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Abstract. Carbonyl compounds are ubiquitous in the atmo-

sphere and either emitted primarily from anthropogenic and

biogenic sources or they are produced secondarily from the

oxidation of volatile organic compounds. Despite a num-

ber of studies about the quantification of carbonyl com-

pounds a comprehensive description of optimised methods is

scarce for the quantification of atmospherically relevant car-

bonyl compounds. The method optimisation was conducted

for seven atmospherically relevant carbonyl compounds in-

cluding acrolein, benzaldehyde, glyoxal, methyl glyoxal,

methacrolein, methyl vinyl ketone and 2,3-butanedione. O-

(2,3,4,5,6-pentafluorobenzyl)hydroxylamine hydrochloride

(PFBHA) was used as derivatisation reagent and the formed

oximes were detected by gas chromatography/mass spec-

trometry (GC/MS). With the present method quantifica-

tion can be carried out for each carbonyl compound orig-

inating from fog, cloud and rain or sampled from the

gas- and particle phase in water. Detection limits between

0.01 and 0.17 µmol L−1 were found, depending on car-

bonyl compounds. Furthermore, best results were found

for the derivatisation with a PFBHA concentration of

0.43 mg mL−1 for 24 h followed by a subsequent extraction

with dichloromethane for 30 min at pH= 1. The optimised

method was evaluated in the present study by the OH rad-

ical initiated oxidation of 3-methylbutanone in the aqueous

phase. Methyl glyoxal and 2,3-butanedione were found to

be oxidation products in the samples with a yield of 2 % for

methyl glyoxal and 14 % for 2,3-butanedione after a reaction

time of 5 h.

1 Introduction

Carbonyl compounds are ubiquitous in the atmosphere and

they play an important role in the atmospheric gas- and parti-

cle phase chemistry (Grosjean, 1982). They are directly emit-

ted from both biogenic and anthropogenic sources (Carlier et

al., 1986) and they can be formed secondarily during the ox-

idation of volatile organic compounds (VOCs) (Hallquist et

al., 2009). According to the literature, carbonyl compounds

represent 79 and 89 % of the alkane and alkene oxidation

products in the presence of NOx , respectively (Calvert and

Madronich, 1987). According to their Henry constants car-

bonyl compounds partition into the aqueous phase and due

to their high solubility in water they can undergo multiphase

reactions (Ravishankara, 1997; Schaefer et al., 2012). Reac-

tions in the aqueous phase can be divided into radical reac-

tions (Herrmann et al., 1999) and non-radical reactions such

as aldol condensation (Loeffler et al., 2006), leading to vari-

ous multifunctional products.

Numerous methods exist to detect and quantify car-

bonyl compounds in atmospheric samples. These meth-

ods can be categorised into spectroscopy-based tech-

niques such as differential optical absorption spectroscopy

(DOAS, Platt et al., 1979), Fourier transform infrared spec-

troscopy (FT-IR, Tuazon et al., 1978) and mass spec-

trometry (MS) based techniques such as online proton

transfer reaction mass spectrometry (PTR-MS), offline gas

chromatography coupled to mass spectrometry (GC/MS)

and liquid chromatography coupled to mass spectrome-

try (LC/MS). For the GC/MS and LC/MS techniques car-

bonyl compounds often require a derivatisation step prior
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to analysis. Among several derivatisation reagents 2,4-

dinitrophenylhydrazine (DNPH, Lowe et al., 1980) and o-

(2,3,4,5,6-pentafluorobenzyl)hydroxylamine hydrochloride

(PFBHA) are most commonly used for the analysis of at-

mospheric carbonyl compounds.

