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ABSTRACT 

Bioaccessibility extractions are increasingly applied to measure the fraction of pollutants in soil, sediment 

and biochar, which can be released under environmentally or physiologically relevant conditions. However, 

the bioaccessibility of hydrophobic organic chemicals (HOCs) can be markedly underestimated when the 

sink capacity of the extraction medium is insufficient. Here, a novel method called “Membrane Enhanced 25 

Bioaccessibility Extraction” (MEBE) applies a semipermeable membrane to physically separate an aqueous 

desorption medium that sets the desorption conditions from an organic medium that serves as acceptor 

phase and infinite sink. The specific MEBE method combines HOC (1) desorption into a 2-hydroxypropyl-β-

cyclodextrin solution, (2) transfer through a low-density polyethylene (LDPE) membrane and (3) release 

into ethanol, serving as analytical acceptor phase. The surface to volume ratio within the LDPE membrane 30 

is maximized for rapid depletion of desorbed molecules, and the capacity ratio between the acceptor phase 

and the environmental sample is maximized to achieve infinite sink conditions. Several experiments were 

conducted for developing, optimizing and pre-testing the method, which was then applied to four soils 

polluted with polycyclic aromatic hydrocarbons. MEBE minimized sample preparation and yielded a solvent 

extract readily analyzable by HPLC. This study focused on the proof-of-principle testing of the MEBE 35 

concept, which now can be extended and applied to other samples and desorption media.  
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INTRODUCTION 40 

Reliable assessment of environmental exposure to hydrophobic organic chemicals (HOCs) from solid 

matrices requires measurements that go well beyond exhaustive extractions and total concentrations1–7. 

Bioaccessibility tests are increasingly applied for determining the fraction of HOCs that can be released 

from environmental matrices under environmentally or physiologically relevant conditions. Bioaccessibility 

describes the mass quantity of a chemical that can become available within a given time span and under 45 

given conditions. This accessible portion can be applied to estimate the quantity of the contaminant that 

can be mobilized and made available for certain processes, such as (bio)degradation and biotic uptake6. 

Typically, bioaccessibility tests involve mild extractions aiming at desorbing the accessible fraction, while 

avoiding exhaustive extraction and disintegration of the solid matrix8. However, during the last 7 years 

several researchers have shown that the bioaccessibility of HOCs can be markedly underestimated when 50 

the capacity of the extraction medium is insufficient for a given sample9–13. The traditional approach for 

avoiding such underestimations has been to increase the liquid volume to solid mass ratio, which for heavy 

metals often is set to 100 L/kg. Unfortunately, such volume to mass ratios are insufficient for 

bioaccessibility extractions of HOCs in solid samples with very high solid to water distribution coefficients 

(KD), which for polycyclic aromatic hydrocarbons (PAHs) in soot, soil, sediment and biochar can exceed 106 55 

L/kg2,12,14,15. 

Several approaches have been reported to ameliorate the sink capacity of bioaccessibility extractions, 

which usually involve the incorporation of sorptive sinks in a three-phase extraction system10 in order to 

maintain the concentration gradients that drive the desorption process: (1) The so-called ‘contaminant 

trap’16 uses a composite of polydimethylsiloxane (PDMS) and activated carbon as infinite sink, (2) Sorptive 60 

Bioaccessibility Extraction (SBE)9,17 applies  a long silicone rod with high contact surface area as sorptive sink 

that allows back-extraction of the analytes and (3) slurry solid-phase extractions utilize 

poly(diphenylphenylene oxide) (Tenax) or poly(styrene-divinylbenzene) copolymeric (e.g., Amberlite XAD-2) 

beads as sinks8,18–20. However, depletive sampling of HOCs from soils by these sorptive-based procedures is 
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not free from drawbacks. Accumulated HOC species cannot be retrieved easily from contaminant traps due 65 

to their high retention in the PDMS-activated carbon composite16, and the bioaccessible fraction can then 

only be estimated by subtraction of the non-desorbable pool from the total concentrations, which both 

must be measured by exhaustive extraction. As for sorptive bioaccessibility extraction with silicone rods 

(SBE), a large mass of sorbent is needed to ensure a high sorptive capacity and the analytical workflow is 

lengthened by the back-extraction of target analytes out of the large silicone sink9,17. Recent research has 70 

also demonstrated that SEB with silicone as sink can be insufficient for measurement of accessible PAHs in 

solid samples with extremely high KD values12. Finally, Tenax beads can be difficult and sometimes even 

impossible to separate properly from the solid matrix in bead-based extractions and dedicated 

configurations are usually called for21. 

