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1 Abstract  
 
Background. Compounds inhaled from fumes generated during in-flight fume events, may impact the 
human nervous system. Within FACTS, the aim is to screen various mixtures of selected fumes for 
possible neurotoxicity hazard. For this, as a first step, in-vitro systems, such as the zebrafish 
neuromotor assay and the neuronal cells in the MicroElectrode Array (MEA) are used. Preliminary 
experiments were done to test the effect and toxicity range, of the oil compound tricresylphosphates 
(TCP) and of oil fume mixtures, to zebrafish embryos and neuronal cells. Furthermore, for use in the 
zebrafish assay, an effective procedure for sufficient oil fume trapping and mixing into fish medium, 
needed to be optimized. 
 
Materials and methods. Firstly, the effect concentration range, and toxicity of a technical TCP mixture 
was tested by adding it directly into fish and MEA cells’ medium of the neurotoxicity tests. Secondly, to 
optimize the fume trapping system, commercial Eastman 2197 oil was heated by dropping it onto a 
500°C hot plate (small-scale oil fume generation). The generated fumes were guided through a glass 
tubing into a 150-mL impinger (flask). The fume trapping was done in different ways: cold trapping using 
one or two serial liquid N2-cooled impingers, trapping into an ice-bath-cooled impinger filled with fish 
water, trapping using a set-up of a liquid N2-cooled impinger in series with an impinger filled with 100mL 
glass beads/50mL fish water, at room temperature. Finally, the serial cold-trap/glass beads set-up was 
also tested connecting it to a small-scale ‘Bleed Air Conditions and Contamination Simulator 
(miniBACS) system. It included an oil spray nozzle, mixing chamber, tube oven (200-500°C, 3bar). Aim 
was to check if enough fume (100-200 mg) could be trapped in a 1-day run. 
The efficacy of the fume components’ trapping in the impinger, and the transfer to fish/cell medium was 
examined. The particle trapping efficiency, was monitored using online samplers (SMPS or DSM500 
devices) or a low-pressure impactor for particle collection at the impinger in- and/or outlet. Full-scan 
organic compound profiling of those particles, of trapped oil or fish water was done using GC-MS. The 
transfer of the compounds from the fumes or trapped oil into the watery fish medium was tested directly, 
or after longer-term mixing. For this, the collected oil was mixed into fish water (ratio of 500 mg per L 
fish water) at room temperature for 2-3 days, before testing this Water-Accommodated Fraction (WAF). 
In the in-vitro zebrafish embryo neuromotor assay, five neuromotor parameters were viewed using an 
infrared camera. In the MEA test, the rat cell cortical neuron activity was assessed. For estimation of 
the acetylcholinesterase (AChE), neuropathy target esterase (NTE) and carboxylesterases (CaE) 
activity a methodology was worked out on zebrafish larvae homogenates. For this, exposed and control 
embryos were each pooled and homogenized in liquid N2, crushed, centrifuged and the supernatant 
was frozen.This extract was diluted to a certain protein concentration, and the CaE and NTE activity 
was measured by quantification of substrate conversion in a spectrophotometer. Inhibition was 
determined by normalizing activity in exposed vs non-exposed zebrafish larvae.  
 
