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Abstract 14 

Several calibration approaches were evaluated for the quantitation of volatile organic compounds in 15 

air using miniaturized exhaustive and non-exhaustive sampling techniques, such as in-tube extraction 16 

(ITEX) and solid phase microextraction (SPME) Arrow. Eleven compounds, 2-ethyl-hexanol, 17 

hexanal, nonanal, toluene, ethyl-benzene, methyl isobutyl ketone, acetophenone, p-cymene, α-pinene, 18 

trimethylamine and triethylamine, all them found in the natural air samples, were selected as model 19 

analytes. Liquid injection, liquid standard addition to the sorbent bed and gas phase standards 20 

provided by an automatic permeation system, were evaluated in the case of ITEX packed with 21 

laboratory-made 10% polyacrylonitrile (PAN) material. Two different approaches, based on sampling 22 

of gas phase compounds from the permeation system and from sample vial containing gas phase 23 

standards, were evaluated for SPME Arrow with two different coatings, commercial divinylbenzene-24 

poly(dimethylsiloxane) (DVB-PDMS) and laboratory-made mesoporous Mobil Composition of 25 

Matter No. 41 (MCM-41). In addition, interface model approach was used for the calculation of the 26 

real concentration of the target analytes in the sample from the total amount of analytes injected into 27 

the GC-MS in the case of SPME Arrow. Similar results were obtained with the different approaches 28 

used for the quantitation by ITEX and SPME Arrow. However, the use of gas phase standards with 29 

sample matrix similar to the natural samples, allowed the permeation system to provide the most 30 

reliable results for the quantitation of the target analytes. For this approach, linearity (expressed as r2 31 

values) ranged between 0.991 and 0.999. The limit of detection ranged from 0.5 µg/m3 32 

(trimethylamine, MCM-41) to 2.2 x 10-4 µg/m3 (methyl isobutyl ketone, MCM-41). In addition, the 33 

use of the fully automated permeation system provided good reproducibility values that were between 34 

1.4% (acetophenone, MCM-41) and 7.8% (methyl isobutyl ketone, 10% PAN). The linear ranges 35 

were at least 3 order of magnitude for all the studied analytes with the exception of the calibration 36 

curve developed for trimethylamine with SPME Arrow (linear ranges between LOQ and 4.9 µg/m3 37 

(DVB-PDMS) and LOQ and 9.8 µg/m3 (MCM-41)). 38 
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1. Introduction 40 

 41 

In the last three decades, a large number of miniaturized sample preparation techniques have been 42 

introduced in the analytical chemistry field to replace conventional techniques such as liquid-liquid 43 

or solid phase extraction [1]. These new techniques allow the automatic, fast and environmental 44 

friendly preconcentration and subsequent analysis of a large amount of compounds in complex 45 

sample matrices [2–5].  46 

The most popular approaches for miniaturized sample preparation are the microextraction techniques 47 

[6]. The first and most successful microextraction technique introduced was solid phase 48 

microextraction (SPME) by Pawliszyn in the early 90s [7]. However, others such as in-tube extraction 49 

(ITEX) and SPME Arrow, introduced later, have become popular just in the recent years, 50 

demonstrating in the literature already a large number of applications for different sample matrices 51 

and analytes [3, 8–16]. 52 

In-tube extraction, an exhaustive sample preparation technique, can be classified into needle trap 53 

techniques employing a two-part stainless steel needle attached to a pumping system for sampling [8, 54 

17–18]. 55 

Solid phase microextraction Arrow, a non-exhaustive extraction technique, combines the advantages 56 

of the conventional SPME fiber and the stir bar sorptive extraction, avoiding the drawbacks of these 57 

two techniques [19–20]. The coating volume of SPME Arrow is much larger than that of a SPME 58 

fiber, improving its extraction capacity and efficiency [21]. In both ITEX and SPME Arrow, the 59 

analytes are introduced into the chromatographic system by thermal desorption [3, 8].  60 

Calibration, defined as the calculation of the amount (e.g., mass, moles, concentration) of analyte in 61 

the sample matrix as a function of the measured analytical signal, can be considered one of the most 62 
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critical, and sometimes complicated steps of the analytical procedure [22]. Calibration should be well 63 

understood when performing all the particular steps of an analytical process: the sample preparation 64 

(including the preparation of the standards), the instrumental measurements and the final 65 

mathematical processing. The selection of the most adequate procedures for each of the stages, 66 

especially in the case of gas phase sample manipulation, will be the key to reliable concentration 67 

values [23–24]. Depending on the sample matrix and the sample preparation technique, different 68 

calibration approaches can be considered [25].  69 

In the case of an exhaustive extraction technique such as ITEX, the concentration of the target 70 

compounds can be easily calculated from the amount of analyte extracted during the sampling 71 

procedure and the volume of the sample [26]. External standard calibration by liquid injection and 72 

standard addition are the most common approaches selected for the development of the calibration 73 

curves but others, like permeation based calibration can be also applied [18, 27]. The applicability of 74 

liquid injection for the development of calibration curves relies on the assumption that sample transfer 75 

efficiencies are the same for both liquid and ITEX injections. However, several variables can affect 76 

the analyte transfer into the analytical column [28]. The modified standard addition approach, when 77 

the liquid standards are added to the ITEX sorbent and dried before injection, or the use of gas 78 

diffusion/permeation systems can help to minimize these problems [29–30].  79 

Non-exhaustive extraction techniques, such as SPME Arrow require more complex approaches, most 80 

of them based on permeation systems, to achieve quantitative results [21]. At this point, it is important 81 

to remember that only a small portion of the target analytes are removed from the sample matrix 82 

during the sampling, and then it is possible to develop the calibration under two different conditions, 83 

at equilibrium and at non-equilibrium [31]. In the first case, sampling time is close to equilibrium 84 

