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Abstract

The direct derivatisation of acetic acid with n-hexyl chloroformate and with benzyl bromide in water was evaluated. With
n-hexyl chloroformate, acetic acid did not give the n-hexyl acetate derivative, but the reaction of acetic acid with benzyl
bromide in aqueous solution resulted in the formation of benzyl acetate. The derivatisation of acetic acid with benzyl
bromide and the headspace solid-phase microextraction (SPME) of benzyl acetate were optimised. Under optimum
conditions, the limit of detection for acetic acid was 260 nM, and the relative standard deviation of the overall procedure at

24 24 261?10 M acetic acid was 15.6% (n510). A linear response was obtained in the 1?10 to 5?10 M concentration range
2(R 50.993, n56). Although Carbowax–divinylbenzene (CW–DVB)-coated fibres exhibited a higher extraction capacity for

benzyl acetate, polyacrylate (PA) was selected, because its mechanical stability was better than that of CW–DVB fibres.
25Moreover, the relative standard deviation of the SPME was better with PA (1.5%, n510 at 1?10 M) than with

25CW–DVB-coated fibres (8.0%, n510 at 1?10 M). Thus, a new analytical method for the quantitative determination of
micromolar concentrations of acetic acid in the aqueous phase was developed. This method is based on water-phase
derivatisation with benzyl bromide, headspace SPME with PA fibres and GC–FID. It was observed experimentally that
benzyl alcohol formed by hydrolysis of the reagent affected the fibre–gas phase partitioning of benzyl acetate.  2000
Elsevier Science B.V. All rights reserved.
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1. Introduction The derivatives (in most cases esters) display much
better GC behaviour and their detection is more

The direct analysis of low-molecular-mass car- sensitive than that of the parent compounds. The
boxylic acids by gas chromatography (GC) is dif- reagents used for derivatisation are usually sensitive
ficult because of the poor GC separation and detec- to water. Separation of the acids from the sample
tability of these compounds [1]. These characteristics matrix prior to derivatisation is therefore necessary.
can be improved by chemical derivatisation [2–4]. In most cases, this involves liquid–liquid or liquid–

solid extraction, but because of their hydrophilic
nature it is difficult and causes analyte loss and poor*Corresponding author. Tel.: 136-62-544-000/3727; fax: 136-
reproducibility [5].62-420-505.
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tion of carboxylic acids directly in water [3,4,6,8,9]. acetic acid solutions were prepared from a 0.05 M
In this approach too, the derivative has to be solution by dilution. A 0.1 M benzyl acetate stock
separated from water prior to GC analysis. This can solution was prepared by dissolving a known amount
be achieved effectively by means of solid-phase of analyte in acetone. The solution was stored at 48C.
microextraction (SPME) [10]. The commercially Further dilutions were prepared daily from the stock
available SPME fibre coatings are apolar or moder- solution. All solvents used in this study were of
ately polar and SPME can thus be used effectively analytical-reagent grade. Deionised water was used
for the extraction of apolar compounds from water in all aqueous sample preparations. Buffer solutions
[11]. Examples of analytical methods involving the were made from phosphate and borate salts accord-
application of direct, water-phase derivatisation and ing to the literature [13].
SPME, have recently been reported [6,7]. Different Poly(dimethylsiloxane) (PDMS), polyacrylate
combinations of derivatisation and SPME as sample (PA) and Carbowax–divinylbenzene (CW–DVB)-
preparation for GC–mass spectrometry (MS) were coated SPME fibres with coating thicknesses of 100,
applied to the analysis of phenoxy acid herbicides. 85 and 65 mm, respectively, and manual fibre holders
The most successful combination was aqueous-phase were obtained from Supelco (Bellefonte, PA, USA).
derivatisation with benzyl bromide and headspace Prior to use, they were conditioned at 2508C for 5
SPME of the derivative [6]. Pentafluorobenzyl bro- min under a helium flow.
mide (PFBBr) and pentafluorophenyldiazoethane For derivatisation and SPME, 5.5-ml screw-
(PFPDE) were used for the derivatisation of butyric capped vials with PTFE–silicone septa (Supelco) and
and valeric acids in water, and the derivatives were with 10 mm33 mm PTFE-coated stirring bars were
extracted with SPME. The derivatisation prior to used. The extraction was performed either directly
SPME enhanced the limit of detection (LOD) by from the 3.0-ml liquid samples or from the head-
1–4-orders of magnitude as compared to the direct space.
SPME of the underivatised acids. Acetic and propi-
onic acids were analysed with PFPDE only, since 2.2. Derivatisation
interfering peaks disturbed the GC–electron-capture
detection (ECD) analysis of the PFBBr derivatives 2.2.1. Derivatisation with n-hexyl chloroformate
[7]. [8,9]

