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Importance of this paper: Oxygenated VOCs� impact on the oxidizing capacity of the troposphere is not known because of a
lack of data on their atmospheric concentrations and behaviour (reactivity, scavenging. . .). The demand for analytical

methods to detect these compounds in both the gas and aqueous phases has therefore grown in the last two decades. This

paper focuses on the development of experimental techniques for measuring ethanol, which is widely used as a vehicle fuel

additive and as an industrial solvent. In order to compare different techniques for gas phase detection, field measurements of

ethanol were made at urban locations. These measurements also complete the available data in the literature, especially for

the liquid phase.

Abstract

In this paper, we report on techniques for sampling and measuring ethanol in both the gas and aqueous phases of the

lower troposphere. In the gas phase, the best sampling conditions were ensured by adsorption on Hayesep Q with a

Chromosorb W AW coated with LiCl dryer (method 1) or by cryogenic trapping (method 2). An intercomparison

campaign showed good agreement between both methods under various conditions. Method 1 (adsorption on Hayesep

Q with dryer) is easier to set up and to carry away from the laboratory. Method 2 (cryogenic trapping) requires longer

sampling time (up to 60 min while method 1 requires only 10–15 min). Method 1 is adapted to high concentrations of

ethanol (>20 ppb) and low relative humidity (<30%). Method 2 gives more accurate results than method 1 for low

ethanol concentrations (1–20 ppb). Comparing these results to previous studies, it is clear that sampling with appro-

priate solid adsorbents or with stainless steel canisters (with appropriate humidified air and short storage time) is

adapted to urban or industrial environments where ethanol concentrations are high. Cryogenic sampling must be

preferred for remote places where ethanol concentrations are low.

Three techniques were tested for sampling ethanol in the liquid phase, namely solid phase microextraction, purge

and trap injection, and direct injection. Among those, the latter was chosen for field measurements of ethanol in rain

samples at an urban location. These first ever results at an urban location show concentrations ranging from <1 to 5 lM
in rains, which agree with the expected range of concentrations. However, the purge and trap method showed detection

limits that were 50 times lower and should be preferred for liquid phase ethanol measurements in rural and remote

locations.

Combining cryogenic trapping for the gas phase (method 2) and direct injection for the liquid phase is convenient

and well adapted for a multiphase study of ethanol in the atmosphere, where simultaneous measurements in both

phases are needed.
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1. Introduction

In order to reduce the tropospheric levels of oxidants

such as ozone, several European directives have been

adopted to regulate VOCs emissions by the solvent in-

dustry. Switching from traditional solvents (aromatics,

hydrocarbons and chlorocarbons) to oxygenated com-

pounds is inevitable because of toxicity problems as well

as to reduce oxidant formation in the troposphere. Oxy-

genated organic compounds are somewhat soluble in

water and are generally less volatile than the solvents

they are envisaged to replace (Hsieh et al., 2002).

However, their relatively long atmospheric lifetimes

towards OH-oxidation allow long distance transport

causing regional-scale accumulation of ozone, and pro-

duction of highly active photooxidants in the free tro-

posphere such as acetaldehyde or acetone (Singh et al.,

1995, 2000). Moreover, physical removal processes, in-

cluding dry deposition and scavenging by water droplets

(Graedle and Weschler, 1981), and subsequent multi-

phase photochemistry may also affect their fate (Wooley

et al., 1990; Monod and Carlier, 1999; Blando and

Turpin, 2000; Monod et al., 2000; Stemmler and von

Gunten, 2000a,b). As a consequence, scientific issues are

set to play a major role in the evolution of energy pol-

icies regarding ethanol and other oxygenated VOCs.

Ethanol is widely used as a solvent and as a fuel addi-

tive. Its emissions accounted for about 4% of anthrop-

ogenic emissions of VOCs in UK in 1993 (Derwent et al.,

1996), and for about 6% in France in 1990 (CITEPA,

1994).

Nevertheless, atmospheric sampling and analysis of

polar VOCs such as ethanol are still difficult because of

their reactivity, water solubility and polarity (Mac-

Donald and Fall, 1993; Singh et al., 1995; Leibrock and

Slemr, 1997). The need for sensitive measurements has

led to some developments in sampling and analytical

methods: these include sampling in canisters, cryogenic

trapping and trapping on solid adsorbents (Col�oon et al.,
2001; Singh et al., 2001; Boudries et al., 2002, for the

most recent references). Although the different methods

tested have not been systematically compared to each

other, a few ambient measurements of polar VOCs have

been performed. They show that ethanol is ubiquitous

in the atmosphere. Urban mean concentrations of eth-

anol were found to be spread in a narrow range from

0.7 to 12 ppb by volume (Jonsson and Berg, 1983; Snider

and Dawson, 1985; Kelly et al., 1993; Zielinska et al.,

1997; Nguyen et al., 2001). Cities where reformulated
gasoline able to release ethanol is widely used (especially

in large cities in Brazil, such as Sao Paulo, Rio de

Janeiro or Porto Allegre where 17% of the vehicles use

ethanol as fuel) exhibit the highest ethanol mean con-

centrations: from 12.1 to 414 ppb (Grosjean et al.,

1998a; Pereira et al., 1999; Col�oon et al., 2001). The ex-
perience by Kelly et al. (1993) has shown that industrial

sources can have a major importance on urban mean

concentrations: 4.8 ppb of ethanol was found upwind

a furniture factory and 461 ppb downwind. The rela-

tive importance of natural sources is certainly minor

in urban areas: in rural and remote areas, mean con-

centrations are lower by one or two orders of magni-

tude. In these types of locations, ethanol concentrations

spread from 0.040 to 1.2 ppb (Cavanagh et al., 1969;