(longer than t95) and the amount of extracted analyte is independent of the sample volume. This 85 

approach is quite convenient in the case of long term sampling or on-site applications. In the non-86 

equilibrium conditions, sampling time is less than t95 and the extraction of the target analytes is a 87 
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kinetic process. In addition, it is possible to assume that adsorption process follows a linear mass 88 

uptake when the sampling time is less than time needed to adsorb the half of the equilibrium 89 

concentration (t50) [31]. 90 

The diffusion coefficient is essential to describe the kinetic extraction process of SPME Arrow. 91 

Several diffusion-based calibration methods based on Fick’s first law of diffusion, the interface 92 

model, the cross-flow model and the kinetic processes of absorption/adsorption and desorption have 93 

been developed in the recent years for the quantification of SPME techniques [32–35]. From all of 94 

them, interface model can be considered the best approach for calibration, when the SPME Arrow is 95 

directly exposed in the matrix for sampling [33]. Using this approach it is possible to calculate the 96 

mass of the analyte extracted into the SPME Arrow as a function of the molecular diffusion 97 

coefficient, the analyte concentration, the sampling time, the air velocity, the air temperature and the 98 

SPME Arrow geometry. The use of short sampling times also minimizes the effects of competitive 99 

adsorption on solid coating [21]. 100 

In all the cases, sampling procedure and chromatographic conditions must remain constant for both 101 

the sample and the standard solutions, and if there are matrix effects, a blank sample matrix will be 102 

necessary. In addition, the use of an internal standard (added before sampling) can compensate losses 103 

of analytes during sample preparation and irreproducibility of parameters and conditions, such as 104 

those in sample injection into GC [22]. 105 

The main objective of this research is the evaluation of different calibration approaches for the 106 

quantitation of volatile organic compounds in air using miniaturized exhaustive and non-exhaustive 107 

sampling techniques such as ITEX and SPME Arrow, respectively. Up to three different calibration 108 

approaches, liquid injection, liquid standard addition to the sorbent bed and gas phase standards 109 

provided by an automatic permeation system were evaluated in the case of ITEX. Two different 110 

approaches, based on sampling of gas phase compounds from the permeation system and from sample 111 

vials containing gas phase standards, were evaluated in the case of SPME Arrow for two different 112 
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coatings such as DVB-PDMS (commercial) and MCM-41 (laboratory-made). In addition, the 113 

interface model approach was used for the calculation of the concentration in the gas phase of the 114 

sample from the total amount of analytes injected into the GC-MS from the SPME Arrow. 115 

 116 

2. Experimental 117 

 118 

2.1 Materials 119 

Decafluorobiphenyl (ISTD, 99%), dichloromethane (HPLC grade), dimethylformamide (99.9%) 2-120 

ethyl-1-hexanol (≥99.6%), ethylbenzene (99%), hexanal (98%), methyl isobutyl ketone (98.5%), 121 

nonanal (≥95%), p-cymene (99%) and triethylamine (TEA, 99%) were purchased from Sigma-122 

Aldrich (St. Louis, USA). Acetophenone was from The British Drug Houses Ltd (Poole, England). 123 

Alpha-pinene (≥98%) was from Fluka (The Netherlands). Toluene (HPLC grade) was from VWR 124 

Chemicals (Pennsylvania, USA). Methanol (HPLC grade) was from Honeywell (Honeywell GmbH, 125 

Seelze, Germany). Trimethylamine (TMA) filled Dynacal Permeation Tube (type HE-XLT2) was 126 

from VICI Metronics Inc., (Poulsbo, USA). 127 

Individual stock solutions (1000 µg/mL) were prepared in methanol and stored at -20 ⁰C. Standard 128 

working solutions for liquid injection, standard addition onto the ITEX sorbent bed and sampling 129 

vials containing gas phase standards for SPME Arrow were prepared by mixing the individual stock 130 

solutions and diluting with dichloromethane to the proper concentration and stored at 5 ⁰C until use. 131 

Two different SPME Arrows, one of them coated with a commercial sorbent (DVB-PDMS) and the 132 

second one with a laboratory-made MCM-41 material, were evaluated in this research. In addition, 133 

an ITEX packed with laboratory-made 10% PAN fibers was also tested. SPME Arrow coated with 134 
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DVB-PDMS, uncoated SPME Arrows and blank ITEXs were from BGB Analytik AG (Zurich, 135 

Switzerland). 136 

The mesoporous MCM-41 silica material was synthesized via sol-gel template route following the 137 

procedure described in the literature [37]. Surface grafting technique was used for the 138 

functionalization of the mesoporous silica with the titanium phosphate moieties [38]. SPME Arrow 139 

coating was developed using the procedure previously developed in our laboratory [15]. Briefly, a 140 

mixture containing 0.2 g of polyacrylonitrile (PAN) in 10 mL of dimethylformamide was heated at 141 