In the present study, thorough characterisation of a

PFBHA-based derivatisation method was performed and an

improvement was made to achieve a more efficient and op-

timal quantification of atmospheric relevant carbonyl com-

pounds in aqueous samples originating from various sources

(aqueous aerosol extracts, fog, cloud and rain samples). Fur-

thermore, such samples can also be formed from gas phase

sampling into aqueous solutions by mist chambers (Sea-

man et al., 2006) and impinger samples (Lelacheur et al.,

1993) or by partitioning sampling techniques such as C-GIS

(condensation growth and impaction system; Sierau et al.,

2003), MARGA (Monitor for Aerosols and Gases in Air;

ten Brink et al., 2009) and PILS (particle into liquid sam-

pler; Sorooshian et al., 2006). The carbonyl compounds in-

vestigated in the present study were acrolein, methacrolein,

methyl vinyl ketone, benzaldehyde, glyoxal, methyl glyoxal

and 2,3-butanedione. These compounds were chosen because

of their atmospheric relevance. Acrolein is emitted from in-

complete combustion (Seaman et al., 2009) and formed dur-

ing the oxidation of VOCs (1,3-dienes) with a mixing ratio

between 0.13 and 7 ppb in ambient atmosphere (Altshuller,

1983). This compound has an adverse health effect leading

to asthma and other chronic lung diseases (Leikauf, 2002).

Methacrolein and methyl vinyl ketone are the major first-

generation oxidation products of isoprene (Kroll et al., 2006).

They are suggested to be precursor compounds for glyoxal

and methyl glyoxal in the atmospheric aqueous phase. In

addition to isoprene oxidation glyoxal and methyl glyoxal

are produced in the oxidation of a variety of VOCs (Fu et

al., 2008). Due to their high water solubility they partition

into the atmospheric aqueous phase, acting as precursor com-

pounds for the formation of secondary organic aerosol (Er-

vens and Volkamer, 2010). Benzaldehyde can be formed in

oxidation of aromatic VOCs such toluene and mixing ratios

in the range of higher ppb levels in polluted regions are re-

ported (Jang and Kamens, 2001). The oxidation of aromatic

VOCs also forms 2,3-butanedione (Atkinson and Aschmann,

1994; Schütze and Herrmann, 2004). Since 2,3-butanedione

was found in the atmospheric aqueous phase it was used as a

compound for the method development as well.

2 Experimental

2.1 Sample preparation

150 µL of the internal standard (cyclohexanone-2,2,6,6-d4,

0.1 µmol L−1) was added to 3 mL of the aqueous standard

solution. The solution contains the following seven authen-

tic standard compounds: acrolein, benzaldehyde, glyoxal,

methyl glyoxal, methacrolein, methyl vinyl ketone and 2,3-

butanedione (8 µmol L−1 each). To optimise the PFBHA

derivatisation method the influence of the extraction and

derivatisation time, the PFBHA amount, the pH value and

the extraction solvent was investigated and the measurements

were repeated for three times. According to the optimal reac-

tion parameters identified, 5 mg PFBHA was solved in 1 mL

water and 300 µL of the solution was added to the samples

reaching a PFBHA concentration of 0.43 mg mL−1. After-

wards the samples are allowed to rest for 24 h at room tem-

perature. Then, the sample was acidified with hydrochloric

acid (37 %) to pH= 1, mixed with 250 µL dichloromethane

and shaken with an orbital shaker for 30 min (1500 rpm, rev-

olutions per minute). Afterwards 1 µL of the organic phase

was injected into GC. For further information about the

chemicals and standards see Supplement Sect. S1.

2.2 Batch reactor experiment

Experiments were conducted in a 300 mL batch reactor con-

taining a 0.1 mmol L−1 solution of 3-methylbutanone and

a 10 mmol L−1 hydrogen peroxide solution. The photolysis

of hydrogen peroxide with a xenon-mercury lamp (500 W;

LOT-Oriel GmbH & Co. KG, Darmstadt, Germany) was used

as OH radical source. The reaction mixture was continuously

stirred over the course of the experiment and 3 mL samples

were taken after each hour. The samples were treated as de-

scribed in Sect. 2.1.