24It has been reported that n-hexyl chloroformate A 300-ml volume of 5?10 M acetic acid solu-
21reacts with carboxylic acids to give n-hexyl esters tion, 30 ml of 400 g l dicyclohexylcarbodiimide in

via the mixed anhydride [4,8,9,14]. The derivatives pyridine and 33 ml of n-hexyl chloroformate were
were isolated via either liquid–liquid extraction or placed in a 5.5-ml vial. During the addition, the
SPME [12] and were subsequently analysed by GC. solution was sonicated in an ultrasound bath (Bran-

The aim of the present work was to investigate the son 2200) at 308C. After 60 s, the mixture was
direct derivatisation of low-molecular-mass carboxy- extracted with 300 ml of hexane. From the hexane
lic acids in order to develop an analytical method phase, 1 ml was injected into a gas chromatograph.
based on derivatisation in water, SPME and GC–
flame ionisation detection (FID). 2.2.2. Derivatisation with benzyl bromide

The standard procedure for derivatisation was as
follows: 2 ml of an aqueous acetic acid solution

2. Experimental sample was transferred into the reaction vial, fol-
lowed by 1 ml of buffer and 5–20 ml of benzyl

2.1. Materials bromide. The sample was stirred at 508C for a
defined time (210 min). After derivatisation, the vial

Acetic acid, benzyl bromide, benzyl acetate, n- was cooled in an ice-water bath, and the solution was
hexyl chloroformate, 1,3-dicyclohexylcarbodiimide saturated with 990 mg of NaCl. Subsequently, it was
and pyridine were purchased from Aldrich. They thermostated at 308C and the analyte was extracted
were used without further purification. Standard either directly or by headspace SPME.
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2.3. Instrumental parameters identified on the basis of their retention times and
mass spectra. In this experiment, the derivative n-

2.3.1. Gas chromatography–flame ionisation hexyl acetate could not be detected. Only the hy-
detection drolysis products of the reagent (dihexyl carbonate

A Varian 3700 gas chromatograph and flame and hexyl formate) were obtained. It was concluded
ionisation detector were used. A capillary column that the n-hexyl chloroformate derivatising agent did
(30 m30.25 mm I.D.) coated with 1.5 mm of 5% not work for acetic acid under the reaction conditions
phenyl, 95% methyl polysiloxane stationary phase used. This may be due to the specific reaction
(J&W, DB5) was used. The GC conditions were as procedure employed in this study. Indeed, the de-
follows. The initial oven temperature was 408C for 5 rivatisation is strongly dependent on the shaking
min. The temperature was then programmed to degree and the rate of addition of the derivatising

212508C at a rate of 78C min , with a final hold time agent [8]. Due to these reaction factors which are not
of 1 min. The FID system and the injector were held specifically described in quantitative figures, it was
at 2508C. The fibre desorption time was 5 min. The decided to investigate another derivatising agent,
carrier gas was helium and the flow-rate was 3.3 ml facilitating better reproducibility conditions.

21min . The response of the detection system used Next, benzyl bromide and acetic acid were reacted
24was determined by injecting a known amount (1 ml) in water (pH 6.0, 508C, 3 ml of 1?10 M acetic

of stock solution and determining the corresponding acid, 10 ml of benzyl bromide, 12 h) and the solution
peak area. was immediately subjected to SPME (headspace

extraction, salt-saturated solution, 308C, 20 min) and
2.3.2. Gas chromatography–mass spectrometry analysed by GC–MS. Benzyl alcohol resulting from

