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Capillary Gas Chromatography Determination of Volatile 
Organic Acids in Rain and Fog Samples 
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A fused sllica capillary gas chromatography technique Is de- 
scribed for the determination of volatile acids (C,-C,) in rain 
samples uslng p-bromophenacyl esters. As the sensltlvlty of 
this method is high (GC detection ilmlt is ca. 10 pmoi), a small 
volume of rain (25-50 mL) or fog (1-2 mL) Is needed. 
Spiked experlments showed that the measured concentrations 
of volatile acids In the spiked raln samples llnearfy Increased 
with a slope of -1 In proportion to the concentrations of 
voiatlle acids added In the ralnwater. Repeated analyses of 
rain samples showed that relative standard deviatlons are less 
than or equat to 18% for C,, C,, and C3 acids, which are the 
major volatlle acids. 

In a previous paper (I), we studied Los Angeles rainwater 
and reported a number of organic compounds including C6-CN 
carboxylic acids. However, lower molecular weight acids 
(Cl-C,) were not detected by the methods employed. 

Volatile organic acids (C1-Clo) were first reported by 
Galloway et  al. (2) in New York rainwater samples. Their 
measured concentration range was 1.1-16.5 pM and led them 
to conclude that organic acids have no influence on the 
measured pH of the rain samples. These authors determined 
organic acids as benzyl esters by using a GC technique, al- 
though it has been shown that the benzyl ester of formic acid, 
which is a major organic acid in rainwater, will start decom- 
posing in a few days during storage (3). Ion exclusion chro- 
matography has also been used for the determination of formic 
and acetic acids in rainwater (4) .  This method has an ad- 
vantage, because the acids can be directly analyzed without 
derivatization. However, the sensitivities for acids with chain 
lengths >C, are low and cannot be accurately measured by 
the latter method. 

Barcelona et  al. (5)  developed a GC technique to measure 
volatile acids (Cl-C,) in rainwater using p-bromophenacyl 
esters. These esters have a great advantage in GC analysis 
because their boiling point is moderately high and the esters 
are stable. The esters were formed by using a crown ether 
(catalyst, dicyclohexyl-l8-crown-6), which has a striking ability 
to strongly solvate carboxylates (RCOO-K+) and to increase 
the nucleophilicity of the anion of the salt (6, 7). However, 
the sensitivity of the method developed by Barcelona et  al. 
(5)  was low and the resolution of esters (>C& was poor, be- 
cause they used a packed column for GC analysis. Thus, they 
had to use 1-4 L of rainwater samples but suggested that 
high-resolution capillary column techniques could resolve these 
difficulties. 

In this study, we developed a sensitive method for meas- 
uring volatile acids (Cl-C7) in rain and fog samples as their 
p-bromophenacyl esters, using a high-resolution capillary gas 
chromatograph employing fused silica columns. The purifi- 
cation of the esters was performed on silica gel columns prior 
to  GC analysis. The authenticity of the esters was verified 
by GC/MS. 

EXPERIMENTAL METHODS 
Reagents. A volatile acid mixture (Cl-C,, 10 mM each in 

water) is available from Supelco (Bellefonte, PA) and cu,p-di- 
bromoacetophenone (derivatizing reagent) from Applied Science 
(State College, PA) and Aldrich Chemical Co. (Milwaukee, WI). 
To minimize the contamination (mostly C1 and C2), the reagent 
is heated in benzene at 80 "C for 2 h, dried by use of a rotary 
evaporator, and purified by eluting with three-bed volumes of 
hexane/GHzCl, (2:l) on a silica gel column (5.5 mm in diameter 
X 2 cm in length). Finally, the reagent is dissolved in benzene 
and the concentration is adjusted to 0.2 pmol/yL. Dicyclo- 
hexyl-18-crown-6 (catalyst) can be purchased from Aldrich 
Chemical Co. and is purified by using ari Si02 column (eluted with 
CHzC12) and then dissolved in CH3CN (0.02 pmol/pL) after 
evaporation of the solvent. 