Results. In the tests with the technical TCP mixture, both, the neuromotor activity of the zebrafish and 
the spontaneous electrical activity of the network of primary rat cortical neurons in the MEA, were 
affected in the same TCP concentration range of 1.5-7.4 mg/L. Furthermore, >90% inhibition of the CaE 
and NTE activity was observed for 0.375-6 mg/L TCP. 
A main issue for the zebrafish test, was to sample enough oil to allow examination of the neuromotor 
activity of 2x24 embryos per test compound. For this about 100 mg oil needed to be sampled. This was 
feasible using a small-scale oil fume generation lab setup with relative high oil ‘injection’ and relative 
limited oil losses in the compact system, upfront of the oil trapping. It was observed, that with the 
miniBACS set-up, there were more oil losses in the system. Therefore the large BACS set-up at 
Frauenhofer will be required to collect the samples for the zebrafish assay. 
Using the small-scale oil fume generation set-up during the preliminar experiments, enough oil 
condensate could be trapped in the liquid N2-cooled impinger (cold-trap), but there was some particle 
breakthrough. The median diameter of the particles at the outlet of the impinger, was between 120-
170nm. A more complete trapping of the fume was reached, using the combination of a cold trap, in 
series with an impinger filled with glass beads/fish water. Eighty % of the ultrafine particles were trapped 
in the latter combined system. Indeed, solely using a liquid N2-cooled impinger, only 34-44% of the 
ultrafine particles were captured. They originated from breakthrough, but also most probably from 
nucleation in the cold impinger. Nonetheless, those particles appeared to be of a similar chemical profile 
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composition as was seen in the cold-trapped oil in the impinger. This means that there was some 
limitation in the amount, but not in the kind of compounds trapped in the cold-trap.  
Considering the composition of the cold-trapped fume from heated Eastman oil, it was apparent that 
the TCP level analyzed in three successive experiments (spread over a 5-months’ period) was always 
between 1.6 and 1.9% TCP. The GC-MS full profile consisted of, each time, the same type of 
components, containing mainly: TCP isomers, carbon hydrates, aromatic compounds and possibly 
some esters. After heating, that pattern of the original oil was also present, aside from lower molecular 
weight thermal degradation products observed in the chromatograms. 
Initially, exposure of zebrafish larvae to the cold-trapped oil did not work out, when just mixing the 
condensed oil into fish water. Most probably the oily compounds were not bioavailable. After shifting to 
the WAF approach, in which optimally, the trapped oil was stirred for 3 days, neuromotor impairment 
effects in the zebrafish assay were seen. Oil was mixed into the fish medium to achieve a final 
theoretical concentration in the range of 6 mg/L TCP. The impairment of the parameters ‘distance 
moved’, ‘velocity’, ‘movement frequency’ and ‘movement duration’ were similar as seen in zebrafish 
exposed to a WAF extract of 5 mg/L technical TCP mixture. Remarkably, there was one neuromotor 
parameter, namely ‘turning angle’, that was not affected in the zebrafish exposed to cold-trapped oil, 
and was affected when exposing them to that TCP WAF. Performing the CaE and NTE activity test on 
homogenates of those exposed embryos, a same and strong enzyme inhibition (>90%) was seen in the 
homogenates of all cold-trapped and TCP exposed zebrafish embryos.  
 
Conclusion. The cold trapping procedure (impinger in liquid N2) resulted in highly repeatable trapping 
of the different components in the oil fume mixture. There were some losses of particles, breaking 
through the impinger, but part of the particles could be captured using an extra impinger filled with glass 
beads/fish water, placed in series after the first impinger. Mixing of the trapped oily substance into fish 
water was most effective when mixing the condensate into fish water during three days before its use 
in the neuromotor assay. Furthermore, the methodology of CaE and NTE enzyme inhibition testing was 
successfully applied to frozen homogenates of those zebrafish. In summary, the approach of fume 
trapping, followed by WAF extraction, zebrafish neuromotor viewing and, finally, enzyme inhibition 
assessment, is considered ready for testing of the neurotoxic hazard of oil fume mixtures. There are of 
course limitations to particle trapping using this approach. The particle size distribution, and the 
associated translocation, entering routes and target organs of the original fumes are moditied by 
trapping, and testing them submerged in-vitro assays, such as the zebrafish neuromotor assay and the 
MEA assay. 
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2 Goal of Task 3A preliminar testing 
 
The objective of Task 3A is to allow predictions of actual hazards from fumes generated during fume 
events, with a focus on the nervous system as most important suspected target. In Task 2 several 
temperature/pressure conditions will be tested to generate fumes in a Bleed Air Conditions and 
Contamination Simulaton (BACS) set-up. Task 3A aims screening of the various mixtures of a selection 
of those fumes, for assessing and ranking their neurotoxicity potency. This will be done using the 
zebrafish and the Microelectrode Array including neuronal cells (MEA) (in-vitro neurotoxicity assays). 
In a second step, the most toxic fume will be confirmed and tested via the tandem Air Liquid Interface 
lung cells(ALI)-MEA system and via the in-vivo mice behavior test, to assess the impact of the fume in 
case of direct inhalation exposure. 
 
This progress report gives a record of the preliminary testing activities in Task3A. Due to some technical 
uncertainties – trapping of the fumes, transfer of fume components to aquatic phase, solubility, 
possibility of toxicity to the biological model systems – preliminary experiments were done to decide on 
the final experimental set-up, to be used for collection and sampling of the generated BACS fumes. 
 