A fundamental paradigm in bioaccessibility extractions is to provide relevant desorption conditions, avoid 75 

exhaustive extraction and at the same time ensure an extraction system with sufficiently high sink 

capacity12. Additionally, the desorption from the sample matrix should be the rate limiting step, and thus 

the transfer of the released molecules to the sink must be faster than the desorption step. Consequently, 

novel approaches are needed that allow desorption conditions and sink capacity to be varied and set 

independently, while ensuring fast removal of contaminants from the desorption medium. The present 80 

study introduces such an approach, where a semipermeable membrane is applied as physical barrier 

between two media: (1) The environmental sample is suspended in an aqueous medium that sets the 

desorption conditions, (2) the membrane is, besides a physical barrier, also the initial sink and conducting 

medium22 for the analytes and (3) an organic solvent serves as the analytical acceptor phase and infinite 

sink. The desorption thus takes place in a small volume of a mild extraction medium within a flat bag 85 

membrane that is submerged in a larger acceptor volume, since this new configuration maximizes the ratio 

of sink surface area relative to extraction medium volume. This “Membrane Enhanced Bioaccessibility 

Extraction” (MEBE) concept has several commonalities with the biotic uptake of HOCs sorbed to solid 

matrices, which generally involves desorption from the matrix and then transfer through a biological 
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semipermeable membrane. However, MEBE does not intend or pretend to simulate biological processes. 90 

The MEBE method is based on the progress made within analytical chemistry on membrane assisted 

extraction and cleanup methods, which today can yield solvent extracts that are ready for the direct 

injection into GC and LC systems23–26. The hypotheses of the current study were that MEBE (1) allows 

setting the desorption conditions in an aqueous desorption medium while maximizing the sink capacity of a 

solvent acceptor, (2) can yield solvent extracts that are ready for HPLC measurements and (3) is applicable 95 

to field contaminated matrices with high KD values in a very simple and practical manner. 

 

WORKING PRINCIPLE, DESIGN AND OPTIMIZATION OF MEBE 

The solid environmental sample is suspended in a small volume of 2-hydroxypropyl-β-cyclodextrin solution 

(i.e. the desorption medium, HPCD) within a flat low-density polyethylene (LDPE) bag, which is then 100 

carefully sealed and placed in a glass vessel containing a much larger volume of acceptor solvent. The 

vessel is placed horizontally on a roller mixer during the MEBE process. On a molecular scale, HOCs desorb 

from the environmental sample and are co-transported by the HPCD as inclusion complexes to the LDPE 

membrane27, which acts as an intermediate sorptive sink28 and thereby maintains the desorption gradient. 

The HOC molecules then diffuse through the LDPE membrane and partition into the solvent acceptor26, 105 

which acts as a final sink and in turn maintains the diffusion gradient that drives the diffusive mass transfer 

of HOCs through the LDPE membrane (see TOC Figure).  

First, the current work presents the development and optimization of a MEBE method, including (1) solvent 

selection, (2) sink volume dimensioning, (3) diffusive mass transfer across the LDPE membrane, (4) agitation 

mode selection, (5) uptake of solvent through the LDPE membrane and (6) comparison of MEBE with 110 

conventional HPCD extraction. Second, this MEBE method was applied to four industrially contaminated 

soils including samples with expected high KD values and slow desorption kinetics, which set special 
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demands on the bioaccessibility extraction system12. Results from one soil were compared to recent results 

obtained by sorptive bioaccessibility extraction. 

MATERIALS AND METHODS 115 

Chemicals and materials. A certified reference material CRM47940 (Standard PAH mixture) was purchased 

from Sigma-Aldrich. It contained the 16 US EPA priority PAHs at the 10 mg/L level in acetonitrile. A 20-cm 

long low-density polyethylene (LDPE) bag was made from a 2.54 cm wide × 70 µm thick flat LDPE hose 

(Brentwood Plastics Inc., St. Louis, MO, USA) by double-hot-sealing. Different qualities of ethanol were used 

in the initial experiments, and all final experiments were conducted with ethanol of analytical grade 120 

(99.98%, VWR Chemicals). β-cyclodextrin (HPCD, 2-hydroxypropyl-β-cyclodextrin, MW=1437.75 g/mol) was 

supplied by Wacker-Chemie, Burghausen, Germany. Miglyol 812 (also evaluated as a final sink) is a purified 

palm oil made of triglycerides (Cremer Oleo, Hamburg, Germany). 