Snider and Dawson, 1985; Fehsenfeld et al., 1992;

Goldan et al., 1995; Singh et al., 1995; Leibrock and

Slemr, 1997; Riemer et al., 1998). In rural environments,

forested areas exhibit the highest ethanol concentra-

tions, because of natural emissions from trees and pas-

tures (Fehsenfeld et al., 1992; Goldan et al., 1995;

Kirstine et al., 1998; Riemer et al., 1998; Kesselmeier

and Staudt, 1999).

The wide range of ethanol concentrations in the at-

mosphere shows that sampling and analysis techniques

should be adapted to each situation, and the various

methods compared to each other on the overlapping

concentration range. Furthermore, although ethanol is

recognised as a water soluble compound, only one study

has investigated its measurements in rain at a rural site

where 0.1 lM of ethanol was found (Snider and Daw-

son, 1985).

This paper deals with different sampling and analysis

techniques for ethanol in the gas and liquid atmospheric

phases over a wide range of concentrations. The analysis

methods are presented in the first section. The second

section focuses on the experimental set-up of two gas

phase sampling techniques: adsorption on solid support

and cryogenic trapping. We compared those two tech-

niques by parallel sampling of synthetic and ambient air.

To our knowledge, no similar comparative study be-

tween different sampling methods has ever been per-

formed for ethanol. The performances obtained in this

study are then compared to literature values. In the last

section, we compare three techniques for measuring

ethanol in the aqueous phase: solid phase microextrac-

tion (SPME), direct injection (DI), and purge and trap

injection (PTI) and we present field results for ethanol in

rain.
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2. GC separation and detection of ethanol

The analysis of ethanol in the gas and aqueous phase

were performed on a gas chromatograph system equip-

ped with capillary pre-column and column. Nitrogen

was used as carrier gas. For gas phase analysis of eth-

anol, a CP Wax 52 CB (50 m� 0.32 mm� 0.45
mm� 1.2 lm) capillary column was chosen. The oven
temperature program started at 40 �C for 5 min, then a 5
�C/min ramp was used up to 250 �C. For the analysis of
ethanol in water, we tested two different column systems.

One was a nonpolar CP SIL 5 B capillary column fol-

lowed by a CP SIL 8 B capillary column in series: the

higher polarity of the latter results in a better selectivity

for oxygenated compounds. The oven temperature

program started at 60 �C for 5 min, then a 5 �C/min
ramp was used up to 210 �C. The other was a Carbowax
QCW capillary column because this semi-polar column

is particularly water resistant. For this column, the oven

temperature program started with a 1 �C/min ramp from
45 to 50 �C, followed by a 10 �C/min ramp up to 150 �C.
These conditions give optimum resolution and separa-

tion of the different atmospheric compounds trapped

with ethanol. The detector was either a flame ionisation

detector (FID) or a mass spectrometer (MS). An ex-

ample chromatogram for a standard aqueous solution of

oxygenated organic compounds is shown in Fig. 1.
3. Sampling of ethanol in the gas phase

Two different methods were developed to sample

ethanol in the gas phase: adsorption on a solid adsor-

bent and cryogenic trapping.
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Fig. 1. Example of a GC-FID chromatogram for a standard mixture o

Carbowax QCW capillary column.
3.1. Sampling with a solid adsorbent (method 1)

Ethanol is trapped by flowing the air sample through

a cartridge filled with a solid adsorbent under ambient

relative humidity (RH), pressure and temperature con-

ditions, and at a constant flow. Ethanol is desorbed by

heating each cartridge up to 180 �C for 10 min in an
oven under a concurrent nitrogen flow of 5 mlmin�1.

The resulting gas mixture is then concentrated on a

cryogenic trap, Al2O3/KCl at )150 �C. Finally, the trap
is submitted to a release temperature of 180 �C (main-
tained for 5 min) for a maximum transfer of ethanol to

the capillary column of the gas chromatograph (flash

injection).

