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A comparison was made between the relative performance of active and passive 24 

sampling methods for the analysis of 1,3-butadiene in outdoor air. Active and passive 25 

sampling was conducted using multi-sorbent bed tubes (Carbotrap, Carbopack X, 26 

Carboxen 569) and RAD141 Radiello® diffusive samplers (filled with Carbopack X), 27 

respectively. Daily duplicate samples of multi-sorbent bed tubes were taken over a 28 

period of 14 days (9 + 5 days) at El Morell (Tarragona, Spain), near the petrochemical 29 

area. As 1,3-butadiene is a reactive pollutant and can be rapidly oxidized, half of the 30 

samplers were equipped with ozone scrubbers. Samples consisted in two tubes 31 

connected in series (front and back) to allow determination of breakthrough. 32 

Quadruplicate samples of Radiello® tubes were taken over a period of 14 days (9days 33 

and 5 days), too. During those days, ozone concentration was measured using RAD172 34 

Radiello® samplers. In addition to this, daily duplicate samples of multi-sorbent bed 35 

tubes were taken in the city of Barcelona over a period of 8 days. Simultaneously, 4 36 

samples of Radiello® tubes were exposed to outdoor air. Sampling was done throughout 37 

June and July 2017. Analysis was performed by thermal desorption coupled with gas 38 

chromatography/mass spectrometry. Analytical performance of the two sampling 39 

methods was evaluated by describing several quality assurance parameters, with results 40 

showing that performances are quite similar. They display low detection limits, good 41 

precision, linearity and desorption efficiency, low levels of blank values, and low 42 

breakthrough for multi-sorbent bed tubes. However, Radiello® samplers were not able 43 

to uptake episodic 1,3-butadiene high concentrations, leading to underestimation of real 44 

values. Hence, we can conclude that Radiello® samplers can be used for baseline 1,3-45 

butadiene levels whereas multi-sorbent bed tubes would be advisable when relevant 46 

episodes are expected. 47 

 48 
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1. Introduction 52 

1,3-butadiene is an ubiquitous pollutant in the atmosphere which is emitted from several 53 

sources such as combustion of organic matter, residential heating, traffic or fuel 54 

distribution (Arayasiri et al., 2010; Aurell et al., 2017; Curren et al., 2006; Delgado-55 

Saborit et al., 2011; Nagpure et al., 2016; Özkaynak et al., 2008; Sapkota and Buckley, 56 

2003). Petrochemical industry processes, especially those occurring at manufacturing 57 

plants using or producing this compound (Axelsson et al., 2010; Bari and Kindzierski, 58 

2017; European Communities, 2002; Liang et al., 2017; Mo et al., 2015; Myers et al., 59 

2015) may result in significant fugitive and episodic emissions (Czader and 60 

Rappenglück, 2015; Gallego et al., 2018; Grant et al., 2007) that can be difficult to 61 

evaluate due to their intermittent nature (Chen et al., 2015). 1,3-butadiene is 62 

carcinogenic to humans (Group 1) according to IARC (IARC, 2012, Simpson et al., 63 

2013), can cause DNA damage (Ruchirawat et al., 2010), affects the hematopoietic 64 

system (Arayasiri et al., 2010), has been related to central nervous system primitive 65 

neuroectodermal tumours in children (PNET) (von Ehrenstein et al., 2016), and has 66 

been found to significantly contribute to estimated inhalation cancer risk worldwide (de 67 

Blas et al., 2012; Dhaini et al., 2017; Huy et al., 2018; Zhou et al., 2011). Additionally, 68 

1,3-butadiene can contribute to high ozone concentration events as it is an important 69 

ozone precursor in the presence of NOx and solar radiation (Liang et al., 2017; Simpson 70 

et al., 2013).That is why air quality long-term evaluation (Gallego et al., 2018) must 71 

take this compound into account, especially because of its toxic properties (Mo et al., 72 

2015). 73 



4  

In recent years, passive and active sampling methods have been used to determine 1,3-74 

butadiene levels in outdoor air (Gallego et al., 2018; Oliver et al., 2017; Sakurai et al., 75 

2013;Strandberg et al., 2014; US EPA 2015a, 2015b; Vallencillos et al., 2018). Passive 76 

samplers are easy to operate, are generally low cost and do not need electricity supply. 77 

They provide average pollutant concentrations based on uptake rates (Gallego et al., 78 

2009a; 2011). In this line, EPA 325A/B methods (US EPA 2015a; 2015b) have been 79 

established to monitor fenceline fugitive and area source VOC emissions using passive 80 

samplers coupled with TD-GC/MS analysis to define regional emission inventories 81 

(Eisele et al., 2016; Oliver et al., 2017). Additionally, the Regulations Respecting 82 

