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Abstract 

The biological removal of hydrophobic volatile organic compounds (VOCs) is limited by their low water 

solubility and, therefore, low bioavailability. The addition of surfactants is a promising strategy, but to gain 

understanding and broaden its applicability, its effect on the solubility of hydrophobic VOCs should be 

investigated. This study evaluates the effect of 2 synthetic surfactants (sodium dodecyl sulfate (SDS) and 

Tween 80) and 3 biological surfactants (surfactin, rhamnolipid and saponin) on the gas-to-liquid 

equilibrium partitioning coefficient (KGL) of 7 hydrophobic VOCs at different critical micelle concentrations 

(CMC). For all VOCs, a decrease in their KGL was observed when a (bio)surfactant was added at 1 and 3 

CMC. The highest decrease in KGL (71 – 96%) was observed for all compounds when SDS was added at 3 

CMC, whereas the smallest effect was noticed when Tween 80 or surfactin (5.1 – 75%) were added at both 

concentrations. The results are explained in terms of the (bio)surfactant and VOC physical-chemical 

properties (e.g. CMC and polarity). This is the first study evaluating the effect of biological surfactants on 

KGL. These fundamental data are essential to improve the design and modeling of air treatment systems 

using (bio)surfactants. 
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Environmental Implication 

The compounds (7) selected in this study pose serious problems to human health and the environment, of 

which 3 are classified as hazardous air pollutants (EPA). They are normally present in waste gas streams. 

However, they show low removal performances in biological treatment technologies, mainly due to their 

low solubility in water and, therefore, low bioavailability for microorganisms. The addition of surfactants 

is a promising strategy, but to gain an understanding and expand their applicability, the effect of surfactant 

type and concentration on the solubility of these compounds is of paramount importance. 
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1. Introduction 

Volatile organic compounds (VOCs) are emitted in large quantities worldwide from a broad range of 

industries including oil and gas, textile, chemical, pharmaceutical and food processing, among others. Their 

emission can result in negative environmental and health effects. Therefore, stringent regulations have 

driven the industry to implement technologies to control and reduce the emissions and thus exposure to 

VOCs (e.g. Directive 2010/75/EU on industrial emissions [1] and 40 CFR, 59 – National volatile organic 

compound emission standards for consumer and commercial products [2]). 

Due to the diversity and wide range of concentrations (up to 100 g m-3) of VOCs present in waste gas 

streams, a broad range of technologies have been developed [3,4]. They are generally classified as 

destruction (e.g. oxidation, biofiltration) or recovery-based techniques (e.g. absorption, condensation, 

membrane separation), and include physical-chemical and/or biological transformations [5,6]. The choice 

depends mainly on the source, the operating conditions and the pollutant’s physical-chemical 

characteristics. Biotechnologies are of particular interest because of their low energy consumption, low 

operating costs and minimal generation of by-products [7,8]. The process relies on the ability of 

microorganisms to degrade the VOCs. The microorganisms grow as a biofilm (composed mainly of water 

[9]) over a support media or may also be suspended in a liquid phase. Initially, the VOCs present in the air 

stream must be transferred from the gas into the water phase, after which they are sorbed and/or 

biodegraded [10,11]. The most successful removal of VOCs in gas-phase bioreactors occurs for highly 

soluble compounds with low molecular weight [7]. Therefore, gas-phase bioreactors such as biotrickling 

filters, bioscrubbers and biofilters show low removal performances for hydrophobic VOCs, especially due 

to their low mass transfer and therefore, low bioavailability for the microorganisms [4,12].  

In the past decades, new strategies to increase the mass transfer of hydrophobic VOCs have been 

developed. Among them, the addition of surfactants has shown to be promising [11,12]. Surfactants are 

amphiphilic compounds (containing both hydrophobic and hydrophilic parts) that decrease the surface 

and interfacial tension between two immiscible phases (e.g. liquid-gas, liquid-liquid and/or solid-liquid) 

and significantly increase the solubility of a compound in a medium [12,13]. The increase in solubility is 

attributed to the formation of micelles, an aggregate of surfactant molecules where the hydrophilic heads 

of the surfactant monomers are at the outer periphery to maximize their contact with water, while the 

hydrophobic tails are in the center forming a hydrophobic entity with a preference to sparingly soluble 

compounds. Generally, these micelles are formed when a surfactant is added beyond the Critical Micelle 

Concentration (CMC) [14]. For example, Mokhtari et al. [15] have indicated that the removal of n-hexane 

in biofilters can be enhanced with the addition of rhamnolipid (CMC: 10-200 mg L-1), a biological surfactant. 

The results indicated that in the presence of the biosurfactant at 300 mg L-1, the removal efficiency (RE) of 

n-hexane at an inlet load (IL) of 8.4-29.3 g m-3 h-1 and an empty bed residence time (EBRT) of 120 s 

increased from 47 ± 8% to 85 ± 10%. Similarly, Aly Hassan & Sorial [16] reported an increase in the RE (from 

57 to 68%) of n-hexane in a biotrickling filter when Tomadol 25-7 was used at 1 CMC (150 mg L-1). The 

biotrickling filter was operated at an IL of 10.4 g m-3 h-1 and an EBRT of 120 s. In both cases, the authors 

concluded that the performance improvement was due to an increase in n-hexane solubility and thus, an 

increase in the bioavailability of the VOC for the microorganisms. As confirmed experimentally by Wu et 

al. [17], the increased bioavailability of hydrophobic VOCs can have positive effects on the hydrophobicity 

of microorganisms and promote the succession and activity of specialized microbial communities that will 

ultimately improve the performance of a bioreactor. 



It is well known that for instance in biofilters, the performance correlates with the dimensionless gas-liquid 

equilibrium partitioning coefficient (KGL) of the compounds (Eq. 1). Literature indicates that the lower the 

KGL value of a compound (i.e. a higher affinity for the liquid phase), the more bioavailable and easier it is 

to remove it [11].  

𝐾𝐺𝐿 =  
𝐶𝑔𝑎𝑠

𝐶𝑙𝑖𝑞𝑢𝑖𝑑
 (−)       Eq. 1 

Therefore, to gain an understanding and expand the applicability of surfactants in biological gas treatment 

techniques, the effect of surfactant type and concentration on the KGL (i.e. increase of solubility) of 

hydrophobic VOCs is paramount. So far, limited research has been carried out on this. Except for one study 

about n-hexane [18], the determination of KGL coefficients has been focused on compounds in the low 

range of KGL(-) (< 5) and only with surfactants of synthetic origin. For example, Vane & Giroux [19] studied 

the influence of the anionic surfactant sodium dodecyl sulfate (SDS; CMC = 2360 mg L-1) on the KGL of 

toluene at 30 °C and found a decrease in KGL of 84% when a concentration up to 20 000 mg L-1 was added. 

Anderson [13] added SDS (CMC = 865 mg L-1 in 0.03 M NaCl) at 8652 mg L-1 to a solution of toluene in water 

at 23 °C, resulting in a significant KGL decrease up to 53%. Contrary, the influence of low concentrations 

(sub-CMC) of SDS (28.8 – 865 mg L-1) resulted in negligible decreases (0 – 6%) [13]. According to Vane & 

Giroux [19], hydrophobic zones of the surfactants to which VOCs partition are only created when micelles 

are formed, and concentrations below the CMC (i.e. sub-CMC quantities) should not alter the KGL values 

since no separate hydrophobic zones are available. Valsaraj et al. [20], Helburn et al. [21], and Shimotori 

& Arnold [22] among others have concluded that the partitioning coefficients are unaffected and/or not 

statistically different from those in pure water until the surfactant concentrations are around the CMC. 