90 ⁰C for 1 h to form the binder solution. 0.4 g of the sorbent (MCM-41) was added to the solution 142 

after cooling. The resulting sticky suspension was stirred at 1000 rpm for 18 h. The SPME Arrow, 143 

previously cleaned, was gently dipped 12 times into the adsorbent/PAN mixture. A nitrogen stream 144 

was used to dry the SPME Arrow between dipping cycles. Once coated, SPME Arrow was aged in 145 

the GC inlet at 250 ⁰C overnight to remove any possible residuals. 146 

Polyacrylonitrile nanofibers were electrospun from a 10% PAN/dimethylformamide solution 147 

according to the procedure previously described in the literature [27, 36]. The resulting material was 148 

packed into ITEX using the following sequence: 20 mg of deactivated silica wool, 50 mg of adsorbent, 149 

20 mg of deactivated silica wool, and a stainless-steel spring. ITEX was preconditioned before 150 

extraction with nitrogen at 250 ⁰C for 12 h. 151 

 152 

2.2 Permeation systems for on-line dynamic microextraction techniques 153 

A modification of our self-made permeation system was used in this study for the formation of a 154 

constant analyte /gas mixture flow at different concentrations (Figure 1) [15, 27]. Pure chemicals 155 

were first capped into commercial GC sample vials, and then placed into a metal cylinder and kept at 156 

30 ⁰C in an oven. A slow nitrogen flow (2 mL/min) was introduced into the metal cylinder from one 157 

end, mixed with the vaporized compounds and exited from the other end of the cylinder. In order to 158 
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decrease the sample concentration, the sample flow was diluted by an extra nitrogen flow. In addition, 159 

a flow control valve was added to the system to provide a second dilution of the previously vaporized 160 

and diluted compounds. Dilution factors in the range of 200–10200 from the constantly vaporized 161 

analytes were achieved with the modifications applied to the permeation system. Dry nitrogen (<1% 162 

humidity) was used in all the cases for the dilution of the target analytes. The real concentrations of 163 

the different compounds in the gas phase were calculated using the measured mass losses of the 164 

standard sample vials and the total flow through the system. Vials were weighted before and after 165 

certain time of permeation (30 days).  166 

In all the cases, with the exception of liquid injection, a second permeation system was used for the 167 

addition of the ISTD previous to the sampling into SPME Arrow and ITEX [15, 27]. Briefly, ISTD 168 

was located in a capped GC vial insert tube and placed into a 20 mL headspace vial. A constant 169 

nitrogen flow (216 mL/min) was used to flush the vaporized ISTD (at 40 ⁰C) to the ISTD extraction 170 

port. SPME Arrow was exposed to the ISTD for 1 min. Five strokes (5 mL with 100 µL/s aspirating 171 

speed) from the ISTD extraction port were used in the case of ITEX. The real concentration of the 172 

ISTD, added to the different SPME Arrows and ITEX, was calculated from the calibration curve 173 

developed for ISTD. 174 

 175 

2.3 Instruments 176 

An Agilent 6890N gas chromatograph (Agilent Technologies, Palo Alto, USA), equipped with a PAL 177 

RTC auto-sampler from CTC Analytics AG (Zwingen, Switzerland), was coupled with an Agilent 178 

5975C mass selective detector for the separation and detection of VOCs present in the air samples. 179 

PAL RTC autosampler allows the automatic SPME Arrow and ITEX conditioning, the sample 180 

preparation and the thermal desorption of the target analytes in the split/splitless injector of the GC. 181 

The chromatograph was furnished with an InertCap™ for Amines (30 m length with 0.25 mm id., no 182 
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information was provided for the film thickness) capillary column (GL Sciences, Tokyo, Japan) 183 

coupled with a 3-m deactivated retention gap (i.d. 0.53 mm, Agilent).  184 

The analysis of target analytes from SPME Arrow and ITEX was developed by thermal desorption - 185 

gas chromatography - mass spectrometry (TD-GC-MS). Desorption of the target analytes sampled 186 

from SPME Arrow was done in the GC inlet (250 ⁰C) for 1 min [15]. ITEX desorption followed the 187 

procedure described in a previous publication [27]. Briefly, 800 µL of He were aspirated from the 188 

GC inlet and the analytes were desorbed (240 ⁰C) and injected into GC-MS by moving the plunger 189 

down at 100 µL/s. Finally, 1 µL of sample was injected (250 ⁰C) in the case of liquid injection 190 

approach. Splitless injection was used in all the experiments.  191 

The GC-MS conditions were the same as used in our previous research for the analysis of VOCs and 192 

air samples [15, 27, 30]. Briefly, oven temperature was programmed from 40 ⁰C (held for 2 min) to 193 

250 ⁰C (held for 10 min) at a rate of 20 ⁰C/min; injector, transfer line, ion source and quadrupole 194 

temperatures were 250, 250, 230 and 150 ⁰C, respectively. Helium (99.996%, AGA, Espoo, Finland) 195 

was used as carrier gas at a constant flow rate of 1.2 mL/min. Electron ionization (EI) mode (70 eV) 196 

was used (m/z 15–350) without solvent delay for the analysis of the samples collected by SPME 197 

Arrow and ITEX from the permeation system and with 6 min solvent delay for liquid injection, liquid 198 

standard addition to the ITEX sorbent bed and samples collected by SPME Arrow from vials 199 

containing gas phase standards. 200 

 201 

2.4 Calibration approaches 202 

2.4.1 Permeation system 203 

This approach was used for the development of calibration curves for SPME Arrow and ITEX. The 204 

modified permeation system was adjusted to provide gas phase compounds at 8 different 205 

concentration levels ranging from 220 to 10200 times the concentrations of the original vaporized 206 
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compounds. The final concentrations of the compounds in gas phase can be found in Table S1. At 207 

least 2 h were needed to stabilize the system after changes in the dilution factor, and three replicates 208 

from each calibration level were analyzed using the different SPME Arrows and ITEX under study. 209 

