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A simple calibration procedure for volatile organic compounds sampling in air with adsorptive solid-phase microextraction fibres

Adsorptive solid-phase microextraction (SPME) fibres have proven to be a reliable means of sampling volatile organic compounds (VOCs) in air. In this work, polydimethylsiloxane/carboxen (PDMS/CAR) fibres were used to test a new approach of air sampling strategy with SPME in the lab which could lighten calibration procedure and enhance the use of this already rapid, simple, convenient and cost effective sampling technique. Indeed, only one curve can be used whatever the extraction time chosen by the analyst under constant conditions of air velocity and temperature. Ficks' law of diffusion was used to model SPME grab sampling when the fibre was totally exposed to the air sample. Experimental sampling rates were then determined by GC-FID for different sampling conditions, i.e. in a flowing air stream of known velocity ("dynamic mode") and in a stagnant air ("static mode"). These sampling rates were found to be 3.50 and 17.80 mL min 21 for acetone, 4.06 and 21.20 mL min 21 for 1,2-dichloroethane, 5.10 and 27.80 mL min 21 for toluene and 5.36 and 30.80 mL min 21 for butyl acetate, for static and dynamic sampling modes respectively. Deviation from linearity of the calibration curves, indicating that a significant fraction of the adsorption sites are occupied, were determined. They were found to be approximately equal to 0.9, 1.57, 3.82 and 4.37 nmol for acetone, dichloroethane, toluene and butyl acetate, respectively. Experimentally determined sampling rates of these isolated compounds were also valid when a complex equimolar gaseous mixture was investigated, but deviation from linearity appears earlier. Then, for a given application, sampling times should be chosen very carefully to avoid competitive adsorption and hence, bad quantitative analysis results.

Introduction

Volatile organic compounds (VOCs) are of environmental interest because they can be responsible for health hazards or/ and malodorous atmospheres. [START_REF] Fanlo | Les Composés Organiques Volatils dans l'Environnement[END_REF] As a consequence, they must be determined at very low levels, in indoor air as well as outdoor air, representing a challenging task. It can be achieved using conventional air sampling methods, [START_REF] Sebo | [END_REF][3][4] i.e. sorbent tubes or cryogenic trapping. These techniques require the use of specific and expensive analytical equipment, and are time consuming.

Solid-phase microextraction (SPME) could become an alternative in the analysis of VOCs in air. It combines sampling and preconcentration in one step and is directly introduced in a heated gas chromatograph (GC) injection port for thermal desorption and transfer to the column. SPME has been extensively used in environmental applications (soils, 5 water, 6,7 plants 8 ) and food analysis (beverages, 9 meat 10 ). However, this technique has been tested to a lesser extend for VOCs analysis in air. In this area, first sampling experiments were realised with the absorptive polydimethylsiloxane (PDMS) fibre. [11][12][13][14] This kind of fibre offers a very simple quantitation procedure because absorption is a non competitive process and sampling time is of minor importance provided that equilibrium is reached. The only critical parameter is sample volume, as demonstrated by Gorecki and Pawliszyn. 15 Nevertheless, VOC preconcentration factors, called gas-fibre partition coefficient K fg are not high enough 16 to quantify µg m 23 concentrations in accordance with actual needs, in terms of indoor or workplace air quality.

Then, potential of porous SPME fibres has been explored by Koziel et al. who developed a rapid air sampling methodology, derived from heat transfer theory in a cylinder. 17 Sampling rate of analytes, when the SPME fibre is exposed to the sample under very well defined sampling conditions (especially air velocity around the fibre), can be predicted from the diffusion coefficient of analyte in air and the geometrical parameters of the fibre. For short sampling times, the main drawback of adsorptive coating, i.e. competitive adsorption, can be neglected, and for 1 min sampling time, using a PDMS/DVB (divinylbenzene) fibre and a GC-PID (photoionization detector), detection limits around ppbv were reached for BTEX compounds. 18 Another development in this area is the time weighted average sampling (TWA). The SPME fibre is retracted at a known distance into its needle housing during air sampling [19][20][21] and acts as a classical passive sampler to determine average exposition concentrations.