 

Industrially contaminated soils. The initial method development was conducted on a heavily PAH 125 

contaminated soil that originated from a landfill in Vienna (Austria), and the second phase of the study was 

conducted with three additional field contaminated soils that were sampled at individual sites in Vienna. 

The four soils show varying contamination history, soil characteristics and PAH content (see Table SI1). The 

soils were sieved below 2 mm before use. The total organic carbon (TOC) content was quantified using a 

carbon combustion analyzer (RC612, LECO). Soil pH was measured in CaCl2 (0.01 mol/L) suspension, 130 

whereas texture was analyzed following the Austrian Standard (ÖNORM 422029). Ethyl acetate was used for 

exhaustive extraction of PAHs from the soils. Before analysis, extracts were diluted with methanol (at least 

1:3) according to concentration range. Quantification of PAHs was performed on a liquid chromatography 

system with multiband fluorescence and UV/VIS detection. The method was optimized for the separation 

of the 16 US EPA priority PAHs plus 19 alkylated and heterocyclic PAHs by using a reverse-phase column 135 
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and a buffer/methanol gradient as mobile phase. Further information can be found in the Supporting 

Information (SI).  

 

Development of the MEBE method  

Solvent selection. A first experiment was conducted to assess the general compatibility of different solvents 140 

with MEBE. Several 20 cm × 2.54 cm flat LDPE bags were filled with solvents that are known to dissolve 

lipophilic compounds: 1-hexanol, hexane, 1-octanol, 2,2,4-trimethylpentane, ethyl acetate, ethanol and 

acetone. Bags with 10 mL solvent were sealed on both ends, weighted and placed in 50-mL Schott-Duran 

flasks closed with Teflon-lined caps. The flasks were opened regularly during a 2-week period, and the LDPE 

bags were checked visually for leakage, membrane swelling, change of appearance and for solvent losses 145 

based on gravimetric analysis. 

In a second experiment, the mass transfer of four solvents through the LDPE membrane was quantified. 10 

mL of a given solvent were placed in the LDPE bag, which in turn was placed in an open glass jar. The 

evaporative loss was monitored gravimetrically. Even though this experiment does not reflect experimental 

conditions of MEBE, it reveals how much of a solvent can pass across the LDPE membrane. The four 150 

solvents tested as potential final sinks for MEBE in this mass transfer experiment were: (1) ethanol 

(inexpensive, green solvent), (2) miglyol oil (purified lipid), (3) methanol (solvent well suited for HPLC-

analysis) and (4) acetonitrile (solvent well suited for HPLC-analysis). Based on these two experiments, 

ethanol was selected as a suitable acceptor medium and sink in all further experiments.  

 155 
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Sink volume dimensioning. The PAH mass in ethanol was determined for varying acceptor volumes to 

identify the minimum required volume with sufficient sink capacity, while at the same time ensuring 

sufficient analytical sensitivity. MEBE devices were filled with 0.5 g soil (landfill, Vienna) and 2.0 mL 75 g/L 

HPCD solution, containing 0.5 g/L NaN3 as a biocide to circumvent biotic degradation of organic species. 

The loaded devices were then immersed in 22-mL, 100-mL and 1000-mL bottles that contained respectively 160 

5 mL, 50 mL and 500 mL ethanol, yielding solid to acceptor phase ratios of 1:10, 1:100 and 1:1000. The 

bottles were shaken on an orbital shaking table at 80 rpm for 28 days (triplicates, protected against light). 

Aliquots of 100 µL ethanol were sampled and analyzed by HPLC at predetermined time points, without 

replenishing the volume probed.  

 165 

Diffusive mass transfer across the LDPE membrane. The time required for a quantitative PAH transfer 

through the LDPE membrane was determined. 100 µL CRM47940 (10 mg/L Standard PAH mixture in 

acetonitrile) was added to the MEBE device (no soil, no HPCD solution), and the PAH transfer into 50 mL 

ethanol acceptor phase was monitored over time (triplicates, orbital shaking, 80 rpm). Aliquots of 100 µL 

ethanol were sampled and analyzed by HPLC at 1, 2, 4, 8, 16, 24, 48 and 96 h without replenishing the 170 

sampled volume. The transfer of each PAH was plotted against time, fitted to a simple first order model and 

the time to transfer 95% of the initial mass was estimated. 