SPME Arrow sampling procedure using the permeation system was described in our previous paper 210 

[15]. Briefly, SPME Arrow was pre-cleaned in the autosampler conditioner for 10 min, followed by 211 

ISTD addition and subsequent extraction in the standard sampling port at room temperature (~22 ⁰C) 212 

for 30 min. 213 

ITEX sampling procedure was also described in a previous publication [27]. Briefly, ITEX was 214 

automatically moved by PAL autosampler to the standard sampling port after addition of the ISTD. 215 

The plunger of the ITEX syringe, controlled by software, was lifted up and positioned over the side 216 

hole of the syringe barrel. Then, a mechanical controller switch the valves to close the nitrogen flow 217 

and open the line to the air pump (flow-rate 45 mL/min). At this point, gas phase standards started to 218 

pass continuously through the ITEX. Sampling time was 30 min to provide a final sampled volume 219 

of 1.35 L. Trap and syringe sampling temperatures were fixed at 30 and 40 ⁰C, respectively. After 220 

desorption, the temperature of the trap was increased to 240 ⁰C and nitrogen line was opened during 221 

10 min for ITEX preconditioning.  222 

2.4.2 Sampling vials containing gas phase standards 223 

One microliter of multistandard solution, prepared by dilution of the stock standard solutions in 224 

methanol with dichloromethane, at 11 concentration levels (between 100 ng and LOQ) for all the 225 

compounds under study, was added with the help of a 10 µL GC syringe (Agilent) to 20 mL headspace 226 

vials (Agilent). Vials were closed with a PTFE/silicone septum screw-cap (Phenomenex, Torrance, 227 

California, USA). The final concentration of the compounds in gas phase ranged from 5000 µg/m3 to 228 

LOQ, assuming the total evaporation of the added compounds inside the vial. Headspace vials were 229 

preconditioned by heating (90 ⁰C) and flushing with a nitrogen stream for 10 min to remove all the 230 
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potential interferences. Blank vials, loaded with 1 µL of dichloromethane, were analyzed to check 231 

potential contamination from headspace vials. After addition of the target analytes, the vials were 232 

incubated at 40 ⁰C for 11 min before sampling to ensure that compounds are transferred to gas phase. 233 

After SPME Arrow conditioning, ISTD addition was the same as described in the previous approach. 234 

Gas phase compounds were extracted from incubated vials at room temperature (~22 ⁰C) for 30 min. 235 

At least 3 replicates from each level were analyzed with the different SPME Arrows under study. 236 

2.4.3 Liquid standard addition to in tube extraction sorbent bed 237 

One microliter of multistandard solution, prepared as described in 2.4.2 section (between 100 ng and 238 

LOQ), was added, with the help of a 10 µL GC syringe, to ITEX sorbent bed (10% PAN) after 239 

conditioning and ISTD addition. Spiked ITEX were aged at room temperature (~22 ⁰C) under He 240 

stream (0.5 mL) for 2 min before injection in order to dry the solvent used for the preparation of the 241 

standard solutions and to increase the interactions between the analytes and the sorbent. ITEX 242 

conditioning, ISTD addition and injection by TD procedures were developed as described in previous 243 

sections. 244 

2.4.4. Liquid injection 245 

Calibration curves were developed using standard mixtures, prepared as described in section 2.4.2, at 246 

11 concentration levels (between 100 ng and LOQ). In order to compare the results between the liquid 247 

injection and the permeation system approach, the amount of ISTD, added to the multistandard 248 

solutions containing the target analytes, was adjusted to provide the same ISTD peak area than 249 

experiments developed by SPME Arrow and ITEX. The different calibration levels were analyzed in 250 

triplicate. Three different calibration curves were developed containing 2.5 ng, 65.0 ng and 80.0 ng 251 

of ISTD (1 mL volumetric flasks) for comparison with PAN 10% (ITEX), MCM–41 (SPME Arrow) 252 

and DVB–PDMS (SPME Arrows), respectively. 253 

 254 
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2.5 Statistical analysis  255 

Commercial statistical software, OriginPro 2018 from Origin Lab Corporation (Northampton, 256 

Massachusetts, USA), was used for the development of the individual calibration curves diverted 257 

from the different approaches developed in this study and the data treatment of the results. 258 

 259 

3. Results and discussion 260 

 261 

3.1 Selection of the model compounds 262 

2-ethyl-hexanol, hexanal, nonanal, toluene, ethyl-benzene, methyl isobutyl ketone, acetophenone, p-263 

cymene, α-pinene, trimethylamine and triethylamine were selected as model compounds for the 264 

development of the calibration curves based on the following criteria: (1) All them (11) have been 265 

found in outdoor air samples using SPME Arrow and ITEX as miniaturized sampling techniques [15, 266 

27, 30]. (2) These compounds are representative of the natural sample composition, and their 267 

distribution is uniform, according to their taxonomical classification [39]. Six different chemical 268 

groups of compounds, such as ketones, aldehydes, amines, alcohols, monoterpenoids and benzene 269 

substituted derivatives, were established containing two compounds per group with the exception of 270 

alcohols which contained only a single compound (Table S2). These chemical groups have also been 271 

found in the air samples in our previous research [30]. However, sulphur containing and halogenated 272 

compounds, also detected in natural air samples, were not included as model compounds due to their 273 

small contribution, in terms of number of compounds, to the overall composition of the samples. (3) 274 

