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Abstract: Current standard approaches for quantitation of volatile organic compounds (VOCs) in 

outdoor air are labor-intensive and/or require additional equipment. Solid-phase microextraction 

(SPME) is a simpler alternative; however, its application is often limited by complex calibration, the 

need for highly pure gases and the lack of automation. Earlier, we proposed the simple, automated 

and accurate method for quantitation of benzene, toluene, ethylbenzene and xylenes (BTEX) in air 

using 20 mL headspace vials and standard addition calibration. The aim of present study was to 

expand this method for quantitation of >20 VOCs in air. Twenty-five VOCs were chosen for the 

method development. Polydimethylsiloxane/divinylbenzene (PDMS/DVB) fiber provided better 

combination of detection limits and relative standard deviations of calibration slopes than other 

studied fibers. Optimal extraction time was 10 min. For quantification of all analytes except n-

undecane, crimp top vials with samples should not stand on the autosampler tray for >8 h, while 22 

most stable analytes can be quantified during 24 h. The developed method was successfully tested 

for automated quantification of VOCs in outdoor air samples collected in Almaty, Kazakhstan. 

Relative standard deviations (RSDs) of the responses of 23 VOCs were below 15.6%. Toluene-to-

benzene concentration ratios were below 1.0 in colder days, indicating that most BTEX originated 

from non-transport-related sources. 
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1. Introduction 

The pollution of ambient and indoor air are the main sources of risk to human health in the 

world [1]. Air pollution leads to destruction of ecosystems and creates huge economic and social 

damages to society. There is a direct relationship between a level of air pollution and risk in the 

development of cancer, cardiovascular, respiratory and other diseases [1]. The most difficult and 

important process in quantification of chemical pollutants in ambient air is sampling. Sampling must 

be representative taking into account physicochemical properties of analytes and their concentrations 

in air [2]. 

Current standard sampling approaches for quantification of VOCs in air [2–4] are mainly based 

on collecting air samples into evacuated canisters [2,5] or trapping analytes onto sorbent tubes [3,6] 

followed by the analysis on a gas chromatograph (GC) with a chosen detector, mostly being flame-

ionization (FID) or mass spectrometry (MS). Despite good reliability, these sampling techniques [4] 

are quite complex, labor- and time-consuming, as well as requiring additional equipment. Air 

sampling by standard methods based, e.g., on sorbent tubes [2,3], requires additional equipment such 

as an air sampling pump and a thermal desorption system connected to a gas chromatograph. Before 

air sampling, it is necessary to thoroughly clean sorbent tubes from possible contaminants and 
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residues from previous sampling by highly pure helium. In order to solve these problems, it is 

necessary to reduce the volume of organic solvents used for extraction, or completely exclude them; 

fully or partially automate the sampling process; integrate the sampling and measurement stages; 

and reduce laboratory work and time costs. Additional problems may include carryover of analytes 

and clogging of the cryogenic focusing system [7], which considerably limit the application of 

standard methods. Therefore, low-cost, simple and solvent-free methods for quantification of VOCs 

in the air combining sampling and sample preparation in one step are needed. Solid-phase 

microextraction (SPME) that is based on extraction of VOCs by a micro coating, followed by 

desorption in a GC injection port, meets these requirements [8]. SPME is widely used for the 

determination of VOCs in ambient air (Table 1), indoor air and different emissions [9–18]. Methods 

based on SPME do not need a pump and a thermal desorption system. Desorption of analytes is fast 

resulting in narrow peaks of analytes without a cryogenic focusing. 
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Table 1. Methods for quantification of organic compounds in ambient air by exposed solid-phase microextraction (SPME) fibers. 

Sampling Principle 
SPME Fiber, 

Extraction Time 
Instrument Analytes LOD (µg m−3) Ref. 

SPME from open air 

75-µm Car/PDMS, 

100-µm PDMS,  

20 min  

GC-AED 

 Car/PDMS PDMS 

[9] 

Methanethiol 0.04–0.06 4 

Dimethyl sulfide 
0.003–

0.004 
2 

Isopropanethiol 
0.005–

0.007 
2 

Isobutanethiol 
0.003–

0.004 
0.7 

SPME from static or moving air 
75-µm Car/PDMS, 

1 min  
GC-FID 

Methanol 

2–5 [10] 

Acetone 

Dichloromethane 

Methyl ethyl ketone 

Ethyl acetate 

Dichloroethane 

Methyl isobutyl ketone 

Toluene 

Butyl acetate 

Ethylbenzene 

p-Xylene 

SPME from fan-blown air 
65-µm PDMS/DVB, 

2 h  
GC-MS 

Δ3-Carene 

n/a [19] 

α-Pinene 

Limonene 

Pinonaldehyde 

Pinonic acid 

Dimethylamine + ethylamine 

Air purging via bubbler impinger with KOH 

solution, HS SPME 

75-µm Car/PDMS,  
GC-MS HCN 0.16 [20] 