Reduction in the Release of Volatile Organic Compounds (Petroleum Sector) came into 83 

force in Canada on 1 January 2018. These Regulations also propose fenceline 84 

monitoring of benzene, 1,3-butadiene and all retainable VOC using passive samplers in 85 

petroleum and petrochemical facilities (Government of Canada, 2017). However, the 86 

effectiveness of passive samplers in displaying environmental pollutant concentrations 87 

is limited because their way of operating can underestimate episodic high peak 88 

concentratios. By contrast, even though active samplers need power supply, they enable 89 

short-term sampling, from a few minutes to several hours (Gallego et al., 2009a), to 90 

assess concentration peak profiles (Dettmer and Engewald, 2003, Strandberg et al., 91 

2014). This must be taken into account when establishing monitoring strategies such as 92 

those proposed in Canada and USA. Thus, it can be concluded that the two sampling 93 

approaches are valid depending on the information required. However, in order to 94 

evaluate the performance of Radiello® passive samplers, mainly related to their capacity 95 

to display episodic 1,3-butadiene high concentrations accurately, a widely used active 96 

sampling methodology based on multi-sorbent bed tubes (Carbotrap, Carbopack X and 97 
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Carboxen 569) and Radiello® passive samplers (Carbopack X) specific for analysis of 98 

1,3-butadiene were compared.  99 

Concentrations of 1,3-butadiene in outdoor air were measured in two Catalan locations, 100 

namely El Morell, near a 1,3-butadiene manufacturing plant with an annual production 101 

of 202,000 t located at 41º11'26.8'' N and 1º13'13.9'' E in the Tarragona petrochemical 102 

complex, and the city of Barcelona. 1,3-butadiene is a highly volatile and reactive 103 

compound (Martin et al., 2005), and so special attention must be paid to the sampling 104 

and analytical methodologies used for its evaluation. This compound can be 105 

transformed into a variety of products in the atmosphere through oxidation by ozone 106 

(Kramp and Paulson, 2000; Martin et al., 2005; Sakurai et al, 2013) and its collection in 107 

several samplers can be altered by ozone interferences (Sakurai et al., 2013). Therefore, 108 

ozone scrubbers were attached to several active samplers to evaluate the possible effects 109 

of outdoor ozone concentrations on 1,3-butadiene sampling. 110 

Analysis of 1,3-butadiene was performed by automatic thermal desorption coupled with 111 

capillary gas chromatography/mass spectrometry (TD-GC/MS). TD-GC/MS has been 112 

widely used in VOC and 1,3-butadiene analysis (Gallego et al., 2009a, 2012, 2016, 113 

2017, 2018). This selective methodology allows good chromatographic separation, and 114 

identification and quantification of target analytes through their characteristic mass 115 

spectrum and quantification ion, respectively (Ribes et al., 2007). The performance of 116 

the two sampling methodologies was evaluated by describing several quality assurance 117 

parameters, i.e. detection limit, linearity range, precision, desorption efficiency, blank 118 

values, and breakthrough values for active samplers. Additionally, outdoor ozone 119 

concentrations were determined using Radiello® ozone passive samplers and analyzed 120 

by spectrophotometry. 121 

 122 
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2. Materials and methods 123 

2.1 Chemicals and materials 124 

1,3-butadiene solution (20% wt in toluene), 3-methyl-2-benzothiazolinone hydrazine 125 

hydrochloride (MBTH), 4-pyridylaldehyde, potassium iodide ozone scrubbers of 1.5 g, 126 

and RAD141 and RAD172 Radiello® passive sampling tubes were obtained from 127 

Sigma-Aldrich Chemie (Steinheim, Germany). Toluene for gas chromatography 128 

(SupraSolv®
) with a purity � 99.8% was obtained from Merck (Darmstadt, Germany). 129 

Concentrated sulphuric acid (96%) was obtained from Panreac (Montcada i Reixac, 130 

Spain). Perkin Elmer glass tubes (Pyrex, 6 mm external diameter, 90 mm long), 131 

unsilanized wool, and Carbotrap (20/40 mesh), Carbopack X (40/60 mesh) and 132 

Carboxen 569 (20/45 mesh) adsorbents were purchased from Supelco (Bellefonte, PA, 133 

USA). 134 

2.2 1,3-butadiene sampling tubes 135 

Multi-sorbent bed tubes used for 1,3-butadiene sampling were custom packed and 136 

composed of Carbotrap (activated graphitized black carbon, weak sorption strength, 70 137 

mg), Carbopack X (activated graphitized black carbon, medium sorption strength, 100 138 

mg) and Carboxen 569 (spherical carbon molecular sieve, high sorption strength, 90 139 

mg) (Figure 1). They were evaluated in an earlier study and found to be highly versatile 140 

regarding polarity and volatility of a wide range of target VOCs (Ribes et al., 2007), and 141 

were used for analysis of 1,3-butadiene in outdoor air (Gallego et al., 2018). 1,3-142 

butadiene in outdoor air was actively sampled with multi-sorbent bed tubes for 24 h by 143 