2.3 GC/MS analysis

The samples were analysed using a 6890 Series GC System

(Agilent Technologies, Santa Clara, USA) coupled with an

electron ionisation quadrupole mass spectrometer (Agilent

5973 Network mass selective detector, Santa Clara, USA).

For separation a HP-5MS UI column (Agilent J & W GC

columns, 30 m× 0.25 mm× 0.25 µm) was used. The temper-

ature programme was as follows: 50 ◦C isothermal for 2 min

and elevated to 230 ◦C with 10 ◦C min−1. The temperature of

230 ◦C was held for 1 min. The temperature gradient ended

with 320 ◦C which was held constant for 10 min. The inlet

was operated in the splitless mode at a temperature of 250 ◦C.

3 Results

Studies that optimised a method for the quantification of

carbonyl compounds using PFBHA derivatisation are sum-

marised in Table 1. Even though numerous studies exist op-

timising the derivatisation with PFBHA, only those methods

are included in Table 1 which (i) derivatise carbonyl com-

pounds in aqueous phase (derivatisation on solid phase, car-

tridges or on a chip are not compared: Cullere et al., 2004;

Nawrocki et al., 1996; Pang et al., 2013), (ii) optimise one

of the investigated reaction parameters that are also investi-

gated within the present study and (iii) use the same extrac-
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tion techniques as in the present study (solid phase micro ex-

traction or extraction on fibre are not included, e.g. Cancho et

al., 2002). Additionally, in Table S1 (Supplement Sect. S2.1)

the application of the PFBHA derivatisation method is sum-

marised.

To improve commonly used PFBHA methods, a mix-

ture of seven standard compounds (acrolein, methacrolein,

methyl vinyl ketone, glyoxal, methyl glyoxal, benzalde-

hyde, 2,3-butanedione) mixed with an internal standard

(cyclohexanone-2,2,6,6-d4) was used. The internal standard

was used as reference for the GC/MS method or in the case of

quantification to correct the peak areas for losses that might

occur between sampling and detection. Derivatisation pa-

rameters were optimised using a standard stock solution of

8 µmol L−1.

In general, the derivatisation of a carbonyl compound

leads to the formation of (E) and (Z) isomers resulting in

two peaks per compound in the chromatogram (Glaze et al.,

1989). As the ratios of the peak areas for (E) and (Z) iso-

mers were found to stay constant, one peak per compound

was considered for the method optimisation. Optimised pa-

rameters for the derivatisation procedure include the extrac-

tion solvent, extraction and derivatisation time, the amount

of PFBHA and pH value before and after derivatisation (Ta-

ble 2).

3.1 Extraction solvent

Hexane, dichloromethane, toluene and chlorobenzene are

reported in the literature as suitable extraction solvents

(Spaulding and Charles, 2002; Ye et al., 2011; Glaze et

al., 1989; Strassnig et al., 2000). Within the present study

these reported extraction solvents (hexane, dichloromethane,

toluene) were investigated as well, in addition to isooctane

and chloroform. Figure 1 illustrates the influence of the ex-

traction solvent on the amount of detected carbonyl com-

pounds. Surprisingly, from the comparison dichloromethane

turned out to be the most effective extraction solvent, which

was among numerous of studies only described by Spauld-

ing and Charles (2002). This is in contrast to former stud-

ies where hexane was commonly used as extraction solvent

(EPA method 556, 1998; Glaze et al., 1989; Lelacheur et

al., 1993; Seaman et al., 2006; Serrano et al., 2013). In the

present study hexane resulted in lower peak areas of the car-

bonyl compounds due to less effective extraction. In turn this

underestimation leads to a higher detection limit compared to

other extraction reagents (Table 3). Notably, toluene is rec-

ommended in the literature as extraction solvent (Strassnig

et al., 2000). This can be confirmed at least for the extraction

of benzaldehyde. The better extraction of benzaldehyde with

toluene is likely due to the aromatic character of both toluene

and benzaldehyde.