This was corroborated with experiments for chloromethanes in water containing SDS, sodium 

dodecylbenzene sulfonate (SDBS), and hexadecyl trimethyl ammonium bromide (HTAB); for limonene, β-

pinene, TCE and toluene in water containing SDBS, tetradecylbenzyl dimethyl ammonium chloride (TDBAC) 

and a linear alkyl ethoxylate mixture (Neodol 1.9); and for chlorinated ethylenes in water containing Triton 

X-100, SDS, and CTAB, respectively. This indicates that the interactions between the surfactant and the 

target compound are negligible at concentrations below the CMC.  

This study evaluates the effect of 2 synthetic surfactants, i.e. SDS (anionic) and Tween 80 (nonionic), and 

3 biological surfactants, i.e. surfactin, rhamnolipid and saponin, at different concentrations (0, 1 and 3 

CMC) on the KGL of 7 hydrophobic VOCs, i.e. toluene, ethylbenzene, m-xylene, cyclohexane, pentane, 

hexane and heptane. The synthetic surfactants were selected as model compounds given their bulk and 

commercial availability, their difference in charge of the head groups, and their previous application in 

biofiltration systems [23–25]. The biological surfactants were selected because they are known to be less 

toxic and more environmentally friendly [26]. Since the final goal is to use the (bio)surfactants as a strategy 

to enhance the removal of hydrophobic VOCs in gas-phase bioreactors, cationic surfactants were not 

included as they are well known to be toxic for microorganisms [27,28]. The 7 VOCs were selected over a 

broad range of low water solubilities (Table S2), and due to their relevance at the industrial level. For 

example, these VOCs are commonly emitted by petrochemical industries and/or are present in residual 

gases from the production of solvents, paints and polymers, among others [29,30]. Moreover, due to the 

broad range of KGL coefficients, two measuring methodologies, i.e. the Dynamic Absorption method 

(DynAb) and the equilibrium partitioning in close system method (EPICS) were evaluated and optimized in 

this study. The DynAb is based on the absorption of VOCs in a liquid volume from a constant gas 

concentration. The monitoring of the outlet gas concentration results in a compound concentration profile 

(i.e. breakthrough curve) that is used to calculate the KGL [31]. Contrary, in the EPICS method the KGL is 



obtained by measuring the gas headspace concentration ratios from paired sealed bottles containing 

different volumes of liquid under equilibrium conditions [32]. To the best of our knowledge, this is the first 

study where the effect of biological surfactants on the KGL is evaluated, and so far, there are only very few 

experimentally determined KGL values for the (cyclo)alkanes. This paper provides fundamental data for 

future studies that aim to enhance the mass transfer of hydrophobic VOCs in bioreactors. Moreover, the 

determined KGL values can be used to improve the design and modeling of air treatment systems where 

surfactants are used. 

2. Materials and methods 

2.1 Experimental reagents  

All chemicals described below were used without further purification. For the DynAb method, a certified 

gas cylinder (NIPPON GASES, Oevel, Belgium) containing toluene, m-xylene, ethylbenzene, cyclohexane, 

pentane, hexane and heptane in N2 was used. Each VOC was present at 50 ppmv. For the EPICS method, 

the following reagents were used: methanol (assay: 99.9+% Merck, Darmstadt, Germany), cyclohexane 

(assay: 99.9% Merck, Darmstadt, Germany), pentane (assay: 99.5% Sigma-Aldrich, Bornem, Belgium), 

hexane (assay: 97+% Fisher Scientific, Merelbeke, Belgium) and heptane (assay: 99+% Sigma-Aldrich, 

Bornem, Belgium).  

To determine the influence of type and concentration of (bio)surfactant on the KGL in both experimental 

set-ups, two synthetic surfactants, i.e. Tween 80 (assay: not reported; Sigma-Aldrich, Bornem, Belgium) 

and SDS (assay: ≥ 98.5%; Sigma-Aldrich, Bornem, Belgium), and three biosurfactants, i.e. surfactin (assay: 

> 90%; Kaneka Corporation, Tokyo, Japan), rhamnolipid (assay: 90%; AGAE technologies, Oregon, United 

States) and saponin (Saponin Quillaja sp. - Sapogenin content: 20 - 35%; Sigma-Aldrich, Bornem, Belgium), 

were selected (Table S3). The experiments were carried out at 0 (no surfactant), 1 and 3 CMC. Additionally, 

1 mL of an antifoam (XIAMETER AFE-0110 (Dow, Terneuzen, Netherlands)) dilute solution (1:10 v/v in 

water) was added in all experiments to avoid foam formation that could affect the analytical instruments. 

The inference of the antifoam solution with the measurements was checked (see section 2.2). 

2.2 DynAb method 

In the Dynamic Absorption method (DynAb method), a gas stream with a known and constant 

concentration of VOCs is bubbled through a known liquid volume (in this case, water, or water + 

surfactant). Hereby, the VOCs are transferred from the gas phase into the liquid phase until equilibrium is 

reached. The outlet gas concentration is continuously measured, which results in a compound 

concentration profile (i.e. breakthrough curve) that is used to calculate the partitioning coefficient [31].  

A schematic overview of the set-up used in this study is given in Fig. 1 and a detailed description of the 

construction and working process can be found in the supplementary material (Text S1). Briefly, two main 

gas streams were used for each experiment. One containing the individual target VOCs in N2, and further 

diluted with N2, and an additional N2 stream used to flush the lines and bubble column before starting. 

The bubble column contained the known volume of liquid and was temperature-controlled (25 °C) in a 

thermostatic cabinet. The absorption of VOCs in the liquid was quantified by continuously measuring the 

outlet gas stream of the bubble column until equilibrium with the gas phase was reached (i.e. the VOC 

concentration at the outlet was equal to the concentration at the inlet). For this, Selected Ion Flow Tube 

Mass Spectrometry (SIFT-MS) was used. SIFT-MS is a technique based on the chemical ionization of 

pollutants using precursor ions such as NO+, H3O+ and O2
+ (Voice 200, Syft technologies, Interscience, 

Louvain-La-Neuve, Belgium). The product ions (and their precursor ions) for this study were selected based 



on (i) their branching ratio (BR – relative abundance = 100 %), (ii) reaction rate (≥ 1.7x10-9 molecules cm-3 

s-1), (iii) signal stability (Relative Standard Deviation (RSD) < 10%), and (iv) interference between 

compounds. In this way, C7H8
+ [92]/NO+ was selected for toluene, C8H10

+ [106]/NO+ for ethylbenzene, 

C8H10
+ [106]/NO+ for m-xylene, C6H11

+ [83]/H3O+ for cyclohexane, C5H12
+ [72]/O2

+ for pentane, C6H13
+ 

[85]/NO+ for hexane, and C7H15
+ [99]/NO+ for heptane. Since all the product ions of ethylbenzene and m-

xylene overlap (same mass-to-charge (m/z) ratio), the results are shown as ethylbenzene + m-xylene (as a 

mixture) in the following sections. 