connecting the self-packed glass multi-sorbent cartridge tubes to air collector pump 144 

samplers specially designed in the LCMA-UPC laboratory (Roca et al., 2003). The flow 145 

sampling rate was set at 70 ml min-1. The sorbents are hydrophobic enough to avoid 146 

interferences derived from the humidity in the air sampled (Ribes et al., 2007). As an 147 
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additional measure, tubes are purged at ambient temperature for 2 min with a helium 148 

flow rate of 50 ml min-1 prior to TD-GC/MS. 149 

RAD141 Radiello® tubes specially designed to evaluate 1,3-butadiene passively were 150 

filled with Carbopack X by the manufacturer (Figure 1). 151 

Both sampling tubes were conditioned before use at 400ºC, sealed with Swagelock end 152 

caps fitted with PTFE ferrules and stored at 4ºC for 1 week at most before use. Once 153 

sampled, tubes were injected into a TD-GC/MS system with a maximum storage time 154 

before injection of 1 week (clean refrigerator at 4ºC). 155 

2.3 1,3-butadiene analytical instrumentation 156 

Analysis of 1,3-butadiene for multi-sorbent and Radiello® tubes was performed by TD-157 

GC/MS using a Markes Unity Series 2 (Markes International Ltd., Lantrisant, UK) via 158 

Thermo Scientific Focus GC fitted with a Thermo Scientific DSQII MSD (Thermo 159 

Fisher Scientific, Austin, Texas, USA). 160 

The methodology is described in the literature (Ribes et al., 2007; Gallego et al., 161 

2009b). Primary thermal desorption of the sampling tubes was carried out at 300ºC with 162 

a helium flow rate of 55 ml min-1 for 10 min. A double split was applied to the TD 163 

system (cold trap inlet and outlet splits of 11 ml min-1). The cold trap (U-T15ATA: TO-164 

15/TO-17 Air Toxics trap, Markes) was maintained at -30ºC. After primary desorption, 165 

the cold trap was rapidly heated from -30ºC to 300ºC (secondary desorption) and 166 

maintained at this temperature for 10 min. Analytes were then injected into the capillary 167 

column (DB-624, 60 m x 0.32 mm x 1.8 �m, inert for active compounds) via a transfer 168 

line heated at 200!C. The column oven temperature started at 40!C for 1 min, increased 169 

to 230!C at a rate of 6!C min
-1 and was then maintained at 230!C for 5 min. Helium 170 

(99.999%) carrier gas flow in the analytical column was approximately 1.8 ml min-1 171 

(1.4 bar). The chromatographic parameters allow the determination of 1,3-butadiene, 172 
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together with a wide range of VOC families present in outdoor air (alkanes, aromatic 173 

hydrocarbons, alcohols, ketones, aldehydes, ethers, esters, halocarbons, terpenoids, 174 

carboxylic acids, organonitrogenated and organosulfur compounds and glycols), in a 175 

single sample and a single analysis (Gallego et al., 2018). 176 

The electron impact source was obtained at an electron energy of 70 eV. Mass spectral 177 

data were acquired over a mass range of 20-300 amu. m/z=54 was used as 1,3-butadiene 178 

quantification ion. Samples were quantified by the external standard method, according 179 

to Ribes et al., 2007. Calibration curves of 1,3-butadiene were freshly prepared and 180 

clean tubes were spiked and injected into the TD-GC/MS system daily. 181 

2.4 Ozone analytical instrumentation 182 

In order to determine ozone levels at El Morell, Tarragona, RAD172 Radiello® tubes 183 

were desorbed with 5 ml of MBTH solution (5g MBTH in one litre of water with 184 

addition of 5 ml of concentrated sulphuric acid)for 1 h stirring occasionally. Samples 185 

were analyzed with a spectrophotometer at 430nm. Ozone was quantified with 4-186 

pyridylaldehyde, where 1 µg of 4-pyridylaldehyde is equal to 0.224 µg of ozone. 187 

Ozone levels in the city of Barcelona were obtained from a node of the Air Quality 188 

Network of the Departament de Territori i Sostenibilitat of the Generalitat de Catalunya, 189 

located approximately 500 meters from the 1,3-butadiene sampling point. These levels 190 

are presented on an hourly basis. 191 

2.5 Sampling strategy 192 

Daily duplicate 24-h samples of multi-sorbent (Carbotrap, Carbopack X and Carboxen 193 

569) bed tubes (half of them equipped with ozone scrubbers containing potassium 194 

iodide) were taken over a period of 14 days. Quadruplicate samples of RAD141 195 

Radiello® tubes (Carbopack X) were exposed to outdoor air for the same period of time 196 