Detection limits were determined for the present study in

the single ion mode (SIM) based on a signal-to-noise ratio

(S/N ) of ≥ 3 and compared to those reported by Glaze et

Figure 1. Influence of the extraction solvent dichloromethane

(black), toluene (red), isooctane (green), hexane (yellow) and chlo-

roform (blue) on the integrated peak areas of the standard com-

pounds acrolein, methacrolein, methyl vinyl ketone, benzaldehyde,

glyoxal, methyl glyoxal and 2,3-butanedione.

al. (1989) – note that 5.6 mL of the sample was extracted

with 1 mL hexane resulting in a preconcentration factor of

≈ 6 (Glaze et al., 1989). In the present study a preconcentra-

tion factor of ≈ 12 was reached. In the case of acrolein this

preconcentration results in a detection limit of 0.17 µmol L−1

which is improved by a factor of ≈ 2 compared to Glaze

et al. (1989). The detection limit of other investigated com-

pounds showed an improvement by about a factor of 10. The

detection limits were as follows: 0.01± 0.0003 µmol L−1

for benzaldehyde, 0.01± 0.0004 µmol L−1 for methyl gly-

oxal and 0.01± 0.0006 µmol L−1 for glyoxal (for more de-

tails see Sect. S2.2 and Table 3). Based on the low stan-

dard deviations, it can be stated that the extraction with

dichloromethane results in a high reproducibility.

Due to the high reproducibility and low detection limits,

dichloromethane was chosen as extraction solvent.

3.2 Extraction time

In addition to the extraction solvent, it was found that the ex-

traction time had a significant influence on the quantity of the

extracted amount of derivatised carbonyl compound (Fig. S1;

Supplement Sect. S2.3). It was found that the integrated peak

areas increase with an increasing extraction time. An extrac-

tion time less than 15 min was not sufficiently long enough

to extract the target analytes completely.

This is different from previous findings with 2 min (Ye et

al., 2011) and 3 min extraction time (EPA method 556, 1998).

However, the data on the influence of the extraction time is

scarce and no further method development was found in the

literature examining this issue. Furthermore, most studies in

the past used very short extraction times (e.g. Glaze et al.,

1989; Lelacheur et al., 1993; Serrano et al., 2013). These
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Table 1. Studies reporting the optimisation of a PFBHA method and fulfilling the selection criteria: (i) derivatise carbonyl compounds in

the aqueous phase (derivatisation on solid phase, cartridges or on a chip are not compared: Cullere et al. (2004); Nawrocki et al. (1996);

Pang et al. (2013), (ii) optimise one of the reaction parameters investigated within this study and (iii) use the same extraction techniques as

in the present study (solid phase micro extraction or extraction on fibre are not included, e.g. Cancho et al., 2002). The optimised method

parameters are given in bold and the parameters matching with the present study are underlined.

PFBHA [mg mL−1] Derivatisation time Extraction solvent Extraction time [min] Reference

0.1 40 min, 24 h for ketones∗ Ethyl acetate – Kobayashi et al. (1980)

0.1 2 h (longer for ketones)∗ Hexane 0.5 Glaze et al. (1989)

> 10-fold excess 24 h ∗ Hexane, Methyltert-butyl ether 1 Lelacheur et al. (1993)

0.8 20 s (900 W) Toluene – Strassnig et al. (2000)

0.5 24 h∗ Dichloromethane – Spaulding and Charles (2002)

0.06 4 h (60 ◦C) – – Sugaya et al. (2004)

0.2 24–96 h∗ Hexane – Seaman et al. (2006)

0.06 2 h∗ – – Hudson et al. (2007)

– 4 h∗ – – Takeuchi et al. (2007)

0.75 10 min∗ – – Saison et al. (2009)

0.05 < 10 min∗ Chlorobenzene 2 Ye et al. (2011)

0.5 1 min (60 ◦C) Hexane 1 Serrano et al. (2013)

0.75 2 h (35 ◦C) Hexane 3 EPA method 556 (1998)

0.4 24 h Dichloromethane 30 This work

∗ derivatisation at room temperature.

Table 2. Overview about the investigated parameters.