 

Agitation mode selection. To determine the best agitation mode, LDPE bags with 0.5 g soil (landfill, Vienna) 

were contained in 22-mL vials with 15 mL ethanol acceptor and subjected to different shaking conditions 175 

(triplicates): unshaken, vortex shaking (500 rpm), horizontal rolling (60 rpm) and gentle orbital shaking (80 

rpm). Aliquots of 100 µL ethanol were sampled and analyzed by HPLC at 2, 4, 8, 24 and 48 h without 

replenishing the volume removed during sampling.  
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Uptake of solvent through the LDPE membrane. Several parallel MEBE systems were assembled without soil 180 

samples, and the mass transfer of ethanol through the LDPE membrane and into the HPCD solution was 

determined as a function of time. For this purpose, LDPE bags were filled with 2 mL HPCD solution, sealed 

and placed in glass jars filled with 50 mL ethanol. After 1, 2, 4, 7 and 14 d, HPCD solutions from the bags 

were sampled and analyzed for ethanol content using GC-FID. This experiment was conducted in 

pentaplicate. 185 

 

Comparison of MEBE with conventional HPCD extraction  

The mass transfer kinetics of the proposed MEBE method was determined and then compared against an 

extraction with the same mobilization medium but without a sink30,31. To this end, 0.5 g soil (landfill, 

Vienna) was introduced into a 20 cm × 2.54 cm flat LDPE bag along with 2 mL 75 g/L HPCD and 0.5 g/L 190 

NaN3. The sealed bag was transferred into a 100-mL Schott-Duran bottle and 50 mL ethanol was added. The 

bottles were closed and then placed on an orbital shaking table at 80 rpm. Aliquots of 100 µL ethanol were 

sampled and transferred to micro-inserts in 1.5-mL HPLC vials at 1, 2, 4, 8, 16 h and 1, 2, 4, 7 and 14 d, 

without replenishing the withdrawn volume, and analyzed by HPLC without further treatment. This 

experiment was conducted in triplicate. In parallel, 0.5 g of the same soil was incubated for 28 days in a 195 

100-mL Schott-Duran bottle with 50 mL 75 g/L HPCD solution containing 0.5 g/L NaN3 and sampled at the 

same time intervals as for the MEBE method. In every sampling cycle, approximately 1 mL of the HPCD 

medium was sampled with a 1-mL syringe, filtered through a 0.45-µm nylon filter into a HPLC vial until 

approximately 100 µL clean extract was transferred to the autosampler vial. The syringe plunger was then 

pulled back to recover the non-filtered extract and retained soil particles for returning them to the Schott-200 

Duran bottle. In this way, only approximately 100 µL extract were collected in every discrete sampling step 

and only a minute quantity of soil was lost.  
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Application of MEBE to industrially polluted soils  

In the second phase of the study, MEBE was applied for determining the PAH bioaccessibility in Vienna 205 

landfill soil and three additional industrially contaminated soils from urban sites in Vienna, Austria (Table 

SI1). For comparing the extraction efficiency of MEBE and conventional HPCD extraction, all four 

industrially contaminated soils were subjected to HPCD extraction, generally following the procedure given 

above. In this experiment, samples of HPCD solution (1 mL) were taken after 1, 2, 4 and 6 d and filtered 

using PTFE syringe filters prior to dilution with methanol (1:2) and HPLC analysis of PAHs (details given in 210 

SI).  

 

Approximately one week before the experiments, 22-cm long LDPE devices were prepared, sealed twice on 

each end to form bags and soaked in excess ethanol for cleaning. The bags were removed from the ethanol 

cleaning solution, dried at room temperature and opened at one end. Dry soil (0.5 g) was placed in each 215 

bag while avoiding soil particles on the top end, as this had earlier led to imperfect sealing with small leaks 

in some replicate bags. 2 mL HPCD solution (75 g/L) was added to the soil in the bags (avoiding also drops 

at the top end). Bigger air pads were removed manually, the bags were sealed again at the top and then 

visually checked for leakage. Bags were wrapped up and placed individually in 60-mL amber glass jars. The 

jars were filled with 50 mL ethanol each, closed tight and placed horizontally on roller tables operating at 220 

60 rpm. These experiments were conducted in pentaplicate for each of the four soils, which resulted in a 

total of 20 jars for this experiment. After 1, 2, 4, 6, 9 and 14 d, 1 mL of the ethanol was sampled from each 

jar and transferred to a 2-mL vial. The bioaccessible PAH mass in these ethanol acceptor solutions, as well 

as the total PAH mass in the ethyl acetate extracts, were measured with the same HPLC method to avoid 

that the use of different analytical methods would confound the calculation of accessible fractions.  225 
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Partitioning calculations  

The governing partition coefficients of representative PAHs were determined with the UFZ-LSER database32. 