5 min 

Sampling on XAD-2 resin, accelerated solvent 

extraction with ACN, dilution with water, DI 

SPME 

100-µm PDMS, 
GC-Dual 

ECD 

22 PCBs 

2 × 10−5–4.9 × 10−3 [21] 
40 min 19 OCPs 
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Sampling of PM10 on quartz fiber filter, 

microwave extraction with ethanol-water 

mixture, dilution with water and DI SPME 

50/30-µm 

DVB/Car/PDMS, 

5 min 

GC-MS/MS 

Tripropyl phosphate 20 

[22] 

Tri-n-butyl phosphate 40 

Tris(2-chloroethyl) phosphate 70 

Tris(1-chloro-2-propyl) 

phosphate 
42 

Tris(1,3-dichloro-2-propyl) 

phosphate 
138 

Triphenyl phosphate 51 

Tricresyl phosphate 60 

SPME from open air 
100-µm PDMS, 

30-45 min  
GC-MS 

BTEX  

1–100 [23] 
propylbenzene  

1,3,5-trimethylbenzene butyl 

benzene alkanes (C5, C10-C27) 

Sampling to Tedlar bags, SPME 
75-µm Car/PDMS, 

GC-MS 36 VOCs 0.01–0.93 [24] 
15 min 

Sampling into 20-mL vials, SPME 
100-µm PDMS,  

3 min 
GC-MS 

Benzene 5 

[25] 
Toluene 2 

Ethylbenzene 2 

o-Xylene 2 

Sampling into 20-mL vials, SPME 
65-µm PDMS/DVB, 

GC-MS 25 VOCs 0.01–6.9 
This 

study 10 min 

Notes: n/a—not available; ACN—acetonitrile; AED—atomic emission detector; BTEX—benzene, toluene, ethylbenzene, xylenes; Car—Carboxen; DI—direct 

immersion; DVB—divinylbenzene; ECD—electron capture detector; FID—flame ionization detector; GC—gas chromatography; HS—headspace; LOD—limit of 

detection; MS—mass spectrometry; MS/MS—tandem mass spectrometry; OCPs—organochlorine pesticides PCBs—polychlorinated biphenyls; PDMS—

polydimethylsiloxane; SPME—solid-phase microextraction; VOCs—volatile organic compounds. 
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Despite the high efficiency of the described methods for determination of VOCs in air by SPME 

(Table 1), there are still challenges limiting their application in routine and research environmental 

laboratories. Some authors report limitations due to labor-intensive calibration, i.e., requirements for 

construction of gas generation system with a known concentration of analytes [19,21,24,26]. Most 

methods require using high-purity gases for preparation of calibration samples, which can be difficult 

to purchase and prepare. Baimatova et al. [25] developed a very simple, automated and accurate 

method for quantification of BTEX using SPME and successfully applied it for the analysis of ambient 

air in Almaty, Kazakhstan. Sampling was conducted with 20 mL crimp top vials, which were 

transported to the laboratory, located on the Combi PAL (CTC Analytics, Switzerland) autosampler 

tray and automatically analyzed using GC-MS. To simplify the method, the authors used standard 

addition calibration, which did not require any additional equipment and pure gases. The only major 

drawback of this method was that it allowed quantification of only four analytes [25], while more 

than 100 organic compounds are present in outdoor air of Almaty [27]. Lee et al. [24] developed the 

method for determination of 36 VOCs. However, the sampling was done into Tedlar bags, which did 

not allow automation. In addition, the calibration was carried out with a standard gas mixture of 

VOCs in pure nitrogen. 

The objective of this study was to improve the method developed by Baimatova et al. [25] for 

quantitation of >20 VOCs in 20 mL ambient air samples using SPME and GC-MS. During this study, 

SPME fiber, extraction, desorption and storage times were optimized. The developed method was 

applied for quantification of chosen VOCs in outdoor air of Almaty, Kazakhstan. 

2. Materials and Methods  

2.1. Chemicals 

Analytes of interest were chosen according to the literature review of VOCs determination in 

ambient air in different cities [28–33] and previous studies of compounds detected in the exhausts of 

six arbitrarily chosen cars of different models and production years [27]. Chosen analytes belong to 

several classes of pollutants having various physicochemical properties (Table S1 in Supplementary 

Materials). All solutions were prepared in methanol (purity ≥ 99.9%) that was obtained from Sigma-

Aldrich (St. Louis, MO, USA). Helium (purity > 99.995%) was obtained from “Orenburg-Tehgas” 

(Orenburg, Russia).  

2.2. GC-MS Conditions 

All analyses were conducted on a 7890A/5975C Triple-Axis Detector diffusion pump-based GC-

MS (Agilent, Wilmington, DE, USA) equipped with a split/splitless inlet and MPS2 (Gerstel, Mülheim 

an der Ruhr, Germany) autosampler capable of automated SPME. The inlet was equipped with a 0.75 

mm ID SPME liner (Supelco, Bellefonte, PA, USA) and operated in splitless mode. For separation, a 

60 m × 0.25 mm DB-WAXetr (Agilent, Santa Clara, CA, USA) column with a film thickness of 0.50 µm 

was used at the constant flow of He (1.0 mL min−1). Oven temperature was programmed from initial 

35 °C (held for 5 min) to 150 °C (held for 5 min) at the heating rate of 10 °C min−1, then to 250 °C (held 

for 7 min) at the heating rate of 10 °C min−1. Total GC run time of the analysis was 38.5 min. The MS 

detector worked in selected ion monitoring (SIM) mode. All ions were divided into six consequently 

detected groups for better shape of peaks and lower limits of detection (Table 2). An example of a 

chromatogram is shown in Figure S1 in Supplementary Materials. Peaks were identified using 

retention times of each analyte, which were preliminarily determined by analyzing standard 

solutions of pure analytes and confirmed in full scan (m z−1 10–250 amu) mode of the MS detector. 