Volatility difference between the selected compounds was maximized. The retention time, expressed 275 

as linear retention index (RI) values, was used as indicator. RI values ranged from 479 units 276 

(trimethylamine) to 1104 units (nonanal). In addition, differences between compounds, belonging to 277 
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the same taxonomical group, were also maximized when possible, ranging from 92 units in the case 278 

of monoterpenoids to 330 units in the case of ketones. Decafluorobiphenyl was selected as ISTD due 279 

to its relatively good volatility, chromatographic properties and potential absence in the natural 280 

samples. 281 

 282 

3.2 Evaluation of sampling breakthrough volumes and extraction kinetics 283 

Different sampling times were tested for the evaluation of breakthrough volumes (ITEX) and 284 

extraction kinetics (SPME Arrow). The longest sampling time used in this study was selected 285 

according to the potential application of the developed methodology for air sampling using an aerial 286 

drone [30]. Maximum sampling time with a single battery was limited to 30 min. 287 

 288 

3.2.1 Evaluation of breakthrough volume for in-tube extraction 289 

Breakthrough volumes were calculated for 10% PAN ITEX using a simple approach based on the 290 

sampling of different air volumes, ranging from 0.045 to 1.35 L, under constant concentration of the 291 

analytes (all model compounds used in the study). In this case, all the sampling variables, with the 292 

exception of the sampling time that ranged between 1 and 30 min, were kept as described in the 293 

experimental section for the development of the calibration curves using the permeation system. The 294 

highest volume of sample loaded in the ITEX without analyte losses was considered as breakthrough 295 

volume. Sampling under quantitative conditions was considered when it was done below this volume. 296 

In order to ensure that sample capacity and breakthrough volume were not going to be reached during 297 

the development of the calibration curves, the permeation system in the breakthrough study was 298 

adjusted with a dilution factor ~150, which provided a final concentration of the gas phase compounds 299 

higher than the highest concentrations tested for the development of the calibration curves.  300 
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The detailed analysis of the breakthrough time plots (Figure S1) revealed that breakthrough volume 301 

was over 1.35 L for all the compounds under study with the exception of methyl isobutyl ketone and 302 

α-pinene, which gave a breakthrough volume of 1.12 L. Anyway, 1.35 L were selected as sampling 303 

volume for the development of the calibration curves. The highest concentration level (~200 times 304 

dilution) was not considered for the development of the calibration curves of these compounds. 305 

3.2.2 Evaluation of extraction kinetics for solid phase microextraction arrow 306 

Equilibrium and non-equilibrium approaches can be used for the development of quantitative analysis 307 

by non-exhaustive extraction techniques, such as SPME Arrow. Then the evaluation of the extraction 308 

kinetic, under real sampling conditions, is a key factor in order to select the most adequate approach 309 

for quantitation. When the selected sampling time is close to equilibrium (longer than t95), the amount 310 

extracted is independent of the sampling time. However, in non-equilibrium approaches (sampling 311 

time is less than t95), the extraction of the target analytes is a kinetic process. 312 

Extraction kinetic was evaluated for all the SPME Arrow coatings (2) and model compounds (11) 313 

under study, using the permeation system. Different sampling times, ranging from 2 to 30 min, were 314 

tested while keeping all the other extraction conditions (i.e. extraction temperature, relative humidity, 315 

concentration of the analytes, etc.) constant. The permeation system was adjusted to provide a final 316 

concentration of the gas phase compounds higher than the highest concentrations tested for the 317 

development of the calibration curves, dilution factor ~150, in order to ensure that no changes will 318 

be produced in sampling mode, equilibrium or non-equilibrium.  319 

Extraction was developed under non-equilibrium conditions for all the analytes and extraction times 320 

were evaluated in the case of SPME Arrow coated with DVB-PDMS. In detail, t50 was achieved for 321 

acetophenone and toluene after 10 min sampling. However, equilibrium was not reached before 30 322 

min extraction time. In addition, the highest sampling time tested was below t50 for the rest of the 323 

compounds under study (Figure S2a).  324 
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Equilibrium concentration was reached for α-pinene after 7.5 min in the case of the SPME Arrow 325 

coated with MCM-41. In addition, t50 was reached after 5 min in the case of toluene and p-cymene. 326 

In the same way, 10 min was needed to achieve t50 for trimethylamine. For these three compounds, 327 

equilibrium concentration was not reached before 30 min extraction time. Finally, the highest 328 

sampling time tested was below t50 for the rest of the compounds under study (Figure S2b). In both 329 

DVB-PDMS and MCM-41 SPME Arrows, a linear mass uptake can be assumed for these compounds 330 

during the sampling procedure [31]. 331 

According to the results, 30 min was selected as sampling time for SPME Arrow analysis. The 332 

collection of the analytes under kinetic or equilibrium conditions were considered for further 333 

calculations. 334 

 335 

3.3 Interface model approach for solid phase microextraction Arrow 336 

For SPME Arrow, the real concentration of the compounds in the sample can be calculated from the 337 

amount of analytes injected into the GC-MS by the interface model approach. The latter can be easily 338 

calculated from liquid injection of the analytes, simplifying the calibration process [28].  339 