The ethanol to poly(dimethylsiloxane) partition ratios (KEtOH,PDMS) were determined to relate the acceptor 

capacity of MEBE to the acceptor capacity of sorptive bioaccessibility extraction methods with a silicone 230 

sink. The partition ratios between “10-20% ethanol solution” and water (Log X%EtOH,w) were used to quantify 

the effect of ethanol diffusion into the membrane bag on the MEBE process.   

RESULTS AND DISCUSSION 

Solvent loss experiments and solvent selection 

In MEBE, it is crucial that the permeation of the acceptor solvent through the membrane is kept low to 235 

minimize solvent transfer to the aqueous desorption solution, since the solvent could potentially facilitate 

the desorption process. During the first solvent loss experiment, the losses of ethyl acetate, hexane and 

acetone were higher than for the other more polar solvents (results not shown). The surface of the bag 

exposed to 2,2,4-trimethylpentane was slightly cloudy after 7 days, possibly indicating an effect of this 

solvent on the LDPE membrane. All these solvents were thus discarded as acceptor solvent. During the 240 

second solvent loss experiment, the loss of acetonitrile, methanol and ethanol was linear with time, with 

the lowest loss observed for ethanol (0.1% in two weeks). For miglyol oil, no loss was detected after 6 days 

(< 0.01%). Finally, ethanol was chosen as acceptor solvent in the present study since it combined (1) good 

availability of pure grade at low cost, (2) a good environmental profile, (3) low toxicity and (4) allows direct 

injection on reversed-phase HPLC with no further clean-up of the extract. To the contrary, the PAH 245 

quantification in miglyol extracts with HPLC would need a substantial clean-up step or fractionation 

protocol for the isolation of PAHs before analysis33. 
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Sink Dimensioning 

The aim of this assay was to determine a suitable acceptor volume that is practical and provides sufficient 250 

sink capacity. The PAH masses transferred from 0.5 g soil to 5, 50 and 500 mL ethanol after 8 days are 

shown in Figure 1. The extracted masses of 2-4 ringed PAHs did not differ markedly between parallel MEBE 

extractions with varying acceptor volume and thus varying sink capacity (Figure 1). To the contrary, the 

masses of 5 and 6 ringed PAHs were systematically lower in 5 mL compared to 50 and 500 mL acceptor 

solution, which indicated insufficient sink capacity of 5 mL acceptor volume. The PAH mass of all measured 255 

2-6 ringed PAHs was similar or higher in 50 mL compared to 500 mL acceptor volume, which is consistent 

with 50 mL having sufficient sink capacity for these extractions.  

Extracting 0.5 g soil with 50 mL ethanol yields a solid to liquid ratio of 1:100 g/mL. However, the MEBE 

configuration will provide a much higher sink capacity compared to traditional HPCD extractions with the 

same soil-to-liquid ratio, since ethanol has a much higher capacity for PAHs compared to HPCD solutions. 260 

The sink capacity of MEBE is also higher compared to sorptive bioaccessibility extraction methods with 

silicone sinks9, as the sink capacity of 50 mL ethanol corresponds to 144 mL (NAP) to 316 mL (BaP) silicone 

(VPDMS=VEtOH×KEtOH,PDMS, Table 1). Soot, biochar and some types of historically polluted soils can have 

extremely high solid to water distribution coefficients (KD, L/kg), which then also requires the acceptor 

phase to provide a very high sink capacity12. A solid to volume ratio of 1:100 g/mL might not always provide 265 

sufficient sink capacity for all kinds of samples and contaminants. However, for new types of environmental 

samples it is straightforward to vary the acceptor volume and find the needed sink capacity, as done here.  

Sorptive sinks should not only have sufficient sink capacity, they should also be sufficiently fast in removing 

the desorbed molecules from the aqueous solution, rendering the desorption process the rate limiting step. 

This calls for a high sink surface area relative to the desorption medium volume (A/V), which is intrinsic for 270 

bioaccessibility extraction methods with Tenax beads but more difficult to achieve when using, e.g., a piece 

of polymer sheet, a polymer rod or a sorbent disk. In the present study, we maximized this A/V ratio by 

positioning a small volume of soil suspension within the LDPE membrane bag, which is in contrast to other 
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methods where a sorptive sink is submerged within a much larger volume of soil suspension. The A/V ratio 

of MEBE was plotted against its sink to sample mass ratio and compared to other recent bioaccessibility 275 

extraction methods with sorptive sinks (Figure 2). This illustrates that the MEBE approach indeed combines 

a high A/V ratio with a high capacity ratio.  