(9+5 days) in El Morell, Tarragona. That number of sampling days was chosen to avoid 197 
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possible back diffusion from the passive samplers and to avoid as much as possible 198 

divergence from the adopted uptake rates (Strandberg et al., 2005). Simultaneously, 199 

quadruplicate RAD172 Radiello® tubes for ozone analysis were exposed to outdoor air 200 

for 4+4+3+3 days. 201 

Additionally, 24-h multi-sorbent bed samples were taken over a period of 8 consecutive 202 

days in the city of Barcelona. Quadruplicate samples of Radiello® were exposed to 203 

outdoor air for the same period of time (Figures S1 and S2). Sampling was done 204 

throughout June and July 2017. 205 

Uptake rates for RAD141 Radiello® tubes were extracted from Strandberg et al. (2005), 206 

as recommended by Fondazione Salvatore Maugeri-IRCCS (2009). 207 

2.6 Quality assurance parameters 208 

Extreme precautions must be taken to ensure reproducible quality results. The mass 209 

spectrometer was manually tuned at m/z=69, 131, 264 and 502 every day and air leaks 210 

(m/z= 4, 18 and 28) were controlled. To avoid artefact formation, both TD trap and 211 

sampling tubes were properly conditioned at 325 and 400ºC, respectively. Analytical 212 

blank samples, i.e. two clean tubes, were analyzed daily before injection of samples and 213 

standards.  214 

Method detection limit (MDL), linearity range, precision, desorption efficiency, blank 215 

values, and breakthrough values for multi-sorbent bed and Radiello® tubes were 216 

evaluated. MDL was calculated by analyzing 7 replicates of the lowest concentrated 217 

standard, which had a signal-to-noise factor between 2.5 and 10. The obtained standard 218 

deviation (SD) for the replicate concentration was multiplied by 3.14 (Student�s t value 219 

at the 99% confidence interval), according to the US EPA (Part 136-Guidelines 220 

establishing test procedures for the analysis of pollutants, Appendix B). Linearity was 221 

evaluated within a range from 0.01-6500 ng per tube. It was considered acceptable 222 
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when r2
³ 0.999, signal-to-noise ratios > 10, and peaks had a Gaussian shape. Precision 223 

was calculated by consecutive analysis of seven tubes spiked with the same amount of a 224 

standard solution of 1,3-butadiene. Desorption efficiency was estimated re-analyzing 225 

the sorbent tubes at a higher temperature (350ºC) to remove any remaining analytes 226 

from the tubes (n=6). Blank values were evaluated for freshly conditioned tubes and for 227 

tubes stored in a clean refrigerator (4ºC) for 1 week. Finally, maximum volume of air of 228 

a specific pollutant concentration that can be actively sampled without loss of adsorbent 229 

had to be estimated. Otherwise, in the event of breakthrough, the obtained sample 230 

would not be representative. Breakthrough, i.e. the volume of air passing through an 231 

adsorbent that causes adsorbate molecules to migrate from the front to the back of the 232 

adsorbent bed (Gallego et al., 2009a), is generally expressed as the percentage of 233 

analyte in the back tube of the total amount of analyte in two tubes connected in series. 234 

In our study, breakthrough for real outdoor air samples of 81-101 litres was evaluated 235 

for the multi-sorbent bed tubes. 236 

2.7 Data analysis 237 

Data was treated using MicrosoftExcelTM 2010. 238 

 239 

3. Results and discussion 240 

3.1 Comparison of quality assurance parameters 241 

Sampling using multi-sorbent bed tubes and TD-GC/MS analysis was chosen as a 242 

reference methodology as it had been used for analysis of 1,3-butadiene and a wide 243 

range of VOCs in ambient air in previous studies (Gallego et al., 2016; 2017; 2018) and 244 

had given solid results for selectivity, sensitivity, linearity, precision, desorption 245 

efficiency, artifact formation, breakthrough and stability during storage (Ribes et al., 246 

2007; Gallego et al., 2010; 2011). On the other hand, RAD141 Radiello® passive 247 
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sampling tubes are specially designed to determine 1,3-butadiene levels in the 248 

workplace (Fondazione Salvatore Maugeri-IRCCS, 2009; Sacco, 2009) and outdoor air 249 

(Martin et al., 2005; Strandberg et al., 2005; 2006). 250 

Quality assurance parameters determined for multi-sorbent bed and Radiello® tubes are 251 

presented in Table 1. MDL for both sampling methodologies is 0.2 ng of 1,3-butadiene 252 

per sample. Linearity ranges for m/z 54 quantification ion are of four orders of 253 

magnitude for both tube types. Precision, i.e. repeatability of 7 standards, was found to 254 

be 1% and 2.7% for multi-sorbent bed and Radiello® tubes, respectively, < 25% in both 255 

cases, thus meeting the EPA performance criteria (US EPA, 1999). Desorption 256 

efficiency values for multi-sorbent bed and Radiello® tubes were 98±2 and 98±4, 257 

respectively. Regarding blank values, 1,3-butadiene was not present in either of the 258 

freshly conditioned sampling tubes. On the other hand, 1 ng of 1,3-butadiene was 259 

observed in the Radiello® tubes after 1 week storage in a clean refrigerator at 4ºC. 260 

