formic acid trap contained 41 micrograms of formate after the 

sample was completed. 

A repeat experiment, done several months later, was less 

successful, with the HCHO quadrant showing 14% excess formate 

(Figure 9). The formic acid trap was not packed at all in 

this test, but just had a few Ca(OH)2 strips placed loosely 

in the glass tube. This must have allowed too much of the 

gas to proceed through the trap wi thout contacting the 

Ca(OH)2 strips; the trap collected about 175 micrograms of 

formate, with a HCHO input representing an ambient level of 

7 ppb. 

One final note on the HCHO interference experiments is 

that several identical tests were done using 37% formalin as 

the HCHO source in an aqueous bubbling system prior to using 

the permeation tube. All of the tests showed no excess 

formate produced on the Ca(OH)2 filters. However, the 

possibility of HCHO being in the oligomer or other chemical 

forms rather than molecular HCHO (Geisling et al., 1982) led 

to replacing the aqueous source with the HCHO permeation 

tube. Overall these experiments indicate that ambient levels 

of formaldehyde, especially in remote areas, produce 

negligible amounts of formate on the Ca(OH)2 filters. 
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CHAPTER 3 

ISOTOPIC MEASUREMENTS 

The focus of this study is the measurement of the 

carbon-13 isotopic composition of atmospheric formic acid and 

several potential sources. The 13C/ 12C ratios of the collected 

samples were determined at the Geoscience Isotopic Studies 

Laboratory at the University of Arizona. The samples had to 

be submitted for analysis as pure, moisture-free carbon 

dioxide. This chapter discusses the oxidation procedure used 

to convert formic acid to carbon dioxide. The isotopic 

alteration of the sample through fractionation due to 

incomplete conversion of HCOOH to CO2 is also discussed. 

3.1 Sample Workup for Isotopic Analysis 

A sequence of reactions for the oxidation of 

formaldehyde to carbon dioxide was developed by Johnson 

(1989) for the study of the isotopic composition of 

atmospheric formaldehyde. The general reaction steps are: 

Step 1 Step 2 
Formaldehyde ----> Formic Acid ----> Carbon Dioxide 
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The second step of the oxidation procedure is highly 

specific, and has, in the past been used for the oxidation of 

trace formic acid in concentrated acetic acid. This is 

immediately applicable here. The aqueous phase reaction is 

HCOOH + 2HgCl2 -----> CO2(g) +Hg2Cl2(s) +2HCl (A) 

Much of the experimental groundwork for the oxidation 

procedure has already been thoroughly investigated and is 

discussed by Johnson (1989). This includes improvements, 

such as the addition of silver perchlorate to the system to 

increase the yield of reaction (A). The oxidation method is 

ideal for the study of formic acid since the reaction is 

extremely selective and high yields (80% to 100%) are common. 

Once the formic acid was oxidized, and CO2 removed, the 

remaining organics were treated with a strong non-specific 

oxidant to obtain additional information on the isotopic 

composition of acetic acid. There is apparently no procedure 

that selectively oxidizes acetic acid, so a strong oxidant

potassium persulfate (Aldrich 99+% A.C.S. reagent) was used 

to convert the acetic acid to carbon dioxide. since the 

reaction is not selective, any other organic acids would have 

been oxidized. only organic acids are likely to have been 

collected by the base-impregnated filters; on the basis of 

previous work (Norton, 1983), oxalic acid is the most likely 
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additional component here included in the acetic acid 

fraction, though its contribution should be small. 

3.1.1 oxidation Equipment 

The apparatus used in oxidizing the organic acid sample, 

eluted from the Ca {OHh filter, is shown in Figure 11. Helium 

was used as the purging and carrier gas; a liquid nitrogen 

trap was placed in the helium gas line to freeze out any 

contaminant cO2 before it entered the reaction vessel. The 

reaction vessel is unique in design because helium flows 

simultaneously. into it through a frit which is immersed in 

the liquid sample, and also into a side arm which circulates 

the sample by "bubble pump"; this considerably improves the 

mixing of the sample and reactants in the reaction vessel. 

The condenser (circulating ice water) in the upper part 

of the reaction vessel prevents excess water vapor loss 

during the oxidation reaction. Residual water vapor that 

does escape from the reaction vessel is extracted from the 

helium stream through two traps. The first trap collects the 

initial flux by diffusion to a thin layer of 98% phosphorous 

pentoxide inside a 10 cm glass tube. The second phase 

freezes out the remaining vapor in a glass trap immersed in 

a dry ice/acetone mixture. The Geosciences Laboratory does 

a final extraction of water vapor by passing the CO2 sample 
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through another cold trap before measuring the amount of CO2 

and 13C/12C ratio. 

During the reaction, the CO2 (carried by the helium) 

passes through the water traps and freezes out in the double

looped sample tube immersed in liquid nitrogen. The exiting 

helium stream passes through one more liquid nitrogen trap, 

used to prevent any contaminating gases from reaching the 

sample CO2 trap by diffusion upstream. 

3.1.2 Procedure for the Oxidation of Formic and Acetic Acid 

The equipment and reagents used in the following 

procedure is listed below: 

pH meter - Orion Research Model 407A 
pH electrode - Fischer Scientific silver/silver chloride 
microliter pipets - Eppendorf 10 and 100 microliter size 
sample tube valves - Kontes teflon 
6mm Cajon fittings 
phosphorous pentoxide 98% - EM Science 
silver perchlorate hydrate 99% - Aldrich A.C.S 
mercury (II) chloride 99.5% - Aldrich A.C.S. 
potassium persulfate 99+% - Aldrich A.C.S. 
MILLI-Q deionized water 

The general oxidation procedure discussed in section 3. 1. 1 is 

presented in more detail in the following steps; starting 

with the 10.0 ml eluent sample containing the formate and 

acetate: 
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1) The 10.0 ml sample is added to the reaction vessel. 

Helium is adjusted to a flow rate of about 20 ml/min. The 

two stopcocks leading to the reaction vessel are set so that 

helium is flowing through the frit inside the reaction 

chamber, and the side arm has periodic surges of the eluent 

moving through it. 

2) A few drops of diluted perchloric acid are added to 

the eluent to lower the pH down from about 9.5 to 4.0. This 

pH is near the pKa of formic acid (3.75) and acetic acid 

(4.25), but much less than the first acid dissociation 

constant of IH2C03" (pKa=6. 35); the acidification step is done 

for more effective contaminant CO2 purging, prior to 

oxidation. 

3) The eluent is purged with helium for 50-60 minutes. 

This removes any CO2 that was collected by the base

impregnated filter as carbonate. The purging gas exits the 

reaction vessel while the rest of the line remains sealed 

off. Ion chromatographic analysis of the purge gas, 

collected in deionized water, has shown negligible loss of 

organic acids at this stage. 

4) The purge gas is diverted through the rest of the line 

for an additional 15 minutes to remove any traces of 

contaminant CO2 • 

5) During the purge of C0z, the first glass trap is 

immersed in the acetone/dry ice mixture; this is done about 



58 

one hour before the reaction is started to allow time for the 

trap to cool thoroughly. 

6) The double-looped sample tube and the exit trap are 

then immersed in liquid nitrogen (about 5 minutes before 

adding the reactants). 

7) One gram of mercuric chloride and 0.5 g of silver 

perchlorate are added through the reaction vessel port. The 

temperature of the mixture is adjusted to just under the 

boiling point of water by regulating the rheostat-controlled 

heat tape wrapped around the bottom of the reaction vessel. 

8) The reaction proceeds for two hours. During that 

time, the reactants are mixed occasionally by readjusting the 

helium flow rate and by vibrating the outside of the reaction 

vessel. 

9) The heat is turned off and the double-looped sample 

tube valves are closed to isolate the cO2 sample. 

10) The sample tube is connected to a vacuum pump to 

evacuate the helium down to about 1 torr while the sample 

remains frozen. The sample is then transferred to a smaller 

sample tube by freeze-distillation and submitted to the 

Geosciences Laboratory for carbon-13 analysis. 

11) Once the reaction vessel has cooled, the line is 

purged with helium for a few minutes. 

12) Approximately 0.8 g of potassium persulfate is added 

to the reaction vessel for the acetate oxidation. The heat 
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and helium are started up again and the reaction run for 1.5 

to 2 hours, while collecting another CO2 sample. 

13) The CO2 sample is evacuated and transferred to another 

sample tube (repeat of step 10). 

The Geosciences Laboratory measures the carbon-13 

content of the CO2 samples and reports the values in units of 

per mil (O/oo) , with an accuracy of ± 0.1 per mil. An equally 

important measurement, made in the Geoscience Laboratory, is 

the amount of CO2 in each sample (using a Baratron pressure 

sensor) . This number and the measured amount of formate, 

determined by ion chromatography - prior to sample oxidation, 

are used to calculate the reaction yield. The reaction yield 

is an important number used in correcting the reported 13C/12C 

value due to isotopic fractionation during oxidation. 

3.2 Isotopic Fractionation 

When two isotopes partition themselves in either an 

equilibrium process or a kinetic process, such as diffusing 

through a medium at different rates, or reacting chemically 

at different rates, the resulting change in the isotopic 

ratio between the initial and final states is called isotopic 

fractionation. In this study, carbon kinetic isotopic 

fractionation occurs in the irreversible oxidation of HCOOH 
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by AgCI04/HgCI2 due to the slightly slower reaction rate of 

the heavier 13C formate molecule. Therefore, the CO2 product 

will always be depleted in 13C in comparison to the HCOOH 

sample, unless the reaction is complete (yield=100%)i then 

the 13C/12C ratio of the CO2 product (~) is equal to the ratio 

of the initial HCOOH sample (Ra). If the reaction yield is 

less than unity the HCOOH isotopic ratio (Ra) can still be 

derived from the formula: 

log (l-f) (1) 
log (l-f~/Ra) 

Where f is the fractional yield of the reaction and k12 and k13 

are the respective reaction rate constants for the H12COOH and 

H13COOH species. The equation is derived from solving the 

pseudo first order rate equations: 

dct2cozl = k I2 [HI2COOH) [A)&[B)b ••• 
dt 

dct3cozl = k 13 [HI3COOH) [A)&[B)b ••• 
dt 

for the respective reactions: 

H12COOH + aA + bB + .•.• 
k12 

-----> 12C02 

k13 
13C02 -----> H13COOH + aA + bB + •••• 

(2a) 

(2b) 

+ . . . . (Ja) 

+ . . . . (Jb) 
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The steps for the derivation of equation (1) are presented in 

Buncel and Lee (1977). Before the equation can be used to 

correct the reported isotopic content of the CO2, the reaction 

rate constant ratio (kI2/k13) must be determined 

experimentally. 

3.2.1 Experimental Measurement of (kI2/kI3) 

The 13C content of a few milligrams of solid sodium 

formate was measured directly, after complete combustion to 

CO2 by the Geosciences Laboratory. This was the experimental 

starting point for observing the fractionation that occurs 

when solutions made from the sodium formate are oxidized to 

CO2, following the method described in 3.1.2. The samples 

were prepared from a 1000 ppm stock solution of formate made 

from the isotopically standardized sodium formate source. 

One ml of the stock was diluted to 10.0 ml, using the eluent 

of a blank Ca(OH)2 quartz filter; this was done to simulate 

the alkaline background matrix of the ambient filter samples. 

From inspection of equation (1), reaction yields above 90 

to 95% are not especially informative in evaluating k 12/k13 , 

since then l\/Ro is - 1.0 - i. e., errors are large. In the 

event, the four solutions analyzed for yield and 13C content 

had a fairly broad range of reaction yields ranging from 43% 
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to 96%, as shown in Table 5. Normal sample yields are 

usually above 70%. 