 

Diffusion characterization 

The mass transfer resistance through the LDPE membrane was studied by adding 100 µL acetonitrile 280 

solution (CRM47940) containing the 16 US EPA priority PAHs at the 10 mg/L level to the LDPE bags and then 

monitoring the PAH release into the ethanol acceptor solution. A rate constant (k, h-1) was calculated by 

fitting the mass transfer profiles to a first order exponential function (A = A0 (1-exp(-kt))), where A is the 

extracted mass at time t normalized against the maximum mass measured at 96 h (Figure SI1). The t95 value 

(t95% = ln(20)/k) describes the estimated time for transferring 95% of the PAH mass to the acceptor solution, 285 

and ranged from 10 h for naphthalene to 47 h for indeno(1,2,3-cd)pyrene (Table SI2), but the presence of 

each PAH could be detected in the acceptor solution within 3 h (Figure SI1). Overall, all PAHs were 

quantitatively transferred to the acceptor solution within 2 days. The mass transfer time through the 

membrane sets some limitations regarding short term bioaccessibility extractions when measuring only the 

mass of PAHs in the ethanol. However, it is rather simple to empty the LDPE device and extract PAHs from 290 

the small mass of LDPE, which then allows short term measurements of bioaccessibility based on the sum 

of PAH mass in ethanol and membrane.   

 

Influence of agitation mode 

During optimization of the MEBE method, the mass transfer of PAHs from “Landfill” soil to the ethanol 295 

acceptor phase was monitored under different shaking regimes, using fluoranthene as a model compound 

(highly abundant in all test soils). Kinetic profiles obtained are illustrated in Figure SI2. 
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The mass transfer from soil to acceptor solution was found to depend on the agitation mode. Rolling of 

closed vials in horizontal position resulted in the highest mass transfer. The rolling of vials (1) is practical 

even for a large number of parallel systems, (2) creates reproducible conditions within and between 300 

experiments and (3) appears a rather gentle treatment that does not impose physical stress on the soil 

matrix or the LDPE membranes. Rolling of closed vials was thus selected as agitation mode in the final 

application of MEBE on PAH polluted soils. 

 

Ethanol permeation experiment 305 

The permeability of ethanol across the LDPE membrane was tested under MEBE experimental conditions. 

The ethanol content in the HPCD solution was for this purpose measured as a function of time. The ethanol 

concentration in the HPCD solution increased linearly with time and was 10.3±0.5% (v/v, n=3) and 

19.9±1.7% (v/v, n=3) after respectively 7 and 14 days (Figure SI3). This implied a negligible co-solvent effect 

in the first days of the bioaccessibility extraction, which then continuously increases during the course of 310 

the bioaccessibility extraction. The ethanol effect on the bioaccessibility extraction process was assessed 

based on partitioning calculations, which showed an only minor effect of 20% ethanol on the capacity of 

the mobilization medium for representative PAHs (Table 1). 20 % of ethanol enhances the capacity of pure 

water by factor 4 for naphthalene and 22 for benzo(a)pyrene, which is much lower compared to the 

capacity enhancement by the HPCD carrier34.  The capacity enhancement effect of 10-20% of ethanol will 315 

thus be very limited in the HPCD solutions that already have a high capacity for PAHs. The capacity 

enhancement of both 20% ethanol and HPCD is orders of magnitude lower compared to the capacity 

enhancement by pure ethanol (factor 2500 for NAP & 1 900 000 for BaP, Table 1). Further, we do not 

expect that 20% ethanol increases desorption from the soil by acting as competitive sorbate as reported for 

toluene35, since competitive (de)sorption of PAHs generally requires an aromatic moiety to form π-π bonds 320 

at the high affinity sorption site. Recently, Humel and co-workers reported that atmospheric carbonation 
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can reduce the bioaccessibility of PAHs in industrially contaminated soil, and that lowering the pH of the 

mobilization medium then can lead to a re-mobilisation36. We do not expect that 10-20% of ethanol do 

mobilize PAHs by this mechanism, since the ethanol addition to water is largely pH neutral. 