This paper intends to describe grab sampling with adsorptive PDMS/CAR (Carboxen) SPME fibre using classical Fick's diffusion model. Like other passive samplers, badges or tubetype, the experimentally determined sampling rates are very often different from the theoretical values because of reverse (back) diffusion, 22 air speed, 23 or slow diffusion into the pores of the adsorbing phase. 24 As a consequence, in this study, experimental sampling rates under static or dynamic sampling conditions were determined for acetone, 1,2-dichloroethane, toluene, and butyl acetate. Thanks to these sampling rates, by analogy with passive samplers, only one calibration curve could be used for all "grab" sampling times under fixed air velocity. Linearity ranges were determined for these compounds, alone or in a complex gaseous mixture, and differences between static and dynamic sampling were stated.

Experimental Reagents and materials

Studied VOCs were methanol, acetone, dichloromethane, methyl ethyl ketone, ethyl acetate, 1,2-dichloroethane, methyl isobutyl ketone, toluene, butyl acetate purchased from Carlo Erba Farmitalia (Milan, Italy), and ethyl benzene, p-xylene supplied by Acros (Geel, Belgium). All these reagents were at least 99% purity. A liquid equimolar mixture was prepared with these eleven solvents.

Standard solutions for GC external calibration were prepared by dissolving different amounts of the VOC mixture in nbutanol of analytical grade (99.8% purity, Carlo Erba Farmitalia, Milan, Italy). n-Butanol was chosen for its small vapour volume. 25 Standard solutions were in the range 0.5-100 mmol L 21 for each compound. All solutions were prepared weekly, checked daily and stored in the dark at +4 °C. A set volume of 0.1 µL was injected, using a 1 µL SGE syringe (Fisher Scientific, Elancourt, France) without dead volume to ensure good reproducibility. Injections were made in triplicate for each point of the calibration curves. This external calibration was performed to know the extracted amount of analyte by the SPME fibre.

Standard gas generating device

The standard gas generation system was previously described in a recent article. 26 Briefly, mono-compound atmospheres (acetone, dichloroethane, toluene and butyl acetate) were generated by continuously injecting known amounts with a syringe pump into a measured and controlled airflow. Analyte concentration could then be easily deduced. Similarly, the liquid equimolar mixture was also used to generate equimolar gaseous mixture to assess the potential effects of competitive adsorption on uptake of analyte by the fibre. The sampling chamber was a 1 L gas sampling bulb. Sampling was realised in static mode (stagnant air) and in dynamic mode, with the air velocity equal to 0.086 m s 21 , representative of typical workroom air velocity. 27 

Instrumentation

A Hewlett-Packard 6890 Plus gas chromatograph (HP, Little Falls, DE, USA) equipped with a split/splitless injection port and a flame ionization detector (FID) was used for GC analysis. The split/splitless injection port was equipped with a 0.75 mm i.d. liner and operated at 270 °C for liquid injections and 320 °C for SPME injections with the purge valve closed for 150 s. Carrier gas was helium with a flow rate of 2.5 mL min 21 . Chromatographic separations were performed using an HP-1 column (100% polydimethylsiloxane) (HP, Little Falls, DE, USA), 50 m 3 0.32 mm i.d., 1.05 µm film thickness, and the oven temperature was programmed as follows: 40 °C for 1 min, then ramped at 15 °C min 21 to 90 °C, held for 4 min, and ramped at 10 °C min 21 to 120 °C. The temperature of the FID was 250 °C. Signals were collected and recorded with an HP 3398A software (HP, Little Falls, DE, USA).

A manual SPME holder was used with 75 µm polydimethylsiloxane/Carboxen fibres purchased from Supelco (Bellefonte, PA, USA). The SPME fibres were conditioned into the GC injection port at 280 °C, for 5 h.