This approach is valid for SPME Arrow when compounds are sampled under the linear uptake regime. 340 

In addition, the analyte concentration in the bulk of the matrix should be kept constant. The function 341 

describing the relation between mass of analyte extracted and the sampling time can be defined by 342 

equation (1) when the analyte concentration is constant in the sample. 343 

𝑛(𝑡) = 𝐶 𝑡                                   (1) 344 

where n is the mass of analyte extracted (ng) in a sampling time (t), Ds is the gas-phase molecular 345 

diffusion coefficient, A is the outer surface area of the sorbent (e.g. outer surface area of the coated 346 
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rod), δ is the thickness of the boundary layer surrounding the extraction phase, B3 is a geometric 347 

factor, Cs is the analyte concentration in the bulk of the sample and t is the sampling time. 348 

All the experimental parameters, such as B3, A, Ds and δ, are kept constant during the extraction 349 

process using the permeation system. Thus, equation (1) can be simplify to enable the estimation of 350 

the concentration of analyte in the sample.  351 

𝑛(𝑡) = 𝑄𝐶 𝑡                                         (2) 352 

𝐶 =
( )

                                                (3) 353 

where Q is a constant parameter calculated from the experimental results for the different individual 354 

compounds. 355 

Q values, expressed as (m3/s), can be calculated using the gas phase concentration (µg/m3) provided 356 

by permeation system and the total amount of compounds injected by the SPME Arrow in the GC-357 

MS (µg) calculated from a calibration curve developed by liquid injection (Table S3). Under selected 358 

sampling conditions, all the model compounds cannot be used for the determination of this parameter. 359 

Just those samples taken under linear uptake regime (see section 3.2.2) by SPME Arrow coated with 360 

DVB-PDMS and MCM-41 can be used for the calculation. These values ranged between 1.7 x 10-7 361 

m3/s (α-pinene) and 8.5 x 10-6 m3/s (triethylamine) in the case of DVB-PDMS and between 3.2 x 10-362 

7 m3/s (2-ethyl-1-hexanol) and 3.2 x 10-5 m3/s (triethylamine) for MCM-41. 363 

 364 

3.4 Comparison of calibration approaches for solid phase microextraction Arrow 365 

Two different approaches, based on sampling of gas phase compounds, such as the permeation system 366 

and sampling vials containing gas phase standards, were evaluated in the case of SPME Arrow for 367 

two different coatings such as DVB-PDMS (commercial) and MCM-41 (laboratory-made).  368 
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Good linearity, (r2 ≥ 0.991), was obtained for all the model compounds and calibration approaches 369 

evaluated in this study (Figure 2A). In all the cases, a significant correlation (ANOVA p-value < 0.05) 370 

was found between the concentration of the target analytes and their relative peak areas (95% of 371 

confidence level). No autocorrelation between residuals, using the Durbing-Watson test (p value > 372 

0.05), was found at 95% confidence level. In addition, no studentized deleted residuals (absolute 373 

value > 2) were found in the data used for the development of the calibration curves. Finally, 374 

according to the lack of fit test (p-value > 0.05), selected regression model was adequate for the 375 

quantitation of the target analytes (Table S4). Only permeation system approach provided a 376 

calibration curve for a very volatile compound trimethylamine. Its retention time was shorter than 377 

solvent delay used for the protection of the filament in the ion source in the case of vials containing 378 

gas phase standards produced from the injection of liquid solutions. However, the use of pure gas 379 

phase standards in the permeation system allowed the data collection during the whole chromatogram 380 

(no solvent delay). Thus, allowing the detection of very volatile compounds with a short retention 381 

time. 382 

The detailed analysis of the slope values obtained from the calibration curves by the different 383 

approaches under study revealed large differences between the permeation system and the sample 384 

vials containing gas phase standards, when it was assumed that total amount of model compounds 385 

injected into the vial was evaporated. Specifically, differences were ranged from 100 (ethylbenzene) 386 

to 75000 (triethylamine) times in the case of DVB-PDMS SPME Arrow and from 200 (2-ethyl-1-387 

hexanol) to 45000 (triethylamine) times in the case of MCM-41 SPME Arrow. These results are in 388 

good agreement with the previous information provided by the literature [41] and invites to think that 389 

selected hypothesis, complete evaporation of the standard compounds, is not adequate for the 390 

development of calibration curves using sample vials containing gas phase standards.  391 

The potential solution to circumvent the differences between the approaches under study could be the 392 

calculation of the real analyte concentration present in the gas phase using the interface model 393 
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approach. The new calibration curves calculated using the real concentration of the gas phase 394 

compounds in the sampling vial were in a good agreement with the values obtained by the permeation 395 

system for both, DVB-PDMS and MCM-41 SPME Arrows (Figure 2B). In addition, the comparison 396 

of the results achieved with the different coatings revealed that the best sensitivity was provided by 397 

MCM-41 SPME Arrow for all the compounds under study with the exception of nonanal and 398 

acetophenone. 399 

The evaluation of the linear range using the different calibration approaches does not provide 400 

homogeneous results. Permeation system affords the largest intervals for linear range, as can be seen 401 

in Figure 2C. However, these results should be considered as preliminary. The concentrations of the 402 

gas phase compounds obtained by the permeation system and the real gas phase concentrations inside 403 

the vials can be calculated just after the experiments. In this way, it is difficult to know in advance 404 

the concentration range between the different approaches. Additional experiments should be 405 

developed with the sample vials containing gas phase standards to homogenize the results (Figure 406 