Optimal dwell time for each ion was 50–100 ms. The temperatures of MS interface, ion source and 

quadrupole were 250, 230 and 150 °C, respectively.  
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Table 2. MS detection program of analytes in SIM mode. 

No. 

Retention 

Time 

(min) 

Group 

No. 
Analyte 

Quantificatio

n Ion m z−1  

(amu (dwell)) 

Confirmation 

Ions m z−1 

(amu (dwell)) 

Group 

Start 

Time 

(min) 

1 5.1 

1 

2,2,4-Trimethylpentane 57 (100) 56, 41 (50) 

0 2 5.5 n-Heptane 43 (50) 41 (50) 

3 9.9 Methyl ethyl ketone 43 (50) 72 (50) 

4 10.4 

2 

Methylene chloride 49 (100) 84 (50) 

10.2 5 10.8 Benzene 78 (100)  

6 11.8 n-Decane 142 (100)  

7 12.6 

3 

1,1,2,2-Tetrachloroethylene  166 (50) 164 (50) 

12.2 

8 13.1 Toluene 91 (100)  

9 13.5 1,2-Dichloroethane  62 (100) 64 (50) 

10 13.8 n-Undecane 156 (100)  

11 14.9 Ethylbenzene 

106 (100) 

 

12 15.0 m-Xylene  

13 15.1 p-Xylene  

14 15.7 

4 

Propylbenzene 105 (100)  

15.5 

15 15.9 o-Xylene 106 (50)  

16 16.5 Chlorobenzene  112 (100) 77 (50) 

17 17.0 1,3,5-Trimethylbenzene 
105 (100) 

 

18 17.7 1,2,4-Trimethylbenzene  

19 18.1 3-Picoline  93 (100) 66 (50) 

20 23.4 

5 

Benzaldehyde 77 (100)  

22.0 21 24.8 n-Hexadecane 57 (100) 43 (100) 

22 27.9 Naphthalene  128 (100)  

23 31.0 

6 

Phenol 94 (100)  

30.0 24 33.7 Acenaphthene 153 (100)  

25 36.8 Fluorene  166 (100)  

2.3. Selection of the Optimal SPME Fiber  

Standard addition calibration plots were obtained for all 25 analytes using the four most 

common commercially available SPME fibers: 85 µm Carboxen(Car)/polydimethylsiloxane(PDMS), 

100 µm PDMS, 65 µm PDMS/divinylbenzene(DVB) and 50/30 µm DVB/Car/PDMS (all–from Supelco, 

Bellefonte, PA, USA). The calibration process was the same as described by Baimatova et al. [25]. 

Calibration samples were prepared by adding 1.00 µL of a standard solution of analytes (0.50, 1.00, 

2.00 and 4.00 ng µL−1 for benzene, toluene and alkanes; and 0.050, 0.100, 0.200 and 0.400 ng µL−1 for 

other analytes) into the 20 mL crimp-top headspace vial (HTA, Brescia, Italy) filled with laboratory 

air. Ranges of concentrations of VOCs added to calibration samples were chosen in order to cover 

their real concentrations in ambient air (according to the preliminary screening results). Added 

concentrations of benzene, toluene, and alkanes in the calibration samples were 25, 50, 100 and 200 

µg m−3. Added concentrations of ethylbenzene, m-, p-, o-xylenes, polycyclic aromatic hydrocarbons 

and other analytes were 2.5, 5, 10 and 20 µg m−3. Extraction was conducted at room temperature (22 

°C) for 10 min; desorption time was 1 min. 

From the calibration plots, relative standard deviations (RSDs) of slopes and limits of detection 

(LODs) were determined. RSDs of slopes were determined using the LINEST function of Microsoft 

Excel software (Microsoft®  Excel for Office 365, Version 1909, Redmond, WA, USA). LODs were 

calculated using: 
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LOD =
(

𝑏
𝑎

 + 𝐶𝑎𝑑𝑑)  ×  3

𝑆/𝑁
 (1) 

where b is the intercept of a calibration plot; a is the slope of a calibration plot; Cadd is the standard 

addition concentration (µg m−3); and S/N is the signal-to-noise ratio.  

2.4. Effects of Extraction and Desorption Times  

The experiment was conducted on air samples with standard additions of all analytes at 100 µg 

m−3. The following extraction times were studied: 1, 3, 5, 7, 10, 20 and 30 min followed by a 5 min 

desorption. Desorption times 1, 3, 5, 7 and 10 min were studied after 10 min extraction of analytes.  