Membrane enhancement of bioaccessibility extraction 325 

The mass of PAH released into 50 mL ethanol normalized to the soil sample mass in the LDPE bag (µg PAH/g 

soil) was determined and plotted against the extraction time. Data for fluoranthene as model PAH are 

presented in Figure 3. The mass of PAH released in HPCD extractions without a sink was also determined 

and included in the same plot. Despite the short lag introduced by the diffusion through the membrane, 

the mass of PAHs extracted by the new MEBE approach, in which the sink was separated from the 330 

extraction medium, was in all instances greater (p<0.05) than for HPCD extraction (Table SI3). While PAH 

desorption during conventional HPCD extractions appeared to stop after a few days, the mass flux from soil 

to ethanol in MEBE was sustained throughout the test period.  

 

Application of MEBE to four field contaminated soils 335 

MEBE extractions were performed on four industrially contaminated soils to verify the applicability of this 

method to real world samples. The mass ratios of individual PAHs between ethanol extract and initial total 

content of the soil sample were fairly similar for “Vienna, street” and “Vienna, bridge” (Figure 4a,c), with 

concentrations of most individual PAHs in ethanol extracts of the first four days being below the analytical 

limit of quantification. Soil “Vienna, train station” differed as 7 out of 10 occurring PAHs could be detected 340 

already in “day 4” extracts although generally in low concentrations (Figure 4b). This may be explained by 

the history of this site that harbored a tar deposit rather than tar or gas production facilities. Consequently, 

it is not likely that high affinity materials, such as coal, coke or charred matter, that are capable of 

significantly reducing PAH accessibility, have been introduced in this soil35. MEBE results of “Vienna, 

landfill” (model soil) differed strongly from the other three soils (Figure 4d). Most of the PAHs could be 345 
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determined already on the first day of MEBE (8 out of 11 occurring PAHs). Unlike the other soils, “Vienna, 

landfill” did not show a pronounced increase in C/Ctotal ratios at day 14. Still, when comparing the PAH mass 

ratios from day 9 and day 14 using the Wilcoxon matched pairs test, statistically significant differences for 

all four soils were observed (p < 0.05). Extraction times were not extended beyond two weeks to avoid that 

an elevated ethanol content inside the bag could unintentionally enhance the PAH desorption and lead to 350 

an overestimation of bioaccessibility. For an overall comparison of MEBE against conventional HPCD 

extraction, the average bioaccessible fraction (ABF), normalized to the mass of soil, was calculated in each 

of the four soils by dividing the sum of accessible mass of US EPA PAHs by the sum of total mass of 

individual PAHs as measured after exhaustive extraction (Table SI4). For all soils, ABF at day 14 was at least 

double for MEBE when compared to conventional HPCD extraction. Unlike MEBE, the HPCD method was 355 

unable to detect PAH accessibility for soil “Vienna, train station”. When restricting the extraction period to 

six days only, ABF for soils “Vienna, street” and “Vienna, bridge” were 1.4 and 2.2 times higher in HPCD 

extracts compared to MEBE ethanol extracts. However, for the remaining soils conventional HPCD 

extraction revealed no extraction (“Vienna, train station”) or a 4.7 times lower ABF (“Vienna, landfill”) at 

day 6. In addition, MEBE resulted in a higher number of accessible PAHs (6/10 to 12/12) against HPCD 360 

extraction (namely, 0/10 to 6/10), which can best be explained by a combination of better extraction 

capacity of MEBE and its inherent clean-up (membrane extraction) that leads to a better signal to noise 

ratio (Table SI4). For high molecular weight PAHs with a log KOW > 6, MEBE yielded measurements of PAHs 

that were not detected in HPCD solutions (results not shown). 

The detection power of the MEBE method can easily be increased by 1-2 orders of magnitude by simple 365 

evaporative enrichment of the final acceptor solution. However, no enrichment was included in the present 

study, since direct injection of ethanol extracts into HPLC with fluorescence detection generally provided 

sufficient analytical sensitivity.  
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Operational time window and further developments 370 

The developed MEBE method provides an operational time window in the order of 2-7 days, which 

however easily can be extended. The lower time limit was set by the time required for a quantitative PAH 

transfer over the LDPE membrane (1-2 days), which makes short-term measurements in the ethanol 

acceptor less meaningful. However, it is rather simple to extend the applicability domain to shorter 

extraction times by eluting PAHs from the cleaned LDPE membrane and summing up PAH masses in ethanol 375 

and membrane. The small mass and high surface area of the LDPE membrane allows a faster elution of 

PAHs when compared to the silicone rod methodology.  