We tested the performance of several materials:

Tenax GC, Tenax GR, Porapak N, and Hayesep Q (or-

ganic polymers); Carboxen 569, Carboxen-Carbotrap,

and Carbosieve SIII-Carbotrap and Carbosphere (char-

coals). Physical and chemical properties of these adsor-

bents are described in Harper (2000). Gas phase mixtures

of ethanol were generated in a 200 l atmospheric simu-

lation chamber (ASC). The ASC was flushed with pure

air (ambient air filtered on active charcoal) 10 times

before injecting the chemicals. The experiments were

performed at ambient pressure and temperature, under

various RH, with ethanol concentrations ranging from

0.5 to 500 ppb.
3.1.1. Tests at relative humidity below 30%

For each adsorbent, the breakthrough volume was

determined by connecting two cartridges in series on the

outlets of the ASC containing 420 ppb of ethanol. A

total volume of 420 ml was sampled at 40 mlmin�1.
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Table 1

Performances of Hayesep Q for different masses of dryer

(Chromosorb W AW coated with LiCl)

Relative

humidity

(%)

Mass of

dryer (mg)

Ethanol

concentrations

(ppb)

Recovery of

ethanol (%)a

(number of

tests)

<30 0 420 91� 9 (8)

100 0 420 94� 24b (11)
6 20 370 83� 8b (5)
60 20 396 83� 12b (5)
60 50 396 73� 11b (6)
40 20 19.1 129� 46b (3)
40 50 19.1 73� 11b (2)
a�Standard deviation.
b Each result is reported to the first line (no dryer at

RH<30%).
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Hayesep Q and Carboxen 564/Carbotrap are the most

efficient adsorbents. Ethanol recovery was over 90%

with these two adsorbents, whereas it was less than 46%

with Carbosieve SIII-Carbotrap, and less than 30% with

Tenax GC, Tenax GR, Porapak N, Carboxen 569, and

Carbosphere. With Hayesep Q and Carboxen 564/Car-

botrap adsorbents, the values recorded on the second

cartridge represented only few percents of those on the

first cartridge (9% and 8% for Hayesep Q and Carboxen

564/Carbotrap respectively). A calibration, performed

for different concentrations of ethanol (1–500 ppb),

sampling 100 ml at 40 mlmin�1, provided breakthrough

volumes of 4.0� 0.5 and 2.0� 0.5 l g�1 for Hayesep Q
and Carboxen 564/Carbotrap respectively. Under the

same conditions, eight experiments carried out with 420

ppb of ethanol, provided a recovery of 91� 9% for

Hayesep Q and 91� 6% for Carboxen 564/Carbotrap.

The detection limit for ethanol determined as the vari-

ability of the simulation chamber blanks was found to

be 0.36 ppb with both adsorbents.

3.1.2. Tests at relative humidity above 30%

We also tested the influence of water vapour on eth-

anol sampling: 100 ml of an air mixture at RH ¼ 100%
with 420 ppb of ethanol was sampled at 25 mlmin�1 from

the ASC. Hayesep Q and Carboxen 564/Carbotrap

showed respectively 94� 24% (11 tests) and 55� 12% (6
tests) of the signals obtained for RH<30%. The lower

recovery obtained with Carboxen 564/Carbotrap is cer-

tainly due to its hydrophilic properties (McClenny et al.,

2001). Hayesep Q was thus selected for further tests. Still,

water vapour caused the breakthrough volume for

Hayesep Q adsorbent to decrease from 4.0� 0.5 l g�1 (at
RH ¼ 20%) down to 1.5 l g�1 (at RH ¼ 100%). More-
over, larger standard deviation of the recovery was ob-

tained at high RH: �24% at 100% RH whereas �9% at
RH<30%. This is due to analytical problems related to

the amount of water injected in the gas chromatograph.

Water can obstruct the thermodesorption capillary dur-

ing the cryo-concentration step at )150 �C. It is thus
necessary to remove water vapour from the sample be-

fore passing it on the Hayesep Q cartridge.

We tested different systems upstream the Hayesep Q

cartridge to remove the water vapour. These systems

included (i) cryogenic trapping of water at )5 �C, (ii)
Nafion membranes (which consists of a flow of the

sampled air in the inner part of the membrane, with a

counter-flow of dry air in the external part), and (iii)

three different dryers: CaCl2, MgSO4 and Chromosorb

W AW, 70% in mass, impregnated with LiCl, 30% in

mass. We tested ethanol recovery, sampling 100 ml at 26

mlmin�1 of a mixture containing 370 ppb of ethanol at

RH ¼ 100% with the above mentioned drying tech-

niques. They respectively showed a recovery of (i) 33%,

(ii) 10%, (iii) 25%, 27% and above 73%. Furthermore,

the tests performed with Chromosorb W AW coated
with LiCl showed no analytical problem during the

cryo-concentration step at )150 �C. Chromosorb W
AW coated with LiCl, giving the best results, was further

tested using different masses of this dryer over a large

range of RH and ethanol concentrations (Table 1).

Comparing with the tests performed with no dryer, at

RH>30% and for high concentrations of ethanol, the

standard deviation of the recovery decreases with the

dryer. The results also show that decreasing the mass of

dryer increases ethanol recovery. For further experi-

ments, we chose a mass of 20 mg for the dryer.