2.5. Effect of Storage Time 

Effects of storage time on the responses of analytes were studied in crimped 20 mL vials with 

concentrations of standard additions of analytes at 100 µg m−3. Samples were stored at room 

temperature (22 °C) on the autosampler tray during 0, 2, 4, 8, 16, 24, 36 and 48 h, and extracted by 65 

µm PDMS/DVB fiber for 10 min followed by a 1 min desorption. Two replicate samples were 

analyzed after each storage time. Significance of differences (p-value) between the initial response of 

analytes and its response after a certain storage time was estimated using a two-sample two-tailed 

Student’s t-test with a preset relative standard deviation (10%). 

2.6. Estimation of the Method Accuracy 

Accuracy of the method was estimated using spike recoveries from laboratory air samples. 

Concentrations of analytes in laboratory air were determined using a standard addition calibration 

by dividing intercepts by slopes. Three replicate laboratory air samples, which were collected at the 

same time as samples used for preparing calibration standards, were spiked at C = 100 µg m−3 for 

benzene, toluene and alkanes, and at C = 10.0 µg m−3 for other analytes. After analysis, spike 

recoveries (R, %) were determined using 

𝑅 =
𝐶𝑚𝑒𝑎𝑠−𝐶𝑎𝑖𝑟

𝐶𝑠𝑝
× 100%,  (2) 

where Cmeas is the determined concentration of an analyte in a spiked sample (µg m−3); Cair is the 

concentration of an analyte in the laboratory air (µg m−3); and Csp is the concentration of the standard 

addition of an analyte (µg m−3). 

2.7. Air Sampling and Analysis 

The developed method was applied for monitoring of VOCs in ambient air in Almaty on 30 

March, 2 April and 4 April 2019. The sampling process and coordinates of sampling locations (Table 

S2 in Supplementary Materials) were identical to those used by Baimatova et al. in 2015 [25]. 

Prior to sampling, all 20 mL vials and septa were washed using distilled water and conditioned 

at 160 °C for 4 h. Ambient air samples were collected into 20 mL crimp vials (i.e., by opening the vial 

to air and shaking for ~60 sec) and then sealed with aluminum caps and PTFE-silicone septa (Agilent, 

Santa Clara, CA, USA). Vials were transported to the laboratory in 1 L clean glass jars to prevent 

possible losses of analytes during the transportation. Vials with air samples were placed on the 

autosampler tray. Air samples were extracted from the vial using 65 µm PDMS/DVB fiber coating at 

optimized method parameters. Calibration plots were obtained before each sampling day. Weather 

conditions, such as temperature, humidity, wind velocity and pressure, were taken from the public 

database Gismeteo (Table S3 in Supplementary Materials).  
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3. Results 

3.1. Selection of the Optimal SPME Fiber 

Selection of the optimal SPME fiber for quantification of multiple analytes having different 

physicochemical properties is a difficult process. In most cases, the fibers are chosen based on an 

experimental or theoretical basis. Experimental fiber selection is straightforward only when one fiber 

provides greater responses for all analytes. In other cases, a theoretical approach can be involved 

based on known selectivity of the coatings to compounds having different molecular weights and 

polarities [34]. In our study, the selection of the optimal fiber was conducted based on the two most 

important indicators: limit of detection (LOD) and relative standard deviation (RSD) of a calibration 

slope. Lower LODs will allow greater applicability of the method, while lower RSDs would provide 

better accuracy and precision. We estimated how many analytes can be determined at different LODs 

and RSDs. After determining LOD and RSD for each analyte using the four most common commercial 

fibers (Car/PDMS, PDMS, DVB/Car/PDMS and PDMS/DVB), it was checked how many analytes have 

LODs below 1, 2, 5 and 10 µg m−3, and RSDs below 1%, 2%, 5% and 10% using each fiber.  

LODs ≤ 1 µg m−3 for the greatest number of analytes (20 of 25) were achieved using the 

DVB/Car/PDMS fiber (Table 3). Car/PDMS and PDMS/DVB fibers provided such LODs only for 17 

analytes. LODs ≤ 2 µg m−3 were achieved for 23 analytes using DVB/Car/PDMS and PDMS/DVB 

fibers. Such LOD using these fibers was not achieved only for n-hexane and n-hexadecane. LODs ≤ 5 

µg m−3 were achieved for 24 analytes using PDMS/DVB fiber. LODs ≤ 10 µg m−3 were achieved for all 

25 analytes using PDMS, DVB/Car/PDMS and PDMS/DVB fibers. Overall, DVB/Car/PDMS and 

PDMS/DVB fibers provide greatest numbers of analytes at most target LODs. At the same time, 

PDMS/DVB provides lower LODs for three PAHs, which are considered more toxic compared to 

other analytes.  

When comparing RSDs of calibration slopes (Table 4), PDMS/DVB fiber also provides better 

values. RSDs are below 5% for 17 analytes and below 10%—for 22 analytes, which is greater than for 

DVB/Car/PDMS fiber—11 and 20 analytes, respectively. When using PDMS/DVB fiber, RSDs of 

slopes above 10% were obtained only for methyl ethyl ketone (25%), 1,2-dichloroethane (20%) and p-

xylene (15%). When using DVB/Car/PDMS fiber, RSDs of slopes for benzaldehyde and n-hexadecane 

were 79% and 32%, respectively. Thus, based on these results, PDMS/DVB fiber was chosen as most 

appropriate for simultaneous quantification of 25 VOCs.  