Parameter Range

Extraction solvent Dichloromethane

Toluene

Hexane

Isooctane

Chloroform

Extraction time 5, 15, 30, 60 min

Derivatisation time 0.5, 1, 2, 6, 24, 48 h

Added amount of PFBHA 0.09, 0.22, 0.43, 0.86, 1.72 mg mL−1

pH value (Derivatisation) pH= 1, 3, 5, 7

pH value (Extraction) pH= 1, 3, 5, 7

Selected parameters given in bold; experiments repeated 3 times.

shorter extraction times likely cause significantly lower peak

areas of the oximes and therefore higher detection limits

(Table 3). Furthermore, the incomplete extraction caused by

the short extraction times might lead to a decreasing repro-

ducibility.

To ensure a complete extraction of the analytes, the ex-

traction time was extended to 30 min, and the extraction pro-

cedure was repeated 3 times. After the first extraction the

amount of detected oxime was negligibly small (≈ 2 %, Ta-

ble S2; Supplement Sect. S2.3) indicating an almost com-

plete extraction within 30 min, e.g. methyl vinyl ketone, ben-

zaldehyde and methyl glyoxal showed an extraction effi-

ciency of 98 %± 2 % after the first extraction. Based on this,

an extraction time of 30 min can be recommended. Because

hexane is the commonly used extraction solvent, the influ-

ence of the extraction time was also investigated for hexane.

The extraction with hexane showed the same result regard-

ing the extraction time as was found for dichloromethane.

Thus the extraction was complete after an extraction time of

30 min. To ensure the comparability of hexane (commonly

used) and dichloromethane, extraction factors were deter-

mined (see Supplement Sect. S2.3).

3.3 Derivatisation time

The influence of the derivatisation time was evaluated us-

ing a duration ranging from 0.5 to 48 h (Fig. S3, Supple-

ment Sect. S2.4). For all the investigated carbonyl com-

pounds it was found that the reaction was almost completed

after 24 h. Thus, it can be recommend to use a derivatisation

time of 24 h, that is in good agreement to the findings by

Lelacheur et al. (1993) and Kobayashi et al. (1980). Never-

theless, optimised derivatisation times can be found ranging

from 20 s to 96 h for the carbonyl compounds investigated in

the literature studies (EPA method 556, 1998; Glaze et al.,

1989; Hudson et al., 2007; Kobayashi et al., 1980; Lelacheur

et al., 1993; Saison et al., 2009; Seaman et al., 2006; Ser-

rano et al., 2013; Strassnig et al., 2000; Sugaya et al., 2004;

Takeuchi et al., 2007). Among various compounds investi-

gated in the literature the atmospheric relevant compounds

formaldehyde, acetaldehyde, butanal, methyl ethyl ketone

and methyl butyl ketone were used (Glaze et al., 1989). In the

study by Glaze et al. (1989) an optimal derivatisation time of

2 h for aldehydes was found but much longer derivatisation

times were identified for ketones. The difference between

that study and the results obtained within the present study

might be caused by the carbonyl compounds used for the op-

timisation. Only small, saturated aldehydes like acetaldehyde

were used during the investigations of Glaze and co-workers
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Table 3. Detection limits of the carbonyl compounds determined in the present study with GC/MS (SIM) and in the literature.

Carbonyl compound Detection limits [µmol L−1] in the literature studies This work S / N≥ 3, n= 3

Glaze et al. (1989) Seaman et al. (2006)∗ Serrano et al. (2013) EPA method 556 (1998) Detection limit±SD [µmol L−1] RSD [%]

Acrolein 0.3 8.6× 10−3
− 2.5× 10−2 – – 0.17± 0.03 ±19

Methacrolein – 4.0× 10−2 – 1.9× 10−2 – – 0.02± 0.003 ±16

Methyl vinyl ketone – 2.2× 10−2
− 2.9× 10−2 – – 0.03± 0.003 ±10

Benzaldehyde 0.1 7.5× 10−3
− 1.7× 10−2 0.1× 10−3 0.003 0.01± 0.0003 ±3

Glyoxal 0.1 3.5× 10−2
− 1.5× 10−1 0.01× 10−3 0.01 0.01± 0.0006 ±5

Methyl glyoxal 0.1 1.6× 10−2
− 2.1× 10−2 0.01× 10−3 0.01 0.01± 0.0004 ±4

2,3-Butanedione – – – – 0.01± 0.0008 ±8

The measurements were conducted with optimal parameters and repeated 3 times (n= 3). ∗ Concentrations in the gas phase converted from µg m−3 to µmol L−1; SD: standard deviation; RSD: relative standard deviation.

whereas much larger carbonyl compounds were used in the

present study. It can be expected that the molecule size has

also an influence on the optimal derivatisation time and this

might explain the observed differences.