3.1.3. Influence of additional VOCs

The impact of additional VOCs on ethanol recovery

was tested. Two tests were performed with 252 ppb of

ethanol at RH<30%, sampling 100 ml at 40 mlmin�1:

test (a) involved the addition of five alkanes (ethane

(26 ppb), propane (25 ppb), butane (25 ppb), n-pentane

(25 ppb), n-hexane (26 ppb)), and test (b) involved the

addition of toluene (561 ppb), cis-butene (400 ppb), trans-

butene (400 ppb), and methanol (1481 ppb). Both ex-

periments showed that additional hydrocarbons and

methanol do not have a significant impact on ethanol

recovery under these conditions.

All these results have shown that Hayesep Q is the

most suitable adsorbent to sample ethanol in the gas

phase. This technique becomes less precisewith increasing

RH and decreasing concentrations of ethanol, especially

below 20 ppb. The cryogenic trappingmethod (method 2)

was developed to provide an alternative technique under

high RH and low ethanol concentrations.

3.2. Cryogenic trapping (method 2)

In this method, the air was sampled through a glass

loop filled with glass beads. The loop was cooled down

to )130 �C to condense ethanol. A stable temperature of
)130 �C was obtained in the loop by immersing it into a



Table 2

Calibration tests performed on the trapping efficiency of the cryogenic sampling method

Sampling flow

rate (lmin�1)

RH (%) Ethanol concentration

delivered by the perme-

ation chamber (ppb)

Ethanol concentration

measured (ppb)

Trapping efficiency

(%)

1 32 14.7 13.6 93

35 2.2 2.0 90

37 5.4 4.8 88

76 14.5 13.2 91

79 2.1 1.8 85

80 5.2 4.5 86

5 32 14.7 12.1 82

35 2.2 1.7 77

37 5.4 4.1 76

7 76 14.5 11.7 80

80 5.2 3.7 71

10 35 2.2 1.3 60

79 2.1 1.2 57
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mixture of liquid nitrogen and melting pentane. This

temperature prevented from oxygen condensation ()183
�C) inside the loop during sampling. The sampling flow
rate was controlled between 1 and 10 lmin�1 by a mass

flow controller. The total volume of air sampled was

checked by a gas counter. Each sample collection lasted

for 15–60 min. Then the loop was closed and left at

ambient temperature, until all the ice sampled was

melted. An aliquot (2 ll) of the resulting aqueous solu-
tion was directly injected into the gas chromatograph for

analysis.

This method was calibrated using a permeation

chamber to generate a stable flow (from 1 to 10 lmin�1)

of a known mixture of ethanol (2–15 ppb) in humidified

synthetic air (30–80% RH) at controlled temperature

(30� 1 �C). The permeation tube was calibrated gravi-
metrically. The efficiencies of the cryogenic trapping

measured in those tests are summarised in Table 2. The

trapping efficiency highly depends on the sampling flow

rate: high efficiency (>85%) was obtained for the lowest

sampling flow rate (1 lmin�1). Ethanol concentrations

and RH do not seem to have a significant influence on

the trapping efficiency. For a total volume of 10–60 l,

sampled at 1 lmin�1, ethanol�s detection limits were 0.3
and 0.7 ppb at 30–40% RH and 70–80% RH respec-

tively. The increase of the detection limits with RH is

due to ethanol dilution in the sample. Under these

conditions, the analytical standard deviation was below

10%, and 20% for the overall method.
3.3. Intercalibration of methods 1 and 2 for ethanol

measurements in the gas phase

The intercalibration experiment was performed on

synthetic air mixtures of known ethanol concentrations,
and on real atmospheric air samples. Synthetic air

mixtures were delivered by the permeation chamber

previously described. Ambient air samples were col-

lected at two different urban places: one in downtown

Grenoble, France (�500 000 inhabitants), and one at the
Cr�eeteil University Campus, about 15 km away from

Paris, France. Both techniques were used under the

optimum conditions found in the calibration tests de-

scribed above. The results of the intercalibration are

summarised in Table 3. Both methods agree for syn-

thetic air samples, where ethanol concentration was

stable. For real air samples, the results show more

variability. In order to check whether a significant dif-

ference exists between the two methods, we applied the

statistical paired t-test (Miller and Miller, 1993) to all the
data in Table 3. The mean difference (xd) is +0.90 ppb,
and the standard deviation of the differences (sd) is 2.38
ppb. Assuming a normal distribution of the data (i.e.

null hypothesis), we calculated a tcalc value of 1.25,
where: tcalc ¼ xd

ffiffiffi

n
p

=sd, n is the number of pairs (n ¼ 11
in Table 3). The critical value of tcrit is 2.23 in the 5%
confidence interval (Miller and Miller, 1993). Because

tcalc (¼ 1.25) is lower than tcrit (¼ 2.23), the null hypoth-
esis was retained. We also applied the statistical Wilco-

xon signed rank test (Miller and Miller, 1993) to all the

data in Table 3. This test also verifies the null hypothesis

at the significance level of 5% for the differences.