Table 3. Limits of detection obtained using different SPME fibers. 

Analyte 
Limit of Detection (µg m−3) 

Car/PDMS PDMS DVB/Car/PDMS PDMS/DVB 

2,2,4-Trimethylpentane  3 8 0.7 1.8 

n-Heptane 50 9 8 7 

Methyl ethyl ketone  15 7 0.8 1.9 

Methylene chloride  1.8 9 1.1 0.6 

Benzene 0.6 6 0.5 1.2 

n-Decane 3 3 1.2 1.5 

1,1,2,2-Tetrachloroethylene 0.04 0.2 0.04 0.04 

Toluene 0.5 4 1.6 1.2 

1,2-Dichloroethane  0.2 1.2 0.8 1.7 

n-Undecane 2 1.0 0.8 1.0 

Ethylbenzene 0.010 0.10 0.2 0.03 

m-Xylene 0.2 0.2 0.6 0.2 

p-Xylene 0.10 0.2 0.2 0.2 

Propylbenzene   0.3 0.3 0.2 0.10 

o-Xylene 0.04 0.10 0.10 0.04 

Chlorobenzene  0.04 0.10 0.05 0.04 

1,3,5-Trimethylbenzene 0.3 0.10 0.10 0.10 

1,2,4-Trimethylbenzene 0.2 0.04 0.04 0.10 

3-Picoline  0.5 0.2 0.10 0.010 
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Benzaldehyde 0.10 0.10 0.4 0.10 

n-Hexadecane - 5 10 5 

Naphthalene  0.2 0.10 0.10 0.04 

Phenol 0.8 0.10 0.10 0.10 

Acenaphthene 0.3 0.10 0.2 0.10 

Fluorene  5 0.10 0.6 0.10 

Number of analytes with a limit of detection ≤ 

1 µg m−3 17 16 20 17 

2 µg m−3 19 17 23 23 

5 µg m−3 22 20 23 24 

10 µg m−3 22 25 25 25 

Table 4. Relative standard deviations of calibration slopes obtained using different SPME fibers. 

Analyte 
Relative Standard Deviation of a Slope (%) 

Car/PDMS PDMS DVB/Car/PDMS PDMS/DVB 

2,2,4-Trimethylpentane 0.50 2.7 1.7 2.7 

n-Heptane 44 11 4.5 5.2 

Methyl ethyl ketone 42 14 7.8 25 

Methylene chloride 95 200 5.3 4.2 

Benzene 4.4 9.4 3.2 1.1 

n-Decane 3.5 5.6 0.50 5.9 

1,1,2,2-Tetrachloroethylene 2.6 1.2 0.40 3.1 

Toluene 18 3.4 5.8 6.4 

1,2-Dichloroethane  2.1 9.0 10 20 

n-Undecane 5.9 5.7 1.8 4.7 

Ethylbenzene 0.50 2.7 4.8 4.4 

m-Xylene 3.8 1.7 9.6 4.6 

p-Xylene 1.2 6.8 7.5 15 

Propylbenzene 4.0 2.4 9.6 2.2 

o-Xylene 0.60 1.3 7.5 3.4 

Chlorobenzene  3.8 1.3 1.3 1.3 

1,3,5-Trimethylbenzene 0.30 0.80 2.2 3.2 

1,2,4-Trimethylbenzene 7.6 3.5 6.1 3.8 

3-Picoline  5.1 6.5 15 6.2 

Benzaldehyde 8.0 3.2 79 3.7 

n-Hexadecane - 4.5 32 8.3 

Naphthalene  5.7 1.8 20 2.2 

Phenol 15 1.4 24 2.5 

Acenaphthene 4.2 5.3 4.3 2.5 

Fluorene  5.5 1.5 4.0 3.5 

Number of analytes with a relative standard deviation of a slope ≤ 

1% 4 1 2 0 

2% 5 8 5 2 

5% 13 15 11 17 

10% 19 22 20 22 

3.2. Effects of Extraction and Desorption Times  

Extraction and desorption times are important parameters of VOC quantification by SPME, 

which have an impact on intensity of analyte responses. Speed of equilibration during the extraction 

stage depends on a vessel volume, the diffusion coefficient of an analyte and its distribution constant 

between the coating and the air [35]. The equilibrium between the fiber and air for almost all analytes 

was reached after 5–10 min of extraction (Figure 1). Extraction time did not affect the responses of 
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methylene chloride, methyl ethyl ketone and 1,2-dichloroethane—their responses varied by 1–13%. 

The responses for benzene were stabilized after 3 min of extraction. Based on the obtained results, an 

extraction time of 10 min was chosen as optimal. 

 

Figure 1. Effect of extraction time on responses of analytes: (a)—benzene, toluene, ethylbenzene, 

m,p,o-xylenes; (b)—2,2,4-trimethylpentane, benzaldehyde, phenol, 1,3,5-trimethylbenzene, 

naphthalene, acenaphthene; (c)—n-heptane, n-decane, n-undecane, fluorene, methyl ethyl ketone, 1,2-

dichloroethane, 3-picoline, and (d)—propylbenzene, n-hexadecane, 1,2,4-trimethylbenzene, 

chlorobenzene, 1,1,2,2-tetrachloroethylene, methylene chloride. 