The absorption of the compounds in the liquid results in a breakthrough curve similar to Fig. 2 (grey curve), 

while the black curve represents the blank correction (i.e. no liquid present, see Text S1). The area (A) 

between both curves is proportional to the mass of VOCs absorbed in the liquid phase [31]. The time 

needed to reach equilibrium (~80 min. in Fig. 2) depends among other factors on e.g. the affinity of the 

VOC to the liquid phase and the volume of liquid. As such, for VOCs that are more soluble in water or water 

+ surfactant, it takes longer to reach equilibrium, and the larger the volume of liquid, the longer the 

measurement time. For details in the calculation of the KGLs, the reader is referred to the supplementary 

material (Text S2).  

All experiments were carried out in triplicate and, when performing the experiments with (bio)surfactants, 

1 mL of XIAMETER AFE-0110 antifoam solution (1:10 v/v dilution in water) was added to avoid foam 

formation that could disturb the SIFT-MS measurements. The influence of antifoam on the KGL 

measurements was investigated and no statistically significant difference was found between adding 

antifoam or not (e.g. KGL of toluene + 2.5 mL antifoam = 0.36 ± 0.01 versus KGL of toluene without antifoam 

= 0.33 ± 0.03). 

 
Figure 1. Schematic overview of the experimental set-up of the DynAb method. MFC stands for Mass Flow Controller 

and SIFT-MS for Selected Ion Flow Tube Mass Spectrometry. 

  



 

Figure 2. Breakthrough curves of the normalized gas phase concentration (Cout/Cin) as a function of time (min) in a 
bubble column without liquid (blank correction - black dots) and with liquid (grey dots). The grey area (A) between 

both curves is proportional to the mass of the compounds absorbed in the liquid phase. 

2.3 EPICS method 

The EPICS method consists of sealed two-phase (gas-liquid) batch systems with different volumes of liquid 

and under equilibrium conditions. The gas-phase concentration of paired systems is measured and the 

dimensionless KGL is calculated based on mass balance equations (Gossett, 1987). 

In this study, 8 bottles of 119.3 ± 0.4 mL were selected. Three (3) contained 5 ± 0.01 mL of liquid (water or 

water + surfactant) while the other 5 bottles contained 115 ± 0.01 mL of liquid. The liquid volumes were 

determined based on the modeling approach explained in the supplementary material (Text S3). 

Moreover, 5 bottles (instead of 3) were employed for the big volumes of liquid (115 mL) for practical 

reasons. The headspace volume in the latter case is only 4 mL and the extraction of a gas sample required 

careful handling.  

Twenty (20) µL of a stock solution containing cyclohexane, pentane and hexane, was injected under the 

water surface of each bottle using a 25 µL syringe (Vici, Louisiana, USA). The syringe was weighed before 

and after injection to obtain a gravimetric precision of 0.0001 g. After injection, the vial was immediately 

closed with a Mininert valve (BGB Analytik, Harderwijk, The Netherlands). The bottles were placed 

overnight in a water bath at 25 °C and shaken at 100 rotations per minute (rpm) to allow equilibrium. 

Finally, 100 µL was carefully taken from the headspace (100 µL syringe Pressure-Lok Series, Vici, Louisiana, 

USA) and injected into a gas chromatograph (GC) (see Text S4).  

The combination of all bottles with different volumes of liquid resulted, in most cases, in 15 estimations 

of KGL coefficients. As mentioned in section 2.2, when performing the experiments with (bio)surfactants, 

1 mL of XIAME AFE-0110 antifoam solution (1:10 v/v dilution in water) was also added to avoid foam 

formation which in this case could disturb the GC measurements.  

2.4 Data analysis 

Mean values with standard deviations (SD) were calculated for all the KGL measurements, i.e. for each 

target compound and (bio)surfactant concentration. To determine if there were significant differences 

between measurements, a one-way Analysis of Variance (ANOVA) was performed for each compound and 

concentration of (bio)surfactant (0, 1, and 3 CMC). In this case, the respective assumptions (i.e. equality 



of variances (Levene’s Test) and normality (Shapiro-Wilk test)) were verified, followed by a post hoc 

analysis. The Tukey’s Honest Significant Difference Method was used, but in cases where the assumption 

of normality was not met, the non-parametric “Kruskal-Wallis ranksum test” was used, followed by the 

Wilcoxon rank-sum test for the pairwise comparisons. In all analyses, the statistical significance was 

reported at the 95 % confidence level (P ≤ 0.05). All analyses were conducted in RStudio version 4.0.2 

(RStudio Team, 2020).  

3. Results and discussions 

3.1 Applicability assessment and optimization of the DynAb and EPICS methodology to measure KGL of 

hydrophobic VOCs 

Preliminary measurements were carried out to check the applicability of both methods (DynAb and EPICS) 

for all selected VOCs. First, 2 volumes (100 mL and 2500 mL) of water were used for the DynAb method 

following the methodology explained in section 2.2. From this, no statistical difference was observed 

between both volumes for the KGL coefficients of m-xylene + ethylbenzene and toluene (Table 1). 

Nevertheless, a volume of 100 mL was too small to observe the absorption of pentane, hexane and 

heptane in water, and a volume of 2500 mL was still not enough to achieve reproducible and accurate 

(based on literature) coefficients. According to Bruneel et al. [31] a sufficiently large area between both 

curves (absorption and blank correction breakthrough curve) is required in the DynAb method because 

small variations of the determined area (e.g. due to instrumental variability) lead to high imprecision in 

the KGL values. This area could be enlarged by, for example, increasing the volume of liquid. However, the 

time necessary to determine the KGL coefficients is dependent on the liquid volume and, for compounds 

with low KGL values, this results in a longer measurement time. Therefore, a balance must be achieved to 

obtain accurate and reproducible KGL values within reasonable measurement times. From this preliminary 

experiment, a volume larger than 2500 mL would be needed for the most hydrophobic VOCs, which would 

lead to measuring times of more than 12 h for the less hydrophobic ones (i.e. toluene and m-xylene + 

ethylbenzene). Moreover, since the addition of surfactants lowers the KGL coefficient, the measuring time 

would be even larger, especially for the less hydrophobic VOCs.  

Table 1. Average KGL ± standard deviation (SD) and corresponding relative standard deviation (RSD, %) for all VOCs 
in the two volumes of water tested in the DynAb method. All measurements were carried out in triplicate. 

Compound 
V=2500 mL V=100 mL 

KGL ± SD RSD (%) KGL ± SD RSD (%) 

m-Xylene + Ethylbenzene 0.38 ± 0.05 12 0.39 ± 0.10 26 
Toluene 0.35 ± 0.03 9.9 0.33 ± 0.03 8.8 
Pentane 7 ± 91 1313 - - 
Hexane 9.3 ± 4.8 51 - - 
Heptane 5.0 ± 1.9 38 - - 

KGL values for pentane, hexane and heptane with 100 mL are not shown (-) because no absorption of VOCs in the water was 

observed. In addition, cyclohexane is not included as the signals available in the Syft library (C6H13
+ [85]/H3O+ and C6H11

+ [83]/H3O+) 

were not stable and/or interfered with other compounds. 

On the other hand, the EPICS method relies on the difference in liquid volume between two bottles. The 

technique has its maximum sensitivity the greater the differences between the two volumes [33,34]. The 

volume required to have less variability between measurements can be estimated by considering the 

variables that contribute the most to the measurement (see supplementary material, Text S3). However, 

as reported by Dewulf et al. [33] and observed in this study, the variability (expressed as RSD, %) increases 

exponentially with decreasing KGL and, in practice, this variability can be up to 4 times higher than the 



predicted one. Therefore, the determination of KGL coefficients for toluene, m-xylene and ethylbenzene 

and their decrease in the presence of surfactants and the conditions used in this study, would lead to high 

uncertainty.  