Therefore, method 1 and method 2 do not give signifi-

cantly different values, even on real ambient air samples.
3.4. Comparison with previous studies

Previous studies have tested different methods for

sampling and analyses of polar organic compounds

including sampling in canisters, cryogenic trapping and



Table 3

Intercalibration of methods 1 and 2 for ethanol measurements in the gas phase in synthetic air and in real atmospheric samples

Sampling location Relative humidity

(%)

Generated ethanol

concentrations

(ppb)

Measured concentrations of ethanol

(ppb)

Difference

(ppb)a

Adsorption on

Hayesep Q with

dryer (method 1)

Cryotrapping

(method 2)

Permeation

chamber

>30 10.1 9.4 9.1 )0.3

Cr�eeteil 44 – 2.2 2.3 0.1

Cr�eeteil 36 – 7.1 6.6 )0.5
Cr�eeteil 45 – 3.1 2.6 )0.5
Grenoble 48 – 2.2 3.2 1

Cr�eeteil 48 – 1.9 1.3 )0.6
Cr�eeteil 39 – 3.8 5.6 1.8

Cr�eeteil 38 – 1.4 2.4 1

Cr�eeteil 40 – 2.1 1.1 )1
Cr�eeteil 46 – 0.9 2.3 1.4

Cr�eeteil 49 – 4.1 11.6 7.5

Mean (xd) 0.90

Standard deviation (sd) 2.38

a The signed differences were calculated between method 2 and method 1.
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adsorption on solid adsorbents (Table 4). These tech-

niques are compared and discussed in details in the

following.

Gholson et al. (1990) show that small polar com-

pounds such as ethanol are lost in aluminium canisters,

and they recommend to use stainless steel canisters.

However, sampling alcohols with these canisters re-

quires specific conditions (McClenny et al., 1991). Most

studies recommend to store polar compounds in stain-

less steel canisters in humidified air, because water

molecules adsorbed on the inside walls passivate the

active sites, allowing the polar compounds to remain in

the gas phase (Gholson et al., 1990; Pate et al., 1992).

Nevertheless, storage time of polar compounds under

these conditions seems to be limited to one day (Ghol-

son et al., 1990; Pate et al., 1992; Kirstine et al., 1998).

After one day, some authors found slow losses of alco-

hols (Gholson et al., 1990; Kelly et al., 1993), while other

authors found slow productions of alcohols (Pate et al.,

1992; Brymer et al., 1996). The performances obtained

with this method are reported in Table 4 (Panel a). This

technique was mostly used to observe high concentra-

tions of ethanol in the atmosphere. In general, the cor-

responding detection limits for ethanol are quite high

compared to other techniques.

A few authors tested several solid adsorbents to

sample alcohols. They found that classical adsorbents

such as Tenax TA and carbotrap (Rothweiler et al.,

1991), anasorb 747, porasil C/n-octane, carbopack B,

carbotrap C and Tenax GR (Sunesson et al., 1995) show

poor adsorption. Carb I (saccharose) shows poor re-

coveries due to strong sorbent–solute interactions, lead-
ing to irreversible adsorption (Hrouzkova et al., 1999).

Porapak S, Porapak R, Porapak N, chromosorb 106

(Rothweiler et al., 1991), Tenax GR, Tenax TA (Sunes-

son et al., 1995) show high blank values. Carboxen 563,

carboxen 564, carbosieve III cause analytical problems

due towater absorption (Rothweiler et al., 1991). Ethanol

was partially lost on carbotrap and carbosieve in the pres-

ence of ozone (McClenny et al., 2001). The performances

obtained in previous studies with different adsorbents are

compared to our results in Table 4 (Panel b). Hayesep Q

adsorbent exhibits one of the highest recoveries for eth-

anol. When mentioned, detection limits are comparable

to this study, except for the study by Boudries et al.

(2002) who obtained very low values, certainly because

they combined adsorbents with cryotrapping (at )20 �C).
Cryogenic sampling (Table 4 (Panel c)) has shown the

best results compared to the other two techniques both in

terms of detection limits and repeatability. In particular,

Singh et al. (1995, 2001) obtained very low detection

limits using a reduction gas detector (RGD) with ap-

propriate columns and gas effluent flow rates. Under

these conditions, RGD is less selective but 20–30 times

more sensitive than the usually used FID (O�hara and
Singh, 1988; Singh et al., 1994). This technique is very

useful for measurements in the free troposphere. The

only disadvantage of cryogenic sampling is the simulta-

neous sampling of large amounts of water. Water can

interfere on the gas chromatograph, depending on the

chosen separation column. Authors willing to analyse

simultaneously nonmethane hydrocarbons (NMHC)

and polar organic compounds chose columns coated

with very versatile nonpolar stationary phases, which are



Table 4

Sampling and analytical performances obtained with (a) canisters, (b) solid adsorbents, (c) cryogenic traps

Tested

compoundsa
Water removal GC columnb/

detector

Detection limitc ;d

(range of observed

concentrations)

Standard errorc ;d Reference

(a) Sampling with stainless steel canisters

Methanol

n-butanol acetone

acetates ethers

DB-1 (np)/FID nm (13.1–113 ppb)

(methanol)

�5% (methanol) Pate et al. (1992)

Ethanol++ PTIe HP-1 (np)/MS 1 ppb (<1–461 ppb) nm Kelly et al. (1993)

Ethanol++ DB-1 (np)/FID Instrument: 16.65

ppb

nm Brymer et al.