The increase in desorption time above 1 min had no significant effects on responses of all studied 

VOCs (Figure S2 in Supplementary Materials). After this time, the responses varied by 0.43–15%. 

Therefore, the desorption time of 1 min was chosen as the optimal.  

3.3. Effect of Storage Time 

During transportation and storage of air samples, concentrations of analytes can decrease due 

to their decomposition, losses via leaks and adsorption to internal walls of a vial and septum. The 

approach proposed by Baimatova et al. [25] was used to minimize the losses of analytes. The goal of 

this experiment was to estimate losses of analytes during their storage on the autosampler tray. 

Figure 2 shows the effect of storage time on responses of analytes. Two-sample two-tailed t-tests 

indicated that the changes in responses of n-undecane, acenaphthene and fluorene in relation to 

initial values were significant (p < 0.05 at RSD = 10%) after 24 h of storage (Table S4 in Supplementary 

Materials), while responses of other 22 analytes were stable. After 48 h of storage, changes in 

responses of n-undecane, n-hexadecane, acenaphthene and fluorene were significant. Greater losses 

of more hydrophobic analytes could be explained by their adsorption to a hydrophobic surface of a 

PTFE-lined septum being in direct contact with air. Despite these septa being considered highly inert, 

adsorption of very hydrophobic compounds by PTFE was earlier reported in the literature [36]. For 

achieving the greatest accuracy for these analytes, samples should be analyzed as quickly as possible, 

e.g., during the first 8 h after sampling. 
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Figure 2. Effect of storage time on responses of analytes: (a)—2,2,4-trimethylpentane, chlorobenzene, 

1,2,4-trimethylbenzene, phenol, fluorene, 1,1,2,2-tetrachloroethylene, 1,3,5-trimethylbenzene, 

naphthalene, acenaphthene, hexadecane; (b)—n-heptane, methylene chloride, 1,2-dichloroethane, 3-

picoline, methyl ethyl ketone, n-decane, n-undecane, and (c)—benzene, toluene, ethylbenzene, m,p,o-

xylenes, propylbenzene, benzaldehyde. 

3.4. Estimation of the Method Accuracy 

Spike recoveries of all analytes except methyl ethyl ketone, methylene chloride, 3-picoline and 

n-hexadecane were 90–105% (Table 5), which is consistent with the results of previous experiments. 

Lower recoveries of methyl ethyl ketone, methylene chloride, 3-picoline and n-hexadecane could be 

explained by high RSDs in their determined concentrations, which were 7.4%, 17%, 43% and 11%, 

respectively. RSDs of other analytes were 1.8–6.5%. 

Table 5. Spike recoveries of analytes. 

Analyte Cair (µg m−3) Csp (µg m−3) Cmeas (µg m−3) Recovery (%) 

2,2,4-Trimethylpentane  22.3 100 124 102 

n-Heptane 55.0 100 158 103 

Methyl ethyl ketone  88.4 10 93.6 51 

Methylene chloride  20.7 10 29.6 89 

Benzene 80.2 100 183 103 

n-Decane 17.7 100 117 100 

1,1,2,2-Tetrachloroethylene 0.58 10 10.6 100 

Toluene 25.7 100 128 102 

1,2-Dichloroethane  n/d 10 9.3 93 

n-Undecane 50.2 100 146 96 

Ethylbenzene 1.36 10 11.4 101 

m-Xylene 1.74 10 11.9 102 

p-Xylene 1.92 10 12.0 100 
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Propylbenzene 1.17 10 11.2 100 

o-Xylene 1.57 10 11.7 101 

Chlorobenzene 0.60 10 10.6 100 

1,3,5-Trimethylbenzene 1.82 10 11.6 97 

1,2,4-Trimethylbenzene 4.33 10 14.2 98 

3-Picoline  8.63 10 17.2 86 

Benzaldehyde 0.83 10 10.4 96 

n-Hexadecane 132 100 213 81 

Naphthalene  3.80 10 13.6 98 

Phenol 3.52 10 13.5 100 

Acenaphthene 1.61 10 12.1 105 

Fluorene  4.64 10 14.7 101 

3.5. Air Sampling and Analysis 

During the monitoring of the atmospheric air in Almaty using the optimized method, all 

analytes were detected except methyl ethyl ketone and 1,2-dichloroethane. Mean concentrations of 

analytes ranged from 0.2 to 83, from 0.1 to 70 and from 0.1 to 74 µg m−3 on 30 March, 2 April and 4 

April, respectively. The highest concentrations (0.7–89 µg m−3) for 16 of the 23 analytes were detected 

on the 3rd day of sampling (Table 6). It can be caused by higher temperatures (14–16 °C) than on 

previous sampling days (6–11 °C). The highest concentrations for the rest of the VOCs, such as 

benzene, propylbenzene, benzaldehyde and hexadecane, were detected on March 30, which made up 

56, 0.3, 1.8 and 123 µg m−3, respectively. The 2nd sampling day showed the highest concentrations of 

naphthalene, phenol and fluorene—2.4, 3.9 and 0.8 µg m−3, respectively. The lowest concentrations of 

the greatest number of analytes (16) were detected in sampling point P2 (Table S5 in Supplementary 

Materials) located in the upper part of the city close to mountains. The highest concentrations of the 

greatest number of analytes (12) were detected in sampling point P3 located in the central part of the 

city. 