Nevertheless, a shorter derivatisation time of 2–4 h has

also been reported in literature where, however, only ace-

tone and formaldehyde (Hudson et al., 2007; Takeuchi et

al., 2007) were considered. Contrary, longer derivatisation

times of 24 to 96 h were observed as an optimal result by

Seaman et al. (2006). They reported that glyoxal and methyl

glyoxal needed longer derivatisation times due to their two

carbonyl groups. Furthermore, the carbonyl compounds were

sampled and derivatised in a sodium bisulfite solution. Af-

ter the carbonyl-bisulfite adduct was formed, hydrogen per-

oxide was added to destroy the formed adduct and to yield

carbonyl compounds which were directly derivatised with

PFBHA. These steps were conducted simultaneously which

might cause the longer derivatisation times.

Certain few studies optimising derivatisation with PFBHA

cannot be considered for a comparison because they were

conducted under higher temperatures (EPA method 556,

1998; Serrano et al., 2013; Sugaya et al., 2004) or they used

microwave-assisted derivatisation (Strassnig et al., 2000).

3.4 Influence of the PFBHA concentration

To investigate the influence of the amount of derivati-

sation reagent, PFBHA concentration in the sample so-

lution was varied from 0.09 to 1.72 mg mL−1 (Fig. S4,

Supplement Sect. S2.5). The optimum was reached at

0.43 mg mL−1 whereas a decrease in the oxime formation

can be observed over this concentration. Based on this re-

sult, the PFBHA concentration was set to 0.43 mg mL−1.

Such a decrease has been reported in the literature examining

acrolein, glyoxal and methyl glyoxal which is explained by

a less effective extraction of the oxime due to an increasing

amount of PFBHA in the organic phase (Saison et al., 2009).

In a number of studies an optimisation of the PFBHA con-

centration cannot be found (Glaze et al., 1989; Hudson et al.,

2007; Lelacheur et al., 1993; Spaulding and Charles, 2002;

Sugaya et al., 2004) as only few studies exist examining this

issue (EPA method 556, 1998; Kobayashi et al., 1980; Saison

et al., 2009; Seaman et al., 2006; Serrano et al., 2013; Strass-

nig et al., 2000; Ye et al., 2011). Nevertheless, 0.43 mg mL−1

found in the present study are in good agreement to a study

by Serrano et al. (2013) which recommended 0.3 mg mL−1.

Even if much lower PFBHA concentrations were found to

be optimal a much higher PFBHA concentration was used

to ensure a complete derivatisation. Despite these facts two

studies exist which found much lower PFBHA concentra-

tion of 0.1 and 0.05 mg mL−1 as optimal (Kobayashi et al.,

1980; Ye et al., 2011). They investigated only saturated car-

bonyl compounds which could be a reason for the lower PF-

BHA amount. Furthermore Strassnig et al. (2000) optimised

the PFBHA amount concluding the best PFBHA amount is

0.8 mg mL−1 which is two times higher than the optimal PF-

BHA amount found in this study. It should be mentioned

that the derivatisation was conducted in a microwave oven

therefore the derivatisation occurred under other conditions

than in this study. Furthermore for the derivatisation of the

carbonyl compound with the EPA method 556 (1998) also a

higher PFBHA amount of 0.75 mg mL−1 is used. This find-

ing cannot be compared because the derivatisation was car-

ried out at a temperature of 35 ◦C.