(1996)

Method: 28.23 ppb

Ethanol++ DB-1 (np)/MS 0.4 ppb (0.4–68.2

ppb)

nm Grosjean et al.

(1998a,b)

Ethanol++ HP-1 (np)/FID/MS nm (1–20 ppm) 10% Kirstine et al.

(1998)

Ethanol++ SPB-1 (np pre-col-

umn) Rtx-wax

crossbond-PEG

(p)/MS

nm (138.4–1017

ppb)

Sample duplicates:

18.5%

Col�oon et al. (2001)

Tested

compoundsa
Adsorbentb Removal of water/

of O3

Desorption/GC

columnb/detector

Recoveryc ;d Detection limitc ;d Standard errorc ;d Reference

(b) Sampling with adsorbents

2-Propanol++ Tenax TA (np),

Tenax GR (np),

Chromosorb 102

(sp), Carbotrap C

(np), Carbopack B

(np), Anasorb 727

(np), Anasorb 747

(np), Porasil C/n-

octane (p)

PTIe Thermodesorption/

HP Ultra 2 (np)/

FID

Chromosorb 102:

>87% at 20.7 ppb

<46% at 0.41 ppb

(2-propanol)

<0.41 ppb nm Sunesson et al.

(1995)

other tested adsorbents:

<46% at 20.7 ppb

<10% at 0.41 ppb

(2-propanol)

2-Butanol+ Carb I (saccha-

rose), Carb II (cel-

lulose + porogens),

Carbotrap B, Car-

botrap C+B+ car-

bosieve S-III,

Carbopack

C+B+ carboxen

1000

Synthetic dry sam-

ples/without O3

Liquid- and ther-

modesorption/

SPB-1 (np) CP Sil-

8 CB (np)/FID

Carb I: 78 (�1.9)%
Carbotrap B: 98

(�4.7)% (2-butanol)

8.3 ppb (2-butanol) nm Hrouzkova et al.

(1999)
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Table 4 (continued)

Tested

compoundsa
Adsorbentb Removal of water/

of O3

Desorption/GC

columnb/detector

Recoveryc ;d Detection itc ;d Standard errorc ;d Reference

Ethanol++ Glass beads, car-

botrap C, Carbo-

trap, carboxen 569

at )25 �C

Packed GC col-

umn/O3 scruber

Thermodesorption/

DB-1 (np)/MS

nm 60.1 ppb 22% at 0.2 ppb Riemer et al. (1998)

Ethanol+ Florisil Water+CH3CN

elution/DB Wax

(p)/FID

>80% 5.3 ppb nm Pereira et al. (1999)

Ethane-diol,

i-propanol++

Tenax TA, Carbo-

trap

Thermodesorption/

OV 1701-OH (sp)/

FID

Tenax TA: 40.2

(�23.4)% 163 (�71)%
Carbotrap: 4.3 (�0.8)%
73.7 (�11.9)%
(ethanediol, i-propanol)

nm nm Rothweiler et al.

(1991)

Ethanol++ Carbotrap+ car-

bosieve III at )20
�C

Thermodesorption/

DB-wax (p)/MS/

FID

nm 8 ppt 12.1% Boudries et al.

(2002)

Ethanol++ Air toxics tubes

(Perkin–Elmer)

Thermodesorption/

Rtx-wax cross-

bond-PEG (p)/MS

22% compared to can-

isters

<11 ppb Sample dupli-

cates 14.1%

Col�oon et al. (2001)

Ethanol+ Hayesep Q When RH>30%

chromosorb W

AW coated with

LiCl

Thermodesorption/

CP wax 52 CB (p)/

MS

91 (�9)% with no
dryer> 83% with dryer

0.36 ppb 8.2% with no

dryer for

RH<30%; 11%

with dryer and

[ethanol] > 20

ppb >30% with

dryer and [etha-

nol] < 20 ppb

This work

Tested

compoundsa
t (�C) of trapd Removal of water/

of O3

GC columnb/

detector

Detection limitc Standard rorc Reference

(c) Sampling by cryotrapping

Ethanol++ )196 �C Trap at )80 �C/O3
scruber

DB-5 (np)/FID <0.54 ppb Loss of et nol on

water trap 15%

Goldan et al.

(1995)

Ethanol++ )183 �C Packed (20% car-

bowax) (p)/H2 FD

0.2 ppb (ethanol and

methanol coeluted)

nm Cavanagh et al.