A Varian 2700 gas chromatograph with a DB-1 the hydrolysis of benzyl bromide was the main
column [30 m30.53 mm I.D. with 5 mm 100% reaction product (|99%). Other components, such as
dimethyl polysiloxane stationary phase (J&W)] cou- benzyl acetate and dibenzyl ether, were present in
pled to an MAT 112 mass spectrometer was used. low, but measurable concentrations. It was decided
The initial temperature was 408C for 5 min. The to investigate the derivatisation reaction of acetic
temperature was then raised to 2508C at a rate of 48C acid with benzyl bromide in further detail. As the

21min . The temperature of the transfer line was extraction capacity of the coatings is very low for the
2508C and the mass spectrometer was operated in the ionic form of carboxylic acids [11] and because in
electron impact mode (70 eV). the derivatisation reaction this is the reactive species,

the ‘‘in fiber’’ reaction with benzyl bromide was not
considered.

3. Results and discussion

3.1. Derivatisation of acetic acid with n-hexyl 3.2. Optimisation of the SPME of benzyl acetate
chloroformate and benzyl bromide

For the aqueous-phase extraction of benzyl acetate
It has been reported that n-hexyl chloroformate with PDMS, PA and CW–DVB-coated fibres, no

reacts with carboxylic acids to give n-hexyl esters liquid-phase modifier was used, because the presence
via the mixed anhydride [8,9,14]. The procedure was of high salt concentrations can cause accelerated
developed to analyse very polar organic compounds coating deterioration [15]. With an extraction time of
(hydroxycarboxylic acids, dicarboxylic acids, gly- 60 min, the amounts of benzyl acetate extracted from

25cols, etc.) [8,9]. The derivatisation reaction between 3 ml of 1?10 M benzyl acetate solution varied
211 210n-hexyl chloroformate and acetic acid was therefore from 5.3?10 mole for PDMS to 1.9?10 mole

210carried out by using the parameters described in the for PA and to 5.7?10 mole for CW–DVB. Ex-
literature. After the reaction, the solution was ex- tracted amounts versus time curves were recorded.
tracted with hexane, and the extract was analysed by These results are presented in Fig. 1. The data were
means of GC–MS. The reaction products were fitted to the asymptotic equation
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25Fig. 1. Amount of benzyl acetate extracted during various time intervals (water-phase extraction, 3.0 ml 1?10 M solution, 308C).

f 5 1 2 exp(kt) (1) due to mechanical problems (fibre deterioration) as at

result of swelling of the fibre coating material.
in which f 5m /m ; this is the fraction of the Therefore, only PA fibres were used in the furthert t eq

amount (m ) of benzyl acetate extracted after time t work.t

(min) and the amount (m ) extracted when equilib- With a similar approach to that described above, iteq
21rium is reached, and k (min ) is a fitting parameter was shown that near-equilibrium conditions were

[16]. Calculations showed that, for the extraction reached within an extraction time of 30 min (k52

with PA, for example, about 70% of the maximum 0.075, see Eq. (1)) with headspace SPME. Accord-
amount was extracted after 60 min (k5–0.022), so ingly the extraction time of 30 min was used during
that it would take about 105 min to reach near- the further experiments. Working under these con-
equilibrium conditions ( f .0.9). Since mass transfer ditions also improved the reproducibility, e.g., thet

in the aqueous phase is generally limiting the relative standard deviation decreased from 3.3% (n5

equilibration time in water-phase SPME, headspace 10) to 1.5% (n510) when the extraction time was
SPME was tested. However, since the uptake of increased from 20 min to 30 min. With the use of

25benzyl acetate by PDMS was more than 10-times 1?10 M benzyl acetate solutions, headspace SPME
less than that extracted with CW–DVB, and since extraction was compared for aqueous and salt-satu-
the ratio of the fibre–water partitioning coefficient rated solutions. The results are presented in Table 1.
and the fibre–gas partitioning coefficient is given by From the experimental results, partitioning coeffi-
Henry’s law coefficient, which is independent of the cients, which have a more fundamental meaning than
type of fibre, PDMS was not used further. Further- extracted amounts, can be calculated. These calcula-
more, it turned out that working with CW–DVB tions additionally allow a quantitative interpretation
fibres under the given conditions was troublesome of the salt effect on SPME. When equilibrium is
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Table 1
25Amount of benzyl acetate extracted by SPME of a 3 ml of 1?10 M aqueous benzyl acetate solution under salt-free and salt-saturated

aconditions, and calculated partition coefficients

Amount Henry’s law Fibre–gas Fibre–water
extracted coefficient coefficient coefficient
(mole) (dimensionless) (dimensionless) (dimensionless)