2C). 407 

The evaluation of the RSDs of relative peak areas for the different approaches gave values under 408 

10.6% for all the model analytes, coating materials and calibration approaches under study (Figure 409 

2D). In this case, the best results in terms of RSD values were provided by the permeation system 410 

ranging from 1.7% (methyl isobutyl ketone) to 6.8% (trimethylamine) in the case of DVB-PDMS 411 

SPME Arrow and between 1.4% (acetophenone) and 5.0% (trimethylamine) for MCM-41 SPME 412 

Arrow. Sample vials containing gas phase standards provided relative peak areas with RSD values 413 

ranging between 5.4% (ethylbenzene) and 10.6% (triethylamine) in the case of DVB-PDMS coating 414 

and between 4.3% (methyl isobutyl ketone) and 9.0% (triethylamine) for MCM-41 coating. These 415 

results are in a good agreement those achieved with the different techniques used for the development 416 

of the calibration curves, including a fully automatic system in the case of the permeation system and 417 

manual addition of the liquid standard in the case of the vials. 418 
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Finally, similar results were obtained for LOD values, calculated using the slope of calibration curve 419 

(SCC) approach (expressed as µg/m3), for the different model compounds and calibration approaches 420 

under study (Figure 2E) [40]. The LOD values ranged between 3.6 x 10-1 µg/m3 (trimethylamine, vial 421 

containing gas phase compounds approach, DVB-PDMS coating) to 2.2 x 10-4 µg/m3 (methyl isobutyl 422 

ketone, permeation system, MCM-41 coating).  423 

 424 

3.3 Comparison of calibration approaches for in-tube extraction 425 

Three different calibration approaches, such as permeation system, external addition of liquid 426 

standards on the ITEX sorbent bed and liquid standard injection were developed for determination of 427 

selected model compounds by ITEX-TD-GC-MS. Different parameters, such as linearity, slope 428 

values, linear range, standard deviation and limit of detection (LOD), related with the performance 429 

of the different approaches were used for their comparison. 430 

Good linearity, expressed as regression coefficient values (r2) ranging from 0.991 (2-ethyl-1-hexanol, 431 

using external addition of liquid standards on ITEX sorbent bed) to 0.999 (nonanal, using permeation 432 

system and external addition of liquid standards on ITEX sorbent bed), was obtained for all the model 433 

compounds and calibration approaches evaluated in this study (Figure 3A). Once again significant 434 

correlation between the concentration of the model compounds and their relative peak area values, 435 

no autocorrelation between residuals, no studentized deleted residuals and good adjustment with 436 

models used for the development of the calibration curves (lack of fit test) were found for all the 437 

compounds and calibration approaches under study (Table S5). In addition, as discussed in the 438 

previous section, only permeation system approach provided a calibration curve for trimethylamine.  439 

The detailed analysis of the slope values of the calibration curves revealed small differences between 440 

the permeation system and the liquid injection (Figure 3B). Slope values were within the same range 441 

for most of the compounds. Permeation system provided larger slope values than liquid injection in 442 
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the case of methyl isobutyl ketone (3 times). The opposite trend was found for hexanal (4 times). 443 

These results can be explained by the differences between the liquid solution and thermal desorption 444 

sample introduction of the target analytes in the gas chromatograph [28]. Similar results were 445 

obtained for the comparison of the liquid injection and the external liquid standard addition approach. 446 

However, larger differences were observed between the permeation system and the external addition 447 

of liquid standard on ITEX sorbent bed approach. Specifically, the first provided larger slope values 448 

than the second for trimethylamine (23 times) and p-cymene (6 times). The opposite trend was found 449 

for toluene (6 times), ethyl benzene (4 times) and α-pinene (5 times) These results, which are in good 450 

agreement with those found in the literature [43], could be explained by the manual addition of the 451 

liquid standards onto the sorbent bed which might result in some irreproducibility and the partial 452 

evaporation of the analytes during ageing step developed before injection.  453 

The evaluation of the linear ranges obtained in the different calibration approaches leads to the same 454 

conclusions as was drawn for SPME Arrow. Permeation system affords the largest intervals for linear 455 

range, as can be seen in Figure 3C. However, these results should be considered as preliminary. It is 456 

difficult to fit in advance the concentration range of the liquid injection approach with that provided 457 

by the permeation system. In this case, the concentration range explored for the liquid injection 458 

approaches was smaller than that given by the permeation system, and additional experiments are 459 

needed to homogenize the results. Anyway, results achieved by liquid injection approaches are in a 460 

good agreement between each other and are not contradictory with the permeation system.  461 

The evaluation of the RSDs of the relative peak area values for the different approaches gave values 462 

under 11% for all the model analytes and calibration approaches under study (Figure 3D). The best 463 

results, in terms of RSD, were provided by the liquid injection approach ranging from 0.7% 464 

(ethylbenzene) to 4.1% (nonanal), followed by the permeation system, from 2.2% (acetophenone) to 465 

7.8% (methyl isobutyl ketone); and finally the external liquid standard addition, from 5.5% (p-466 

cymene) to 10.8% (acetophenone). The results agree well with those obtained by other techniques 467 
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used for the development of the calibration curves. These included the use of diluted gas phase 468 

standards in the case of the permeation system, the manual addition of the liquid standards and a 469 

subsequent drying step in the case of the external addition of liquid standard on ITEX sorbent bed. 470 