(1969)

Ethanol++ )100 �C CP Wax 52 CB (p)

pre-column/KI O3
scruber

Two dimensional

GC: CP Sil 5 CB

(np)+CP Sil 8 CB

(np)/FID/MS

29–56 ppt (alcohols) Analysis < .2% Leibrock and

Slemr (1997)

Ethanol++ )50 to 100 �C
cryogradient

Packed (p)/PIDf /

FID+OV-101

(np)/FID/MS

51 ppt 4% at 7.7 b Jonsson and

Berg (1983)
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well suited for NMHC separation. However, for oxy-

genated organic compounds, these columns show tailing

peaks, which are difficult to integrate, inducing poor re-

peatability, especially for low concentrations (Riemer

et al., 1998). For studies focussing on polar compounds

analyses, more suitable columns were chosen, containing

semi-polar or polar stationary phases (Table 4). Most of

these polar and nonpolar columns are highly sensitive to

water, making water removal necessary, especially when

using cryogenic sampling. However, water removal

techniques lead to simultaneous partial removal of short

alcohols (Goldan et al., 1995) due to their physical

properties (similar to water) and their water solubility.

For the analyses of our cryogenic samples, we chose a

semi-polar column which is water resistant, allowing for

DI of the liquid sample into the gas chromatograph

without any water removal procedure. This technique

provides lower performances (higher detection limits and

standard deviation) compared to other cryotrapping

techniques due to water dilution of the compounds.

However, it is more convenient for field measurements

because it does not require to take the gas chromato-

graph out in the field. Furthermore, this technique can be

used for both the gas and the aqueous phase analyses of

ethanol, which makes it more appropriate to multiphase

studies.
4. Sampling of ethanol in the liquid phase

Due to its solubility in water, ethanol is involved in

multiphase chemical processes and is expected to parti-

tion into the aqueous phase (Snider and Dawson, 1985;

Blando and Turpin, 2000). Only one previous study has

reported atmospheric ethanol concentrations in precip-

itation samples (Snider and Dawson, 1985). Over four

different measurements, the mean value obtained was 0.1

lM in a rural location. On this site, the authors mea-

sured gas phase ethanol concentrations of 0.40 (�0.17)
ppb over 18 samples. Our gas phase mean ethanol

concentration at the urban site of Cr�eeteil was of 3 (�2)
ppb over 9 samples. Therefore, we estimated ethanol

concentrations in precipitation samples at Cr�eeteil to
range from 1 to 10 lM. Three different methods were
tested in order to sample and analyse low concentrations

of ethanol in the liquid phase: SPME, DI, and PTI.

4.1. Experimental

4.1.1. Direct injection of the liquid phase

This method was the simplest one. Aqueous samples

were collected in clean glass vessels, and aliquots (2 ll)
of these samples were directly injected into a gas chro-

matograph equipped with a FID. The presence of water

provides a large vapour expansion volume into the gas

chromatograph, inducing poor reproducibility of the
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signal. An internal standard (2-propanol) added to each

sample solved the problem. For standard solutions

containing 200 lM of ethanol, a standard deviation

below 10% was obtained.

4.1.2. Solid-phase microextraction

Solid-phase microextraction, in which sampling and

pre-concentration of analytes are combined into a single

step, could be an attractive alternative to conventional

pre-concentration techniques: it is simple, inexpensive,

and does not consume any solvent during extraction

(Louch et al., 1992; Zhang et al., 1994; Shirey and Mani,

1995). A needle coated with a thin layer of Carbowax/

divinylbenzene fiber, a specific material for alcohol ex-

traction (Shirey and Mani, 1995), was used to extract

ethanol from the aqueous samples. Two different ex-

traction techniques were tested: (i) extraction of gas

phase ethanol in the head space of each sample heated

up to 90 �C; and (ii) extraction of liquid phase ethanol
directly from the aqueous solution at ambient temper-

ature. For optimum ethanol extraction, it was necessary

to achieve the equilibrium between the solute (gas or

liquid ethanol) and the solid fibre. Therefore, tests were

performed on ethanol recovery as a function of the ex-

posure time of the fibre: an equilibrium time of 3.5 min

was sufficient for both techniques. After adsorption on

the fibre, ethanol was thermally desorbed in a gas

chromatograph injector at 240 �C.

4.1.3. Purge and trap injection

This method consists in degassing ethanol from the

solution with a helium flow of 10–30 mlmin�1 at ambient

temperature. The obtained gas, a mixture of ethanol,

water and helium, was carried through a cryogenic trap at

)15 �C (maintained by an ethyleneglycol–water mixture)
in order to trap water. The extracted ethanol was then

concentrated on a solid adsorbent and the subsequent

treatment was thermodesorption and cryo-concentration

as described above (see Section 3.1, method 1).

4.1.4. Performances of DI, SPME, and PTI methods

The performances of the three tested methods are

summarised in Table 5. Considering the expected range
Table 5

Performances obtained with three different methods for ethanol meas

studies

Technique SPME, this work DIa, this work

Detection limit (lM) 22 1

Ethanol recovery (%) 3.5� 10�3 –

Standard deviation (%) 14 10c

aDI ¼ direct injection of the solution in the gas chromatograph.
b PTI ¼ purge and trap injection.
c Internal standard: 2-propanol.
d Internal standard: n-propanol.
of ethanol concentrations in the atmospheric aqueous

phase (1–10 lM), and the detection limits obtained, it is
clear from Table 5 that the SPME method was not

adapted. The PTI method showed very low detection

limits, in good agreement with Snider and Dawson

(1985), 50 times lower than the expected lowest con-

centrations in this study (i.e. in urban locations).