 

3 Preliminar experiments (Task 3A.1) 
 

3.1 Toxicity screening technical TCP mixture in in-vitro assays 

 
A technical TCP mixture was tested in both the zebrafish and MEA assay. A technical mixture of tritolyl 
phosphate (90%) was used (Sigma-Aldrich, 268917, C21H21O4P, CAS NR: 1330-78-5, MW 368.36) 
as earlier also used by Duarte et al, (2017). According to that publication, the isomer composition in this 
commercial TCP mixture was: 22 % m-m-m-TCP, 5% p-p-p-TCP, 2% o-o-o-TCP, 41% m-m-p-TCP, 
25% m-p-p-TCP, and 5% others. DMSO is used as solvent as TCP is miscible with DMSO and previous 
experiments have used DMSO.  
Effects were tested in the dose range of 0.16 to 100 µM  (36.8-0.06 mg/L).  
Conclusion: The effect range of TCP was similar to reported literature data (between 1.5 and 7.4 mg/L), 
and the effect concentration in the zebrafish assay was in the range of the IC50 observations in the MEA 
assay for non-acute exposure (between 3.7 and 7.4 mg/L). More specifically, the following tests were 
done:  
 

3.1.1  Overall toxicity zebrafish 
 
M&M 
A concentration-response curve of TCP up to 36.8 µg/mL (100 µM) at 0.1% DMSO in test medium was 
used (5 concentrations & control, dilution factor 1:5). One test was run, with 24 individual embryos, 
giving 24 biological replicates. 
Overall toxicity in the zebrafish embryos was tested: i.e. lethal effects and developmental failure was 
tested to exclude that interference within later behavior tests.Two time periods of exposure were tested: 
(i) 5 days exposure: start exposure at 2 hrs post-fertilization (hpf) up to 120 hpf, and (ii) 2 days exposure: 
start exposure at 72 hpf up to 120 hpf. 
 
Results 
The following results were seen: 
• 5 days exposure: mortality at the two highest TCP concentrations 7.4 and 36.8 mg/L, no other 

systematic effects at lower concentration. 
• 2 days exposure: no mortality, but teratogenic effects at the two highest concentrations 7.4 and 

36.8 mg/L (oedema, partial failure of swim bladder inflation). 
 Conclusion: neuromotor activity testing needs to be run at concentrations <7.4 mg/L TCP  (19.5 

µM) for 2d exposure, starting at age of 120 hpf. 
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3.1.2  Neurotoxicity: zebrafish neuromotor activity (ZNA) 
 
M&M 
The zebrafish neuromotor activity test was repeated twice dissolving technical TCP mixture into DMSO 
and dissolving 0.1% DMSO into fish medium. Furthermore, in each test, inhibition of acetylcholine 
esterase (Ellman assay) was performed on the pooled zebrafish homogenates (of 1 concentration) at 
the end of the exposure period. For exposure to TCP, a concentration-response curve of TCP up to 6 
mg/L (~16 µM) at 0.1% DMSO in test medium was used (3 concentrations, 1:4 dilution). The zebrafish 
larvae were exposed for 2 days, starting at 72 hpf up to 120 hpf (excluding embryo developmental 
phase, and brain and liver are developed and functioning). Recording of the neuromotor parameters 
was done using a high resolution digital infrared camera (Noldus equipment) and locomotion tracking 
software (Ethovision XT). For each of the larvae, five parameters of locomotor activity were evaluated: 
total distance moved, mean velocity, mean turn angle, frequency of movement, total duration of 
movement. The zebrafish neuromotor assay was repeated, with technical TCP mixture diluted in 
ethanol and dosed to the fish medium at a 0.25% concentration, and a final TCP concentration in this 
medium of 0.75, 1.5, 3  and 6 mg/L. Routinely - for use in the acetyl choline esterase (AChE) inhibition 
assay - whole larvae homogenates (pools of 24 larvae) were collected for each test condition, 2 duplos 
on 2 separate well plates). This was done immediately after analysis of the locomotor parameters (at 
120 hpf). The larvae were rinsed using fish water with 0.1% DMSO, euthanised by nitrogen (-80°C), 
and whole body homogenates were prepared in a mixture of PBS/Triton using a Silentcrusher, and 
afterwards centrifuged. The supernatant was immediately frozen at -20°C. The AChE inhibition assay 
was done according to the protocol by Ellman et al. (1961).The protein content of the zebrafish 
homogenate samples is determined using the Bradford protein assay (OD measuements at 595 nm). 
Kinetic determination of optical density as a measure for enzymatic activity was done at 405 nm. The 
enzyme activity of AChE was expressed as μmol/min/mg protein and as % activity compared to 100% 
activity of the reference condition (fish water controls and/or solvent controls).   
 