3.5 pH value during derivatisation and extraction

The pH value was varied between pH= 1 and 7 with hy-

drochloric acid and sodium hydroxide for the investigation

of the influence of the pH value on the quantification of the

carbonyl compounds. The pH value can be varied for two

experimental steps, first the pH value of the derivatisation re-

action (Fig. S5, Supplement Sect. S2.6) and second, the ex-

traction of the oxime (Fig. S6, Supplement Sect. S2.6). No

influence of the pH value on the derivatisation step was ob-

served (Fig. S5). Based on this a pH value of 3 was cho-

sen because this requires no further addition of hydrochlo-

ric acid or sodium hydroxide and second, it was found that

at pH= 3 the standard deviation (SD, three repetitions) was

lower. After the derivatisation with PFBHA the oxime is ex-

tracted with dichloromethane. This step was also found to be

not pH dependent (Fig. S6). However, under highly acidic

conditions a smaller fraction of PFBHA was found in the or-

ganic phase. The smaller fraction of PFBHA might be caused

by a less pronounced phase transfer of PFBHA in the organic

phase when the aqueous phase was acidified to pH= 1 (Yu

www.atmos-meas-tech.net/8/2409/2015/ Atmos. Meas. Tech., 8, 2409–2416, 2015
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Figure 2. Time-resolved GC/MS chromatograms obtained from the oxidation of 3-methylbutanone (starting time t= 0 h and reaction time

t= 5 h). For comparison the GC/MS chromatogram of the authentic standard compounds of the identified products 2,3-butanedione (BuDi)

and methyl glyoxal (MGly) are shown (a). Using the obtained chromatograms, the concentration of the main products BuDi and MGly was

calculated (b).

et al., 1995). Therefore the pH value for the extraction of the

oxime was set to pH= 1 as it minimises the amount of PF-

BHA in the organic phase and thus in the chromatogram.

3.6 Proof of principle

The optimised method was evaluated to detect and quan-

tify carbonyl compounds formed during the oxidation of

3-methylbutanone with OH radicals in the aqueous solu-

tion. Among numerous oxidation products methyl glyoxal

and 2,3-butanedione (Fig. 2a) were positively identified and

quantified with the developed method. Methyl glyoxal and

2,3-butanedione could not be detected at the beginning of the

experiment (Fig. 2b). After 1 hour the peak areas of the car-

bonyl compounds start to increase as they are formed by the

reaction. For both compounds two peaks were found corre-

sponding to (E) and (Z) isomers of the oximes (Glaze et al.,

1989). The reaction was stopped after 5 h and the products

were quantified with authentic standard compounds. The de-

termined concentrations were 2.1 µmol L−1 for methyl gly-

oxal and 13.6 µmol L−1 for 2,3-butanedione after 5 h. This

corresponds to a yield of 2 % for methyl glyoxal and 14 %

for 2,3-butanedione.

4 Summary

The present study showed that dichloromethane gives a better

recovery of the oximes compared to the commonly used hex-

ane for the derivatisation of carbonyl compounds with PF-

BHA in aqueous solution. Furthermore, the extraction time

was set to 30 min which corresponds to an increase by a fac-

tor of up to 60 compared to previously published methods

(e.g. Glaze et al., 1989). Furthermore, the derivatisation time

was increased by a factor of up to 12 (Glaze et al., 1989).

The improvement enabled a much better detection limit be-

tween 0.01 and 0.17 µmol L−1 for seven carbonyl compounds

tested in this study. In addition the derivatisation time was

set to 24 h to complete the derivatisation of carbonyl com-

pounds bearing a keto group. To investigate the effect of the

amount of derivatisation reagent, different PFBHA concen-

trations were added and the best result was found at a con-

centration of 0.43 mg mL−1.

The optimised method was applied to detect car-

bonyl compounds formed during the oxidation of 3-

methylbutanone in aqueous phase, namely methyl glyoxal

and 2,3-butanedione. The results obtained from the analysis

of laboratory-produced samples showed that the developed

method is suitable for the detection and quantification of

carbonyl compounds in aqueous samples, especially in low

quantities.

The Supplement related to this article is available online

at doi:10.5194/amt-8-2409-2015-supplement.
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