Therefore, the PTI method should be very useful for

ethanol measurements in rural and remote areas, but the

DI method was chosen for the field campaign of the

present study for two main reasons: it was the simplest

method and its detection limit was sufficient for the

concentrations expected at urban locations.
4.2. Field campaign of ethanol measurements in rain

samples

A field campaign was organised at the Cr�eeteil Uni-
versity Campus (15 km from Paris, France) on ethanol

measurements in rain samples using the DI technique.

The results obtained in the field campaign are, to our

knowledge, the first measurements of ethanol reported

in rains at an urban location (Table 6). They show a

range of concentrations in rains of <1– 5 lM, in good
agreement with the expected concentrations. Only one

sample out of 12 was under the 1 lM detection limit.

Date, time and collecting time have been indicated to

highlight the temporal variations of ethanol concentra-

tions that can occur during two successive samplings.
5. Conclusion

Specific sampling techniques for ethanol measure-

ments in the low troposphere in both the gas and liquid

phases have been developed. In the gas phase, the best

sampling conditions were ensured either by adsorption

on Hayesep Q with a Chromosorb W AW coated with

LiCl dryer (method 1) or by cryogenic trapping (method

2). An intercomparison campaign was carried out on

synthetic air mixtures and real atmospheric samples,

under various RH. The results have shown good

agreement between both methods. Method 1 (adsorp-
urements in the aqueous phase, and comparison with previous

PTIb, this work PTIb, Snider and Dawson (1985)

0.02 0.002–0.07

3.5 �10
20 10–15d



Table 6

Ethanol aqueous phase concentrations measured in rain samples at the Cr�eeteil University Campus

Date Time Collecting time Rain intensity

(mmh�1)

Ethanol concentration

(lM)

11-20-1996 17–18h 60 min 0.04 2

11-27-1996 15h30–16h30 60 min 0.10 4

11-27-1996 16h30–18h 90 min 0.08 2

12-6-1996 11h50–14h30 160 min 0.06 5

12-17-1996 10h45–15h10 265 min 0.08 5

12-17-1996 15h30–17h 90 min 0.15 3

1-15-1997 8h30–9h15 45 min 0.08 2

1-15-1997 9h15–9h50 35 min 0.08 2

1-15-1997 10h–11h15 75 min 0.04 <DLa

2-27-1997 17h10–18h30 80 min 0.10 1

3-14-1997 16h50 –17h35 45 min 0.15 3

aUnder detection limit (1 lM).
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tion on Hayesep Q with dryer) is easier to set up and to

take out of the laboratory. Method 2 (cryogenic trap-

ping) requires longer sampling times (up to 60 min while

method 1 requires 10–15 min). Method 1 is more adapted

to high concentrations of ethanol (>20 ppb) under low

RH (<30%), and method 2 gives more accurate results

than method 1 at low ethanol concentrations (in the 1–

20 ppb range). Compared to previous studies, it is clear

that sampling with appropriate solid adsorbents or with

stainless steel canisters (with appropriate humidified air

and short storage time) is adapted to urban or indus-

trial environments with high concentrations of ethanol.

Cryogenic sampling gives the best results compared

to the other two techniques, especially in terms of de-

tection limits and repeatability at low concentrations.

Outdoor measurements performed with methods 1 and 2

in urban locations displayed concentrations of ethanol

in the 1–7 ppb range. These values are comparable to

those of other measurements in similar environments

(Jonsson and Berg, 1983; Snider and Dawson, 1985;

Kelly et al., 1993; Zielinska et al., 1997; Nguyen et al.,

2001).

Three different techniques were tested to measure

ethanol in the atmospheric aqueous phase: SPME, DI,

and PTI. Because of a high detection limit (22 lM), the
SPME method was rejected; DI and PTI methods gave

respectively 1 and 0.02 lM detection limits. DI was

chosen to measure ethanol in rain samples at an urban

location. The results were the first ever obtained at an

urban location, and showed concentrations ranging in

rains from below 1 to 5 lM, in good agreement with
the expected concentrations. However, for liquid phase

measurements of ethanol in rural and remote locations,

the purge and trap method should be preferred as its

detection limits are 50 times lower.
The combination of cryotrapping for gas phase

measurements with DI for aqueous phase measurements

is convenient and well adapted for a multiphase study of

ethanol in the atmosphere where simultaneous mea-

surements in both phases are needed. This technique

could also be used for multiphase studies of other

moderately soluble compounds such as other short al-

cohols, ketones, ethers and acetates.
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Appendix A

List of the acronyms used in this paper

ASC atmospheric simulation chamber

DI direct injection

GC gas chromatography

FID flame ionisation detector

GRECA groupe de recherche sur l�environnement et la
chimie appliqu�eee

LISA laboratoire interuniversitaire des syst�eemes at-
mosph�eeriques

MS mass spectrometer

PTI purge and trap injection

RH relative humidity

SPME solid-phase microextraction
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