The relative standard deviations of three replicate analyses of the air samples did not exceed 

15.6%. From 108 measurements, the greatest numbers of outliers (one out of three replicate 

measurements according to Grubbs’ test) were identified for n-hexadecane (19), methylene chloride 

(14), n-undecane (13) and acenaphthene (12). No outliers were identified for ethylbenzene and m-

xylene. 

Toluene-to-benzene (T/B) concentration ratios during the sampling period varied from 0.46 to 

1.69. During the first two days of sampling, T/B ratios were below 1 indicating that the main source 

of BTEX was not transport. During these two days, the temperatures were 3–7 °C lower than during 

the third day of sampling, and the central and domestic heating systems were more active. During 

the third day of sampling, T/B ratios were 1.69 and 1.06, and the main BTEX emissions originated 

from transport. The same trend was reported for the similar period in 2015 [25]. However, T/B were 

lower than 1 mostly in days with negative temperatures. In 2019, such ratios were observed at 

temperatures between 6 and 11 °C, which could mean that the fraction of BTEX emissions from 

transport-related sources decreased since 2015.
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Table 6. Measured VOC concentrations in air. 

Sampling date >> 
Concentration ± Standard Deviation (µg m−3)  

Outliers 
Saturday, 30 March Tuesday, 2 April Thursday, 4 April 

Analyte 8 AM 8 PM Mean 8 AM 8 PM Mean 8 AM 8 PM Mean Number % 

2,2,4-Trimethylpentane 18 ± 2 20 ± 2 19 ± 2 19 ± 3 15 ± 2 17 ± 2 34 ± 6 22 ± 2 28 ± 4 6 5.7 

n-Heptane 46 ± 5 53 ± 5 50 ± 5 46 ± 3 38 ± 5 42 ± 4 89 ± 9 60 ± 6 74 ± 8 5 4.6 

Methyl ethyl ketone n/d n/d n/d n/d n/d n/d n/d n/d n/d n/a n/a 

Methylene chloride 25 ± 7 25 ± 5 25 ± 6 10 ± 1 8 ± 2 9 ± 2 45 ± 7 53 ± 13 49 ± 10 14 13 

Benzene 40 ± 5 56 ± 4 48 ± 4 37 ± 3 46 ± 9 41 ± 6 48 ± 4 56 ± 7 52 ± 6 6 5.6 

n-Decane 11 ± 3 13 ± 2 12 ± 2 4.8 ± 1.2 8.4 ± 1.0 6.6 ± 1.1 30 ± 6 28 ± 4 29 ± 5 6 5.6 

1,1,2,2-Tetrachloroethylene 0.14 ± 0.05 0.18 ± 0.03 0.16 ± 0.04 0.08 ± 0.01 0.12 ± 0.07 0.10 ± 0.04 1.3 ± 0.6 1.2 ± 0.2 1.2 ± 0.4 9 8.3 

Toluene 34 ± 3 50 ± 3 42 ± 3 28 ± 1 21 ± 6 25 ± 3 81 ± 15 60 ± 6 70 ± 11 6 5.6 

1,2-Dichloroethane  n/d n/d n/d n/d n/d n/d n/d n/d n/d n/a n/a 

n-Undecane 22 ± 6 27 ± 3 25 ± 4 13 ± 2 14 ± 2 13 ± 2 36 ± 7 22 ± 4 29 ± 5 13 12 

Ethylbenzene 0.49 ± 0.13 0.68 ± 0.05 0.58 ± 0.09 0.43 ± 0.02 0.35 ± 0.03 0.39 ± 0.03 0.94 ± 0.14 0.84 ± 0.08 0.89 ± 0.11 n/d n/d 

m-Xylene 0.55 ± 0.14 0.90 ± 0.05 0.73 ± 0.09 0.67 ± 0.03 0.47 ± 0.04 0.57 ± 0.04 1.3 ± 0.2 0.99 ± 0.09 1.1 ± 0.2 n/d n/d 

p-Xylene 0.81 ± 0.16 1.26 ± 0.09 1.04 ± 0.13 0.95 ± 0.04 0.72 ± 0.07 0.83 ± 0.05 1.9 ± 0.2 1.82 ± 0.12 1.9 ± 0.2 1 1.0 

Propylbenzene 0.28 ± 0.12 0.11 ± 0.02 0.20 ± 0.07 0.18 ± 0.01 0.06 ± 0.02 0.12 ± 0.02 0.22 ± 0.13 0.07 ± 0.02 0.14 ± 0.08 11 10 

o-Xylene 0.55 ± 0.14 0.59 ± 0.04 0.57 ± 0.09 0.45 ± 0.13 0.30 ± 0.02 0.37 ± 0.08 0.70 ± 0.16 0.61 ± 0.04 0.65 ± 0.10 2 1.9 

Chlorobenzene  1.1 ± 0.4 1.49 ± 0.09 1.3 ± 0.2 1.1 ± 0.3 0.76 ± 0.06 0.9 ± 0.2 1.5 ± 0.2 1.25 ± 0.07 1.38 ± 0.18 2 1.9 