Breakthrough for multi-sorbent bed tubes was 1.3±1.9% (n=13) on average for samples 261 

without ozone scrubber and 1.1±2.2% (n=14) for samples with ozone scrubber in the 262 

second tube relative to the total mass in two tubes connected in series for 81-101 l 263 

samples with sampling rates of 70ml min-1 approximately. The results meet the US EPA 264 

criteria of < 5% (US EPA, 1999). Figure 2 presents breakthrough values for 1,3-265 

butadiene concentrations in outdoor air. As can be seen, two samples have breakthrough 266 

values slightly higher than 5%. In these cases, 1,3-butadiene concentrations in outdoor 267 

air were " 0.2 µg m
-3. Since breakthrough is calculated as a percentage, this aspect 268 

could be related to low 1,3-butadiene concentrations in the front tubes and a minor 269 

presence of the target compound in the back tubes due to slight contamination during 270 

storage. No breakthrough was observed for higher 1,3-butadiene concentrations. 271 
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The two sampling methodologies have quite similar analytical performances, as they 272 

both show low detection limits, good precision and desorption efficiency. Additionally, 273 

multi-sorbent bed tubes exhibit very low breakthrough values. 274 

3.2 Comparison of multi-sorbent bed (Carbotrap, Carbopack X, Carboxen 569) and 275 

Radiello
®

 (Carbopack X) tube concentrations  276 

The performance of the two sampling methodologies was evaluated in two different 277 

scenarios. The first was the Tarragona petrochemical area, where 1,3-butadiene 278 

concentrations were expected to be higher than in a typical urban area due to its 279 

nearness to the sampling point of a 1,3-butadiene plant. Additionally, important 1,3-280 

butadiene episodic emissions in this sector had been reported in a previous study 281 

(Gallego et al., 2018). The second scenario was the city of Barcelona, where 1,3-282 

butadiene concentrations were expected to come mainly from traffic (Gallego et al., 283 

2018). 284 

3.2.1 Tarragona petrochemical area 285 

In this area, half of the samples were taken with ozone scrubber to determine whether 286 

tropospheric ozone could affect the sampling process negatively, as suspected by several 287 

authors (Kim et al., 1999; Martin et al., 2005; Palluau et al., 2007) and reported by 288 

others in previous works (Sakurai et al., 2013, Vallecillos et al. 2018). Table 2 and 289 

Figure 3 show 24-h 1,3-butadiene concentrations for samples taken with and without 290 

ozone scrubber at El Morell, Tarragona. Table 2 also presents ozone concentrations at 291 

the sampling point, with average values from 42 to 66 µg m-3. As can also be observed 292 

in Figure S3, samples without ozone scrubber have higher concentrations. Apparently, 293 

the scrubber affects target compound collection negatively, as 1,3-butadiene seems to be 294 

adsorbed in the scrubber, contrary to what was observed by Sakurai et al. (2013). 295 
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Table 3 shows average concentrations of 1,3-butadiene calculated by the three different 296 

sampling methodologies (active multi-sorbent bed with ozone scrubber, active multi-297 

sorbent bed without ozone scrubber and Radiello® passive tubes). During the first 298 

sampling period (21-30/6/2017), an important 1,3-butadiene episodic event generated in 299 

the petrochemical area (NE to SE wind direction) of 3 days with 24h average 1,3-300 

butadiene concentrations of 8.7, 39 and 7.5 µg m-3, respectively, was reported (Figure3). 301 

The average active concentration of the 9 days was 6.6 ± 12.5 µg m-3 when no ozone 302 

scrubber was used, with concentrations ranging from 0.1 to 39 µg m-3. On the other 303 

hand, the Radiello® passive samplers recorded an average value of 0.9 ± 0.2 µg m-3 for 304 

the 9 days. As an overall value, multi�sorbent bed tubes represented 772% of the 305 

Radiello® results. This shows that the Radiello® passive samplers are unable to uptake 306 

high 1,3-butadiene episodic concentrations, leading to underestimation of real values. 307 

Reverse diffusion can occur in passive samplers when the concentration differential 308 

between the surface of the adsorbing medium and the surrounding atmosphere is 309 

negative. Analytes can be diffused from the sampler to ambient air, leading to biased 310 

calculations and, in turn, to underestimation of values. Generally, this occurs when 311 

episodic high concentration events take place at the beginning of the sampling period 312 

(Strandberg et al., 2005). However, for our study, high concentrations of 1,3-butadiene 313 

in outdoor air were recorded during the second half of the sampling period, suggesting 314 

that the passive sampler was unable to adsorb the high concentrations of 1,3-butadiene 315 

in outdoor air. Accidental/sporadic emissions of 1,3-butadiene can occur at 316 

petrochemical facilities and chemical plants. In these cases, episodic concentrations can 317 

be very high (Chen et al., 2015), e.g. at Milby Park (Houston, USA) fugitive emissions 318 

are much more important than flare emissions, in the order of hundreds to thousands of 319 