The upper time limit was set by the permeation of ethanol into the LDPE bag that resulted in ethanol 

concentrations of 10 and 20% after one and two weeks, making bioaccessibility extractions of more than 1 

or 2 weeks less meaningful although providing conservative estimates of the bioaccessible share. Changing 380 

the acceptor solvent seems the most straightforward approach to extend this upper time limit, which 

however might lead to more sample preparation prior to the instrumental analysis. For instance, the 

purified plant oil “miglyol” has very good solubilizing properties for PAHs37 and will to a much lesser degree 

permeate through the membrane. This would reduce the mass flux of acceptor solvent into the LDPE bag, 

while at the same time increasing the resemblance of MEBE with the uptake of HOCs into animals and 385 

humans, which not only involves a passage over a membrane but also the subsequent partitioning into 

storage lipids.  

 

CONCLUSIONS 

MEBE offers a paradigm shift in bioaccessibility extraction by separating desorption medium and acceptor 390 

solution with a semipermeable membrane, which allows the independent control of desorption conditions 

and sink capacity. This can be utilized to provide relevant desorption conditions in combination with infinite 

sink capacity to comply with the requirement of ISO 17402:2008 for actual worst-case extraction scenarios. 
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Benefits of MEBE, as compared to conventional cyclodextrin extractions, include a much higher and 

scalable sink capacity, a cleaner extract that can be injected directly into HPLC, a drastic reduction of 395 

sample manipulation and the possibility of processing many samples simultaneously since the setup is 

readily arranged in standard vials that can be automatically processed by autosamplers, thus minimizing 

analyst workload and interaction with the sample. The next step should be adjusting and tailoring the MEBE 

approach for specific exposure scenarios and conditions, and particularly the physiological uptake of 

hydrophobic organic pollutants in humans and animals.   400 
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Tables  

 

Table 1: Partition coefficients of representative PAHs for the phases water (w), ethanol (EtOH), aqueous 

solution with x % ethanol (X% EtOH) and Polydimethylsiloxane (PDMS) as calculated using the UFZ-LSER 

database. KEtOH,w denotes the partition coefficient between dry 100% ethanol and water. 415 

 Log KEtOH,w Log KPDMS,w Log KEtOH,PDMS
a Log K10%EtOH,w Log K20%EtOH,w Log K50% EtOH,w 

NAP 3.40 2.94 0.46 0.22 0.61 1.99 

PHE 4.72 4.14 0.58 0.36 0.94 2.81 

ANT 4.75 4.20 0.55 0.33 0.92 2.75 

PYR 5.26 4.66 0.60 0.38 1.05 3.09 

BaA 5.73 4.95 0.78 0.47 1.22 3.48 

CHR 6.06 5.38 0.68 0.49 1.25 3.62 

BaP 6.29 5.49 0.80 0.50 1.34 3.78 
a calculated by subtracting Log KEtOH,w by Log KPDMS,w 
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FIGURE CAPTIONS 

 420 

Figure 1. Membrane enhanced bioaccessibility extraction (MEBE) of historically polluted soil for 8 days at 

varying acceptor volume. The extracted masses of individual PAHs are shown for 5, 50 and 500 mL 

ethanol acceptor volume (n=3, mean ± standard deviation).  

 

Figure 2. For different sorptive sink approaches9,11,16,17,38,39, A/V ratios between sink surface area and 425 

desorption medium volume (Asink /Vsolution) are plotted against their capacity ratio (msink/msoil). High A/V 

ratios provide fast mass transfer of analytes from the desorption solution to the sink, and high capacity 

ratios are crucial for samples with high KD values. MEBE combines a high A/V ratio with a high capacity 

ratio. 

 430 

 

Figure 3. The mass flux of fluoranthene from 0.5 g soil into 50 mL acceptor solution is shown for MEBE 

extraction and HPCD extraction. The mass flux from the soil and into the ethanol (MEBE) was larger and 

lasted longer compared to the HPCD solution. 

 435 

Figure 4: Bioaccessible fractions of 12 US EPA PAHs in four industrially contaminated soils between 1 and 

14 days as assessed with MEBE; columns marked with α are calculated with 2 replicates; error bars 

represent Standard Error of the Mean (n=3-5); ANT and DhA were below detection limits for some soils; 

the dotted line indicates a bioaccessible fraction of 25%. Names of PAHs as associated to abbreviations 

are given in Table SI1.  440 
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