Table 5. Isotopic Fractionation in HCOOH oxidation 

Sample Reaction yield 13C content (°/ 00 ) ~/Ro 

solid sodium formate -29.6 1.0000 
solution-1 96% -31. 6 0.9979 
solution-2 92% -30.6 0.9989 
solution-3 86% -36.5 0.9929 
solution-4 43% -44.8 0.9842 

The values of ~/Ro given in Table 5 are plotted against 

reaction yield in Figure 12. The Figure also shows three 

calculated fractionation curves for k12/k13 values of 1.01, 

1.02, and 1.03. From this Figure, and taking into account 

large potential error at high yield, it was concluded that 

the best fit for the four measured samples occurs at k12/kl3 = 

1.02. This value is similar to the k12/k13 of 1. 026 reported 

in Buncel and Lee (1977) for a "room temperature" study of 

the decarboxylation of formate. 

The experimentally measured k12/k13 will be used with the 

reaction yield to correct the reported isotopic l3c 

composition (from the Geosciences Isotopic Laboratory) for 

all of the samples collected in this study. 
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3.3 Blank Isotopic Composition Run 

The entire filter extraction and oxidation procedure was 

carried out using a blank calcium hydroxide filter (unused) 

for a check on background contamination. The 10 ml eluent 

from the blank filter was very dilute with less than 10 

micrograms of formate and about 15 to 20 micrograms of 

acetate present; these levels of formate and acetate were 

observed in several background measurements of the blank 

Ca(OH}z-treated filters. After the first two-hour formate 

oxidation, no CO2 was visible (as a white frost) in the final 

sample tube. The Geosciences Laboratory reported that the 

sample was not large enough for accurate analysis of the 

13C/ 12C ratio, yet they did report a 0 l3C of -15 °/00 with an 

unknown degree of accuracy. 

The acetate run was not as free from background levels 

of CO2 as the formate sample. a small visible white ring was 

present in the sample tube, amounting to about 0.08 mg of 

carbon (293 micrograms of CO2 ) with a carbon-13 composition 

of -25.5 °/00. 
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CHAPTER 4 

SOLUBILITY MEASUREMENTS 

4.1 Isotopic Fractionation in the Atmosphere 

This study determines the isotopic composition of formic 

and acetic acids in the atmospheric pool. This isotopic 

composition will be the same as that of the total sources of 

the acids if and only if there is no net isotopic 

fractionation during the processes that remove the acids from 

the atmosphere. In general, there will be some fractionation 

during removal, so this needs to be allowed for before 

comparison with likely sources. The loss processes of formic 

acid considered to be significant include: reaction with 

hydroxyl radical (OH) , dry deposition and wet deposition. 

4.1.1 Hydroxyl Radical Reaction 

Many atmospheric trace gases are removed primarily by 

reaction with OH (Logan et al., 1981); the major sink for 

atmospheric methane and carbon monoxide is by reaction with 

OH. Naturally, the HCOOH + OH reaction was considered a 

potentially important loss process for atmospheric formic 

acid; some measured reaction rates are listed in Table 6. 
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Table 6. Experimental Rate Constants for HCOOH + OH 

Rate Constant (k) 
(cm3 S·I) 

(0.32 + 0.10) X10·12 

(0.46 + 0.12) X10·12 

(0.49 + 0.01) X10·12 

Temperature 
('1{) Reference 

298 
283-430 

296 

Zetzsch and stuhl, 1982 
Wine et al., 1985 
Jolly et al., 1986 

The lifetime of HCOOH and CH3COOH has been estimated by 

Keene and Galloway (1988) to be several hours to a few days, 

and by Brimblecombe and Dawson (1984) to be about a few days. 

For any reaction with OH, at rate constant k, the mean life 

of the reactant against loss by OH is given by: 

T = 1 (4) 
k[OH] 

where square brackets signify concentration, i.e., for a 

mean reaction rate constant above of 0.42 X 10.12 cm3 S·I and 

an OH concentration of 106 molecules cm~ (Logan, 1981), its 

lifetime is 28 days. Therefore, the OH reaction is too slow 

to be a major removal mechanism for atmospheric HCOOH, thus, 

isotopic fractionation by the above reaction should be 

insignificant. 
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4.1.2 Dry Deposition 

Dry deposition occurs when the HCOOH gas molecule or 

particle is transported to ground level and adsorbed or 

absorbed by the ground, trees, buildings, dew on plants, etc. 

Dry deposition can be a major removal process for HCOOH, 

depending on the geographic location and weather conditions. 

Grosjean (1989) estimated that 95% of the removal of ambient 

organic acids near the California South Coast Air Basin 

(SCAB) smog receptor site was through dry deposition. 

Further support for dry deposition as a major loss process 

was given by puxbaum et ale (1988), in explaining the 

substantial decrease in nighttime organic acid concentrations 

measured in a semi-rural region of Austria; the samples were 

collected 80 m above ground level, under humid surface 

conditions. 

The potential for isotopic fractionation during dry 

deposition is high, since diffusional flux is involved in 

some part of the gas transport to the surface sink. A 

stagnant boundary layer of air surrounds the surfaces of 

vegetation, and develops next to the ground; its thickness 

depends on wind speed. In high winds, its thickness will be 

less than the roughness, and fractionation will be slight, 

and vice versa. 12C species would be preferentially collected 

since the lower molecular weight species would diffuse faster 

through the stagnant layer. The rate of diffusional flux is 
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proportional to the diffusion coefficient (D); which is in 

turn inversely proportional to the square root of the 

molecular weights (MW). Thus, the ratio of diffusional flux 

(F) of H12COOH (MW=45) and H13COOH (MW=46) from a well-mixed 

atmosphere to a surface could be as high as 1.011. 

~ 1.011 (5) 

No experimental work has been done in predicting the 

magnitude of isotopic fractionation by ambient diffusion of 

HCOOH molecules, but in this study the wind conditions were 

monitored in order to note when conditions favoring 

diffusional dominance occurred (calm winds). It will be 

assumed that, on average, dry deposition will result in an 

isotopic fractionation smaller than the maximum in equation 

(5), perhaps of order 1.005. The preferential removal of the 

12C isotope through dry deposition would result in an 

enrichment of 13C (-5 0/00) in the atmospheric HCOOH pool. 

4.1.3 Wet Deposition 

HCOOH gas may also be removed from the atmosphere during 

precipi tat ion events. Rainout occurs when the gas or 

particles are incorporated into the cloud droplets, while 

washout contributes to wet deposition as the falling drops 

pick up additional particles or gases below the cloud. The 
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vapor-to-liquid transition provides an excellent opportunity 

for isotopic fractionation to occur through the physical 

transfer of the HCOOH gas molecule to the aqueous phase (eq. 

6), and finally through ionization of the dissolved HCOOH 

molecule (eq. 7). 

HCOOH(g) 

HCOOH{aq) 

HCOOH{aq) 

HCOO· + H+ 

The overall isotopic exchange reaction is written as: 

(6) 

(7) 

(8) 

Equation 8 can be characterized by an equilibrium constant 

K = [H12COOH Cg) 1 [H\3COO· Cag) 1 
[H\3COOH(g)] [HI2COO·{aq)] 

(9) 

Once again, there is no experimental data in the 

literature concerning the magnitude of isotopic fractionation 

of HCOOH occurring between the above equilibrium states. In 

general, though, it would be expected that the isotopic 

distribution of HCOOH between the gas and liquid phases would 

be in the same direction as the distribution of isotopes of 

water in the atmosphere. The stable isotopic composition of 

water shows enrichment of the heavier isotopes (deuterium and 

180) in the liquid phase (clouds and precipitation) over the 

vapor phase (Fritz and Fontes; 1980). Calculation of the 
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equilibrium constant (K) in equation (9), using statistical 

thermodynamics, is also in agreement with the enrichment of 

H13COOH in the liquid phase (Dianne J. Pauley, Chemistry 

Department-personal communication). The calculated 

equilibrium constant (K=1.0007) indicates that the isotopic 

fractionation effect should be small « 1 °/00)' 

A greater isotopic fractionation effect was observed in 

the CO2 (g) - CO2 (aq) - HC03-(aq) system by Deuser and Degens 

(1967), Wendt (1968), and Vogel et al., (1970). The results 

for CO2 show that fractionation does not occur in the initial 

dissolution, but the ionization stage did result in 

enrichment of 13C in the bicarbonate phase over the dissolved 

molecular CO2 by some 7 to 9 parts per thousand (°/00); this 

corresponds to an isotopic equilibrium constant of K = 1.007 

to 1.009. 

Of course there are major differences between the CO2 

fractionation experiments and fractionation of HCOOH in 

clouds and rain. For example, the solubility of HCOOH is 

much higher with a Henry's Law coefficient (KH) of 3.6-5.6x103 

M atm~ (Jacob, 1986; Keene and Galloway, 1986; Betterton, 

1990) versus 0.034 M atm-I for CO2 (physical solubility only 

in both cases - neglecting acid-base equilibria). The time 

required for the species to reach equilibrium (not isotopic 

equilibrium) between the gas phase and dissolved phase is 

faster for the low solubility species (Chameides, 1984; 
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1985). But the time scales for equilibration of a low and 

highly soluble species range from only about one second to 

several minutes; both fall well within a typical cloud 

lifetime of 30 minutes for small convective clouds to 3 hours 

for towering deep clouds (Warneck, 1988). However, reaching 

isotopic equilibrium is very different than chemical 

equilibrium, with isotopic equilibrium requiring much more 

time. The CO2 experiments by Vogel et ale (1970) found that 

the time necessary to attain isotopic equilibrium was 20-22 

hours at 25° C. This length of time would not be 

representative of most clouds. 

It was decided that an experimental determination of 

isotopic fractionation during solution was required. It is 

difficult to simulate all of the atmospheric conditions of 

HCOOH gas partitioning into cloud water in the laboratory, 

yet the experiment would provide the first measured values of 

Henry's law constant for HCOOH (it is the author's belief 

that all previous literature values have been obtained by 

thermodynamic calculation), and a first determination of the 

magnitude and direction of isotopic fractionation of the 

HCOOH system. 
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4.2 Experimental KH and Fractionation of HCOOH 

The experimental setup, shown in Figure 13, features a 

10 cm diameter, 91 cm long, glass tube filled with 1/4 and 

1/2 inch Berl saddles. A dilute solution of formic acid is 

circulated through the column continually while a stream of 

nitrogen gas passes upward in a counter-current fashion to 

sweep HCOOH vapor into a formic acid trap. The measured 

amount of collected HCOOH and volume of N2 gas (N2 flow rate 

measured by water displacement) are used to calculate the 

Henry's Law coefficient. The isotopic composition of the 

source formic acid solution and the collected vapor phase 

formic acid indicate the direction and magni tude of any 

fractionation that may occur between the gas and liquid 

phases. 

The main criterion in designing the HCOOH solubility and 

isotopic fractionation experiment had to be, once again, the 

collection of a large enough gas-phase sample for carbon 

isotopic analysis within a 12 to 15 hour collection period. 

This forces a significant shift away from some of the natural 

cloud conditions (mainly formate concentration and pH of the 

cloud water). Total formate (HCOOH + HCOO") concentrations 



91 em 

Cireula tion 
Pump 

Formic Acid 
Trap 

Glass Column 
10 em Dia. 

Nitrogen In 
~=== """"oE;--.---

73 

---'~ 

Figure 13. Formic Acid Aqueous/Gas Partitioning Experiment. 