Results

Method for determination of sampling rates

Using classical first order Fick's diffusion law, 28 and using most passive sampling devices, it is possible to write eqn. ( 1): (1) where n is the amount of adsorbed analyte, D g the diffusion coefficient of the chemical of interest, A the diffusion surface, Z the length of diffusion zone, C a the ambient gaseous concentration, C sorb the gaseous concentration at the surface of the adsorbent and t the sampling time. However, the SPME fibre is not planar, against most of passive samplers, but cylindrical. The eqn. (2) takes into account mass transfer by diffusion of compound to a cylinder: [START_REF] Incropera | Fundamentals of Heat and Mass Transfer[END_REF] (2

)
where L is the length of the fibre, b the radius of the fibre and d thickness of the diffusion zone (Fig. 1). An example of curve describing the uptake is given in Fig. 2.

At the beginning of the sampling process, C sorb is small and it is assumed that the adsorbent acts as a perfect sink (C sorb = 0), uptake is linear and can be written as follows (eqn. (3)):

(3)

The ratio

2pD g L/ln(b + d/b)
noted K, is constant under given experimental conditions (temperature, air velocity). It can be assimilated to the sampling rate defined for passive samplers. As compound builds up in the fibre coating, C sorb becomes more important, uptake is reduced and the graph becomes curvilinear. Finally, when equilibrium is established, C a = C sorb , there is no more uptake and C sorb becomes constant: it corresponds to the adsorbent saturation.

In our purpose, we were only interested in the linear part of the uptake curve as it means that as C sorb is small, there are enough active sites available for the adsorption of the target compounds to overcome competition with other chemicals.

Eqn.

(3) can be simplified to eqn. (4): n = KC a t (4) where K, the slope of the curve, can be graphically determined by plotting n as a function of (C a t).

Experimentally, ten different concentrations (0.05, 0.1, 0.25, 0.5, 1, 2.5, 5, 10, 25 and 50 µmol m 23 ) of acetone, 1,2-dichloroethane, toluene and butyl acetate (each separately) were sampled at four sampling times (1, 5, 15, 45 min), leading to 40 couples (n; C a t) for two sampling modes: static and dynamic. Curves were plotted and are shown in Fig. 2.

Isolated compounds in static and dynamic sampling modes

For both sampling modes and all investigated compounds, curves have a similar shape than that describes above: first, a linear uptake where C sorb is small, then a curvilinear part where the active sites occupied by the adsorbed molecules become significant.

Owing to the linear part of the curve, this approach can greatly reduce calibration procedure for specific applications, as one curve n = f(C a t) can be used to perform quantitative analysis for any SPME sampling time, but only by keeping other experimental conditions constant. That means that recalibration is required every time air velocity changes. The linear range, graphically determined and specified in Table 1 and 2 is dependent on the affinity of the compounds for the PDMS/CAR phase. It was shown in a previous paper 26 that affinity order between compounds and PDMS/CAR fibres, defined as the extracted amount of compounds for a given extraction time in a gaseous equimolar mixture of 11 compounds, was as follows: acetone < dichloroethane < toluene < butyl acetate.

For compounds of high affinity with the adsorbent, competitive adsorption with other analytes present in the sample will have minor influence compared to compounds of low affinity. As a consequence, linear range of the curve n = f(C a t) was broader for butyl acetate, then toluene, dichloroethane and acetone. But even for acetone, a very low affinity compound, it would be possible for example to sample for 5 min at concentration of about 50 µmol m 23 (2.9 mg m 23 , or 1.2 ppmv) in static mode and quantify this compound using the slope K of the linear part of the curve. For dynamic mode, (air velocity in the vicinity of the fibre: 0.086 m s 21 ), the maximum sampling time allowing to quantify the same concentration (50 µmol m 23 ) would be 1 min. It can be concluded that air velocity on the vicinity of the fibre has a great influence on the uptake rate. It is also possible that the nature of turbulence around the fibre would have some effect on the uptake. Further studies should be envisaged to determine more precisely the experimental ranges where these parameters would have a significant effect. At that time, one calibration curve should be plotted for each condition of air movement to obtain reliable quantitative results.