1,3,5-Trimethylbenzene 2.0 ± 0.6 1.22 ± 0.08 1.6 ± 0.4 2.1 ± 0.2 0.79 ± 0.05 1.45 ± 0.13 3.1 ± 1.0 1.09 ± 0.05 2.1 ± 0.5 3 2.8 

1,2,4-Trimethylbenzene 1.3 ± 0.5 2.97 ± 0.14 2.2 ± 0.3 1.3 ± 0.4 1.57 ± 0.11 1.4 ± 0.3 2.0 ± 0.8 3.2 ± 0.7 2.6 ± 0.7 5 4.6 

3-Picoline  8.1 ± 2.6 0.9 ± 0.2 4.5 ± 1.4 7.0 ± 1.9 0.39 ± 0.08 3.7 ± 1.0 12.5 ± 5.3 1.4 ± 1.1 7.0 ± 3.2 9 8.3 

Benzaldehyde 1.3 ± 0.7 1.8 ± 0.3 1.5 ± 0.5 0.7 ± 0.4 1.4 ± 0.2 1.1 ± 0.3 0.6 ± 0.4 1.4 ± 0.5 1.0 ± 0.4 8 7.4 

n-Hexadecane 123 ± 16 44 ± 6 84 ± 11 90 ± 10 50 ± 9 71 ± 10 85 ± 14 47 ± 4 66 ± 9 19 18 

Naphthalene  1.8 ± 0.6 1.8 ± 0.2 1.8 ± 0.4 1.3 ± 0.4 2.4 ± 0.6 1.9 ± 0.5 1.5 ± 0.3 2.3 ± 0.4 1.9 ± 0.3 4 3.7 

Phenol 2.1 ± 0.6 2.9 ± 0.5 2.5 ± 0.5 2.4 ± 0.6 3.9 ± 0.9 3.1 ± 0.8 3.3 ± 1.1 3.3 ± 1.2 3.3 ± 1.2 10 9.3 

Acenaphthene 2.24 ± 0.13 0.13 ± 0.04 1.19 ± 0.09 2.6 ± 0.8 0.3 ± 0.03 1.4 ± 0.4 2.6 ± 0.8 0.29 ± 0.10 1.5 ± 0.5 12 12 

Fluorene  0.4 ± 0.2 0.59 ± 0.01 0.48 ± 0.11 0.8 ± 0.2 0.57 ± 0.12 0.7 ± 0.2 0.6 ± 0.3 0.5 ± 0.3 0.5 ± 0.3 7 7.2 

Note: n/d—not detected; n/a – not available. 
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4. Conclusions 

A low-cost method for quantitation of multiple VOCs in ambient air using SPME-GC-MS was 

developed. It was proven that 65 µm PDMS/DVB fiber provides a better combination of detection 

limits, accuracy and precision compared to 85 µm Car/PDMS, 100 µm PDMS and 50/30 µm 

DVB/Car/PDMS. The increase in extraction time above 10 min did not have a significant impact on 

the responses of analytes. Optimal desorption time is 1 min. For quantification of all analytes, except 

undecane, vials with samples should not stand on the autosampler tray for more than 8 h. 

Quantification of 22 of the most stable analytes can be conducted during 24 h after sampling. Spike 

recoveries of 21 of the 25 chosen analytes were 90–105%. Recoveries of other analytes were 51–89% 

at RSDs of 7.4–43%. 

The developed method was successfully applied for quantification of chosen analytes in 

atmospheric air of Almaty in Spring, 2019. On average, the completely automated analysis of one 

sample took 50–60 min, which was enough to analyze 24 (18 air + 6 calibration) air samples per day. 

All analytes were detected, except methyl ethyl ketone and 1,2-dichloroethane. RSDs of the responses 

of 23 VOCs varied from 0.1% to 15.6%. The use of three replicate samples allowed identifying outliers. 

For 18 detected analytes, the fraction of outliers was <18%. Results for the other five detected analytes 

contained 10–20% outliers. Mean concentrations of 23 VOCs during all sampling times ranged from 

0.1 to 83 µg m−3. Toluene-to-benzene concentrations ratios were below 1.0 in colder days of sampling, 

indicating that most BTEX in these days originated from non-transport-related sources. The obtained 

results prove that the method is very simple, automated, low-cost and provides sufficiently low 

detection limits, which allow recommending it for monitoring of a wide range of VOCs in 

atmospheric air of Almaty and other similar cities. The measured concentrations cannot be used to 

generalize the air pollution problem in Almaty because additional research is needed for this 

purpose. These data along with the developed method can be useful for improving the air pollution 

monitoring program in Almaty. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: 

Chromatogram obtained using the developed method based on SPME-GC-MS of air sample with Cadd = 100 µg 

m−3, Figure S2: Effect of desorption time on responses of analytes, Table S1: The list of chosen VOCs and its 

physical properties, Table S2: Coordinates of sampling locations, Table S3: Weather conditions on sampling 

days, Table S4: Probabilities of difference between initial responses of analytes and their responses after different 

storage times, Table S5: Sampling locations where lowest and highest concentrations of analytes were 

determined at different sampling times. 
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