Finally, similar results were obtained in terms of LOD, calculated using de SCC approach (expressed 471 

as ng), for the different calibration approaches under study (Figure 3E). The LOD values ranged 472 

between 2.1 x 10-3 ng (methyl isobutyl ketone, liquid external addition) to 1.8 ng (trimethylamine, 473 

permeation system). 474 

 475 

4. Conclusions 476 

Different calibration approaches, including liquid injection, liquid standard addition to the sorbent 477 

bed, sampling vials containing gas phase standards and gas phase standards provided by an automatic 478 

permeation system, were evaluated for the quantitation of volatile organic compounds in air using 479 

miniaturized exhaustive and non-exhaustive sampling techniques ITEX and SPME Arrow. 480 

Advantages and drawbacks discovered during the development of the different calibration approaches 481 

are summarized in Table 1. 482 

Fully automated permeation system provided the most reliable results for the determination of volatile 483 

compounds in air samples. In addition, this approach allowed the quantitation of very volatile 484 

compounds, such as trimethylamine. Unfortunately it has also some limitations, mostly related to the 485 

time needed for the development of the calibration curve and the control of the standard concentration 486 

in the sample. 487 

A potential alternative to the permeation system in the case of SPME Arrow, could be the use of 488 

sample vials containing gas phase standards produced by evaporation of liquid solutions. However, 489 

this approach cannot be directly used for the development of the calibration curves. Calculation of 490 
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the real gas phase compound concentration in the vials is necessary in order to provide similar results 491 

than with the permeation system. 492 

Liquid standard addition on the sorbent bed or sample vials containing gas phase standards can be 493 

used as an alternative quantitation method in the case of ITEX. However, a large variability was found 494 

due to multiple manual steps and partial evaporation of the most volatile compounds during the 495 

sample ageing. 496 

Liquid injection approach, which can be used for SPME Arrow and ITEX, provides the best results 497 

in terms of reproducibility for the development of the calibration curves. However, the use of 498 

theoretical models is mandatory in the case of SPME Arrow for the calculation of the concentration 499 

of the different compounds in the sample. Moreover, in the case of ITEX complete transfer of the 500 

compounds into the column is required for reliable quantitation.  501 
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Figure Captions 613 

 614 

Figure 1. Scheme of the permeation system used for the development of the calibration curves (A) 615 

and the addition of ISTD to the samples (B). 616 

 617 

Figure 2. Comparison of the analytical features provided by the calibration approaches used for SPME 618 

Arrow. ■ Permeation system MCM-41; ■ Sample vials containing gas phase standards MCM-41; ■ 619 

Permeation system DVB-PDMS; ■ Sample vials containing gas phase standards DVB-PDMS. 620 

 621 

Figure 3. Comparison of the analytical features provided by the calibration approaches used for ITEX. 622 

■ Permeation system; ■ Liquid standard addition on sorbent bed; ■ Liquid injection. * LOD for TMA 623 

in the permeation system was 1.8 ng. 624 
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Figure 1.  628 
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Figure 3. 635 
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Table 1. Advantages and drawbacks of the different calibration approaches. 637 

Calibration 
approach 

Advantages Drawbacks 

Permeation 
system 

 Gas standard compounds (calculation 
of real concentration) 

 Fully automatic system 
 Application for SPME Arrow and 

ITEX 
 In SPME Arrow, gas phase 

concentration can be calculated from 
the total amount of standard extracted 
by the fiber (interface model) 

 Quantitation of very volatile 
compounds is possible 

 Long time is needed for the 
calculation of real gas phase 
concentration (30 days) 

 At least 2 h is needed to stabilize 
the system when the dilution 
factor is changed 

 Complex system (high 
probability for leaks) 

 The number of analytes to 
calibrate is limited by the space in 
the metal cylinder 

 No possible control of the 
individual analyte concentration 

Sample vials 
containing gas 
phase standards 

 Control of concentration of individual 
compounds (no number limit) 

 Fast method 
 Simple system 
 

 Application for SPME Arrow 
 Multiple manual operation steps 
 Not clear relation between the 

amount of analytes added and the 
real concentration in the gas 
phase 

 Real gas phase concentration 
should be calculated for the 
development of the calibration 
curves (interface model) 

 No possibility to analyse very 
volatile compounds (RT < 
Solvent delay) 

Liquid injection  Fast method 
 Simple system 
 Robust 
 Application for SPME Arrow (by 

interface model approach) and ITEX 
 Control of concentration of individual 

compounds (no number limit) 
 No limitation for the number of 

analytes  

 No possibility to analyse very 
volatile compounds (RT < 
Solvent delay) 

 Potential errors diverted from the 
manual preparation of solutions 

 Complete injection of the 
compounds should be assumed 

Liquid standard 
addition on 
sorbent bed 

 Fast method 
 Simple system 
 Control of concentration of individual 

compounds (no number limit) 

 Application for ITEX 
 Multiple manual operation steps 
 Potential evaporation of the 

compounds during the ageing 
step 

 No possibility to analyse very 
volatile compounds (RT < 
Solvent delay) 

 638 
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 639 

Highlights 640 

 Different calibration approaches were evaluated for ITEX and SPME Arrow air sampling 641 

techniques  642 

 Permeation system provided accurate and reliable calibration curves for quantitation 643 

 Permeation system and liquid injection gave similar results with ITEX sampling 644 

 Interface model approach simplified the calculation of concentration in the air samples 645 

 646 