Linear ranges are approximately five times wider in static mode than in dynamic mode with our experimental conditions, because sampling rates are approximately five times lower (see Table 1 and2). They were limited on one hand by the detection limits [START_REF]International Conference on Harmonization, Guidance for Industry, Q2B Validation of Analytical Procedures: Methodology[END_REF] and on the other hand when the graph becomes curvilinear (C sorb ≠ 0), as already stated. The linearity limits (expressed as an extracted amount, n f , Table 1 and2) were graphically determined for all single compounds and both sampling modes. Results showed acceptable agreement between n f values for one compound in the two sampling modes, indicating that our experiments gave reliable results (n f is specific to a couple adsorbate/adsorbent).

Isolated compounds and in-mixture compounds

To evaluate drawbacks due to competitive adsorption onto SPME fibres, experiments with isolated compounds were also realised with an equimolar gaseous mixture of eleven compounds of various affinities for the PDMS/CAR fibre (see Experimental section). Comparison of n = f(C a t) curves is shown in Fig. 3 for acetone and butyl acetate in static mode. Other curves (dynamic mode for acetone and butyl acetate, as well as dynamic and static mode for dichloroethane and toluene) are not shown here for reason of conciseness and clarity, but are available on simple request. K values determined for isolated compounds were also valid to describe uptake rates for the same compounds in the equimolar gaseous mixtures. But ranges of validity were shorter, due to multicomponent adsorption. This means that for real samples, the concentration range of the target compounds that can be investigated by this method will be reduced according to the chemicals that can be co-adsorbed, especially molecules having higher affinity such as semi-volatile compounds (terpenes, …). As a result, description of the curvilinear part of the curves is out of interest because one mathematical description would be valid for only one gaseous mixture composition. Table 3 reports the linearity range and n f values for the four compounds of interest in both sampling modes. Unlike experiments realised with isolated compounds, n f were different for toluene and butyl acetate and similar for acetone and dichloroethane. (A lack of precision for the acetone curve did not allow us to give more accurate results.) This means that, while sampling a gaseous mixture with PDMS/CAR SPME fibre, changing the sampling mode from dynamic to static disadvantages high affinity compounds such as toluene and butyl acetate. Taking into account that K is unique for a given compound in an air matrix, external diffusion can't explain this observation. A good knowledge of Carboxen adsorbent (pore diameter, shape, particle size, …) would be necessary to theoretically explain these different behaviours, as it is assumed to be due to diffusion into the pores of the adsorbent, where adsorption theories like Knudsen 31 could help us. Nevertheless, adsorbent properties are actually patented.

Discussion

Comparison between SPME and adsorbent tubes for quantitative analysis

To illustrate that the n f value matters, it is possible to find an analogy with breakthrough volumes related to the use of adsorbent tubes: when pumped volume through the tube is less than the breakthrough volume, air concentration can be calculated owing to n t , the amount of analyte present onto the adsorbent (determined through external calibration of the analysis system), divided by V, the sampled volume; when pumped volume through the tube is higher than the breakthrough volume, analytes are not quantitatively adsorbed anymore, and air concentration can't be accurately determined.

With SPME, when n 5 n f , air concentration can be calculated with the ratio C a = n/Kt. If n 4 n f , K is not valid and air concentration can't be quantified.

Shortcomings due to competitive adsorption are not taken into account while publishing adsorbent tubes breakthrough volumes. [START_REF] Huxham | [END_REF] One experimental solution to this lack of studies consists in connecting two adsorbent tubes, in series, and to check if breakthrough occurs after the first one. If yes, compounds will be present on the second one. Results can be corrected and quantitative analysis can be realised. A second experimental solution is to sample onto two adsorbent tubes, in parallel, the same air for different sampling times. If breakthrough occurs with one tube, the second one could be of great help.

With SPME, as it is not a quantitative extraction technique, the second experimental strategy is applicable.