These preliminary experiments and considerations clearly show that, because of the broad range of KGL 

coefficients, the use of one single method is not possible for the entire set of compounds and 

(bio)surfactants. Therefore, the KGL coefficients of the most water-soluble compounds (i.e. toluene and m-

xylene + ethylbenzene) were determined with the DynAb method, while the KGL coefficients of the most 

hydrophobic compounds (i.e. cyclohexane, pentane, hexane and heptane) were measured with the EPICS 

method.  

In both cases, the methods were optimized for each set of compounds. For the DynAb method, a minimum 

sufficient liquid volume (water or water + surfactant: 100 mL) that leads to reproducible KGL values and 

within reasonable measurement times (maximum 4 hours, depending on the experiment) was selected. 

For the EPICS method, theoretical modeling was performed (see supplementary material, Text S3) to 

determine the volume of liquid needed in each bottle to improve the precision of the method in the 

desired range of KGL values. The result is shown in Figure 3. Optimal conditions were found when Vw1 and 

Vw2 are respectively 5 mL and 115 mL, which is the largest difference in volumes between paired bottles. 

This has been corroborated by Dewulf et al. [33], who concluded that the larger the difference in volumes 

between paired bottles, the smaller the RSD on the KGL. From Figure 3A and B, a sharp increase in RSD is 

present when KGL values below 0.1 are measured for any combination of liquid volumes. For higher KGL 

coefficients (> 0.5), the increase in RSD changes substantially depending on the combination. The RSD of 

the experimentally determined KGL values for cyclohexane, pentane, hexane and heptane in water is 

depicted in Figure 4. In general, the trend predicted by the model is followed by the experimental results.  

Figure 3. Expected relative standard deviation (RSD) (%) of KGL (-) determined with the EPICS method as a function of 

KGL and the volume of liquid in the bottles. The modeling is presented for both A) a larger range of KGL and B) a 

smaller range of KGL. 



 
Figure 4. Experimental versus predicted relative standard deviation (RSD) (%) on KGL (-) when using the EPICS 
method with Vw1 = 5 mL and Vw2 = 115 mL, and water as the liquid phase. The gray line graph represents the 

theoretical modeling, while the data points show the experimentally determined values. 

3.2 Experimentally determined KGL coefficients  

The experimentally determined KGL coefficients for the compounds of interest are shown in Table 2, and 

the trend of the effect of surfactant concentration as well as the percentage of the decrease in KGL is 

depicted in Figure 5. The decrease in KGL is calculated relative to the KGL when no (bio)surfactant was 

present (i.e. 0 CMC). Moreover, the dotted line shown in Figure 5 does not represent continuous values of 

KGL for the number of CMC (#CMC) but merely connects the measured points at 0, 1 and 3 CMC to guide 

the eye. 

3.2.1 Partitioning of VOCs between gas and water 

The lowest partitioning coefficient was obtained for toluene (0.33 ± 0.03), followed by m-xylene + 

ethylbenzene, while the highest was for heptane (36.9 ± 5.5). In fact, the increase in partitioning follows 

the decrease in water solubility presented in Table S2 for each VOC, i.e. toluene < ethylbenzene + m-xylene 

< cyclohexane < pentane < hexane < heptane.   

Partitioning of toluene, m-xylene and ethylbenzene between air and water has been extensively 

investigated, and a broad range of KGL values at 25 °C have been experimentally determined. As such, 

according to a comprehensive summary of KGL coefficients made by Sander [35], authors such as Peng & 

Wan [36], Falabella & Teja [37], Lau et al. [38], Park et al. [39], Schoene & Steinhanses [40], and Hoff et al. 

[41] have reported experimental KGL values for toluene (range: 0.31 – 0.34) in the same order of magnitude 

as the one measured in this study. Similarly, authors such as Kim & Kim [42], Jianjun & Carr [43] and 

Ashworth et al. [44] have reported a KGL value of 0.31 for m-xylene, whereas for ethylbenzene, Lodge & 

Danso [45], Ryu & Park [46], Turner et al. [47] and Bissonette et al. [48] have reported a KGL of 0.37. Even 

though the analytical technique used (SIFT-MS) did not allow us to distinguish between m-xylene and 

ethylbenzene, the obtained KGL for the mixture of both compounds is in the same order of magnitude as 

the KGL values reported in literature for each compound. Contrarily, the KGL coefficients for cyclohexane, 

pentane, hexane and heptane in an air-water system are only rarely experimentally determined. For 

cyclohexane, Ashworth et al. [44], Helburn et al. [21] and Dewulf et al. [49] have obtained KGL values at 25 

°C between 5.07 – 7.33, which is in the same order of magnitude as the KGL coefficient determined in this 

study. According to the compilation of Sander [35], a larger range of KGL coefficients is observed for 

pentane, hexane and heptane, with differences in KGL values by a factor of up to 2.7 times per compound. 



For both hexane and heptane, respectively, Ashworth et al. (1988) (KGL = 31.4) and Hansen et al. (1993) 

(KGL = 33.6) determined a KGL coefficient close to the KGL determined in this study. Whereas for pentane, 

the only 3 experimental determined KGL values available are larger (37 – 57) [50–52] than the value 

obtained in this study. However, these values were obtained by techniques other than the EPICS method 

used in this case. 

3.2.2 Partitioning of VOCs between gas and (water + surfactant) 

The addition of (bio)surfactants at concentrations higher than or equal to its CMC results in all cases in a 

decrease in the KGL coefficient by 5 to 96%, depending on the compound and surfactant of interest. The 

smallest decrease is observed for pentane when surfactin was added at 1 CMC, while the most pronounced 

decrease is obtained for heptane when SDS was added at 3 CMC. For m-xylene + ethylbenzene, toluene 

and heptane, a larger decrease is observed between adding no (bio)surfactant and adding (bio)surfactant 

at a concentration equal to 1 CMC, than between adding 1 CMC and 3 CMC. Contrary, for cyclohexane, 

pentane and hexane, an increase in concentration from 1 CMC to 3 CMC of SDS, surfactin and rhamnolipid 

decreased the KGL coefficients up to 3.7 times. In all cases, no statistically significant difference (P > 0.05) 

is observed when Tween 80 was added at 1 or 3 CMC. In general, rhamnolipid and SDS performed better 

than other (bio)surfactants in decreasing the KGL coefficient of m-xylene + ethylbenzene and toluene at 

both concentrations. For cyclohexane, pentane, hexane and heptane, the strongest decreases are 

observed for SDS followed by saponin, whereas the smallest effect on KGL is observed when Tween 80 

and/or surfactin were added. Overall, for the linear alkanes, at both 1 and 3 CMC, the KGL decreased most 

for heptane, followed by hexane and then pentane. 

The strong decrease in KGL when SDS is added has been previously observed for some of the VOCs selected 

in this study. For instance, Vane & Giroux [19] determined the decrease of KGL for toluene when SDS is 

added at 2 and 4 CMC (CMC = 2360 mg L-1) but at a temperature of 30 °C. The authors found a decrease 

of respectively 41 and 67%, which is comparable to the 49 and 71% at 1 and 3 CMC (25 °C) obtained in this 

study. Similarly, Yang et al. [18] reported the effect of SDS on the KGL of n-hexane at 27 °C and at 1 and 2 

CMC (CMC = 2360 mg L-1). Decreases of respectively 52 and 81% were obtained and are comparable to 

those found in this study at 1 (51% decrease) and 3 CMC (88% decrease) at 25 °C. Finally, the small effect 

on the KGL of hexane when Tween 80 was added has also been observed by Yang et al. [18]. Even though 

the authors evaluated concentrations of 100 and 200 CMC, the decrease in KGL was only 11 and 33%. To 

the best of our knowledge, there are no similar studies for m-xylene, ethylbenzene, cyclohexane, pentane 

and heptane, nor studies evaluating the effect of biological surfactants on the KGL.  