74 

measured by Keene and Galloway (1988), in remote samples of 

precipitation, ranged from 0.001 to 0.02 roM. Observations 

made by Munger et ale (1989) in stratus clouds in California 

had similar amounts of formate at 0.02 to 0.06 roM; the 

maximum concentration of formate (0.190 roM) was observed in 

a high pH fog sample in the San Joaquin valley. The minimum 

concentration calculated for collecting a reasonable amount 

of formic acid, for this experiment, in a 12 to 15 hour 

period was 2.5 roM at a pH of 2.2. Again, the pH was another 

experimental parameter that was significantly different from 

cloud conditions. Cloud water usually has a pH of 4 to 5, 

much higher than the pH of 2.2 used in this experiment. The 

pH had to be adjusted (using concentrated sulfuric acid) well 

below the pK. of formic acid in order to shift the equilibrium 

towards molecular rather than dissolved ionic formate, 

otherwise the gas phase HCOOH concentration would be too 

small to collect a large enough sample in a reasonable time 

period. This pH effect on overall HCOOH solubility can be 

expressed by a pseudo Henry's Law Coefficient (KH·) given in 

equation 10, 

(10) 

where K. is the acid dissociation constant for HCOOH, and is 

equal to 1.8xl04 at 25°C. From equation (10) it can be seen 

that at a normal atmospheric pH of about 5.5 for cloud water 
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the pseudo Henry's Law Coefficient increases by a factor of 

58, while the coefficient is only 1.03 times higher at a pH 

of 2.2. Thus the measured fractionation, for the 

experimental conditions, will be representative largely of 

gas phase solubility and negligible dissociation. 

4.2.1 Experimental Procedure 

Two separate 500 ml solutions of 2.5 roM formic acid were 

prepared by a 2 step dilution of Aldrich 96% A. c. S. reagent 

formic acid. The solution concentrations were verified by 

ion chromatography (Dionex), using sodium formate standards. 

Then, forty drops of concentrated sulfuric acid was added to 

each solution flask to lower the pH to 2.2. The first 500 ml 

solution was used as a column rinse by pumping it into the 

column and circulating the solution for several minutes. The 

column was drained for about one hour before adding the 2nd 

500 ml formic.acid solution. This solution was circulated in 

the column at 148 ml per minute using a peristaltic pump 

fitted with silicone tubing. Humidified nitrogen gas flowed 

through the column, countercurrent to the circulating 

solution, at approximately 1450 ml per minute. Hence, the 

residence time of the carrier gas in the column was just over 

3 minutes. The formic acid passed through a formic acid trap 

consisting of a 60 cm long, 1.2 cm diameter glass tube 
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containing Ca(OH)2-treated quartz filter strips. The strips 

were twisted, bent and loosely placed in the tube to provide 

a tortuous path without restricting the flow of gas. 

Collection efficiency of the trap was 97 %. All of the 

experimental trials were performed at room temperature, which 

was 24 ± 1°C. 

In order to collect enough formic acid for isotopic 

analysis, a single experiment was run for 15 to 16 hours. At 

the end of the experiment, the filter strips were removed 

from the trap and packed in a 15 cm glass tube, eluted with 

10.0 ml of deionized water, and analyzed for total formate 

by ion chromatography. The circulation solution formate 

concentration was also checked after draining the column. 

The source formic acid, from the circulating solution, 

and the gas phase formic acid, from the Ca(OH)2 trap, were 

oxidized separately to carbon dioxide by the silver 

perchlorate/mercury (II) chloride method for carbon-13 

isotopic analysis. A 10.0 ml source sample was taken from 

the circulation solution, before acidifying with sulfuric 

acid, and added directly into the reaction vessel for 

immediate workup to carbon dioxide. The pH of the source 

solution was approximately 4.0, which is the desired pH for 

purging ambient, dissolved carbon dioxide from the sample 

before oxidation. How'aver, the 10.0 ml solution eluted from 

the ca(OH)2 formic acid trap had a pH of approximately 9.5, 
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and was thus acidified to pH = 4.0 with perchloric acid prior 

to the carbon dioxide purge. 

4.3 Results of Formic Acid Solubility Experiments 

4.3.1 Henry's Law Coefficient 

Table 12 lists the measured Henry's Law coefficient for 

formic acid, along with some of the operating conditions of 

the experiment. The experimental Henry's Law Coefficient for 

HCOOH, corrected for a slight (3%) dissociation effect, was 

found to be (7.4 ± 0.8)x103 M/atm. This is 32% higher than 

the upper range of calculated Henry's Law Coefficients for 

HCOOH; the value of KH calculated by Keene and Galloway 

(1986) was 5.6x103 for formic acid. 

Five test runs were done, prior to the those listed in 

Table 7, to assure that the experimental KH was within range 

of values given in the literature, and to develop a simple 

and efficient trap for collecting the formic acid from the 

exit gas. The initial test runs used a clean air generator 

for the carrier gas source, plus two formic acid traps in 

series for determining collection efficiency. A 0.05 M 

solution of NaOH was used in both traps for the first two 

test runs; collection efficiency was nearly 100%. The trap 

using loose calcium hydroxide filter strips, as described in 

the experimental section, was used as the first trap in the 
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remaining test runs. The second trap was eliminated in HL-1 

and HL-2, given in Table 7, once it was established that the 

collection efficiency of the Ca(OH)2 strips was sufficiently 

high (97%). 

Table 7. Experimental Henry's Law Constant (KH) 
of Formic Acid 

Sample 
# 

HL-1 

HL-2 

N2 Run Source 
Flow Time HCOOH Trap KH 

(ml/min) (hrs) (M) ( J,£g) (M atm-1) 

24.94 15.2 0.00229 778 7210 
± 0.5 a ± 29 a ± 620 b 

26.93 16.0 0.00241 849 7950 
± 0.5 ± 6 ± 510 

a - standard deviation from three measurements 
b - calculated by propagation of errors 

4.3.2 Carbon-13 Content of Aqueous and Gas Phase HCOOH 

Generally, in the case of pure solubility of a gas, the 

heavier isotopic species would be expected to have lower 

volatility, i.e., higher solubility. The gas phase should 

therefore be enriched in the lighter isotopic species. This 

was not the case, however, in the HCOOH results given in 

Table 8. 
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Both experiments showed no measurable Carbon-13 

fractionation of formic acid between the gaseous and liquid 

phases during the Henry's Law determination under the 

experimental conditions. This result is similar to that 

observed during the dissolution of CO2 (g) (discussed in 

section 4.1.3), where no fractionation was measured between 

the gas and aqueous phases of CO2 , 

Table 8. Isotopic Composition of Liquid (source) 
and Gas Phase Formic Acid 

Carbon-13 
Sample % yield composition (per 

HL-1 Source 77% -32.3 
HL-1 Gas 92% -32.1 

HL-2 Source 99% -32.0 
HL-2 Gas 93% -32.2 

4.4 Conclusions 

mil) 

During wet removal, in unpolluted clouds, where the 

organic acids will be largely dissociated, the overall 

fractionation will be the product of that associated with the 

dissolution step (found to be negligible above) and 

ionization. The value of the isotopic fractionation effect 
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for ionization was calculated to be about 1 °/00' with the 

heavier 13c species being preferentially taken up by the 

liquid phase. Therefore, overall wet removal isotopic 

fractionation by clouds and precipitation will be small. 

Isotopic fractionation through dry deposition is in the 

opposite direction e2c species is preferentially removed) as 

wet deposition, with an estimated magnitude of about +5 °/00' 

In the absence of further information we shall assume that 

the overall isotopic fractionation during removal of HCOOH 

from the atmosphere will be an equal combination of estimates 

fOl: wet and dry deposition fractionation (+5 °/00 - 1 °/00), 

enriching the isotopic pool of 13C by about 4 °/00 - i. e., if 

sources emit HCOOH with an average l3c content of -26 °/00' then 

the HCOOH atmospheric pool would be -2'2 °/00' 
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CHAPTER 5 

SOURCE MEASUREMENTS OF ORGANIC ACIDS 

5.1 Potential Sources of organic Acids 

Most of the research relating to atmospheric organic 

acids and their sources has involved measuring the 

atmospheric concentrations of the acids in the gas phase, in 

precipitation, and in clouds and fogs. The conclusions 

regarding possible sources of ambient organic acids are often 

the same, linking the organic acids observed in rural areas 

to biogenic sources. The biogenic sources include direct 

emissions from vegetation, or emission of precursors such as 

isoprene. Graedel and Eisner (1988) proposed that formicine 

ants can be an equally important source of biogenic formic 

acid in the continental troposphere, especially in the 

tropics or mid latitudes where formicine ants are most 

abundant. 

The highest ambient concentrations of organic acids are 

observed in urban areas (Hanst et al., 1982; Kawamura et al., 

1985; Satsumabayashi et al., 1989; Grosjean, 1989), where 

direct auto exhaust emissions, photochemical reactions, and 

the ozone-olefin reaction create locally enhanced 

concentrations of organic acids. satsumabayashi et ale 
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(1989) measured acetic acid concentrations of 4-8 ppb in air 

originating from the metropolitan area of Tokyo Bay. The 

high concentrations were attributed to photochemical and 

ozone-olefin reactions in the polluted air mass, rather than 

direct engine exhaust emissions. This conclusion was based 

on the matching diurnal concentrations of ozone and acetic 

acid (with maximum concentrations occurring in the daytime), 

and on the observed decline of relative concentrations of 

hydrocarbons, such as ethylene and propylene, during 

transport of the polluted air mass. organic acids were some 

of the presumed products from the transformation of the 

hydrocarbons. For example, the ozone-olefin reaction 

produces a CHzOz radical which can eventually yield about 6% 

formic acid (Satsumabayashi et al~, 1989: 

CHzOO -> COz + 
-> CO + 
-> HCOOH 

27% 
67% 
6% 

(11) 

(12) 
(13) 

(14) 

The above reaction is considered to be a major source of 

organic acids in the California South Coast Air Basin (SCAB). 

Grosjean (1989) estimated that over 80% of the 230x103 kg of 

olefins emitted every day in the SCAB region (6000 km2) may 

yield formic acid. Thus, the broad range of 6-80% production 
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of HCOOH by emitted olefins shows how little is known about 

the magnitude of influence that anthropogenic precursors have 

on atmospheric organic acid concentrations. 

Isotopic measurements of the above biogenic and 

anthropogenic sources of organic acids, in combination with 

isotopic measurements of atmospheric organic acids, would 

certainly be a major contribution in the identification of 

important sources. This study focuses on the carbon isotopic 

content of atmospheric formic and acetic acids. The 

magnitude and carbon isotopic composition of organic acid 

emissions from various vegetation species would be very 

beneficial, but would be a complete project in itself - too 

vast for this study. However, several samples were collected 

from auto exhaust and formicine ants for comparison with the 

ambient isotopic data. For vegetation sources, in the 

absence of other data, it will be assumed that the emission 

of organic acids from plants will have essentially the same 

isotopic composition as the whole plant. This is a fairly 

good assumption, since the 13C' content of respired CO2 from 

plants differs only slightly in the l3C content of the whole 

plant (O'Leary, 1981). 
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5.2 Auto Exhaust Emissions 

Samples of organic acids were collected from the exhaust 

of a 1983 Toyota (unleaded fuel), equipped with a catalytic 

converter and a 1974 Volvo (leaded fuel), with no converter. 

Both vehicles were filled with a few gallons of gasoline from 

several service stations in order to be somewhat 

representative of all gasoline sold in Tucson; the total 

sales of gasoline in the Tucson region (Pima County) for the 

year 1989 was 269x106 gallons (Pima County Health Department) , 

with about 81% being unleaded gasoline and 19% leaded 

(personal communication with Jerry Smith, Tucson Chevron Fuel 

Distributor). 

The exhaust samples were collected by running a high 

volume sampler, with a Ca(OH)2 filter set (see Fig. 1), about 

two feet away from the car tailpipe, with the exhaust blowing 

directly toward the face of the filter set. The Toyota 

engine was operating at 2000 RPM, which is above the idle 

speed of 700 RPM, but below normal traffic speed (2500 RPM). 