211 24 bSalt-free 7.09?10 4.62?10 29 600 13.7
210 23Salt-saturated 6.12?10 4.48?10 29 600 132

a 25Extraction conditions: 308C, 30 min, from 2.2 ml headspace of 3.3 ml of 1?10 M solution.
b Value taken from Ref. [17].

reached during sampling, the mass of benzyl acetate Cf
]present in the vial (M, in mole) is partitioned over the K 5 5 K H (6)FW FGCwthree phases:

For the salt-containing system, the Henry’s law
M 5 M 1 M 1 M 5 C V 1 C V 1 C V (2) 24g w f g g w w f f coefficient value of 4.62?10 is no longer valid

because of the salt effect, which results in changedwhere C , C and C are the concentrations ofg w f gas–water equilibrium partitioning. Although thebenzyl acetate in the gas, water and fibre phases
21 total mass in the system remains the same, con-(mole l ), respectively, and V , V and V are theg w f centrations C , C and C will become concen-f g wvolumes of gas, water and fibre (2), respectively.

9 9 9trations C , C and C , respectively. Throughf g wThe organic fibre–gas phase partitioning coefficient
similar mass balances as that for the salt-free system,can be calculated as
it can be shown that H9, the salt-saturated solution

C partitioning coefficient, can be calculated fromf
]K 5 (3)FG Cg Vw

]]
Kand the Henry’s law coefficient as FG

]]]]]H9 5 (7)VM gCg ] ]]2V 2f]H 5 (4) 9C Kf FGCw

In Eq. (7), all data required to calculate H9 areThrough a combination of Eqs. (2), (3) and (4),
known. Indeed, the fibre–gas equilibrium partition-C and C can be eliminated, which results ing w ing coefficient K is not affected by the presence ofFG

9salt in the system and C is determined experimen-V fw
]V 1 tally. Subsequently, the fibre–salt water equilibriumg H

]]]K 5 (5)FG 9partitioning coefficient, K , can be calculated viaM FW
]2V Eq. (6), but with H replaced by H9. All data arefCf

given in Table 1, from which it is clear that the salt
24From known data [H54.62?10 for deionized effect increases the partitioning by a factor of about

water [17], V for PA50.520 ml (data supplied by 10. In the literature, no other partitioning coefficientf

Supelco), V 52.5 ml and V 53.0 ml] and via Eq. was found for benzyl acetate on PA fibres. The effectg w

(5), K can be calculated. From the K values, the of salt saturation could be evaluated indirectly in theFG FG

fibre–water equilibrium partitioning coefficient K following way. Dewulf et al. [18] earlier determinedFW

for the salt-free closed system can be calculated via the dependence of H on temperature and salinity for
Eq. (6): a number of organic compounds. From the ex-
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perimental data in Table 1, and by using Eq. (11) in of the hydroxide ion is so high that the hydrolysis of
Ref. [18], the dependence of the Henry’s law coeffi- benzyl bromide and/or benzyl acetate is fast, which
cient on salinity can be estimated. The value of the results in lower amounts of benzyl acetate extracted.
calculated regression coefficient for benzyl acetate is At pH 6.0, 7.0 and 8.0, the amounts of benzyl acetate

210.00688 l g , which is nicely within the range from formed increase during the first 120–150 min of the
2100.00473 and 0.01196 mentioned by Dewulf et al. reaction and then level off to about 10 mole. This

[18]. In order to increase the sensitivity of the does not change significantly (standard deviation of
211method, salt-saturated solutions were used in all about 1.5?10 mole, n510) over the next 100 min.

further experiments. At pH 5, the results were better than those at pH 3
and 10, but worse than those at pH 6–8. On the basis

3.3. Optimisation of the derivatisation reaction of these results, pH 7 and a reaction time of 210 min
were chosen as optimum reaction parameters.