  



Table 2. Average KGL of m-xylene + ethylbenzene, toluene, cyclohexane, pentane, hexane and heptane for five 
(bio)surfactants (Tween 80, SDS, surfactin, rhamnolipid and saponin) at 0, 1 and 3 CMC and at 25 °C. The same 

lowercase letters in superscript (a, b, and c) next to the values within one row indicate no significant difference at P 
< 0.05. For m-xylene + ethylbenzene and toluene (DynAb method) n = 3 (see section 2.2); for the other compounds 

(EPICS method) n = 9 – 15 (see section 2.3).  

Compound (Bio)surfactant 
KGL ± SD (-) 

0 CMC 1 CMC 3 CMC 

Toluene 

Tween 80 0.33 ± 0.03a 0.22 ± 0.07a 0.23 ± 0.02a 
SDS 0.33 ± 0.03a 0.17 ± 0.04b 0.095 ± 0.017b 

Surfactin 0.33 ± 0.03a 0.18 ± 0.03b 0.14 ± 0.03b 
Rhamnolipid 0.33 ± 0.03a 0.17 ± 0.01b 0.084 ± 0.009c 

Saponin 0.33 ± 0.03a 0.18 ± 0.01b 0.18 ± 0.02b 

m-Xylene +  
Ethylbenzene 

Tween 80 0.39 ± 0.10a  0.20 ± 0.07b 0.21 ± 0.02b 

SDS 0.39 ± 0.10a 0.11 ± 0.04b 0.051 ± 0.009b 
Surfactin 0.39 ± 0.10a 0.14 ± 0.03b 0.097 ± 0.018b 

Rhamnolipid 0.39 ± 0.10a 0.12 ± 0.005b 0.054 ± 0.006b 
Saponin 0.39 ± 0.10a 0.14 ± 0.005b 0.12 ± 0.02b 

Cyclohexane 

Tween 80 6.26 ± 0.31a 4.99 ± 0.21b 4.99 ± 0.09b 
SDS 6.26 ± 0.31a 4.38 ± 0.39b 1.31 ± 0.22c 

Surfactin 6.26 ± 0.31a 5.36 ± 0.38b 4.76 ± 0.10c 
Rhamnolipid 6.26 ± 0.31a 4.96 ± 0.23b 4.10 ± 0.20c 

Saponin 6.26 ± 0.31a 4.52 ± 0.20b 3.40 ± 0.09c 

Pentane 

Tween 80 27.9 ± 2.8a 22.9 ± 1.5b 24.2 ± 0.7b 
SDS 27.9 ± 2.8a 21.5 ± 3.4b 8.08 ± 1.50c 

Surfactin 27.9 ± 2.8a 26.5 ± 3.7a 22.7 ± 1.1c 
Rhamnolipid 27.9 ± 2.8a 25.7 ± 2.9b 20.3 ± 1.7c 

Saponin 27.9 ± 2.8a 20.9 ± 1.0b 17.0 ± 0.8c 

Hexane 

Tween 80 30.6 ± 3.7a 18.7 ± 1.1b 19.1 ± 0.1b 
SDS 30.6 ± 3.7a 14.9 ± 1.9b 3.79 ± 0.75c 

Surfactin 30.6 ± 3.7a 24.1 ± 2.9b 21.4 ± 1.0c 
Rhamnolipid 30.6 ± 3.7a 23.1 ± 2.5b 14.5 ± 1.1c 

Saponin 30.6 ± 3.7a 15.8 ± 0.7b 10.1 ± 0.4c 

Heptane 

Tween 80 36.9 ± 5.5a 12.7 ± 0.7b 12.3 ± 0.3b 
SDS 36.9 ± 5.5a 7.90 ± 0.84b 1.45 ± 0.30c 

Surfactin 36.9 ± 5.5a 19.1 ± 1.9b 17.8 ± 0.9b 
Rhamnolipid 36.9 ± 5.5a 17.0 ± 1.6b 7.92 ± 0.58c 

Saponin 36.9 ± 5.5a 9.12 ± 0.42b 4.52 ± 0.13c 

 



 
Figure 5. Influence of (bio)surfactants (Tween 80, SDS, surfactin, rhamnolipid and saponin) on the KGL of A) toluene, 

B) m-xylene + ethylbenzene, C) cyclohexane, D) pentane, E) hexane, and F) heptane: KGL (-) and decrease of KGL (%) 

as a function of #CMC. The error bars correspond to the standard deviation of the measured KGL values (see section 

2.2 & 2.3). 

3.2.2.1 Influence of type of (bio)surfactant 

One of the most important parameters for (bio)surfactants is the CMC. When the monomer concentration 

of the (bio)surfactant reaches this CMC, micelles start to form. The driving force for the spontaneous 

aggregation of (bio)surfactant molecules to form these micelles is hydrophobicity, thus the interior of the 

micelle consists of the hydrophobic tails. On the contrary, the hydrophilic groups oppose micelle 

formation. Normally, the charged heads of ionic surfactants often lead to CMC values about 100 times 

higher than those of non-ionic surfactants [53]. This can be observed when comparing SDS (anionic) and 

Tween 80 (non-ionic), where the difference is approximately 156 times (see Table S3). 



Moreover, depending on the molecular structure, a balance exists between the hydrophilicity and 

hydrophobicity of the surfactant molecules. This is called the hydrophilic-lipophilic balance (HLB) and it is 

normally used to categorize surfactants [54]. HLB values were originally developed by Griffin (1954) to 

classify properties of non-ionic surfactants, ranging from 0 (completely hydrophobic) to 20 (completely 

hydrophilic). Recently, also ionic surfactants have been assigned relative HLB values, extending the upper 

limit of the range to 60 [55]. As discussed by  Bąk & Podgórska [56], the hydrophobic effect is higher for 

lower HLB values, which leads to a lower surfactant bulk concentration at which molecules start to 

aggregate. Consequently, a lower HLB will lead to a lower CMC. A linear relationship between the HLB and 

the ln(CMC) (mg L-1) (Eq. 2) of the five (bio)surfactants studied here was found (R2 = 0.95) (Figure 6). This 

trend has been previously observed by Hait & Moulik [54] for non-ionic surfactants (e.g. for the Tween 

series (n = 4): ln(CMC) = - 10.49 + 0.88 (HLB); R2 = 0.98).    

ln(𝐶𝑀𝐶) = 𝑎 + 𝑏(𝐻𝐿𝐵)    Eq. 2 

 
Figure 6. Natural logarithm of the CMC (ln(CMC)) (mg L-1) as function of the hydrophile-lipophile balance (HLB) value 
(-) for the five (bio)surfactants investigated in this study (see Table S3). Note: average values have been considered 

when a range of CMC and/or HLB values is present.  