Organic solvents should first be distilled in an all-glass appa- 
ratus prior to use. Pure water can be prepared by oxidizing trace 
impurities in distilled water, which has been passed through a 
Barnstead NAN0 pure water purification system (D2794), in a 
boiling flask with KMn04/KOH, followed by distillation in glass. 
The KOH is first purified by heating at 500 "C for 3 h. A 1 N 
KOH solution is prepared to adjust the pH of samples during 
derivatization. KC1 can be used without purification. 

A cation exchange resin (AG 50W-X4, 100-200 mesh) is 
available from BIO-RAD Laboratories (Richmond, CA). The resin 
is cleaned by the method of Barcelona et al. (5). One milliliter 
of resin (wet) is packed in a 10 cm x 5.5 mm glass column (Pasteur 
pipet) with quartz wool. Resin can be regenerated by passing: 
(1) three bed volumes of 1 N HCl, (2) two bed volumes of water, 
(3) three bed volumes of saturated KCl solution, and (4) three 
bed volumes of water. 

Silicic acid (BIO-SIL A, 200-400 mesh) available from BIO- 
RAD Laboratories must be activated at 400 "C for 3 h. After 
cooling, SiOz should be stored in hexane prior to  use. One-half 
milliliter of silica gel can be packed in a Pasteur pipet (5.5 mm 
in diameter X2 cm in length) with quartz wool to be used for the 
purification of esters. 

Procedures Used. Rainwater samples were collected on the 
roof of the Geology Building (UCLA campus, Los Angeles, CA) 
during winter (1982), spring (1983), and summer (1983) seasons, 
using several collectors ( I ) .  Samples were poisoned with HgC1, 
(10-20 mg/L), which was previously extracted with CH2C12, and 
were stored in brown glass bottles at 4 OC. 

Rainwater (25-50 mL) was adjusted to pH 8.5-9.0 with 1 N 
KOH solution using a pH meter, and then concentrated into ca. 
1 mL in volume by using a rotary evaporator at 50 "C under 
vacuum. The concentrates were transferred onto a cation ex- 
change column (K+ form). The volatile acids were eluted with 
four bed volumes of water into a 50-mL pear-shaped flask, and 
dried by using a rotary evaporator and nitrogen blow-down system. 

Acetonitrile (4 mL) was added into the flask, followed by 
cupdibromoacetophenone solution (50-200 pL) and a dicyclo- 
hexyl-18-crown-6 solution (50-100 pL). For a typical rain and 
fog sample, 50 pL of reagent solution and 50 pL of catalyst solution 
were used. Their amounts can be increased depending on the 
amount of 1 N KOH used to adjust the pH of the sample. 
Amounts of reagent added were ca. 10 times higher than those 
of volatile acids in the samples. The flask was stoppered with 
a ground-glass stopper and a clamp. Esterification of the volatile 
acids was performed by placing the flask containing the sample 
in an ultrasonic bath at 80 "C for 2 h. The reaction mixture was 
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Figure 1. Yields of p-bromophenacyl esters for volatile acid standards 
with time. Yields of the esters are presented as peak area. Ten 
microliters of volatile acld standard solution was used. One microliter 
was Injected into the GC from 500 pL of the ester solution in hexane. 

dried with a rotary evaporator and then transferred onto the SiOz 
column with hexane/CHzClz (2:l). Excess reagent was f i s t  eluted 
with 7 mL of hexane/CHzC12 (21). The phenacyl esters of volatile 
acids were then eluted into a 2-mL vial with 2 mL of CHzCl2/ 
methanol (95:5). The esters were dried in the vial under N, gas 
flow and 50-200 pL hexane was added. One microliter was in- 
jected onto the GC column. 

Fog samples were collected on 6/11/83 by Robert Brewer, 
Global Geochemistry Corp., California, with a fog sampler using 
a pumping system (8). Because fog samples contain higher average 
concentrations of organic acids than rain does, only 1-2 mL of 
fog was used for the analysis without preconcentration. 