Available sampling strategies with porous SPME fibres

It was shown above that air movement has a great influence on the analyte uptake rate by SPME fibres. This influence is important until a critical air velocity value, depending on the analyte, as already stated by Koziel et al. 17 who described the effect of this variable on the gaseous BTEX uptake rate on PDMS/CAR fibre. Once this critical value is exceeded (for BTEX, it was determined around 0.1 m s 21 ), 17 air velocity has a small effect on the uptake rate. As a consequence, in terms of field sampling parameters, two strategies can be adopted which turned to be complementary: The first one, developed by Augusto et al., 33 consists in using portable dynamic air sampling (PDAS) systems, which for example consists in a home made "sandwich like device" where air is pumped through a calibrated slit, giving a known air velocity. Theoretical sampling rates can then be used. The second method (grab sampling by SPME), described in this paper, should adapt the calibration procedure to the field "real" air velocity. The latter case prevents users from carrying pumps and other specific material on the field, which can be, in industrial cases (for example, clean room air), very important to avoid contamination problems. Nevertheless, the operator has to find a sampling spot where air velocity is constant (heating and ventilating air conditioning system, ducts, …). Therefore, this strategy is, at the moment, more useful in indoor environments than in outdoor environments.

Conclusions

SPME grab sampling can be described using Fick's law model. It shortens the calibration procedure, as one sampling rate is used for quantification at any sampling times (under given temperature ad air velocity conditions). This contribution completes the existing knowledge in terms of SPME calibration. Nevertheless, other important environmental conditions that could influence uptake rate should be examined in further studies, like humidity, pressure or flow regime. Then, to widen again the use of SPME to the air analysis, other coatings should be developed. This area becoming more and more active, it will permit to obtain high selectivity sorbents, as with the adsorbent tubes. Then, numerous applications could be envisaged especially with combination with GC-MS for pollutant identification in real samples. 
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 1 Fig.1SPME fibre as a passive sampler.
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 2 Fig. 2 Extracted amount (nmol) versus exposition concentration 3 exposition time (µmol m 23 min) for isolated compounds in the two sampling modes. (a) Acetone, (b) dichloroethane, (c) toluene, (d) butyl acetate.
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 3 Fig. 3 Extracted amount (nmol) versus exposition concentration 3 exposition time (µmol m 23 min) for isolated compounds and "in mixture" compounds in static sampling mode. (a) Acetone, (b) butyl acetate.

Table 1

 1 Sampling rate, linear range and linearity limits (n f ) of SPME fibre for acetone, dichloroethane, toluene and butyl acetate in the static mode

		Static mode				
					Linear range/µmol	n f /
		Slope (K)/mL min 21 Y axis intercept/nmol r 2	m 23 min	nmol
	Acetone	3.50	0.009	0.9862	0-250	0.90
	Dichlororethane	4.06	0.018	0.9823	0-375	1.52
	Toluene	5.10	0.012	0.9974	0-750	3.87
	Butyl acetate	5.36	0.036	0.9964	0-750	4.37

Table 2

 2 Sampling rate, linear range and linearity limits (n f ) of SPME fibre for acetone, dichloroethane, toluene and butyl acetate in the dynamic mode

		Dynamic mode				
					Linear range/µmol	n f /
		Slope (K)/mL min 21 Y axis intercept/nmol r 2	m 23 min	nmol
	Acetone	17.8	0.013	0.9875	0-50	0.88
	Dichloroethane	21.2	0.025	0.9793	0-75	1.49
	Toluene	27.8	0.044	0.9948	0-150	4.14
	Butyl acetate	30.8	0.009	0.9946	0-150	4.68

Table 3

 3 Comparison of K linear range in static and dynamic mode, and linearity limits (n f ) for acetone, dichloroethane, toluene and butyl acetate in the sampling of the equimolar gaseous mixture

		Static		Dynamic	
		Linear range/µmol m 23		Linear range/µmol m 23	
		min	n f /nmol	min	n f /nmol
	Acetone	0-50	0.17	0-7.5	0.13
	Dichloroethane	0-110	0.47	0-25	0.54
	Toluene	0-125	0.65	0-45	1.27
	Butyl acetate	0-150	0.90	0-45	1.36