The Volvo was running at a slightly higher RPM, more 

representative of city traffic speed. Table 9 gives the 

emission and the isotopic composition of the formic and 

acetic acid emitted by the two cars. The different rates of 

emission of the two vehicles, with and without a catalytic 

converter, is truly impressive. The Volvo directly emitted 
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HCOOH at a rate which was over six times greater than the 

Toyota. The HCOOH concentration in the Toyota and Volvo 

exhaust was approximately 30 ppb and 150 ppb, respectively; 

the Toyota exhaust rate was measured at about 1/2 SCM/min, 

while the Volvo was estimated to be slightly higher. These 

concentrations were 3-16 times higher than those measured by 

Kawamura et al., (1985) from an idling 1982 Toyota. 

Table 9. Auto Exhaust Organic Acid and Isotopic Data 

Formic J3c composition 
Sample Time Acid Formic/Acetic (°/00) 

(min) ( J.Lg) molar ratio HCOOH CH3COOH 

Toyota 25 636 -48.6 -35.3" 
Volvo 7.5 1243 0.44 -28.0 

* CH3COOH to CO2 reaction yield was 153% for Toyota sample 

From the 13C results, it appears that the l3C hydrocarbon 

is preferentially destroyed by the converter, leading to 

emission of organic acids highly depleted in l3C. However, 

another possibility is that the unleaded and leaded gasolines 

have different isotopic compositions to begin with. 

The overall 13C composition of HCOOH emitted by 

automobiles in Tucson was estimated to be -36 °/00' This 
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calculation was based on the above isotopic composition data, 

the relative emission rates of HCOOH from the two vehicles, 

and the percentages of unleaded (81%) versus leaded (19%) 

gasoline sold in Tucson. This composition is considerably 

more depleted in 13C than the average C4 plant (-13 0/ 00 ) and 

C3 plant (-26.5 0/00 ) given in Table 1. These large 

differences in isotopic composition, between various sources 

of organic acids, are obviously very advantageous when 

apportioning the sources to match the 13C composi tion of 

atmospheric organic acids. 

5.2.1 Urban Emissions and Concentrations 

Actual emission inventory data for formic and acetic 

acid in urban areas is nonexistent. However, there are a few 

measurements of organic acids from auto exhaust (Kawamura et 

al., 1985; Talbot et al., 1988). A direct calculation of the 

formic acid emitted from auto exhaust in Tucson, using the 

data in Table 9, and the 296x106 gallons of fuel sold annually 

in Tucson, yields about 10 kg HCOOH/day. 

Grosjean (1989) estimated formic and acetic acid 

emissions from mobile sources in the California South Coast 

Air Basin (SCAB) by extrapolating relevant CO (an auto 

exhaust pollution indicator) emission data with the observed 

HCOOH/CO and CH3COOH/CO concentration ratios observed in the 

basin. It was assumed that the acid/CO ratio in ambient air 
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during peak traffic hours (approximately 1-2 ppb/ppm) was 

representative of corresponding emission ratios; differences 

in deposition rates between the organic acid gases and CO 

were neglected. The exhaust concentrations of 9.3 ppb formic 

and 31.8 ppb acetic acid measured by Kawamura et al. (1985) 

were also incorporated into the range of emission estimates 

made by Grosjean. The resulting range of HCOOH emissions 

was fairly broad (1-13X106 kg/day), with an average of 6. 5x106 

kg/day (given in Table 10). 

Table 10. Emission Estimates of organic Acids from the 
California South Coast Air Basin and Tucson, Arizona. 

Area 
Region (km2 ) 

SCAB 6000 

Tucson 900 

Mobile Source Emission Rates (kg/day) 

CO HCOOH 

5357x103 6500 9000 

242x103 10-300 30-400 

An additional estimate of the formic acid emission rate 

for the Tucson region (in Table 10) was calculated from 

Tucson CO emissions data and the average SCAB organic acid/CO 

emission ratio from Table 10; average 1989 Tucson CO 

emissions from mobile sources were 242x103 kg/day (Eric 

Phillips, Pima County Monitoring and Analysis Dept.-private 

communication). The result was an emission rate of 300 kg 

HCOOH/day, which is much larger than the estimated direct 
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emission of 10kg HCOOH/day from auto exhaust. This 

difference may be indicating production of HCOOH by 

hydrocarbon precursors (emitted from fossil fuel combustion) 

within the urban atmosphere. 

The HCOOH and CH3COOH emissions per unit area in Tucson 

are less than one third as large as the California basin 

emissions. This is reflected in the lower ambient organic 

acid concentrations measured in Tucson, given in Table 11. 

There are certainly other factors that affect the Tucson 

concentrations, such as vertical mixing. Tucson was under 

the influence of regional monsoon weather, with several small 

thunderstorms developing in the area during the August 

samples; this would provide strong vertical mixing and 

subsequent dilution of ambient organic acids. 

Table 11. Ambient Concentrations and carbon-13 content of 
Formic and Acetic Acids in Tucson, Arizona. 

Sample 

TUC-34D 
TUC-3SN 
TUC-42 

SCAB Aug 

D 
N 

Date 

Aug 14, 89 
Aug lS, 89 
Apr 04, 89 

11-21, 1986 

CONCENTRATION 
(ppb) 

HCOOH CH3COOH 

2.00 1.98 
1.74 2.18 
1.14 

1 - 13 2 - 16 

= Daytime Sample 
= Nighttime Sample 

l3C Composition 
(°/00 ) 

HCOOH 

-19.4 
-18.3 
-24.7 
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The most significant result from the Tucson ambient 

HCOOH data is that the carbon-13 content for the samples are 

more representative of vegetative 13C compositions than the 13C 

content of HCOOH measured in auto exhaust (6 13C = -36 °/00). 

The relatively large depletion in 13C from HCOOH auto exhaust 

is, as discussed earlier, from the preferential destruction 

of the heavier HCOOH isotope in the catalytic converter. 

This fractionation effect, induced by the catalytic 

converter, would likely be true for hydrocarbon precursors of 

HCOOH as well. Therefore, the emissions from auto exhaust do 

not seem to be an important contributor of HCOOH to the 

Tucson urban atmosphere, during the summer. 

5.3 Formicine Ant Emissions 

Formic acid is the main component of secretion from the 

glands of formicine ants (Blum, 1978). The ants secrete the 

acid for defense purposes and also as an alarm pheromone 

(Lofqvist, 1976). Graedel (1988) estimated the global flux 

of formic acid to the troposphere to be 6x10 11 grams HCOOH per 

year, based on ant populations, percent of ant mass 

consisting of formic acid, frequency of acid emission, and 

emission after the ant's death (2 month lifetime). This flux 

was considered to be a significant contributor to ambient 
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HCOOH in continental regions where the climate is suitable 

for formicine ants (tropical forests and midlatitude 

temperate regions - Graedel, 1988). 

Formicine ants are scarce in the desert region around 

Tucson, but are more common at higher elevations and cooler 

temperatures in Arizona (Dr. Diana Wheeler, Entomology Dept., 

University of Arizona - private communication). Therefore, 

the search for a colony of formicine ants for sampling was 

undertaken at the Mount Lemmon ambient air collection site. 

A small colony of Formica Fusca was located about 50 feet 

from the site where all of the Mount Lemmon samples were 

collected. The location was convenient since it was close 

enough to an electrical outlet that the high volume sampler 

could be set up right next to the colony to collect any HCOOH 

emitted by the ants. Unfortunately, a one hour sample only 

showed background ambient levels of formic acid on the fresh 

ca(OH)2 filter set. A second attempt at obtaining a sample 

from the colony was done by collecting 70 ants in about 100 

ml of deionized water; the intact ants were soaked in the 

water for about two hours, and occasionally shaken. 

Subsequent IC analysis of the sample indicated a yield of 

about 0.1 mg formic acid per ant, thus 10 ml of the sample 

solution was adequate for an isotopic analysis workup. 

A second species (identified as Formica Obscuripes) was 

sampled from the western plains of North Dakota. According 
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to Wheeler and Wheeler (1963) "Formica Obscuripes is a very 

common species statewide in North Dakota. The workers are 

active, aggressive, rather large, conspicuously colored and 

the colonies are populous." The colonies were easily located 

since they resided in thatch mounds about one to two feet in 

diameter with a tapered peak height of about six to ten 

inches above ground level. The thatch mounds were abundant 

at this particular location, with about 25 active colonies 

counted in a 100 acre pasture. A faint organic acid scent 

was noticeable directly above the thatch mound, therefore, 

the high volume sampler was used for collecting a sample of 

the gas above the ant colony. Power to the sampler was 

supplied by a portable generator located about 100 feet 

downwind of the sampler. A single sample was collected above 

several of the larger thatch mounds after the ground next to 

them had been thumped several times in order to create a 

frenzy of ants at the surface. After collecting for ten 

minutes, directly beside the thatch mound, the sampler was 

moved to a new colony for an additional ten minute 

collection. six colonies were sampled on one filter for a 

total of one hour sampling time. The HCOOH levels were very 

high with 5775 micrograms observed on the upper Ca (OH) 2 filter 

and 370 micrograms on the lower one. This was the only 

sample, collected in this study, where the total quantity of 

formic acid collected on the lower filter was large enough 
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for isotopic analysis; by comparing the isotopic content of 

the upper and lower filters, the amount of fractionation due 

to incomplete collection could be determined. In this case, 

a 5.5 °/00 difference exists between the upper (-17.2) and the 

lower (-22.7) filters. However, the overall correction for 

the upper filter, which had a collection efficiency of nearly 

94%, is very small - at about 0.3 °/00' 

The magnitude and isotopic composition of the ant 

species collected in North Dakota (ANT-ND) and on Mount 

Lemmon (ANT-3ML) are given in Table 12. 

Table 12. Formic Acid Isotopic Composition from 
Formicine Ants 

Sample Date Collection HCOOH Reaction 13C 
Method ( J.Lg) Yield Compos. 

ANT-1ND May 27,89 hi-vol 5775 0.91 -17.2 
Upper filter 

ANT-1NDL May 27,89 hi-vol 370 1. 00 -22.7 
Lower filter 

ANT-2ND Aug 09,89 DIW extract 0.74 -18.6 

ANT-3ML Jul 19,89 DIW extract 0.89 -20.6 

Sample ANT-2ND represents the same Formica Obscuripes 

ant colonies as the ANT-1ND sample, but the collection was 
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done by the deionized water extraction method instead of the 

high volume sampler method. About 150 ants (intact) were 

soaked for about one hour in each of four successive volumes 

(120 ml) of deionized water. The formate concentrations were 

measured at 194 ppm in the first rinse, which dropped to 

about 55 ppm in the final rinse. The isotopic compositions 

were very similar for both methods of HCOOH collection from 

formicine ants. Therefore, the 13C composition of an aqueous 

solution of HCOOH from ants, collected by soaking them in 

deionized water, appears to be representative of the 13C 

content of HCOOH vapors emitted directly. 

5.3.1 Comparisons of Ant 13C Composition and Emissions 

The average 0 13c composition of the Formica Fusca and 

Formic Obscuripes was -18.9 °/00. This is considerably more 

enriched in 13C than auto exhaust emissions (-36 °/00), but 

falls in between the ranges of C4 plants (-13 ° /00) and C3 

plants (-26.5 °/00). The source of carbon to the ant's habitat 

would most likely be from the C3 plants and grasses, since C3 

plants are typically temperate zone species, while C4 plants 

are tropical or semitropical grasses (Walton, 1988). In this 

case, there appears to be some fractionation occurring from 

the plant to ants, resulting in enrichment of H13COOH within 

the ant. This is consistent with the direction of isotopic 

fractionation that occurs in the oxidation of organic matter; 
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the oxidized species becomes enriched in the heavier isotope. 