Gas Chromatography and GC/MS. The volatile acid esters 
were determined on a 0.25 mm X 30 m DB-5 fused silica capillary 
column interfaced to a Hewlett-Packard Model 5840 gas chro- 
matograph equipped with an FID detector. The injection tem- 
perature was 200 "C. The column temperature was programmed 
from 40 "C (6 min) to 160 OC at 30 "C/min and then to 290 'C 
at  8 OC/min. FID temperature was 300 "C. Peak areas were 
calculated with a Hewlett-Packard integrator (1885OA GC ter- 
minal). A Finnigan Model 4000 GC/MS with an INCOS 2300 
data acquisition and interpretation system was used with the same 
column to obtain the mass spectra of the esters of volatile acids. 

RESULTS AND DISCUSSION 
Esterification. Esterification steps for volatile acids were 

examined. Ten microliters of volatile acid standard solution 
(C1-C7: 10 mM each in water) was taken in a 50-mL pear- 
shaped flask containing 2 mL of water. The pH was adjusted 
to 8.5 with 1 N KOH solution (ca. 1-2 pL). The volatile acid 
solution was dried by use of a rotary evaporator at  50 "C under 
vacuum and then by nitrogen flow. The time for acid es- 
terification was tested from 30 min to 3 h with 50 pL of both 
reagent and catalyst solutions, as described previously. The 
esters were purified on an  SiOz column and 1 pL was injected 
onto the GC column from a ~OO-ML ester solution in hexane. 
Figure 1 shows the peak area for p-bromophenacyl esters of 
volatile acids on the gas chromatograms. The yields of the 
esters reach a plateau in 30 min. The esters appear to be 
stable during heating. 

Derivatization of p-bromophenacyl esters was also examined 
by using 25 mL of rainwater (sample 4/28-29/83 rain). The 
reaction times were from 1 h to 3 h. As shown in Figure 2, 
the yields of the phenacyl esters of C1 to C3 acids reach a 
plateau within 1 h. 
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Yields of p -bromophenacyl esters for 4128-29183 rain 
Twenty-five (25) milliliters of rain sample was used. One 

microliter was injected into the GC from 200 pL of ester solution in 
hexane. 
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Figure 3. Spiked experiment for 4128-29/83 rain sample. Ten to t h i  
microliters of volatile acid standard solution was spiked into 25 mL of 
rain sample. One microliter was injected into the GC from 200 pL of 
ester solution in hexane. 

Spiked Experiment. Figure 3 shows results of a spiked 
experiment. Volatile acid standard solutions (10, 20, and 30 
pL were each spiked into 25 mL of 4/28-29/83 rain sample. 
The spiked samples were analyzed by the method described 
in the Experimental Section. The concentrations of volatile 
acids measured increase linearly with an increase in the 
amount of volatile acids added as a spike to the rain sample. 
The results also show that the slopes of the lines reflecting 
concentration change for C1 to C3 are almost unity 
(0.968-1.01). Recoveries of CI-CI acids a t  4, 8, and 12 pM of 
spiked acids were 73-118%, 89-103%, and 96-107%, re- 
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Figure 4. Gas chromatogram of p-bromophenacyi esters for volatile 
acid standards (C, to C,). One microliter (each ester: 0.2 nmoi/pL 
in hexane) was injected into the GC. 

Figure 5. Gas chromatogram of p-bromophenacyl esters for volatile 
acids in the 4128-29/83 rain sample. One microliter was injected from 
a 100-pL hexane solution (25 mL of rain was used). 

spectively. These data clearly indicate that the present 
methods described are reliable in yielding near-quantitative 
data. 

Gas Chromatographic Separation of Phenacyl Esters. 
Figure 4 shows a gas chromatogram of phenacyl esters for C1 
to C7 organic acids. A very sharp separation was accomplished 
with no tailing, using a DB-5 fused silica capillary column. 
As the esters were fiist cleaned up on a silica gel column, there 
was no interference of a,p-dibromoacetophenone (reagent), 
which elutes on the gas chromatogram right after the C1 ester. 
As shown in Figure 4, each peak contains 0.2 nmol of phenacyl 
esters, indicating that this method is adequately sensitive for 
environmental investigation (GC detection limit is ca. 10 
pmol). 