µg m-3 (Czader and Rappenglück, 2015). Additionally, Czader and Rappenglück (2015) 320 
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observed that the Community Multiscale Air Quality (CMAQ) model often 321 

underpredicted 1,3-butadiene concentrations when sporadic releases of this compound 322 

occurred, and that some source emissions were not properly accounted for in the 323 

emission inventory. Similarly, high punctual/episodic emissions do not seem to be 324 

collected by passive samplers, either. In this case, 24-hour active sampling would be the 325 

most appropriate 1,3-butadiene collection methodology when relevant episodes are 326 

expected, as is the case of the Tarragona petrochemical area. 327 

During the second sampling period (1-4/7/2017), no episodic 1,3-butadiene events were 328 

recorded with multi-sorbent bed tubes (Table 3, Figure 3). The average active 329 

concentration obtained without the use of ozone scrubbers was 0.4 ± 0.1µg m-3, with 330 

values ranging from 0.3 to 0.5µg m-3. In this case, multi-sorbent bed tubes accounted for 331 

70% of concentrations obtained by the Radiello® tubes (0.5 ± 0.1 µg m-3). Passive 332 

samplers showed slightly higher concentrations, but both values were much closer than 333 

during the episodic period. 334 

The performance of a Radiello® tube for VOC analysis with thermal desorption 335 

(RAD145, Carbograph 4) was evaluated in a previous study (Gallego et al., 2011). In 336 

that case, Radiello® tubes also exhibited higher values than multi-sorbent bed tubes. As 337 

passive sampling depends on the uptake rates determined by the manufacturer, the used 338 

values would be crucial. In most cases, uptake rates are calculated experimentally in 339 

exposure chambers, with only the target compounds present in the air samples (Gallego 340 

et al., 2011; Ramos et al., 2018). The uptake rates used in our study were taken from 341 

Stranberg et al. (2005). They had been calculated in a standard atmosphere containing 342 

only 1,3-butadiene and benzene for two 1,3-butadiene concentrations: 0.23 and 2.26 µg 343 

m-3. Hence, the application of the manufacturer or laboratory calculated uptake rates in 344 

passive sampling can sometimes lead to concentration values slightly different from real 345 
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values in complex field scenarios (Barro et al., 2009; Gallego et al., 2009a; 2011; 346 

Walgraeve et al., 2011). 347 

1,3-butadiene emission profiles from different petrochemical facilities are process-348 

dependent and region-specific (Mo et al., 2015). Hence, reliable monitoring strategies 349 

are needed by policymakers to establish control approaches to emissions $mainly 350 

diffuse and/or fugitive emanations$ of this compound to the atmosphere. In this line, 351 

both USA and Canada have established passive fenceline control of fugitive VOC 352 

releases, specifically 1,3-butadiene, in petroleum sector facilities (Government of 353 

Canada, 2017; US EPA 2015a,b). This kind of regulation procedures are expected to be 354 

put into effect worldwide in the near future. Thus, the reliability of the proposed passive 355 

monitoring strategy must be evaluated thoroughly to identify possible flaws in the 356 

procedure. In our study, it was observed that Radiello® passive samplers are incapable 357 

of incorporating high episodic 1,3-butadiene concentrations to the average values that 358 

they display, leading to underestimation of real concentration values of this compound 359 

in ambient air. This aspect must be taken into consideration when applying this 360 

methodology to petrochemical industry monitoring. Moreover, it would be advisable to 361 

complement the sampling strategy with active samples in locations where significant 362 

diffuse emissions could be expected. 363 

3.2.2 City of Barcelona  364 

1,3-butadiene concentrations from multi-sorbent bed and Radiello® tubes in the city of 365 

Barcelona are shown in Table 4. All samples were taken without ozone scrubber in view 366 

of the negative effects observed at El Morell, where less concentrated samples were 367 

obtained when using the scrubber. 368 

As can be seen, Radiello® concentrations in the city of Barcelona are slightly higher 369 

than those from obtained by multi-sorbent bed tubes, as observed during the second 370 
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sampling period (1-4/7/2017) in the Tarragona petrochemical area, where no 1,3-371 

butadiene episodes were recorded by active sampling. However, both concentrations are 372 

of the same order of magnitude, with multi-sorbent bed tubes (0.3 ± 0.1 µg m-3, ranging 373 

from 0.13 to 0.56 µg m-3) accounting for 60% of the Radiello® concentrations (0.5 ± 0.1 374 