3.3.1. Effects of pH
The overall effect of pH on the formation of 3.3.2. Effects of excess benzyl bromide

benzyl acetate in the system is difficult to predict The excess of the derivatising reagent is consid-
because different reactions can occur simultaneously. ered to be an important parameter in derivatisation
First there is the derivatisation reaction, but the reactions. Pan and Pawliszyn [7] found that, when
hydrolysis of benzyl bromide and benzyl acetate are the excess of PFBBr was increased by a factor of 10
also pH-dependent. to 94, the amounts of the butyric and valeric acid

The mechanism of the reaction of benzyl bromide derivatives increased by a factor of 10. When a
and acetic acid involves a nucleophilic substitution, 142-fold excess was used, the yield did not change,
in which the nucleophile is the acetate ion. The but it resulted in a significantly increased background
concentration of acetate increases with the pH noise, due to a large tailing reagent peak. Nilsson et
(pK 54.7) and thus the formation of benzyl acetate al. [6] investigated the effects of the amount ofa

will be favoured by higher pH values. The extents of benzyl bromide on the yields of the derivatisation
hydrolysis of both benzyl bromide (predominantly reactions of phenoxy acid herbicides. They found
S [19]) and benzyl acetate (irreversible hydrolysis that increase of the excess reagent from 1400- toN2

under basic conditions) will increase as the pH 7000-fold did not result in a significantly increased
increases, and will decrease the amount of benzyl derivatisation yield, but that more by-products were
acetate formed. An optimum pH for the formation of formed.
benzyl acetate is therefore expected. This optimum The effects of an excess of benzyl bromide on the
has to be determined experimentally. yield of benzyl acetate were investigated. The de-

Pan and Pawliszyn [7] reported that the pH optima rivatisation reaction was performed with 3 ml of
25for the derivatisations of butyric (pK 54.81) and 6.7?10 M acetic acid and 5, 10, 15 or 20 ml ofa

valeric (pK 54.82) acids with PFBBr are both 5.5. benzyl bromide (a 247-, 495-, 741- or 988-fold molara

Nilsson et al. [6] reported an optimal pH of 7.4 for excess) and the amount of benzyl acetate was
the derivatizations of phenoxy acid herbicides determined by headspace SPME–GC–FID. The re-
(pK 53.17) with benzyl bromide. sults are illustrated in Fig. 3. It can be seen that, witha

In order to establish the optimum conditions for 5, 10 and 15 ml of benzyl bromide, the amount of
210the reaction of benzyl bromide with acetic acid, the benzyl acetate formed increased from 1.4?10 to

210amounts of benzyl acetate extracted from the re- 3.5?10 mole. When 20 ml of benzyl bromide was
action mixture were determined as a function of used, the amount of benzyl acetate detected dropped

210reaction time at pH 3.0, 5.0, 6.0, 7.0, 8.0 and 10.0. to 1.9?10 mole.
The results are shown in Fig. 2. At pH 3.0, and 10.0, In a search for an explanation, the effects of the
the amounts of benzyl acetate extracted are lower presence of benzyl alcohol on the headspace SPME

211than 10 mole. At pH 3.0, the concentration of the of benzyl acetate were investigated. During the
acetate ion is apparently too low for an efficient derivatisation reaction, the reagent was almost exclu-
derivatisation reaction. At pH 10.0, the concentration sively converted to benzyl alcohol. This resulted in
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25Fig. 2. Amounts of benzyl acetate detected at various pH values as a function of reaction time. Derivatisation: 3 ml of 6.7?10 M acetic
acid, 10 ml of benzyl bromide, 508C. Every point was determined from a single experiment. Extraction: PA-coated fibre, 30 min, 308C,
headspace of salt-saturated solution.

the expected concentrations of 0.014, 0.028, 0.042 or alcohol, two effects may influence the uptake of
0.056 M of benzyl alcohol when 5, 10, 15 or 20 ml benzyl acetate into the fibre. (a) Increasing con-
of benzyl bromide was used, respectively. An experi- centrations of benzyl alcohol may change the polari-
ment was therefore set up in which the amount of ty of the liquid phase and hence might affect the