Figure 5 shows a gas chromatogram for a rainwater sample 
collected on 4128-29183. The C1 to C7 volatile acids were 
identified by comparing retention time of the peaks with that 
of authentic standards. The C8 and Cg acids and benzoic acid 
were also detected in the sample. The c&9 acids and benzoic 
acid have been reported in Los Angeles rain (1). 

Mass Spectra of Phenacyl Esters of Volatile Acids in 
a Rain Sample. A homologous series of low molecular weight 
monocarboxylic acids (C&) in rainwater were identified by 
GC/MS. Figure 6 shows mass spectra of p-bromophenacyl 
esters of C1 to C3 volatile acids in a rain sample, as examples. 
Their mass spectra are identical with those of authentic 
standards. 

The phenacyl esters of each volatile acid gave a charac- 
teristic base peak at  m / z  183 and 185, corresponding to the 
fragment ion BrC6H4CO+. This isotopic pattern results from 
a relative abundance of 7?T3r (50.52%) and slBr (49.48%). The 
C1, Cz, and C3 acid p-bromophenacyl esters show molecular 
ions at  m / e  242-244, 256-258, and 270-272, respectively, as 
shown in Figure 6. Other esters (C4-C,) also gave molecular 
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Figure 6. Electron impact mass spectra of phenacyi esters for (a) 
formic acid, (b) acetic acid, and (c) propionic acid in rainwater sample 
(4128-29183). GC/MS condition: electron energy, 70 eV; Ion source 
temperature, 200 OC. 

ions as well as a base peak ( m / e  183,185). Intensive peaks 
were observed at m / e  43,57,71,85,99, and 113 for the esters 
of cz, c3, c4, c5, cg, and C7 acids, respectively. These ions 
correspond to the fragments CH3CO+, CzH5CO+, C3H7CO+, 
C4HgCO+, C5HI1CO+, and C6HI3CO+ (9). 

The presence of Cg, Cg, and benzoic acids in the samples 
was suggested by the mass spectra of their esters, although 
we did not use authentic standards for comparison. C8 and 
Cg acid esters showed fragmentation patterns similar to those 
of C4-C7 acid esters, giving intensive peaks a t  m / e  127 and 
141, respectively. Benzoic acid ester gave a base peak at  m / e  
183-185 and a strong fragment peak at  m / e  105, which cor- 
responds to C6H5CO+. 

Procedural Blank, Reproducibility, and Detection 
Limits of the Volatile Acid Analysis for Rain and Fog 
Samples. Tables I and I1 show replicate analyses of volatile 
acids in some rain samples and one fog sample, collected in 
the Los Angeles area, California. The relative standard de- 
viations are less than 18% for C1, Cz, and C3 acids in rain 
samples, and ca. 11% for C1-C3 acids in fog samples. 

Blanks are run for the procedure using water (25 mL for 
the rain samples and 2 mL for the fog sample); an example 
is shown in Table I. Although formic and acetic acids appear 
as contaminants, their blank levels are very low (Table I) and 
are generally insignificant. Other organic acids generally do 
not appear in the blanks. The contamination level was further 
minimized by purifying the reagent and catalyst on the silica 
gel column as described in the Experimental Section. 

The capillary GC detection limit for the phenacyl esters 
is ca. 10 pmol, as stated earlier. When the concentration of 
acids is low, it is possible to use larger volumes of water to 
compensate. Procedural blank levels do not increase when 
the sample volume is increased, as long as the reagent volumes 
are kept constant. 

Distribution of Volatile Acids in Los Angeles Rain and 
Fog Samples. The distribution of volatile acids in Los An- 
geles rain is characterized by the predominance of formic and 
acetic acids, followed by propionic acid. These acids (C, to 
C,) comprised more than 98% of the volatile acids detected. 
Total concentration of CI to C6 acids ranged from 5.1 p M  to 
95.2 pLM in the rain samples analyzed for this study. These 
variations probably reflect differences in inputs to the at- 
mosphere as well as the meteorological conditions. Although 
the predominance of formic and acetic acids in Los Angeles 
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Table I. Analysis of Volatile Acids in Some Rainwater Samples Collected in the Los Angeles Area, California 