µg m-3). As said before, the application of manufacturer sampling rates can lead to slight 375 

overestimation of results (Barro et al., 2009; Gallego et al., 2009a, 2011). Hence, we can 376 

conclude that, for baseline 1,3-butadiene levels, Radiello® samplers could be employed 377 

taking into account this minor limitation. In this line, it would be advisable to calculate 378 

uptake rate values in outdoor air scenarios prior to their use to ensure better approaches 379 

to 1,3-butadiene concentrations (Gallego et al., 2011). 380 

3.3 O3 effect on sampling performance 381 

Even though negative effects of tropospheric ozone levels on 1,3-butadiene sampling 382 

have been observed by several authors (Sakurai et al., 2013; Vallecillos et al., 2018), in 383 

our study, no correlation was found between 1,3-butadiene and ozone concentrations, as 384 

suggested by other authors (Kim et al., 1999; Martin et al., 2005; Palluau et al., 2007). 385 

Furthermore, samples obtained using ozone scrubbers showed lower ng of 1,3-386 

butadiene than those obtained without using ozone scrubbers. These accessories, 387 

therefore, seem to retain 1,3-butadiene, leading to underestimation of ambient air 388 

concentration levels. Figure 4 plots 1,3-butadiene concentrations against ozone 389 

concentrations during all the two sampling periods. A decreasing tendency in 1,3-390 

butadiene levels is observed at El Morell when ozone levels increase in outdoor air. 391 

However, although 1,3-butadiene concentrations are lower when ozone levels are 392 

higher, the highest 1,3-butadiene concentrations were derived from an episodic event, 393 

coinciding with the lowest ozone levels recorded. On the other hand, a decrease in 1,3-394 

butadiene is observed in the city of Barcelona when ozone concentrations are above 70 395 
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µg m-3. However, similar values can be observed when these levels are around 45 µg m-
396 

3 (Figure 4). Thus, no correlation is evident between 1,3-butadiene and ozone 397 

concentrations, although further research would be required to know more about the 398 

possible negative effects of tropospheric ozone levels on the 1,3-butadiene sampling 399 

process (Vallecillos et al., 2018). 400 

3.4 Effects of meteorological conditions on sampling performance 401 

The performance of the two sampling methodologies was evaluated outdoors to test 402 

them under real environmental conditions of temperature, relative humidity, 403 

atmospheric pressure and wind velocity and direction. Meteorological conditions can 404 

affect both dispersion of emitted pollutants in the atmosphere (Gallego et al., 2008) and 405 

uptake rate values to calculate environmental concentrations (Strandberg et al., 2005; 406 

2006). No correlations were found between temperature, relative humidity, atmospheric 407 

pressure and wind velocity and 1,3-butadiene outdoor concentrations, either at El 408 

Morellor in the city of Barcelona, for both active and passive samplers. On the other 409 

hand, a relevant correlation was observed between active sampling and NE to SE winds 410 

coming from the petrochemical sector, as already identified by other authors (Chen et 411 

al., 2015). Figure 5 shows that the episodic 1,3-butadiene high concentration period 412 

coincides with a large percentage of winds (between 25 and 35%) coming from the 413 

petrochemical sector. The highest 1,3-butadiene concentrations during the sampling 414 

period was observed on 26 June 2017, coinciding with a decrease in the percentage of 415 

wind coming from the petrochemical area. However, 1,3-butadiene emissions must have 416 

been so remarkably high that even though the winds also came from other sectors, these 417 

ambient air concentrations were the greatest in the whole monitoring term. A second 418 

period of NE to SE winds occurred during the last 4 sampling days. Nevertheless, 1,3-419 

butadiene concentrations were low, in the range of 0.04-0.4 µg m-3, indicating that the 420 
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concentrations observed during the first sampling period were due to diffuse 421 

intermittent emissions rather than  to the normal operation of the 1,3-butadiene plant. 422 

4. Conclusions 423 

The performance of two sampling methodologies, i.e. active multi-sorbent bed tubes 424 

and Radiello® passive tubes, for 1,3-butadiene analysis was evaluated. Very similar 425 

results were obtained: low detection limits, wide linearity ranges, and good precision 426 

and desorption efficiencies. The presence of 1,3-butadiene in freshly clean and 427 

refrigerator-stored tubes was non-existent or very low for both tube types. Additionally, 428 

breakthrough values for multi-sorbent bed tubes were found to meet US EPA 429 

performance criteria. Multi-sorbent bed and Radiello® tubes also exhibit similar 1,3-430 

butadiene average concentrations in baseline periods, with Radiello® values being 431 

slightly higher. However, the use of multi-sorbent bed tubes would be advisable for 432 

significant 1,3-butadiene episodes because Radiello® tubes do not seem to yield accurate 433 

concentration results in these cases. This aspect is especially relevant when applying 434 

325A/B methodologies of the US EPA and Regulations Respecting Reduction in the 435 

Release of Volatile Organic Compounds (Petroleum Sector)of the Government of 436 

Canada. Nonetheless, as not all worldwide petrochemical facilities would have episodic 437 

releases of 1,3-butadiene like those observed in the Tarragona region, the repetition of 438 

the same experiment near other petrochemical locations would be useful in the future. 439 
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Figure 1. Custom made multi-sorbent bed tubes (Carbotrap, Carbopack X and Carboxen 

569) and Radiello® RAD141 passive samplers used in the present study. 