Results 
We observed significant neuromotor effects at 6 mg/L TCP (in DMSO) (= 2.58 on log2 scale in Figure 
1) for all 5 locomotor parameters, and for 3 parameters at 1.5 mg/L. AChE regulates neurotransmitter 
concentrations, and inhibition gives an indication of neurotoxicity. Its activity was inhibited compared to 
control at a concentration of 1.5 and 6 mg/L TCP, though the magnitude of the effect was low i.e. 20-
30% inhibition, compared to e.g. up to 80% inhibition earlier observed, testing the known neurotoxic 
organophosphate pesticide chlorpyriphos. Inhibtion of other enzymes (NTE and CaE) was also tested, 
after optimization of the methodology on zebrafish larvae homogenates (see 3.1.3). 

  
 

 

        
Figure 1: Results of zebrafish neuromotor assay during 2 days of exposure (72-120 hpf) to TCP technical mixture 
dissolved in DMSO and dosed to fish medium at 0.1% DMSO, at final concentrations of 0.375, 1.5 and 6 mg/L in 
fish medium. Left:. Effect (%) on 5 parameters for motor activity expressed as change relative to the negative 
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control (= solvent control: 0.1% DMSO) for the concentrations 0.375, 1.5 and 6 mg/L. Right: Acetylcholine esterase 
(AChE) inhibition (%) tested with the colorimetric enzyme assay (Ellman method) 

 
 
TCP was also dissolved in ethanol, because for engine oil ethanol was observed to be better solvent 
than DMSO (Table 1), and was tested for its influence on the neuromotor activity. . Technical TCP 
mixture dissolved in ethanol showed a similar concentration response curve as this TCP mixture 
dissolved in DMSO i.e. significant effects for the five locomotor parameters at 3 mg/L and 6 mg/L (Figure 
2). 
 

 

Figure 2: Results of zebrafish neuromotor assay after 2 days of exposure (72-120 hpf) to technical TCP mixture 
dissolved in ethanol and dosed to zebrafish medium as 0.25% ethanol with a concentration of 0.75, 1.5, 3  and 6 
mg/L TCP in fish medium. Effect (%) expressed as change  of the locomotor activity relatively to the negative 
control (= solvent control 0.25% ethanol). Neuromotor parameters shown: distance moved, velocity, turn angle, 
movement frequency, movement duration 

 

3.1.3  Enzyme activity testing on zebrafish embryos 
 
Chemicals in the oil fumes may affect activity of enzymes, such as acetylcholinesterase (AChE), 
neuropathy target esterase (NTE) and carboxylesterases (CaE). AChE regulates neurotransmitter 
concentrations and NTE is an enzyme needed during neuronal differentiation. CaE participate, more 
generally, in phase I metabolism of xenobiotics (carboxylates are then conjugated by other enzymes to 
increase the solubility and excretion). The AChE was already performed by VITO, as an additional 
neurtoxicity test, collecting the larvae homogenates directly after the zebrafish neuromotor assay. The 
other two enzyme inhibition tests, were optimized by TNO to be additionally performed on those 
zebrafish larvae homogenates. The worked out protocol is given here below. 
 