A value for the total global emissions of HCOOH by ants 

can be estimated, assuming that the above Formica Obscuripes 

emission rate per unit area is representative of the sum of 

all ant species within their source region; the source region 

in Graedel's (1988) estimate of global ant emissions 

constitute about 13% of the earth's surface. Thus, an 

emission of 6150 micrograms per hour per colony, with 25 

colonies in 100 acres, extrapolates to a global emission of 

2x10 11 g HCOOH/yr. This is very close to the estimate of 

6x1011 g HCOOH/yr made by Graedel (1988). 

5.4 Carbon-14 Measurements 

The dynamics of carbon exchange between the atmosphere, 

biosphere and hydrosphere is often elucidated through the 

analysis of 14C (Oeschger et ale , 1987). The natural cycle 

begins with the production of 14C in the upper atmosphere by 

the interaction of 14N with cosmic rays. The 14C is oxidized 

to 14C02, and is eventually taken up by vegetation and the 

oceans. An important application of 14C02 measurements, is its 

use as a tracer for determining oceanic mixing rates and 

circulation (stumm and Morgan, 1981). 

Carbon-14 measurements of atmospheric hydrocarbons are 

very scarce; apparently the only reported measurements are of 
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methane. The 14C content of CH4 gives a direct determination 

of the relative magnitude of anthropogenic (fossil fuel) 

versus natural sources. The 14C measurements of CH4 by Lowe 

(1988) showed a 32% fossil contribution. Ehhalt and Schmidt 

(1978) summarized the reported 14C contents of atmospheric CH4 

made by Libby (unpublished), Bishop et ale (1962), and 

Bainbridge et ale (1961). The 14C content of CH4 ranged from 

69-102% of recent wood, with an average of 80%. Therefore, 

80% of the CH4 was from recent biologic origin with the 

remaining 20% originating from 'dead' carbon sources. 

The 14C analysis of organic acids is undoubtedly an 

important addition to the 13C isotopic measurements of the 

acids, since the relative magnitude of anthropogenic versus 

biogenic sources is largely unknown. The first Wc content 

measurements of atmospheric HCOOH are reported here, and 

given in Table 13. six of the samples were collected at the 

summit of Mount Lemmon, Arizona, and two samples were from 

the Oregon Coast (Cape Meares); more detailed information on 

the sampling sites and weather conditions during sampling are 

given in Chapter 6. Samples were dated at the NSF 

Accelerator Facility at the University of Arizona. 
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Table 13. 14C content of Atmospheric HCOOH Samples 

sample 

OR-2Db 

OR-3N 
ML-7 
ML-11 
ML-15D 
ML-16 
ML-21D 
ML-31N 

Date 

09/18/88 
09/18/88 
09/08/88 
10/07/88 
11/02/88 
12/14/88 
02/02/89 
06/18/89 

14C composition 
(% modern·) 

± 3 % 

87.5 
81.6 

110.3 
98.9 
93.2 
99.4 

113.0 
106.9 

HCOOH 
ppb 

0.24 
0.12 
0.67 
0.25 
0.25 
0.23 
0.13 
1.10 

Formic/ 
Acetic Acid 

Gas Ratio 

1.16 
0.90 
0.75 
0.30 
0.85 
0.80 
0.90 
1.10 

• 0% modern is dead carbon 
115% modern is 100% current carbon 

b OR - OREGON D-Day 
ML.- MOUNT LEMMON N - Night 

The Mount Lemmon samples all appeared to be from 

relatively modern carbon, while the two Oregon coast samples 

contained a slightly higher fossil fuel component. There are 

two possibilities for the Oregon coast samples. Either the 

relatively unreactive background hydrocarbons (that are able 

to travel great distances and can act as precursors to 

organic acids) have a significant fossil component, or air 

arriving at the Oregon site had a small amount of advected 

anthropogenic contamination. The first explanation is not 

inconsistent with the data. No MC data are available for 

background hydrocarbon other than the methane results, for 
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which 20-32% fossil contribution has been found. If it is 

assumed that other long-lived formic acid precursors have 

similar isotopic composition, the acid's l4e content would be 

as found at Oregon. This first such study is therefore 

consistent with a 20-30% fossil contribution to background 

hydrocarbon precursors. 
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CHAPTER 6 

ATMOSPHERIC CONCENTRATIONS AND CARBON ISOTOPIC CONTENT 

6.1 Collection sites 

Seventy two ambient organic acid samples were collected 

at seven different sampling sites between April, 1988 and 

June 1990. The site locations, shown in Figures 14 and 15, 

included two mountainous regions, four coastal sites and a 

continental prairie location. 

The entire collection and isotopic determination 

procedure was designed for formic acid samples. Nonetheless, 

data for many of the acetic acid samples are also presented. 

All of the 13C/12C ratios are given in units of per mil (°/00)' 

and are corrected for kinetic isotopic fractionation that 

occurs during the workup oxidation procedure (discussed in 

Chapter 3); the magnitude of the correction is based on the 

oxidation yield (f). The second oxidation step for acetic 

acid is nonspecific, and is representative of all remaining 

oxidizable, highly soluble organics (of which the majority is 

acetic acid) collected and eluted with the formic and acetic 

acid samples. No corrections were made to the 13C acetic acid 

data since the apparent yield of the acetic acid oxidation 

step was often greater than 100% (mainly for summer samples) 



2. Cape Mearell, OR 

3. Big Sur, CA 

<t. Wolf Creok and 
Pagol. Spring., CO 

6. North Dakota Prairie 

Figure 14. U.S. organic Acid Sampling sites 
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Tasman Sea 

Pacific Ocean 

1. Baring Head 

2. Muriwai Beach p 

Figure 15. New Zealand Sampling sites 
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indicating that other species besides acetate were being 

collected and oxidized. 

6.2 Mount Lemmon Data 

The majority of the samples (45 out of 72) were 

collected at the summit of Mount Lemmon (2800 m elevation), 

located about 30 km north of Tucson, within the grounds of 

Steward Observatory, which is at the western-most edge of the 

Santa Catalina range. The area has an alpine type climate 

with spruce, fir, pine, and aspen trees surrounding the site. 

Some campgrounds and a small ski area (one chair lift) are 

located from 1 to 10 km east and southeast of the Mount 

Lemmon site, along the ridge of the mountain range. The 

recreational areas were located downwind from the sample 

site; therefore, local sources of pollution were not a major 

concern. Besides the city of Tucson (pop.=500,000) , another 

potential source of pollution is the copper smelter in the 

town of San Manuel, located about 20 km to the north of the 

Mount Lemmon site. There is some evidence of pollution, from 

the nearby urban and industrial sites affecting the aerosol 

scattering coefficient on Mount Lemmon (Twomey, 1983). 

However, the air is very clean during colder months when the 

sampling site is above the temperature inversions that often 

occur. 
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Samples were collected regularly throughout the seasons 

for nearly two years in order to observe any trends in 

concentration and isotopic composition. The sampling 

included eight day-versus-night collections for observing 

diurnal trends. All samples were collected for approximately 

24 hours, so the diurnal samples were collected over two full 

days, switching to the appropriate filter at sunrise and 

sunset. Table 14 gives the Mount Lemmon formic acid 

concentrations observed, along with the corrected 13C isotopic 

compositions. The acetic acid concentration data are given 

as formic\acetic acid concentration ratios (uncertainty of ± 

20%) for comparison to the ratios reported in other studies 

of atmospheric and source organic acids. The formic-to

acetic ratios in this study follow nearly the same type of 

seasonal variation as observed by Talbot et ale (1988), in 

which the highest ratios occurred during the growing season 

(overall range 0.2-2.3). In urban air, Grosjean (1989) 

measured ratios of 1.0-1.14 during an August sampling period 

in Glenora, california; these values are high in comparison 

to ratios observed in auto exhaust, which range from 0.29-

0.51 (Kawamura et al., 1985; Talbot et ale 1988). 

Weather conditions were an important factor in deciding 

when to collect an organic acid sample. Most of the samples 

were collected under clear to partly cloudy skies, but 
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Table 14. Mount Lemmon Concentration and Isotopic Data 

Sample # HCOOH Form. Isotopic 
D=Day Concen. Acet. Reaction composit. 
N=night Date (ppbv) +- Ratio yield (°/00) +-

ML-02 04/28/88 0.36 0.05 1.05 0.82 -14.2 2.1 
ML-03 05/13/88 0.92 0.12 0.80 -14.5 2.0 
ML-04 OS/25/88 1.00 0.13 0.83 -14.8 2.2 
ML-07 09/08/88 0.67 0.10 0.75 0.79 -11.5 2.2 
ML-8N 09/28/88 0.31 0.03 0.55 0.67 -11.8 1.0 
ML-9D 09/28/88 0.50 0.02 0.85 0.66 -14.3 1.0 
ML-10 10/05/88 0.32 0.03 0.65 0.89 -21.9 1.3 
ML-11 10/07/88 0.25 0.03 0.30 0.81 -22.5 1.3 
ML-13 10/08/88 0.23 0.03 0.53 -13.1 1.0 
ML-15D 11/02/88 0.25 0.03 0.85 0.65 - 7.6 1.0 
ML-16 12/14/88 0.23 0.03 0.80 1.0 -21.5 2.1 
ML-18 01/24/89 0.30 0.03 1.00 0.93 -19.1 1.6 
ML-20N 02/02/89 0.11 0.01 1.15 1.0 -19.1 1.1 
ML-21D 02/02/89 0.13 0.02 0.90 1.0 -33.9 1.0 
ML-22N 02/09/89 0.19 0.02 1.15 0.98 -25.9 1.6 
ML-23D 02/09/89 0.16 0.02 1. 30 0.84 -28.7 2.0 
ML-24N 02/16/89 0.41 0.03 0.85 0.43 -23.6 0.5 
ML-25D 02/16/89 0.52 0.05 1.25 0.61 -26.5 0.6 
ML-27 03/28/89 0.37 0.04 1. 45 0.87 -16.7 1.2 
ML-28N 0'5/11/89 0.40 0.04 0.85 1.0 -22.4 1.4 
ML-29D 05/11/89 0.79 0.07 0.90 1.0 -22.1 1.4 
ML-30D 06/18/89 1. 58 0.13 1.00 0.94 -18.7 0.9 
ML-31N 06/18/89 1. 66 0.13 1.10 0.84 -16.7 0.6 
ML-32D 07/16/89 1. 78 0.19 1.00 0.60 -23.9 0.9 
ML-33N 07/16/89 1.18 0.15 1.05 0.72 -18.6 1.4 
ML-34D 08/16/89 1. 31 0.15 1.20 0.83 -14.6 1.9 
ML-35N 08/16/89 0.95 0.07 1.25 0.73 -18.2 0.5 
ML-36 10/16/89 0.91 0.09 0.96 -20.5 1.8 
ML-37 11/16/89 0.35 0.03 0.80 0.74 -25.9 0.7 
ML-38 12/26/89 0.34 0.03 0.95 0.76 -25.5 0.5 
ML-39 01/28/90 0.17 0.02 0.85 1.0 -18.4 2.7 
ML-40 02/20/90 0.20 0.02 0.95 1.0 -22.5 1.8 
ML-41 03/13/90 0.22 0.02 1. 00 0.76 -24.4 1.1 
ML-42 04/03/90 0.51 0.04 1.10 0.81 -22.6 0.5 
ML-43 f)4/19/90 0.61 0.05 1.10 1.0 -21.5 1.4 
ML-44 05/16/90 0.64 0.06 1.25 0.71 -23.0 0.6 
ML-45 06/18/90 1.42 0.12 0.87 -23.1 0.6 
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Table 15. Mount Lemmon Weather Data 