Figure 2. Breakthrough values (%) in respect to 1,3-butadiene concentrations (µg m-3) 

in outdoor air in El Morell, Tarragona. 

Figure 3. 1,3-butadiene concentrations (µg m-3) for multi-sorbent bed tubes with and 

without ozone scrubber in El Morell, Tarragona. 

Figure 4. Correlations between 1,3-butadiene and ozone concentrations (µg m-3) during 

the different sampling periods. 

Figure 5. 1,3-butadiene concentrations (µg m-3) and NE-SE wind direction (%) during 

the different sampling days in El Morell, Tarragona. 

Figure captions
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Table 1. Quality assurance parameters for multi-sorbent bed and Radiello® tubes for 1,3-butadiene 

 

 

aMulti-sorbent bed tubes 

bRadiello® tubes 

cPrecision: Relative Standard Deviation, n = 7 

dRatio between the peak abundances in multi-sorbent bed and Radiello® tubes spiked with the same amount of standards, n = 9 

e
n = 6 for MS and Rad tubes 

fTubes just conditioned, n = 2 

gNot detected 

hTubes stored 1 week in the refrigerator after conditioning, n = 5 

iSamples between 81-101 l, n = 13 

Limit of 

detection 

(ng tube) 

Linearity range (ng) Precision 

(RSD, %)
c
 

MS/Rad 

abundance 

ratio
d
 

Desorption 

efficiency
e
 

(%) 

Blank values 

clean tubes
f
 

(ng sample) 

Blank values 1 

week refrigerator
h
 

(ng sample) 

Breakthrough 

(%)
i
 

MSa Radb MS Rad MS Rad  MS Rad MS Rad MS Rad MS Rad 
0.2 0.2 0.6-6500 0.6-3200 1.0 2.7 0.8 ± 0.2 98 ± 2 98 ± 4 n.d.g n.d. n.d. 1.0 ± 0.1 1.3 ± 1.9 - 

Table 1

Click here to download Table: Table 1.docx



Table 2. Outdoor air 1,3-butadiene concentrations (µg m-3) for multi-sorbent bed tubes with and 

without ozone scrubber and ozone concentrations in El Morell, Tarragona. 

 

  1,3-butadiene 

(µg m
-3

) 

Ozone 

(µg m
-3

) 

Date With 

scrubber 

Without  

Scrubber 

 

21-6-2017 0.1 0.2 45 ± 5 
22-6-2017 0.5 - 45 ± 5 
23-6-2017 0.6 2.2 45 ± 5 
24-6-2017 1.1 0.8 42 ± 3 
25-6-2017 5.8 8.7 42 ± 3 
26-6-2017 11 39 42 ± 3 
27-6-2017 4.6 7.5 42 ± 3 
28-6-2017 0.1 0.7 53 ± 9 
29-6-2017 0.1 0.1 53 ± 9 
30-6-2017 0.3 0.4 53 ± 9 
1-7-2017 0.3 0.3 66 ± 5 
2-7-2017 0.3 0.5 66 ± 5 
3-7-2017 0.04 0.3 66 ± 5 
4-7-2017 0.4 0.3 66 ± 5 

Table 2

Click here to download Table: Table 2.docx



Table 3. Average ± standard deviation 1,3-butadiene concentrations (µg m-3) for multi-sorbent bed and Radiello® tubes for each sampled period 

in El Morell, Tarragona. 

 

 21-30/6/2017 1-4/7/2017 

 Average (µg m
-3

) n Multi-sorbent/ 

Radiello
®
 (%) 

Average 

(µg m
-3

) 

n Multi-sorbent/ 

Radiello
®

 (%) 

Multi-sorbent with scrubber 2.4 ± 3.5 10 279 0.2 ± 0.1 4 50 
Multi-sorbent without scrubber 6.6 ± 12.5 10 772 0.4 ± 0.1 4 70 
Radiello® 0.9 ± 0.2 4  0.5 ± 0.1 4  
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Table 4. Average ± standard deviation 1,3-butadiene concentrations (µg m-3) for multi-

sorbent bed and Radiello® tubes in the city of Barcelona. 

 

 13-21/7/2017 

Barcelona city 
Average 

(µg m
-3

) 

Range 

(µg m
-3

) 

n Multi-

sorbent/ 

Radiello (%) 

Multi-sorbent without 
scrubber 

0.3 ± 0.1 0.1-0.6 16 60 

Radiello® 0.5 ± 0.1 0.4-0.7 4  
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