 
M&M 
From the zebrafish larvae exposed to technical TCP dissolved in 0.1% DMSO, whole larvae 
homogenates were used to test the optimized NTE and CaE enzyme activity test. Frozen aliquots of 
whole body homogenates of zebrafish embryos, collected at VITO immediately after locomotor assays 
(see 3.1.2), were sent to TNO. Each aliquot represented the homogenate of 24 embryos collected from 
one 48-well plate/exposure condition. For each test condition of TCP, two aliquots derived from two test 
plates, were provided to TNO, as well as aliquots of the corresponding solvent control condition. For 
method optimisation, 5 aliquots of non-treated zebrafish embryo kept at fish water were also provided. 
For the analysis of NTE activity, TNO worked out a methodology, based on the existing methods for 
blood analysis (Heutelbeck et al. 2016). The assay and protein analysis were run in triplicate for each 
sample.  
Protein analysis 
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The sample protein concentrations were determined with the Bio-Rad Protein Assay Kit II. From a 1 
mg/mL BSA (bovine serum albumin) stock solution, calibration standard solutions were made in MQ-
water (final concentrations of 0 – 2 – 4 – 6 – 8 – 10 µg/mL). Homogenates of zebrafish were diluted in 
MQ-water 1:100 (final volume 1 mL). Then 800 µL of each standard and sample were pipetted into 
clean and dry test tubes followed by 200 µL Dye reagent (Protein assay Dye Reagent concentrate, 
BioRad). After thorough mixing on a vortex, samples were left at room temperature for ~5 min. From 
each sample, 150 µL was transferred to a 96 wells plate in quadruple and absorbance was measured 
at 595 nm. The protein content was calculated from the calibration curve. 
Neuropathy Target esterase (NTE) assay 
Shortly, the determination of the NTE activity is based on the principle of enzymatic cleavage of the 
substrate phenylvalerate to phenol, which undergoes a colour reaction that can be measured by means 
of photometry at 492 nm. To test this, 100 µL of zebrafish homogenates, diluted to 0.2 mg/mL protein, 
was transferred to clean tubes (1 for paraoxon samples and 1 for paraoxon+mipafox samples). 
Paraoxon (50 µM final concentration) was added to both tubes and mipafox (50 µM final concentration) 
to only one sample tube. After thorough mixing on a vortex, the mixtures were incubated on a 
thermomixer for 20 minutes at 37°C. Then, 200 µL stop solution (1% dodecylsulphate, 0.025% 4-
aminoantipyrine per 100 mL Tris/EDTA buffer) was added to the blank samples and 200 µL substrate 
solution (0.06% phenylvalerate in 0.03% Triton X-100) was added to the other samples. After 60 
minutes incubation on a thermomixer at 37°C, 200 µL stop solution was added, followed by 100 µL 
Color solution (0.4% potassium hexacyanoferrate (III)). Approximately 15 min after mixing, 150 µL of 
was transferred into to a 96 wells plate in quadruple and absorbance was measured at 492 nm.  
Calibration was performed phenol calibration standards (0 – 40 – 100 – 200 – 400 – 600 – 800 – 1000 
mg/L in Dimethylformamide, DMF), that were diluted 25 times in 0.03% Triton X-100. The phenol 
standards (0 - 1.6 – 4.0 – 8.0 – 16 – 24 – 32 – 40 mg/L) were mixed with 100 µL Tris/EDTA buffer, 100 
µL adjusted brain homogenate (0.2 mg/mL), 200 µL stop solution and 100 µL Color solution. After 
mixing, absorbance at 492 nm of 150 µL was measured in quadruple in 96 wells plates.  
The Phenylvalerate concentration in the samples was calculated from this external calibration curve. 
The absolute NTE activity was calculated form the following equation: NTE activity = (c (P – PM)/(60 * 
0.2)) = nmoL/min*mg. With: c= difference between the phenylvalerate concentration of the sample 
spiked with paraoxon (P) vs. the sample spiked with paraoxon+mipafox (PM). The phenylvalerate 
concentration of the samples P and PM (nmol/mL) were corrected for the amount in the sample blank. 
This concentration was expressed on the protein content analysed (0.2 ng/mL) and the time of 
incubation (60 min). The NTE activity of each sample of the TCP or solvent control zebrafish were 
normalized versus the NTE activity of the total group of control zebrafish larvae (= blank).   
Carboxylesterase (CaE) assay 
Zebrafish homogenate samples were diluted to 0.2 mg/mL protein in Tris EDTA buffer (50 mM Tis, 0.2 
mM EDTA, pH 8). After thorough shaking (vortex), 10 µL of each sample was transferred to a 96 wells 
plate in quadruple. To each well, 155 µL of 0.22 mM 4-nitrophenyl butyrate in Veronal buffer (25 mM 
Na-veronal, 25 mM Na-acetate) was added and the delta optical density (OD) per min at 412 nm was 
measured. The CaE activity of the TCP or solvent control fish water exposed zebrafish were normalized 
versus the CaE activity of the total group of control zebrafish larvae (= blank).   
 
 
Results 
The procedures worked out for the zebrafish homogenates worked well. In total 280 µL of homogenate 
was used for both assays (4x10 µL for CaE and 2x100 µL for NTE). The homogenates of zebrafish 
larvae exposed to technical TCP were directly after the neuromotor assay collected (from assay 
described in 3.1.2). The experiments were performed twice. Inhibition of both enzymes NTE and CaE 
was observed at all concentrations tested (Figure 3).   
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Figure 3: Carboxylesterase (CaE) (upper panel) and Neuropathy target esterase (NTE) (lower panel) activity of 
zebrafish embryos exposed to a technical TCP mixture at a concentration of 0.375, 1.5 and 6 mg/L (bars represent 
mean+/- SD of 4 technical replicate). The activity was determined on 0.2 mg/mL protein concentration. The left two 
graphs of both panels are repeated measurements (in case of NTE, there was a different sample volume used). 
The most to the right graph gives, each time, the mean of both assays. 0.1% DMSO samples are zebrafish kept in 
0.1% DMSO. The Blanc zebrafish homogenates were from zebrafish kept in fish water without DMSO 