sample 

1/1/82 
1 
2 
3 

mean 
re1 std dev,” % 

1/20-21/82 
1 
2 
3 
4 

mean 
re1 std dev, % 

2110182 
1 
2 
3 

mean 
re1 std dev, % 

4 / 28-29 / 83 
1 
2 
3 

mean 
re1 std dev, % 

8/18/83 

8118-19183 

1 

1 
2 
3 

mean 
re1 std dev, % 

procedural blank 
1 
2 

date of 
analyais 

8/8/83 
8/18/83 
8/25/83 

8/18/83 
8/18/83 
8/18/83 
8/18/83 

8/18/83 
8/25/83 
8/25/83 

6/11 183 
8 14/83 
8/4/83 

8/22/83 

8/ 231 83 
8130183 
8/30/83 

6/11/83 
8130183 

Relative standard deviation. 

volume of 
sample, 
mL 

50 
50 
50 

50 
50 
50 
50 

50 
25 
50 

25 
25 
25 

50 

50 
50 
50 

50 
25 

c1 

7.28 
8.23 
6.20 
7.24 

14 

2.28 
2.17 
2.49 
2.18 
2.28 
7 

7.39 
7.64 
6.24 
7.09 

11 

10.2 
10.7 
9.8 

10.2 
4 

20.2 

4.23 
6.06 
5.75 
5.35 

18 

0.43 
0.20 

volatile acids, )LM 
n c3 iC1 (34 c6 CB total c.2 

33.8 
28.0 
25.0 
28.9 
15 

2.66 
2.57 
2.67 
2.89 
2.70 
5 

83.5 
77.3 

102 
87.6 
15 

6.28 
8.5 
8.3 
7.7 

16 

12.5 

4.30 
5.23 
5.13 
4.89 

10 

0.27 
0.14 

0.31 
0.35 
0.33 
0.33 
6 

0.10 
0.10 
0.10 
0.13 
0.11 

14 

0.27 
0.30 
0.28 
0.28 
5 

0.44 
0.41 
0.40 
0.42 
5 

0.91 

0.22 
0.28 
0.27 
0.26 

13 

0.011 
0.012 
0.017 
0.013 

24 

0.008 

0.022 
0.030 
0.022 
0.025 

19 

0.029 
0.024 
0.029 
0.027 

11 

0.091 

0.017 
0.024 
0.024 
0.022 

19 

0.051 
0.054 
0.056 
0.054 
5 

0.012 
0.012 
0.014 
0.021 
0.015 

30 

0.059 
0.077 
0.063 
0,066 

14 

0.079 
0.092 
0.077 
0.083 

10 

0.19 

0.029 
0.036 
0.040 
0.035 

16 

0.010 
0.010 
0.010 
0.010 
0 

0.006 

0.039 
0.040 
0.027 
0.035 

21 

0.030 
0.035 
0.032 
0.032 
8 

0.077 

0.012 
0.017 
0.013 
0.014 

19 

0.035 
0.036 
0.023 
0.031 

23 

0.017 
0.015 
0.015 
0.023 
0.018 

22 

0.065 
0.049 
0.061 
0.058 

14 

0.057 
0.086 
0.076 
0.073 

20 

0.19 

0.036 
0.031 
0.033 
0.033 
8 

41.50 
36.69 
32.24 
36.81 
13 

5.07 
4.87 
5.29 
5.26 
5.12 
4 

91.35 
85.44 

108.69 
95.16 
13 

17.12 
19.85 
18.71 
18.56 
7 

34.16 

8.84 
11.67 
11.26 
10.59 
14 

0.70 
0.34 

Table 11. Analysis of Fog Sample Collected in Los Angeles, CA 

sample 

volume of date of sample, volatile acids, WM 
analysis mL c1 CZ c3 iC4 c4 c6 C6 total 

6/11/83 fog 
1 6/27 183 2 88.5 39.4 
2 8/31/83 1 94.4 46.3 

mean 91.5 42.8 
re1 std dev, % 5 11 

procedural blank 
1 6/27/83 2 3.7 6.9 
2 8/1/83 2 6.8 3.5 

rainwater is consistent with results previously reported in rain 
samples from other locations, the concentrations of C1 and 
C2 acids are higher than those reported for rain samples from 
other locations. 