As explained in the methodology, the surfactants tested in this study were added on an equal CMC basis 

and not on a mass basis. Therefore, the (bio)surfactants with a higher CMC were added in larger amounts 

to the experimental two-phase systems. It could be argued that this larger amount of (bio)surfactant mass 

influenced the decrease in KGL. In this case, a positive and strong linear (R2 ≥ 0.7) relationship was found 

for the (cyclo)alkanes at 3 CMC between the decrease in KGL and the Log(CMC) when the (bio)surfactants 

were added (Figure 7). This indicates that the higher the amount of (bio)surfactant added on a mass basis, 

the stronger the decrease in KGL for these compounds, even if the surfactant addition is the same in terms 

of CMC. This is reflected in Fig. 5 for the (cyclo)alkanes where SDS (highest CMC, see Table S3) showed the 

strongest decrease in KGL, while surfactin followed by Tween 80 (lowest CMC) showed the smallest 

decrease. Similar findings have been reported by Yang et al. [18] and Zhang et al. [57]. In the first study, n-

hexane was evaluated in solutions containing SDS (CMC = 2451 mg L-1), cetyltrimethylammonium bromide 

(CTAB, cationic) (CMC = 335 mg L-1), Triton X-100 (non-ionic) (CMC = 149 mg L-1) and Tween 80 (CMC = 15.7 

mg L-1). In the second study, three chlorinated solvents i.e. tetrachloroethylene (PCE), trichloroethylene 

(TCE) and cis-dichloroethylene (DCE) were tested with SDS (CMC = 2310 mg L-1), SDBS (anionic) (CMC = 520 

mg L-1), Triton X-100 (CMC = 110 mg L-1) and Tween 80 (CMC = 15.7 mg L-1). In both cases, the authors 

concluded that, on a CMC basis, SDS had the greatest effect on the KGL followed by CTAB (in the study of 

Yang et al. [18]) or SDBS (in the study of Zhang et al. [57]), Triton X-100 and Tween 80. In fact, this order 

in KGL decrease follows the same sequence of decreasing CMC of all surfactants (i.e. SDS > CTAB or SDBS > 



Triton X-100 > Tween 80). However, Zhang et al. [57] concluded that, on a mass basis, the non-ionic 

surfactants decreased the KGL value more significantly than the anionic surfactants. This was explained by 

the fact that supra-CMC concentrations were achievable using a lower mass of non-ionic surfactant.  

According to Rosen & Kunjappu [58], the solubilization of hydrocarbons can occur at four different sites in 

the micelle: (i) on the surface of the micelle-solvent interface, (ii) between the hydrophilic head groups, 

(iii) in the palisade layer, and (iv) in the inner core of the micelle. The authors determined that an increase 

in monomers (i.e. aggregation number) leads to a higher solubilization capacity for hydrocarbons in the 

inner core of the micelle. Therefore, (bio)surfactants with a lower CMC such as Tween 80 and surfactin 

have a smaller solubilization capacity in the inner core of the micelle. As determined in this study and 

supported by Yang et al. [18] and Zhang et al. [57] for Tween 80, this leads to a weaker decrease in KGL. On 

the contrary, as SDS has the highest HLB and CMC among the selected (bio)surfactants, it is hypothesized 

that the larger solubilization capacity for hydrocarbons in the inner core of the micelle can explain the 

largest decrease of the KGL for all VOCs. In this sense, stronger decreases in KGL can be expected when 

surfactants with higher HLBs and therefore higher CMCs are employed.  

 

 

 



 
Figure 7. Decrease in the KGL (%) as a function of the Log(CMC) (mg L-1) for A) the aromatic VOCs (m-xylene + 

ethylbenzene and toluene), B) the cycloalkanes (cyclohexane), and C) the linear alkanes (pentane, hexane, and 
heptane) when SDS, Tween 80, rhamnolipid, saponin and surfactin are added at respectively 1 and 3 CMC. The error 

bars correspond to the estimated standard errors associated with the decrease in KGL, calculated according to the 
law of error propagation. 



3.2.2.2  Influence of VOC properties 

According to Valsaraj et al. [20], the behavior of hydrophobic halocarbons in micellar media can be 

described as a pseudo-phase model, in which the micellar phase is considered as a separate, micro-

heterogeneous, compartmentalized pseudo-phase that is capable of solubilizing hydrophobic molecules 

to locally high concentrations. The authors defined the micellar-to-water partitioning coefficient (KM) and 

they found a relationship between the KM and the octanol-water partition coefficient (KOW), indicating that 

partitioning constants increased with increasing hydrophobicity of the VOCs. In this study, a similar 

behavior is observed per group of compounds (i.e. aromatic hydrocarbons and (cyclo)alkanes) when the 

decrease of KGL (%) is plotted as a function of the log(KOW) (see Table S3) for each (bio)surfactant at 1 and 

3 CMC (see Figure 8). The trend observed in the decrease of KGL (%) versus the increase in hydrophobicity 

– especially for the linear hydrocarbons – is in agreement with literature for other compounds such as 

chloromethanes [20] and chlorinated ethylenes [22]. The reason behind this is the hydrophobic property 

of the micelle cores. The authors indicate that the more hydrophobic the VOC, the higher its partitioning 

into the micelles and thus the higher the decrease in its KGL.  

Next to hydrophobicity, also polarity plays a role in the partitioning of the VOCs into the micelle phase. 

Using the dipole moment (D) (see Table S2) as a measure for the polarity of the VOCs, it can be concluded 

that for the (cyclo)alkanes (D = 0), the differences in the decrease of KGL between them, and hence their 

partitioning into the micellar phase, can be solely attributed to the differences in their log(KOW) (i.e. 

hydrophobicity). However, for the aromatics m-xylene + ethylbenzene and toluene, which are polarizable 

hydrocarbons, their decrease in the KGL can be explained by solubilization (i) in the hydrophobic inner core 

of the micelle, (ii) at the micelle-water interface (due to polarizability of the π-electron cloud of the 

aromatic nucleus), and (iii) in the palisade layer [58,59]. Therefore, the solubilization of the aromatics in 

the different layers is hypothesized as an explanation for the higher decrease of their KGL than would be 

expected based on solely their log(KOW) [59,60].  



 

 
Figure 8. Decrease in the KGL (%) as a function of log(KOW) (-) for the aromatic (m-xylene + ethylbenzene and toluene) 

and (cyclo)alkane (cyclohexane, pentane, hexane, and heptane) VOCs, when A) surfactin, B) Tween 80, C) 
rhamnolipid, D) saponin and E) SDS are added at respectively 1 and 3 CMC. The error bars correspond to the 

estimated standard errors associated with the decrease in KGL, calculated according to the law of error propagation. 

4 Conclusions and recommendations 

This study provides experimentally determined dimensionless gas-to-liquid partitioning coefficients (KGL) 

for a broad range of hydrophobic VOCs (toluene, ethylbenzene + m-xylene, cyclohexane, pentane, hexane 

and heptane) and evaluated the effect of surfactant type (synthetic versus natural and ionic versus non-



ionic) and concentration on the KGL of each VOC. Two synthetic surfactants, i.e. SDS and Tween 80, and 

three biological surfactants, i.e. surfactin, rhamnolipid and saponin, were tested at 0, 1 and 3 CMC. To the 

best of our knowledge, (i) there are only very few experimentally determined KGL values for the 

(cyclo)alkanes, and (ii) no study has previously evaluated the effect of biological surfactants on the 

partitioning between an air and aqueous phase of VOCs. 