 
 

3.1.4  Neurotoxicity MEA cells 
 
 
M&M 
MicroElectrodeArray (MEA) primary rat cortical neurons cell cultures consist of a multi-well cell culture 
surface with an integrated array of microelectrodes. Neuronal networks grown on MEAs possess many 
characteristics of neurons in vivo, including (the development of) spontaneous activity with bursting and 
responsiveness to neurotransmitters and pharmacological agents (Gross et al., 1997, for review, see 
Johnstone et al., 2010, de Groot et al., 2013). It allows for simultaneous and non-invasive recordings 
of local field potentials and extracellular action potentials at different locations in a network of primary 
rat cortical neurons, at millisecond time scale. 
 
MEA cell neuronal cell cultures were exposed to 100, 20, 4, 0.8 en 0.16 µM technical TCP mixture 
(36.8-0.06 mg/L) dissolved in DMSO. The neuronal activity was monitored after 30min, 24h and 48h 
exposure, to cover acute and sub-chronic effects. Data were expressed as average percentage 
neuronal activity relative to the time-matched control from three independent experiments. 
 
Results 
TCP exposure of MEA cells resulted in a concentration-dependent decrease in neuronal activity ( 
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Figure 4). This was observed as a decrease in spike-rate i.e. decreased number of activity peaks 
identified on the recorder. The decrease was time-dependent and most pronounced after acute 
exposure. The IC50 was equal to: 0.35 mg/L (0.95µM) for 30 min exposure, 3.7 mg/L (10.2 µM) for 24h 
exposure, and between 3.7 (10 µM) and 7.4 mg/L (20 µM) for 48h exposure. 

 

 

 

 

 

 

 

Figure 4: Results of MicroElectrodeArray (MEA) cell neuronal cell cultures (surface with an integrated array of 
microelectrodes that allows for the simultaneous and non-invasive recordings of local field potentials at millisecond 
time scale as measure for neuronal (network) function. Percentage neuronal activity relative to the time-matched 
control (three independent experiments) for three time periods of exposure (30 min, 24h and 48h) to 0.16, 0.8, 4, 
20, and 100 µM technical TCP mixture (0.06-36.8 mg/L) 

 
 

3.2 Solvent for oils, compatible with zebrafish assay 

 
Early in the experiments it was observed that DMSO, a solvent usually used to dissolve chemicals into 
fish water, was not appropriate for dissolving oils.Therefore also another solvent was tried out. 
Conclusion:  A concentration of 0.25% ethanol, showed no neurotoxicity and could therefore be used 
as solvent to dissolve TCP into fish medium. In later experiments, we turned to dissolving trapped oil 
and TCP directly into fish water (via a so-called WAF procedure, see 3.3.2), and the solvent approach 
was not anymore needed. 
 
 
M&M 
The experiments were done with Eastman jet oil 2197. The oil was mixed with either pure DMSO, 50% 
DMSO+50% ethanol or pure ethanol. It was visibly checked onto which mass % of oil added to these 
solvents, the oil was soluble in the solvent. Thereafter the solvent-oil mixtures that formed an 
homogenous mixture, were added to zebrafish medium in a proportion of 0.1 and 1% of the watery fish 
medium (column 1&2 of Error! Reference source not found.). 
The zebrafish neuromotor assay was performed to test the toxicity of the ethanol solvent. For this 
concentrations of 0.1, 0.3 and 1% of ethanol in the aquatic medium were prepared, and the 72h old 
embryos were exposed for 48h i.e. between 72-120 hours post fertilization (hpf) (protocol of zebrafish 
assay, see detailed test plan, and Selderslaghs et al., 2009 & 2012). Recording of the neuromotor 
parameters was done using a high resolution digital infrared camera (Noldus equipment) and 
locomotion tracking software (Ethovision XT). For each of the larvae, five parameters of locomotor 
activity were evaluated: total distance moved, mean velocity, mean turn angle, frequency of movement, 
total duration of movement. 
 