Clouds Preci12 {in. 1 
Sample Temp (oF) RH% Winds (1-8) days· R=rain 

Lo Hi Lo Hi Start stop l=clear prior S=snow 

ML-02 36 50 36 98 0 0 8 - 1 0 .10 R 
ML-03 51 64 24 41 1 - 1 
ML-04 50 64 29 47 S/3 W/9 1 - 1 
ML-07 51 68 36 74 N/6 0 2 - 3 
ML-08N 47 60 23 36 S/8 E/5 1 - 1 
ML-09D N/5 N/2 1 - 1 
ML-10 47 62 44 75 SW/15 0 8 - 4 
ML-11 46 60 38 64 0 0 3 - 1 
ML-13 49 56 61 95 NE/10 SE/5 2 - 6 3 1.10 R 
ML-15D 42 57 22 68 SE/15 SW/20 1 - 1 
ML-16 36 51 35 59 SilO SE/15 1 - 4 
ML-18 25 39 67 99 SilO S/20 2 - 8 0 trace 
ML-20N 24 37 52 99 SilO SW/15 8 - 1 
ML-21D S/15 SW/15 4 - 1 
ML-22N 28 44 42 72 SilO SW/10 6 - 2 
ML-23D SilO SW/10 7 - 6 
ML-24N 26 45 68 99 S/5 0 1 - 1 
ML-25D SE/5 0 1 - 2 
ML-27 34 50 54 68 0 SW/10 1 - 1 2 1. 30 S 
ML-28N 35 51 53 76 SW/10 SW/20 2 - 1 
ML-29D SW/15 SilO 1 - 1 
ML-30D 60 76 20 41 SW/2 NE/5 1 - 3 
ML-31N N/5 N/5 2 - 3 
ML-32D 54 72 41 99 0 0 4 - 3 0 1.10 R 
ML-33N N/3 El10 4 - 4 0 0.10 R 
ML-34D 53 67 56 99 N/2 0 2 - 8 0 0.04 R 
ML-35N S/3 S/3 5 - 8 1 0.12 R 
ML-36 40 59 26 51 0 0 1 - 1 
ML-37 38 60 10 30 0 0 2 - 5 
ML-38 34 49 11 99 S/5 S/5 5 - 2 
ML-39 31 44 9 36 0 0 1 - 1 
ML-40 18 34 66 98 NW/5 NW/5 2 - 2 1 0.40 S 
ML-41 17 32 60 98 NE/10 0 6 - 2 0 0.10 S 
ML-42 36 50 40 98 SW/5 SW/10 1 - 6 
ML-43 37 56 30 80 SW/5 SW/5 2 - 1 
ML-44 42 62 22 40 0 S/5 2 - 2 
ML-45 60 76 24 48 N/10 NE/10 1 - 2 

* Days prior is the number of days (from 0-5) prior to 
sampling that the precipitation occurred. 
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several times rain or snow delayed sampling for a few minutes 

to a few hours, or precipitation may have occurred a few days 

before a sample was started. These events are noted in Table 

15. 

6.2.1 Seasonal Concentration Patterns at Mount Lemmon 

The concentrations of formic acid found at Mount Lemmon 

and their seasonal variation are shown in Figure 16. A 

dotted line indicates the most likely seasonal trend. 

Concentrations peak in summer at about seven times the 

wintertime concentration. Figure 17 shows that acetic acid 

concentrations exhibit the same seasonal variation in 

concentration as HCOOH. This trend in organic acid 

concentrations has been observed in other rural areas in the 

gas phase (Talbot et al., 1988), and in precipitation (Keene 

and Galloway, 1986). The high acid concentrations during the 

summer are most likely the result of biogenic emissions. 

Figure 18 shows the high degree of correlation (r2=.95) 

between the formic and acetic acid concentrations, indicating 

the likelihood of a common source for both acids. The 

organic acid concentrations measured in this study also 

compare very well with the concentrations observed by Dawson 

and Farmer (1988) in a previous study at Mount Lemmon; 
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concentrations of 0.5-2.1 ppb were measured for formic and 

acetic acid by the condensation technique. 

6.2.2 Diurnal Concentration Patterns 

The concentrations of six pairs of day-versus-night 

samples are given in Figure 19; the left bar of each pair in 

the figure represents the daytime concentration. A diurnal 

pattern was usually observed, with daytime formic acid 

exceeding nighttime concentrations by 10% to 100%. This 

pattern is consistent with hydrocarbon emissions from 

vegetation, which are strongly dependent on temperature and 

radiation (Lamb, et al., 1985; Jacob and Wofsy, 1988). The 

production of HCOOH through the photochemical decomposition 

of isoprene was modeled by Jacob and Wofsy (1988). The model 

predicted peak concentrations occurring during the day with 

a very sharp increase in HCOOH at sunrise; the HCOOH 

concentration was predicted to attain 0.5 ppb after five 

model days, from isoprene emissions alone. 

One of the Mount Lemmon samples did, however, show a 

slightly higher nighttime concentration. This occurred 

during the June 18-20 (ML-30D and ML-31N) sampling period 

when 1.66 ppb and 1.54 ppb HCOOH was measured for the night 

and daytime samples, respecti vely • The June sample was 

collected during an extended hot and dry period in Arizona. 

Tucson and Mount Lemmon had experienced numerous record high 
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temperatures, with very dry conditions; Mount Lemmon had not 

received any precipitation for over four weeks. Winds were 

usually calm or from the north at about 5 mph. The camping 

and recreation areas, to the east of the site, were crowded 

during this particular weekend; contamination by the above

normal local traffic seemed a possibility. However, when the 

nighttime sample (ML-31N) was analyzed for 14C content by 

accelerator mass spectrometry, it was clear that 

anthropogenic influence during that time was negligible. The 

sample contained 106.9% modern carbon (115% modern carbon is 

the maximum for the 14C scale). 

6.2.3 Carbon-13 content of Ambient Organic Acids 

Figure 20 gives the corresponding 0 13C content of the 

Mount Lemmon HCOOH samples. Several of the acetic acid 

samples from Mount Lemmon were also analyzed for 13C content, 

and are shown in Figure 21. The acetic acid samples did not 

show any trend in 13C content during the seasons, while a weak 

seasonal pattern is visible for the formic acid isotopic 

compositions. The trend shows formic acid samples collected 

during the growing season (April-September) have a slight 

tendency towards enrichment in 13C (less negative) over the 

wintertime samples. However, the average composition for the 

growing season (-20.9 + 2.5 °/00) is not significantly 
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different (95% confidence interval) from the average 

wintertime 13e content (-23.2 + 3.5 0/00). 

Discerning any trend in the 13e content over the two year 

sampling period is further complicated by a decrease in 

scatter of the data as storage and processing techniques 

improved; the data appear to be converging, with time, to a 

value of about -23 per mil. This small continuous trend is 

probably the result of improvement in sample handling and 

sample oxidation techniques. 

The time between sample collection and isotopic 

measurement was initially very irregular; sample filters were 

refrigerated for up to three months, though most were 

analyzed within one month. This may have led to alterations 

in the isotopic composition due to sample loss during long

term storage (discussed in section 2.3.1). However, the loss 

in most stored samples should have been negligible, based on 

the previously measured loss rate of 8% over a five week 

period for refrigerated samples. Scheduling of sample 

collection and submitting for isotopic analysis improved 

after December, 1988 with a maximum of one week for sample 

storage. Storage effects were further eliminated after 

experiments showed that the best method for handling samples 

is to store the deionized water extract after eluting the 

formic and acetic acids from the filter, soon after 

collection. 
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6.2.4 Diurnal 13C Patterns 

Four of the diurnal samples shown in Figure 19 exhibit 

nighttime compositions slightly enriched (by 2 to 5 per mil) 

over the daytime values. At night, production or emission of 

HCOOH likely drops below the deposition rate; this is 

observed in the lower nighttime concentrations. Therefore, 

the preferential loss of the H12COOH species through dry 

deposition becomes more apparent. 

6.2.5 Influence by Mixing from Tucson 

When collecting ambient air samples on Mount Lemmon, how 

the Tucson region influences the Mount Lemmon air composition 

should be considered. strong inversions form overnight in 

Tucson during most of the winter months, effectively trapping 

the air relatively near the surface. Daytime heating rarely 

is sufficient to lift the daily maximum mixing height to the 

Mount Lemmon elevation. But in the warmer months, from March 

to October, the average mixing height often builds upward 

throughout the day eventually exceeding the elevation of 

Mount Lemmon, as shown in Figure 22 (data from the National 

Climatic Data Center, Ashville, NC); the mixing height 

usually falls below the summit of Mount Lemmon by early 

morning. 
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Two organic acid samples were collected at Mount Lemmon 

and in Tucson (on the roof of the Physics and Atmospheric 

Sciences Building), at nearly the same time period, for 

comparison of concentrations and isotopic content. The 

results are given in Table 16. 

Table 16. Tucson and Mount Lemmon Formic Acid Data 

TUCSON MOUNT LEMMON 

Sample Date HCOOH l3C HCOOH 13C 
(ppb) (°/00 ) ± (ppb) (°/00 ) ± 

34D Aug 14,89 2.00 -19.4 (1.1) 1. 31 -14.6 (1. 9) 
35N Aug 15,89 1. 74 -18.3 (1.1) 0.95 -18.2 (0.6) 
42 Apr 03,90 1.14 -24.7 (1. 4) 0.51 -22.6 (1. 0) 

D=Daytime sample N=Nighttime sample 
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The day and night HCOOH Tucson concentrations in August 

were 51% and 83% higher than the Mount Lemmon concentrations 

observed on the following day. The daytime Tucson isotopic 

composition was more depleted in 13C by 4.8 per mil, while the 

nighttime compositions for Tucson and Mount Lemmon were 

nearly equal. The August weather conditions in Tucson were 

warm (high temperature of 103°F) and humid, with a 

thunderstorm occurring over the northeastern part of Tucson 

by late afternoon. The Mount Lemmon site also experienced 

two brief downpours the following day; the hi-vol sampler 

was turned off and moved inside until the rain stopped. 

Two high-volume air samplers were used to collect a 

Mount Lemmon and Tucson sample (TC-42) simultaneously on 

April 3, 1990. The weather was mild and mostly clear at both 

locations, with only traces of snow still on the ground in 

shaded areas at Mount Lemmon. Once again, the Tucson HCOOH 

concentration was higher at 1.14 ppb (ML-42=0.51 ppb), and 

only slightly more depleted in 13C by 2.1 per mil. 

All of the above comparisons between Tucson and Mount 

Lemmon showed a general trend of higher concentrations in 

Tucson, with a small depletion in the 13C content. Both 

locations, however, have a 13C HCOOH content far different 

from the -36°/00 estimated for Tucson auto exhaust. Therefore, 

it is difficult to determine the degree of influence Tucson 

air may have on the Mount Lemmon organic acid concentrations. 
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It appears likely, though, that vegetative and/or ant 

emissions are a major contributor of organic acids to the 

atmosphere at both locations. Carbon-14 measurements of 

HCOOH from Mount Lemmon and Tucson air would certainly be 

helpful in apportioning the potential anthropogenic versus 

natural sources. 

6.3 Cape Meares, Oregon Coast Samples 

The Oregon Graduate center operates a small, remote air 

sampling station at Cape Meares, Oregon. The site is about 

50 meters above sea level overlooking the ocean, and is 

surrounded by dense vegetation. Formic acid samples were 

collected on the roof of the Cape Meares instrument building 

at two different periods in the fall of 1988. The data is 

given in Table 17. 