For all VOCs, a decrease in their KGL of 5 to 96 % was observed when a (bio)surfactant was added at 1 and 

3 CMC. For m-xylene + ethylbenzene, toluene and heptane a stronger decrease were observed between 

the KGL in case no (bio)surfactant was added and when adding (bio)surfactant at a 1 CMC, compared to the 

difference between adding 1 CMC and 3 CMC. Whereas for cyclohexane, pentane and hexane, an increase 

in CMC concentration from 1 CMC to 3 CMC of SDS, surfactin, and rhamnolipid led to decreases in KGL 

coefficients up to 3.7 times. The highest decrease in KGL for all compounds was observed when SDS was 

added at 3 CMC, and the lowest was when Tween 80 or surfactin was added at both 1 and 3 CMC. 

An evaluation of the influence of the (bio)surfactant properties on the decrease in KGL indicates that the 

HLB value, which represents the relative hydrophobicity of a (bio)surfactant, predominantly determines 

the decrease in KGL of hydrophobic VOCs. As the driving force for micelle formation is hydrophobicity, it 

was observed that higher HLB values lead to higher CMCs (i.e. aggregation numbers). A high CMC is thus 

translated into a higher solubilization capacity for hydrocarbons in the inner core of the micelle, and thus 

to a larger decrease of KGL. This explains the higher solubilization capacity in the inner core of SDS (having 

the highest CMC of all selected (bio)surfactants) micelles.  

Next to the (bio)surfactant properties, also the log(KOW) and dipole moment of the VOCs showed to 

influence the decrease in KGL. The (cyclo)alkanes are hypothesized to be solubilized only in the inner core 

of the micelles, while polarizable hydrocarbons such as m-xylene + ethylbenzene and toluene can be 

solubilized at the micelle-water interface, in the palisade layer and in the inner core of the micelle.  

Overall, this study has shown that all the (bio)surfactants evaluated can improve the solubility of 

hydrophobic VOCs in water, indicating the potential of (bio)surfactants to improve the removal of 

hydrophobic VOCs in waste gas treatment technologies. This fundamental data can be used as valuable 

input to facilitate the selection of a (bio)surfactant and estimate its effect on the performance of different 

bioreactors. Moreover, the results here obtained can help to improve the design and modeling of air 

treatment systems where (bio)surfactants are used. KGL coefficients are paramount in modelling 

approaches. For future studies, the optimal dosage of the (bio)surfactants, their effect on microbial 

communities, the costs associated with their implementation, and the influence of other parameters (e.g. 

temperature, pH, dissolved salts, etc.) on the KGL should be further evaluated. 
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Supplementary material: 1 

Text S1. Experimental procedure - DynAb method 2 

A stream (Q3: 15 mL min-1) was generated from the certified gas mixture containing the individual target 3 

VOCs in N2 and was controlled by a mass flow controller (MFC) (GF Series, Brooks Instruments, USA). Q3 4 

was further diluted with an N2 gas stream (Q2: 30 sccm) to generate the final stream (Q2+3) entering the 5 

glass bubble column containing the absorption liquid (i.e. water or water + surfactant). An additional N2 6 

stream (blank, Q1: 45 sccm) was installed to flush the lines and the bubble column before starting each 7 

experiment. Q2+3 and Q1 were connected to a four-way valve (Swagelok, Belgian fluid system technologies 8 

BVBA, Groot-Bijgaarden, Belgium) and, depending on its position, one stream flowed through the column 9 

while the other was discarded (waste line). In this way, if the valve was set in “flush mode” (P3 to P4 and 10 

P1 to P2) only N2 flowed through the column, while the diluted stream of VOCs (Q2+3) was vented through 11 

the waste line. Contrary, if the valve was set in “compounds mode” (P1 to P4 and P3 to P2), only the diluted 12 

stream of VOCs flowed through the column while Q1 through the waste line. The glass bubble column was 13 

equipped with a sintered glass plate (porosity 1: 100 – 160 μm) to enable the generation of small air 14 

bubbles. This set-up was temperature-controlled (25 °C) in a thermostatic cabinet (Memmert UM200, 15 

Gemini B.V., Apeldoorn, The Netherlands) and all the lines were made of PTFE (polytetrafluoroethylene) 16 

tubing. 17 

To start with the measurements, the four-way valve was set in “flush mode” for at least 30 minutes, and 18 

at time zero (to) the valve was switched to “compounds mode”. In this way, the VOC stream was sent 19 

through the bubble column and the compounds were absorbed in the liquid phase until equilibrium with 20 

the gas phase was reached (i.e. the VOCs concentration at the outlet was equal to the concentration at 21 

the inlet). To account for the possible adsorption of the target VOCs onto the glass column or Teflon tubing, 22 

a blank correction was performed. This experiment was carried out with an empty glass bubble column 23 

(no liquid added) while keeping all the other parameters constant.  24 

Text S2. Calculation of the partitioning coefficients – DynAb method 25 

The gas-liquid partitioning coefficient (KGL) was determined according to Eq. 1, where 𝐶𝑙𝑖𝑞𝑢𝑖𝑑
𝑛𝑜𝑟𝑚  is the 26 

normalized concentration of VOCs in the liquid phase, V is the liquid volume and Q is the gas flow rate 27 

(Q2+3). The normalized gas phase concentration (𝐶𝑔𝑎𝑠,𝑠𝑎𝑚𝑝𝑙𝑒
𝑛𝑜𝑟𝑚  = Cout⁄Cin) was calculated as the ratio of the 28 

VOC concentration at the outlet and the VOC concentration at the inlet. For practical reasons, it was 29 

assumed that equilibrium (t∞) between the gas and liquid phase was reached when the outlet 30 

concentration was equal to the inlet concentration for at least 5 minutes [1]. 31 

 𝐾𝐺𝐿 =
𝐶𝑔𝑎𝑠,𝑖𝑛

𝑛𝑜𝑟𝑚

𝐶𝑙𝑖𝑞𝑢𝑖𝑑
𝑛𝑜𝑟𝑚 =

1

𝑄[∫ [1−𝐶𝑔𝑎𝑠,𝑠𝑎𝑚𝑝𝑙𝑒
𝑛𝑜𝑟𝑚 (𝑡)]

𝑡∞
𝑡0

𝑑𝑡−∫ [1−𝐶𝑔𝑎𝑠,𝑏𝑙𝑎𝑛𝑘
𝑛𝑜𝑟𝑚 (𝑡)]

𝑡∞
𝑡0

𝑑𝑡]

𝑉

=
1

𝑄 𝐴

𝑉

 Eq. 1 

 32 

  33 



Text S3. Calculation of the partitioning coefficients – EPICS method  34 

The following equations, as formulated by Gossett [2], were used for the calculation of the partitioning 35 

coefficients. If two bottles (Vb) (1 and 2) are prepared with different liquid volumes VL1 and VL2 (VL1 < VL2), 36 

the following mass balances can be written:  37 

𝑀1 = 𝐶𝑔1[(𝑉𝐿1/𝐾𝐺𝐿) + 𝑉𝑔1] Eq. 2 

𝑀2 = 𝐶𝑔2[(𝑉𝐿2/𝐾𝐺𝐿) + 𝑉𝑔2] Eq. 3 

where M (g) is the total mass of the compound in the two-phase system, Cg (g mL-1) is the headspace 38 

concentration and Vg  (mL) is the headspace volume. Solving both equations for KGL results in Eq 4. In this 39 

study, r (Eq. 5) was calculated from the ratio of the chromatographic peak areas as the GC detector 40 

response was linear in the range of interest.  41 

𝐾𝐺𝐿 =
𝑉𝐿2−𝑟𝑉𝐿1

𝑟𝑉𝑔1−𝑉𝑔2
       Eq. 4 42 

𝑟 =
𝐶𝑔1/𝑀1

𝐶𝑔2/𝑀2
                 Eq. 5 43 

Finally, to determine the volume of water needed in each bottle (5 mL and 115 mL, section 2.3) and thus 44 

improve the precision of the method for the desired range of KGL, theoretical modeling was performed in 45 

which the variance (σ2) of KGL was estimated as a function of KGL. Such a procedure has been carried out 46 

before but for compounds with a lower dimensionless KGL coefficient (0.0023 – 13.5) [2-4].  47 