 
Results 
Ethanol was chosen instead of DMSO as the maximal solubility of oils, such as Eastman jet oil 2197, 
was significantly higher for ethanol (up to 10 m%) compared to DMSO (0.2 m%) (Error! Reference 
source not found., column 1).  
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Addition of 0.1 and 0.3% ethanol in zebrafish medium did not show any effect on the five zebrafish 
behavior parameters screened (Error! Reference source not found.). It was concluded, that for rinsing 
and dissolving (trapped) oil from a fume trapping system, 0.25% ethanol could be used. This was a 
concentration allowing dosing of TCP within the range effects were observed in the zebrafish 
neuromotor assay (see 3.1.2) and reported in literature: 1-100 µM = 0.37-36.8 mg/L) (column 4 of Error! 
Reference source not found.). 
 

Table 1: Results of solubility tests for oil in solvents and further mixing into zebrafish medium 

Type of solvent Solubility oil 
(Eastman 2197) in 

solvent 

% solvent in zebrafish 
medium 

Calculated MAX conc. in fish mediuma 

 m% oil in solvent % in fish medium Oil mg/L TCP mg/L (µM) 

        
 (3% TCP in oil, 

estimated) 
DMSO 0.2 0.1 2.18  0.065  (0.18) 

   1 21.8 0.65  (1.8) 
DMSO/ethanol 1.5 0.1 13.7 0.41  (1.11) 
50/50   1 136.7 4.10  (11.1) 
Ethanol 10 0.1 78.3 2.35  (6.38) 

   1 782.9 23.5  (63.8) 
a Example of rough example of calculation (not taking into account oil density): 1% solvent in fish medium, with in solvent 10% of 
oil = 0.1g oil in total volume of 100g fish medium = 1g/1kg 

 

 

Figure 5: Results of zebrafish larvae neuromotor assay for 5 parameters at 120 hpf, after 48h of exposure (72-120 
hpf) to 0.1, 0.3 and 1% ethanol in the zebrafish medium (x-axis). Effect in the y-axis (%) is expressed as 
suppression of the locomotor activity relatively to the negative control (zebrafish water, no ethanol). Effects were 
only observed and significant at the highest ethanol concentration (1%) for 4 out of the 5 neuromotor parameters.  
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3.3 Optimization fume trapping options for application in BACS 

 
The steps below, describe the successive tests done for optimization of the fume trapping and testing 
of the trapped fumes in the zebrafish test. For these experiments, fumes were generated by heating 
Eastman 2197 oil (provided by TNO) in a lab set-up at VITO. To check whether the procedure of fume 
trapping was sufficient, the chemical composition (checked via full-scan GC-MS) of the raw and cold 
trapped oil and water phase, after the WAF procedure (see further) was determined. As explained here 
below in the experiments, the trapping efficiency (expressed as recovered mass) of the oil, was 
consistent over all preliminar experiments (20% using the lab fume generation set-up). The aim was 
not to achieve 100% trapping of all generated oil fumes, but to trap them as condensate and transfer 
the compounds into the zebrafish medum, in a similar chemical composition, as they were present in 
the fume condensate. 
 
It is good to remark, that fumes generated and condensed may be different in different realistic/test 
settings. The use of in vitro test systems does not allow for a risk assessment or translation of exposure 
levels to potential health effects. This is due to differences in toxicokinetics (sampling; transfer from 
filters to medium) and the use of an in vitro bioassay that does not reflect the conditions in real life. 

3.3.1  Fume trapping with dry impinger cooled in liquid N2 
 
M&M 
Fume trapping (VITO) 
A vial filled with Eastman 2197 jet oil was placed on a balance, and via capillary dosage forced (1 bar 
pressure) into a tubing (1.5m and 320µm diameter) towards a tank placed on a plate heated to 500°C. 
Once the oil dropped onto the hot bottom of the tank, it evaporated immediately and was forced out of 
the tank using a N2-flow of 5 mL/min (different settings were tried out, between 5-25 mL/min). After this, 
the fume was guided, either: (i) through a 1-m long glass manifold, kept at a temperature of 120°C via 
a heated N2 flow of 50 mL/min, or (ii) the manifold was left out. The fume was from there guided towards 
a 150-mL glass impinger, placed in a thermic vessel filled with liquid N2 (Figure 6).  
Charcoal tubes were sampled to determine possible breakthrough (= non-trapping) of C3-C16 VOCs 
after the impinger. The charcoal tubes were desorbed with carbon disulphide and subsequently 
analysed by GC-MS.  
 