Likens et al. (IO) reported that average concentrations of 
C1 and Cz acids were 2.4 pM and 1.1 p M  for 1976-1977 Ithaca 
rain (New York) and 0.2 pM and 2.8 pM for 1976-1977 
Hubbard Brook rain (New Hampshire). They used benzyl 
esters for GC analysis of those acids. Barcelona et  al. (5) 
reported that total concentrations of C1 to C5 acids in 1979 
Pasadena rain (California) were less than 0.5 pM, using p -  
bromophenacyl esters and GC analysis. The difference be- 
tween these latter low concentrations and those measured by 

2.96 0.21 0.48 0.22 131.77 
2.91 0.29 0.54 0.21 0.32 144.97 
2.94 0.25 0.51 0.27 138.37 
1 23 8 26 7 

10.6 
10.3 

us may be due to either different sample collection methods, 
storage and analytical techniques, or variation in source (or 
production mechanisms) of these acids and meteorological 
conditions present during different precipitation events. We 
found that it is important to poison rain samples with HgClz 
to prevent biodegradation of organic acids during storage. The 
poisoned samples showed no serious change in the concen- 
tration of organic acids, even when they were analyzed on 
different days (Table I). 

It is of special interest to compare the distribution of volatile 
acids (lower molecular weight acids) with that of nonvolatile 
acids (higher molecular weight acids) in rainwater samples 
collected in the same area and during the same season (1). 
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The previous study showed that higher molecular weight 
carboxylic acids are characterized by a predominance of 
C12-ClS acids with a peak at  CIS and by even carbon-number 
predominance, suggesting that they are of biogenic origin (1). 
On the other hand, volatile acids showed no even/odd pre- 
dominance, suggesting that their origin is different from that 
of the nonvolatile acids. Furthermore, concentrations of 
volatile acids (mostly C1 and C,) for 1981-1982 rainwater 
samples (ca. 300-5700 pg/L) are 40-300 times higher than 
those of the higher molecular weight acids (7-16 pg/L), which 
are of biogenic origin (1). These results suggest that there 
are significantly variable source inputs of volatile acids in the 
atmosphere, which we hope to identify. 

To test whether these volatile acids are present in solution 
and not as particulate forms, a sample (collected 4/28-4/29, 
1983) was filtered using Whatman GF/C (1.2 hm) and Mil- 
lipore (0.45 pm) filters. The concentration of C1 to C9 acids 
in this sample (ca. 19 pM) did not change after filtration. 

Analytical data for fog samples (Table 11) show that the 
distribution pattern for volatile acids is similar to that in rain 
samples with the following exceptions: (1) the concentrations 
of acids are higher (>lo0 pM) than in rain and (2) formic acid 
has been found to be consistently higher than acetic acid in 
all samples (approximately 20) analyzed to date. 

Recently, Niki et al. (11) reviewed atmospheric ozone-olefii 
reactions based on Fourier transform infrared (FTIR) studies. 
They reported that formic acid was detected in ozone- 
ethylene-S02 mixtures and ozone-cyclopentane/cyclohexene 
mixtures. On the basis of computer simulation models of acid 
generation in the troposphere by gas-phase chemistry, Calvert 
and Stockwell (12) considered that the organic acid compo- 
nents (formic and acetic) of acid rain may not be insignificant. 
The volatile organic acids detected in wet precipitation may 
be either emitted directly into the atmosphere or produced 
by oxidation reactions of hydrocarbons and aldehydes emitted 
to the atmosphere from both biogenic and anthropogenic 
sources. 

Advantages of This Method. Because of its high sensi- 
tivity (GC detection limit is ca. 10 pmol), the present capillary 
GC/FID method has great advantages for measuring trace 
amounts of volatile acids (up to C,) in environmental samples. 
Although simpler to perform, ion chromatography is less 

sensitive (detection limit is ca. 1 nmol in contrast to 10 pmol 
for the method described here) and in practical terms is lim- 
ited to detection of formic and acetic monocarboxylic acids 
only. Furthermore, phenacyl esters of the volatile acids can 
be easily identified by their characteristic fragmentation 
patterns using GCIMS. 
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