The first sample period was from September 16-20. The 

weather conditions were mild with calm winds, variably cloudy 

skies and occasional light showers. The only significant 

precipitation occurred during the night of September 18. By 
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Table 17. Cape Meares Formic Acid Data 

Formic-
Sample Date HCOOH Acetic Reaction & 13C 

(ppb) Ratio Yield (°/ 00 ) 

OR-2D Sep 18,88 0.24 1.16 0.73 -17.9 + 1.0 
OR-3N Sep 18,88 0.12 0.90 0.81 -18.4 + 1.1 
OR-4 Sep 19,88 0.18 0.27 0.77 -21.0 + 1.0 
OR-5N Oct 21,88 0.05 0.84 * * OR-7N Oct 23,88 0.04 0.27 * * OR-8D Oct 24,88 0.09 0.17 0.54 -18.9 + 0.8 

* Samples were too small for isotopic analysis 

early the next morning, the area received 1/2 inch of rain. 

The relative humidity was always high from 73-100%, while 

temperatures ranged from 8°C for the low and 17°C for the 

high. Formic acid concentrations were very low and ranged 

from a nighttime low of 0.12 ppb to a daytime high of 0.24 

ppb. These samples were probably not well representative of 

pure marine air since the winds were usually variable to 

calm; the local vegetation likely had some influence on the 

samples. 

The second set of samples was collected from October 20-

24. Sky conditions were usually clear to partly cloudy with 

no rain. Relative humidity and temperatures remained about 

the same as the last sampling period, but winds were slightly 

stronger at 5-10 mph; switching between southeast and 

northeast directions - still not ideal for representative 

marine air. 
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The isotopic composition data are not given for two 

samples of the second set collected in October, since the 

amount of measured formate on each 24 hour sample was well 

below the minimum 350 microgram quantity needed for isotopic 

analysis. This may have been due to the low ambient HCOOH 

concentrations (0.1 ppb) and/or due to the abnormally long 

storage time. Sample OR-8D \<las stored for three weeks, while 

the rest of the October samples were stored for over two 

months before extracting and oxidizing the formate for 

isotopic analysis. 

6.4 Big Sur, California Coast Samples 

The Big Sur area is located about 25 miles south of 

Monterey, California. At one point along the Big Sur coast 

there is a single, rock-like hill that rises about 100 meters 

above the ocean shore. A narrow road leads to the summit of 

the hill, where several old buildings still stand. The site 

is currently part of the California state Park. The only 

public access is for whale watching tours given once per 

week. This was the site of the California coast samples 

collected from March 11 to March 14, 1989. The data is given 

below in Table 13. Some of the samples were too small for 

isotopic analysis by themselves, therefore some of the 10.0 

ml extracts were combined with another sample extract prior 
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to oxidation to increase the sample size. The combined 

samples are noted in Table 18. 

Table 18. Big Sur Formic Acid Data 

Formic-
Sample Date HCOOH Acetic Reaction 13C 

(ppb) Ratio yield Compos. 

Cal-1 Mar 12,89 0.13 0.45 -19.7 ± 1.0 
Cal-5 Mar 11,89 0.09 0.56 combined with Cal-1 
Cal-2 Mar 13,89 0.09 1.13 0.45 -29.0 ± 1.1 
Cal-3D Mar 14&15,89 0.18 1.00 combined with Cal-2 
Cal-4 Mar 14,89 0.19 0.61 0.29 -25.2 ± 1.5 

Sampling conditions at Big Sur were ideal. Steady rain 

had fallen prior to sampling, and winds were from the ocean 

(westerly) at 5-20 mph. However, isotopic composition data 

may be questionable since the samples were small and had to 

be combined in two cases. In addition, the CO2 yields were 

much lower than normal. 

Some general observations show that the first formic 

acid sample (collected soon after the rain stopped and west 

winds were stronger) was enriched in l3c over the remaining 

samples. The later samples may have been influenced by smog, 

evident from a light brown layer of air observed to the north 

(Monterey area) extending westward out to the ocean. This 

would be consistent with formic acid from auto exhaust 

(-36 °/00) mixing with the clean marine air. 
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6.5 New Zealand samples 

The final two coastal sampling sites were located on the 

North Island of New Zealand at Muriwai Beach and Baring Head, 

shown in Figure 15. Both sites were located at least 60 

meters above the ocean surface. 

The concentrations of HCOOH and CH3COOH along the New 

Zealand coast were expected to be very small, since it was 

early spring, rain was quite frequent, and air masses 

advected in from the ocean are not influenced by 

anthropogenic or natural sources for long distances. 

Therefore, weather permitting, the normal sampling time was 

increased to 48 hours to obtain adequate quantities of HCOOH 

and CH3COOH. Only one of the six New Zealand samples (BH-2), 

given in Table 19, ran for 48 hours without rain or a shift 

in wind direction; sea breeze and land breeze samples were 

collected separately, therefore, wind direction was monitored 

carefully. 

The influence of wind direction on air composition is 

apparent in the ambient cO2 concentration monitored by the 

DSIR at Baring Head. During a land breeze, the concentration 

of CO2 is very sporadic and varies by as much as 10-20 ppb 

over a few hours. However, during a strong sea breeze, the 

concentration remains remarkably steady for as long as the 
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wind remains fairly constant (David Lowe, DSIR - private 

communication). 

Table 19. New Zealand Formic Acid Data 

HCOOH Formic-Acetic 
Sample Date wind (ppb) Concentration Ratio 

BH-1 Sep 13,89 SW 15-35 0.02 
BH-2 Sep 15,89 N 10-25 0.09 0.75 
BH-3 Sep 17,89 N 5-25 0.07 
MB-1 Oct 06,89 NW 20-30 0.05 1.61 
MB-2 Oct 08,89 NE 5-15 0.10 
MB-3 Oct 10,89 SW 10-25 0.05 0.60 

BH - Baring Head 
MB - Muriwai Beach 

Three of the samples in Table 19 were collected at 

Baring Head (BH) in the middle of September, 1989. The New 

Zealand Department of Scientific and Industrial Research 

(Atmospheric Research Branch) operates an air monitoring 

station at Baring Head, about 10 miles south of the capital 

city of Wellington. The air sampler was set up on the roof 

of the instrument building, which borders the edge of the 

rocky cliff overlooking the Pacific Ocean. The surrounding 

area is mostly grassland for grazing sheep. 
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Muriwai Beach is a popular west coast beach area about 

20 miles from Auckland. There are approximately 50 to 100 

homes on the cliffs near Muriwai Beach, which overlook the 

Tasman Sea. The air sampler was set up in the yard of one of 

the vacated homes, closest to the edge of the cliff. An 

aluminum tripod was used to support the sampler about 1.5 

meters above ground level. 

during october 5-11, 1989. 

Three samples were collected 

All of the New Zealand HCOOH samples were too small 

for adequate carbon-13 analysis. Most of the samples were 

spiked with 80 micrograms of formate in order to bring the 

sample size up to a measurable level, but the results were 

too variable after applying the standard correction for CO2 

yield, and another correction for the isotopic comp?sition of 

the added formate (spike). None of the New Zealand I3C 

composi tions for organic acids are gi ven here since the 

sample results were too unreliable to base any firm 

conclusions on. 

6.6 Colorado Rockies Data 

Three samples were collected in the southern Colorado 

Rocky Mountains from June 22-24, 1989. One 24 hour night 

(PA-1N) and one 24 hour day (PA-2D) sample were collected in 

a meadow about four miles south of Pagosa springs (pop. = 
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1400) at an elevation of 7200 feet above sea level. Several 

homes are located in the meadow. The vegetation consists of 

scrub oak, ponderosa pine, and colorado spruce trees, with 

patches of grass and sweet clover (a C3 plant); the clover 

smell in the air was very evident. 

The other 24 hour sample (WF-3) was collected during the 

same time period at Wolf Creek ski area, which is about 15 

miles north of Pagosa Springs. The elevation at the ski area 

was much higher at 10,500 feet above sea level. The 

vegetation had numerous pine, spruce, lodgepole pine, and 

aspen trees. There was little human acti vi ty at the ski area 

since it was closed for the season. A major highway was 

about 1/2 mile away from the site. Table 20 gives the HCOOH 

concentration and isotopic compositions observed at the 

Pagosa Springs mountain meadow, and Wolf Creek ski area 

sites. 

Table 20. Colorado Rocky Mountain Formic Acid Data 

Sample Date 

PA-1N Jun 23,89 
PA-2D Jun 24,89 
WF-3 Jun 23,89 

N - Night 
D - Day 

HCOOH 
(ppb) 

1.23 
1.40 
1.19 

PA -

Formic
Acetic 
Ratio 

1. 28 
1. 00 
1.29 

Reaction 
Yield 

1.00 
0.63 
1.00 

Pagosa Springs 
WF - Wolf Creek 

13C 
Compos. 

-24.3 ± 
-22.3 ± 
-23.0 + 

1.5 
1.0 
1.4 



127 

The entire southern Rocky Mountain region had been 

unusually dry prior to and during the organic acid sampling. 

Dust was often visible in the air during the afternoon when 

light winds blew the dry gravel road dirt raised by local 

traffic. 

The Colorado ambient concentrations and isotopic 13c 

composi tions were very similar to summertime Mount Lemmon 

observations. The two sites are very comparable in elevation 

and vegetation type, but the Colorado site has a more vast 

forested area with no major urban areas nearby. This gives 

additional confidence that the Mount Lemmon samples were not 

greatly affected by anthropogenic sources from Tucson. 

6.7 North Dakota Prairie Data 

Four organic acid samples were collected in western 

North Dakota, which is sparsely populated with farms and 

cattle ranches. The potential anthropogenic sources, at this 

continental site, include several coal-fired power plants 

located about 40 miles northwest of the sampling site, an oil 

refinery 30 miles to the east, oil fields over much of the 

northwest part of the state, and of course cattle enteric 

fermentation emissions and manure. 

The first two 24 hour samples were collected at a farm 

home site (sampler was 2 meters above ground level) during an 
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extremely warm (high temperatures near 100°F) and dry period 

in July, 1988. The HCOOH concentrations, given in Table 21, 

were some of the highest observed in this study at 1.81 ppb 

and 2.64 ppb. The surrounding area was free of cattle and 

stockyards, but numerous green ash and elm trees in a dry 

creek about 10 meters away may have been an important HCOOH 

contributor, especially since winds were calm. Formicine 

ants are also ubiquitous to the region and a potential 

source. 

Table 21. North Dakota Formic Acid Data 

Formic-
sample Date HCOOH Acetic Reaction 13C 

(ppb) Ratio Yield Compos. 

ND-1 Jul 27,88 2.64 1.20 0.37 -23".7 ± 1.0 
ND-2 Jul 28,88 1.81 1. 65 1. 74 -23.2 ± 1.5 
ND-3N May 25,89 0.05 0.81 
ND-4D May 26,89 0.17 0.73 1.05 -32.9 ± 1.5 

D = Day 
N = Night 

The following year (in May), a 24 hour day and 24 hour 

night sample were collected at a new location about 2 miles 

away from the original site. The new sampling site was moved 

to a country church yard which was free of human activity 

during the sampling period, and without any nearby trees. 
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The sampler was suspended from the metal leg of a windmill, 

bringing the sample height to about 5 meters above the 

ground. The weather was also entirely different from the 

year before. The nighttime sample was started about 20 hours 

after the entire western half of the state received about 1/2 

inch of rain. The weather conditions remained cloudy, cool, 

with brisk westerly winds throughout the sampling period. 

The ambient HCOOH concentrations were very low with a 

nighttime value of 0.05 ppb, and 0.17 ppb observed during the 

day. 

The July samples were consistent with the isotopic 

measurements from Mount Lemmon and the Colorado location. 