25benzyl acetate extracted from a 1?10 M benzyl gas–liquid partitioning of benzyl acetate. If this
acetate solution (salt-saturated) containing 0, 0.014, occurs, it is expected that the Henry’s law coefficient
0.028, 0.042 or 0.056 M benzyl alcohol was de- will decrease, since benzyl alcohol will increase the
termined. The amounts extracted as a function of the solubility of benzyl acetate. Therefore, less benzyl
benzyl alcohol concentration are shown in Fig. 4. Up acetate is expected to be extracted by the fibre. (b)
to a benzyl alcohol concentration of 0.028 M, the Increasing benzyl alcohol concentrations will also
amount of benzyl acetate extracted increases by result in increasing benzyl alcohol concentrations in
about 40% as compared to a solution without benzyl the fibre. Similarly as in the water phase, the
alcohol. If the benzyl alcohol concentration is in- solubility of benzyl acetate in the fibre can be
creased further the amount of benzyl acetate ex- increased by the presence of benzyl alcohol. In order

210tracted decreases from 8.5?10 mole at 0.028 M to to see which of the effects dominates, the amount of
2103.0?10 mole at 0.056 M. Moreover it was ob- benzyl acetate extracted from a salt-saturated 0.028

served during the experiments that the alcohol did M benzyl alcohol solution was investigated as a
not dissolve entirely in the salt-saturated solution to function of its concentration, in comparison with that
which 15 or 20 ml of benzyl bromide had been from a salt-saturated solution without benzyl alcohol.
added, and separated as a second liquid phase. The results are shown in Fig. 5. As compared to the

When the solution was not oversaturated in benzyl alcohol-free solution, the slope of the curve is higher
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24Fig. 3. Amounts of benzyl acetate detected as a function of reagent excess. Derivatisation: 3 ml of 1.7?10 M acetic acid, pH 7, 508C, 16
h. Extraction: 308C, 30 min, headspace extraction of salt-saturated solution.

25Fig. 4. Amount of benzyl acetate extracted from 1?10 M solutions containing various amounts of benzyl alcohol. Extraction: PA-coated
fibre, 308C, 30 min, headspace of salt-saturated solution.
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Fig. 5. Calibration curves of benzyl acetate in water and in 0.028 M benzyl alcohol. Extraction: PA-coated fibre, 308C, 30 min, headspace of
salt-saturated solution.

24 26by a factor of 1.58 when 0.028 M benzyl alcohol is checked in the 1?10 to 5?10 M concentration
2present. This clearly illustrates that the sorption of range (R 50.996, n56). The LOD, determined as a

benzyl acetate by the fibre is increased by the signal-to-noise ratio of 3, was 260 nM acetic acid.
presence of benzyl alcohol in the gas phase. When This LOD value is larger than those measured by
the liquid phase becomes saturated in benzyl alcohol, Pan and Pawliszyn [7] for butyric and valeric acids
the concentration of benzyl alcohol in the gas phase with the use of PFBBr as derivatisation agent and
becomes constant (corresponding to the saturated GC–ECD. With this method, however, acetic and
vapour pressure of 13.6 Pa at 258C [20]). The propionic acids could not be determined because of
amount of benzyl alcohol sorbed by the fibre will interfering background peaks. As compared to the
then not increase further. A second effect, however, direct SPME, the benzyl bromide headspace SPME
is that some of the benzyl acetate can now dissolve method presented here is about 50-times more
in the benzyl alcohol present as a separate liquid sensitive. The advantages of using benzyl bromide
phase. This will again lower the concentration of instead of PFPDE are that the latter has to be
benzyl acetate in the fibre. Although there is no prepared and that it has to be handled as potentially
direct evidence, this explanation at least allows a hazardous.
qualitative understanding of the results presented in From the results, the yield of the derivatisation
Fig. 4. could also be calculated and was found to be about

In accordance with the results for the analysis of 4%. This value might seem to be low, but it is of the
the 3 ml sample, 10 ml of benzyl bromide reagent same order as the yield reported for phenoxy acid
was used as an optimum quantity. With the applica- herbicide derivatisation, which was about 1% [6].
tion of the chosen parameters of the SPME and
derivatisation (pH 7, 210 min, 508C and 10 ml of
benzyl bromide, headspace extraction during 30 min, 4. Conclusions
salt saturation and PA coating) a relative standard
deviation of 15.6% (n510) was determined for the An analytical method has been developed for the
overall procedure at an acetic acid concentration of determination of acetic acid, based on water-phase

256.7?10 M. The linearity of the method was derivatisation with benzyl bromide, SPME and GC.
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