The variance in measured KGL values reflects the variances associated with each of the variables used in its 48 

calculation (Eq. 4) [2]. However, this is only valid if the variances on the independent variables are 49 

unrelated. In Eq. 4, Vg is dependent on VL (i.e. Vg = Vb - VL). Thus, rewriting Eq 4. in terms of Vb results in Eq. 50 

6, and the different variance contributions can be written as Eq. 7 and Eq. 8: 51 

𝐾𝐺𝐿 =
𝑉𝐿2−𝑟𝑉𝐿1

𝑟𝑉𝑔1−𝑉𝑔2
=

𝑉𝐿2−𝑟𝑉𝐿1

𝑉𝑏(𝑟−1)−𝑟𝑉𝐿1+𝑉𝐿2
  with 𝑟 =

𝑉𝑏−𝑉𝐿2+𝑉𝐿2/𝐾𝐺𝐿

𝑉𝑏−𝑉𝐿1+𝑉𝐿1/𝐾𝐺𝐿
   Eq. 6 52 

𝜎2(𝐾𝐺𝐿) = (
𝜕𝐾𝐺𝐿

𝜕𝑉𝑏
) 2𝜎2(𝑉𝑏) + (

𝜕𝐾𝐺𝐿

𝜕𝑉𝑤1
) 2𝜎2(𝑉𝐿1) + (

𝜕𝐾𝐺𝐿

𝜕𝑉𝐿2
) 2𝜎2(𝑉𝐿2) + (

𝜕𝐾𝐺𝐿

𝜕𝑟
) 2𝜎2(𝑟)      Eq. 7 53 

where: 54 

𝜎2(𝑟) = 𝑟2 {[𝜎(𝐶𝑔1/𝑀1)/(𝐶𝑔1/𝑀1)]
2

+ [𝜎(𝐶𝑔2/𝑀2)/(𝐶𝑔2/𝑀2)]
2

}   Eq. 8 55 

The variance of each variable was determined experimentally and shown in Table 1 as relative standard 56 

deviation (RSD) (i.e. 𝑅𝑆𝐷 (%) = 100 . √𝜎2

𝐾𝐺𝐿
⁄ ). 57 

Table S1. Relative standard deviation (RSD) (%) on factors affecting the variance on the gas-liquid partitioning 58 
coefficient (KGL). Vb is the volume of the bottles, VL is the volume of liquid added, Cg is the headspace concentration, 59 

M is the total mass of the compound in the two-phase system, and n is the number of measurements. 60 

Factor Value RSD (%) 

Vb (mL) 119 (n = 8) 0.31 
Vw1 (mL) 5 1 0.20 1 

Vw2 (mL) 115 (n = 5) 0.01 
Cg1/M1 3.33 x 103 - 3.15 x 104 2 (n=3) 4.11 – 4.48 
Cg2/M2 4.83 x 104 –  4.30 x 105 2 (n=3) 2.19 – 6.92 

1Volume was added with a microliter pipette. RSD reported by the supplier [5]. 61 
2Dependent on the compound added. 62 



Text S4. Experimental procedure – EPICS method 63 

The stock solution contained 5.28 mL cyclohexane, 10.3 mL pentane, 3.13 mL hexane and 1.01 mL heptane 64 

in 100 mL methanol and was stored in a fridge at 4 °C. These volumes were calculated in each case so the 65 

final water equilibrium concentration was maximally one-tenth of the maximum aqueous solubility [4]. In 66 

this way, we ensured that the measurements were conducted in the range where Henry’s law (here 67 

represented as KGL: gas-liquid partitioning coefficient) is fulfilled (i.e. in dilute solutions) [6].  68 

An Agilent 6890 gas chromatograph (GC) (injector at 220 °C, flame ionization detector (FID) at 250 °C), 69 

equipped with a 30 m HP-5 ((5%-phenyl)-methylpolysiloxane) nonpolar column (0.25 µm film thickness, 70 

0.32 mm inner diameter, fused silica capillary tubing) was used to measure the headspace concentration 71 

of each bottle. The temperature of the oven was kept constant at 35 °C for 3 min, followed by a 72 

temperature rise of 10 °C min-1 up to 120 °C. The GC carrier gas was helium at a rate of 6.7 mL min-1 and 73 

the FID was fed with air at 400 mL min-1 and hydrogen at 40 mL min-1.  74 

  75 



Table S2. Physical-chemical properties of the VOCs of interest at 25 ˚C. MW stands for molecular weight; WS for 76 
water solubility; VP for vapor pressure; KOW for octanol-water partitioning coefficient; and D for debye. Adapted 77 

from Howard & Meylan [7] and Dean [8]. 78 

Compound 
Chemical formula 

and structure 
MW 

(g mol-1) 
WS 

(mg L-1) 
VP 

(kPa) 
log(KOW) 

(-) 
Dipole moment 

(D) 

Toluene 

C7H8 

 

92.1 5.26 x 102 3.79 2.73 0.38 

m-Xylene 

C8H10 

 

106.2 1.61 x 102 1.11 3.20 0.33 

Ethylbenzene 

C8H10 

 

106.2 1.69 x 102 1.28 3.15 0.59 

Cyclohexane 

C6H12 

 

84.2 5.50 x 101 12.92 3.44 0 

Pentane 
C5H12 

 
72.15 3.80 x 101 68.53 3.39 0 

Hexane 
C6H14 

 
86.2 9.50 x 100 20.13 3.90 0 

Heptane 
C7H16

 
100.2 3.40 x 100 6.13 4.66 0 

 79 
 80 

81 



Table S3. (Bio)surfactants and their respective chemical formula, structure, critical micelle concentration (CMC) and 82 
hydrophilic-lipophilic balance (HLB). “ni” stands for non-ionic; “a” for anionic, and “n.r” for not reported. 83 

Type of 
surfactant 

Trade name Average chemical formula and structure CMC (mg L-1) HLB (-) 

Synthetic 

Tween 80 (ni) 

C64H124O26 

 

15.72 1 15 1 

SDS  
(a) 

C12H25SO4Na 

 

2019 – 2884 2 40 1 

Biological 

Surfactin  
(ni) 

C53H93N7O13 

 

3 3 10 – 12 5 

Rhamnolipid 
(ni) 

Mono-rhamnolipid dominant: C26H48O9 

 

Di-rhamnolipid dominant: C32H58O13 

 

± 200 4 22 - 24 5 

Saponin 
(ni) n.r. ± 1000 4 36.3 6 



 
1 [9]  84 
2 CMCavg = 2451 mg L-1 [9] 85 
3 [10] 86 
4 [11] 87 
5 [12] 88 
6 Value calculated by the authors [13] based on “Davies’ model”, a method developed by Davies [14] to calculate HLB values based 89 
on the chemical groups of the molecule with as advantage that it considers the effect of stronger and weaker hydrophilic groups. 90 
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