However, the May sample was much more depleted in the heavier 

carbon-13 formic acid gas, with a 13c content closer to auto 

exhaust HCOOH (-28 to -40 °/00). It is unlikely, though, that 

the HCOOH measured at the site was from distant anthropogenic 

sources, especially after a wide-spread rain shower, with 

cloudy conditions, and no major anthropogenic sources located 

upwind of the strong westerly flow. 

Isotopic fractionation by the rain and clouds may have 

been a factor, since the low HCOOH concentration suggests 

that the precipitation and cloudy condi tions washed out 

significant quantities of the organic acids. However, the 

HCOOH solubility and fractionation experiments in chapter 4 

showed that fractionation does not occur between the gas to 
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liquid phases. Furthermore, the calculated fractionation 

during ionization of HCOOH indicates that the heavier isotope 

would be preferentially removed in precipitation, but the 

magnitude was only about 1 °/00. 

6. 8 Summary of 13C Data 

The average 13C content from each sampling si te, 

including the two sources (ants and auto exhaust) are given 

in ascending rank in Figure 23. The Mount Lemmon data were 

divided into growing (April-September) and nongrowing seasons 

(October-March) beginning with the data observed on December 

14, 1988 (Sample #ML-16). Mount Lemmon samples collected 

prior to this date were excluded from the averages due to the 

large amount of scatter in the data. Differences in sample 

handling and oxidation technique may have been responsible 

for the more variable early results. 

Figure 23 shows that the average carbon-13 composition 

of ambient HCOOH is relatively invariable from one location 

to the next, and throughout the seasons at a single location. 

The compositions are well within the average range of C4 and 

C3 plant carbon-13 compositions (-13 °/00 to -26.5 °/ 00), and ant 

HCOOH emissions, but are significantly different from the 

single auto exhaust measurements from leaded and unleaded 

gasoline. 
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CHAPTER 7 

CONCLUSIONS AND SUMMARY 

7.1 Collection of Formic Acid by Ca(OH1 2 Filters 

Large quantities of formic acid have been successfully 

collected from the atmosphere, despite its low concentration, 

by a new method using Ca{OHh-treated filters with a high

volume sampler. The filters are not only extremely efficient 

(collection efficiency greater than 96%), but have been shown 

to discriminate against potential artifact-producing 

formaldehyde in the atmosphere, at least at low HCHO levels 

present in remote regions. For the first time, sufficient 

sample has been collected for l3C and 14C analysis. 

7.2 Seasonal and Diurnal Concentrations of Formic Acid 

Forty five ambient organic acid samples were collected 

at the summit of Mount Lemmon, in the Santa Catalina 

Mountains, at regular intervals over a period of two years. 

The concentrations of formic acid showed a very pronounced 

seasonal cycle, with the highest concentrations of 1.5-2.0 

ppb observed during the summer months, and the lowest 

occurring in the middle of the winter; dropping by nearly a 
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factor of seven. The acetic acid concentrations exhibited a 

similar pattern and were highly correlated with the formic 

acid concentrations (r2=. 95) • This data strongly suggest 

predominantly biogenic sources (such as vegetative emissions) 

are the source of formic and acetic acid in the atmosphere. 

Daytime concentrations of formic acid at Mount Lemmon 

often exceeded the nighttime concentrations by 10-100%. This 

. further supports a vegetative source through direct plant 

emission of organic acids or precursors, such as isoprene; 

the higher emissions would be expected to occur during the 

daylight hours, when the plant is more active. 

7.3 Carbon-13 content of Ambient Formic Acid 

Collected formic acid was oxidized to CO2 via a highly 

specific reaction sequence. Significant carbon isotopic 

fractionation occurs in the oxidation reaction, but this 

could be allowed for. The ratio of the reaction rate 

constants (kI2/kI3) was experimentally measured to be 1. 02. 

This ratio and the reaction yield (f) were used to calculate 

the actual formic acid 13C/12C ratio; the samples worked up in 

this study are apparently the first determination of I3C 

content of ambient organic acids. The average isotopic 

composition (0 13C) of ambient formic acid from rural 

continental locations ranged from -20.9 to -23.5 °/00' while 
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the two marine locations ranged from -19.1 to -24.6 0/00 • 

Therefore, regardless of location, the average 13C content of 

HCOOH in the atmosphere is fairly constant. This is 

consistent with a single, dominating source of atmospheric 

formic acid. The results are also consistent with vegetation 

emissions being the dominant source, assuming that the 

average C3 plant isotopic composition of -26.5 0/ 00 is 

representative of the formic acid (or precursors) emitted by 

the plants. An estimated 4 0/00 fractionation through 

deposition would enrich the carbon-13 content of emitted 

HCOOH to a value of -22.5 0/00 for atmospheric HCOOH. This 

value fits well within the narrow range of observed 

atmospheric HCOOH 13C compositions. 

A very slight seasonal trend in the 0 13C of HCOOH was 

observed on Mount Lemmon; The growing season (April

september) average was slightly enriched in 13C (-20.9 ± 2.5 

0/00 ) compared to the nongrowing season average of -23.2 ± 3.5 

0/00 • However, this difference was not significant using a 95% 

confidence interval. 

7.4 Carbon-13 Content of Sources 

The HCOOH 13C content from ant emissions was measured 

from two species of formicine ants (Formica Fusca and Formica 

Obscuripes). The average 0 13C was -18.8 + 1.7 0/00 • Global 
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emissions of HCOOH by formicine ants was estimated to be 

2x10 Jl g/year; this was based on the quantity of HCOOH 

collected above a colony of Formica Obscuripes on the plains 

of North Dakota, and the number of colonies observed per acre 

in the region. Ant emissions can be a significant source of 

atmospheric HCOOH in regions well populated with formicine 

ants. 

The concentration of HCOOH in auto exhaust ranged from 

30 to about 150 ppb from a 1982 Toyota Celica and a 1974 

Volvo , respectively. The Volvo was not only higher in 

emission rate but the HCOOH collected was also enriched in 

l3C (-28 °/00) in comparison to the Toyota emissions (-48.6 

°/00). The lower emission rate by the Toyota is likely due to 

the destruction of the hydrocarbon species by the catalytic 

converter (not present on the Volvo). There is a large 

carbon isotopic kinetic fractionation effect associated with 

the destruction process, resulting in the preferential 

removal of the heavier H13COOH species in the Toyota. An 

average estimate of the HCOOH l3C content from automobile 

exhaust for the Tucson region is -36 ° /00' based on the 

different emission rates and the larger percentage of 

unleaded (81%) over leaded gasoline (19%) sold in Tucson. 

The total emissions of HCOOH in Tucson was estimated to 

be from 10-300 kg/day (4-110x103 kg/year). The low estimate 

is from direct emission HCOOH concentrations measured in auto 
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exhaust in this study, while the high estimate is from 

multiplying an average [HCOOH]/[CO] concentration ratio of 

1.21 ppb/ppm (reported by Grosjean, 1989) by the carbon 

monoxide emissions data (242x103 kg/day for mobile sources in 

Tucson). On a per unit area basis (assuming an emission area 

of about 900 km2 for Tucson), the emission rate was over three 

times less than the calculated HCOOH emission rate for the 

California south coast basin; average HCOOH concentrations in 

Tucson were also about 3 to 4 times less than the California 

concentrations. However, the emission data still does not 

indicate the relative fraction of anthropogenic to natural 

sources of ambient HCOOH found in urban areas. 

7.5 Tucson and Mount Lemmon Comparison 

The first application of a new technique must be expected 

to produce some surprises or dilemmas. 

the Mount Lemmon/Tucson data: 

a case in point is 

(a) There were insignificant differences between the 

average l3C data for these two locations. 

(b) The average 0 l3C value for Tucson was low 

(-20.8 °/00)' whereas the weighted mean of HCOOH in 

direct auto exhaust in Tucson is (-36 °/ 00). 
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(c) The data are consistent with predominantly biogenic 

(vegetation and/or ants) emissions in both 

locations, on the basis of 13C content alone. 

7.6 Formic Acid Carbon-14 Data 

The carbon-14 measurements from six Mount Lemmon HCOOH 

samples clearly demonstrates the dominance of natural sources 

for atmospheric formic acid at the Mount Lemmon sampling 

site. The samples ranged from 93% to 113% modern (O%='dead' 

carboni 115%==modern carbon). The 14C content of two Oregon 

coast samples were 82% and 88% modern carbon, which is 

consistent with "background" hydrocarbon precursors being 20-

32% from fossil fuel, as found for CH4. 

7.7 Partitioning and Fractionation of Aqueous HCOOH 

The fractionation of HCOOH between the liquid and gas 

phase was experimentally determined. In the study, the first 

experimentally measured Henry's Law Coefficient of Formic 

Acid was found to be 7400 ± 800 M/atm. This is 32% higher 

than the upper value calculated from thermodynamic data. 

Carbon isotopic fractionation was not found to occur for 

formic acid equilibrating between the gas and liquid phase at 



138 

a solution pH of 2.2, and a gas phase residence time 

(equilibration time) of just over three minutes. 

For ionization, the isotopic equilibrium constant was 

calculated to be K=1.0007 by statistical thermodynamics. 

This results in less than 1 °/00 enrichment of 13C in the 

aqueous HCOOH phase. Therefore, an overall fractionation of 

HCOOH in the atmosphere is estimated from an equal 

combination of wet and dry deposition (5-1) or about 4 °/00 

during removal from the atmosphere. 

7.8 Acetic Acid Measurements 

Acetic acid concentrations were not as reliable as 

formic acid results, mostly because of lower collection 

efficiency, and poor peak separation (during Ion 

Chromatography measurements) from interfering species present 

in the sample extract. However, the concentrations of acetic 

acid and formic acid appeared to be highly correlated. In 

addition, isotopic composition was also similar with an 

average value of -25 °/00. 
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7.9 Future Work 

This was the first study of the isotopic composition of 

atmospheric formic acid and selected sources. The aim was to 

try to generate an independent set of data (other than 

concentration) that could definitely distinguish various 

sources of atmospheric formic acid. At the outset of such a 

first study, it was impossible to predict whether such aims 

could be realized. In the event the study generated as many 

questions as it answered. Most difficult to understand is 

why a gas of relatively short lifetime, probably several 

days, should show so little variation in isotopic composition 

wi th time, location, season, etc. In particular, how can the 

isotopic composition in Tucson be essentially the same as of 

Mount Lemmon, with neither of them being characteristic of 

Automobile exhaust (supported by the 14e data) and both of 

them on average a few per mil enriched in l3e compared to e3 

plant compositions. If plant emission isotopic compositions 

are indeed characteristic of the plant, then some 

preferential loss of 12e must be occurring, which would occur 

during dry deposition. 

Now that it is known that variations and differences in 

the isotopic signature of atmospheric formic acid are very 

small, much more detailed work on individual processes is 

required before clear source discrimination can be obtained 
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from isotopic analysis. It is recommended that future work 

include. 

1) Complete a more thorough study of the carbon-13 

composition of various sources of formic acid, especially the 

emissions of various plant species compared to the 

compositions of the plants themselves. 

2) continue with collecting ambient organic acid 

samples at a single location for carbon-13 as well as carbon-

14 analysis, thus, providing a more detailed picture of the 

seasonal trends in isotopic composition. 

3) Obtain additional marine samples with a high volume 

sampler modified to collect at a higher rate so sufficient 

sample sizes can be obtained within a 24 hour period. This 

would provide better isotopic content data for the extremely 

low HCOOH concentrations often present in the marine 

environment, and answer important questions on the 

composition of "background" hydrocarbon species. 

4) Determine the isotopic fractionation, if any, of 

formic acid during aqueous dissociation. 
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5) optimize the oxidation reaction in order to obtain 

a more consistent yield. 

6) Look for ways to improve the acetic acid data from 

collection to isotopic analysis. 
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