Zebrafish neuromotor assay (VITO) 
Zebrafish embryos were exposed to: (i) a sample of crude Eastman 2197 oil, dissolved in ethanol and 
diluted up to 0.25% ethanol in fish medium in an oil concentration range of 50-200mg/L, and (ii) cold 
trapped fumes of heated Eastman 2197 oil were also dissolved in ethanol, and used in the zebrafish 
neuromotor assay. In the latter experiment the oil concentration was increased up to 400 mg oil per L 
fish water, considering the TCP level was about 1.5%, aiming to reach the effect range of around 6 
mg/L TCP, as in former experiments. Recording of the neuromotor parameters was done using a high 
resolution digital infrared camera (Noldus equipment) and locomotion tracking software (Ethovision XT). 
For each of the larvae, five parameters of locomotor activity were evaluated: total distance moved, 
mean velocity, mean turn angle, frequency of movement, total duration of movement. 
 
TCP analytics (TNO) 
TCP levels were measured by TNO in the cold trapped oil, rinsed out of the impinger using ethanol and 
dissolved in zebrafish medium to respectively a volume of 100 mg oil/L fish medium (= theoretically 1.5 
mg TCP/L) and 400 mg oil/L fish medium (= theoretically 6 mg TCP/L). Before extraction with 
dichloromethane (DCM), the internal standard Triphenyl Phosphate-d15 and Triethyl Phosphate-d15 
were added. After extraction the sample extract was concentrated and analyzed by GC-MS. 
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Figure 6: Eastman 2197 oil was tested.  A vial filled with oil was placed on a balance, and via capillary dosage the 
oil was forced into a tubing towards the tank on a hot plate (at 500°C) (left side of the left photo). Once the oil 
dropped onto the hot bottom of the tank, the oil evaporated immediately and passed through a glass manifold into 
a 150-mL glass impinger, placed in a thermos flask filled with liquid N2 (zoomed in on right hand photo) 

 
 
Results 
Fume generation and trapping 
In the first try-out of the fume generation set-up a temperature of 350°C of the hot plate was used. 
However, this caused visual losses of condensed oil on the tank cover. Therefore, the hot plate 
temperature was increased to 500°C, which reduced the losses in the tank. The visible losses of 
condensed oil fumes in the manifold were always apparent, even after trying to improve it by using a 
heated N2-gas flow in the manifold. The temperature at the entrance of the manifold was 120-130°C 
and respectively 65°C or 110°C at the end of the manifold, in case either yes/no the N2-gas was heated. 
The latter temperature was constant in two independent fume generation experiments ran in those 
conditions on two different days. In these experiments, fumes were generated during respectively 2 and 
4 hours. Each time, about 25% of the used oil, was trapped in the impinger (included losses + trapping 
efficiency). VOC analysis of the charcoal sorbent placed at the outlet of the impinger, showed some 
break-through of volatile n-alkanes and aromatic C3-C16 VOCs.    
In an attempt to minimalize all possible losses, the manifold was left out, and the liquid N2 cooled 
impinger was placed directly behind the fume generation in the heated tank. In this set-up, there were 
no visible losses of condensed oil in the system, and the complete fume flow of 5 L/min, was collected. 
Despite less visible losses, the trapped and condensed-oil weight was more or less similar and about 
27% of the used crude oil. 
 
Zebrafish neuromotor assay (ZNA) 
The oil condensate of the last cold trapping set-up (without manifold) was rinsed from the impinger 
using ethanol. Both the trapped oil dissolved at a final concentration of 0.25% ethanol in zebrafish 
medium, and the crude oil dissolved in ethanol did not show an effect in the zebrafish neuromotor assay 
for any of the motility parameters (Figure 7). This was in contrast to the effect seen with similar TCP 
concentrations from the technical TCP mixture dosed directly into fish medium as described in Figure 2.  
This lack of effect might have been due to reduced bioavailability of TCP and other potential toxic 
organic compounds, which may have been ‘captured’ in the hydrophobic oil-phase. Indeed, visual 
observations of the multiwell test plates with zebrafish larvae, showed tiny droplets of the commercial 
oil, both for the crude oil and for the cold trapped heated oil. These droplets were clearly visible in the 
zebrafish medium, despite the fact that the test solutions were sonicated prior to application to the 
multiwell test plates containing the zebrafish embryos, and shaking of the plates twice a day, in both 
experiments.  
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Figure 7: Results of zebrafish neuromotor assay during 2 days of exposure (72-120 hpf) to Eastman oil 2197. Left:  
crude oil, tested at 50, 100 and 200 mg/L. Right: cold-trapped fumes of the heated oil, tested at 100, 200 and 400 
mg/L. Both the crude and cold-trapped oil were dissolved in ethanol and diluted in fish medium at 0.25% ethanol. 
Effect (%) expressed as change of the locomotor activity relatively to the negative control (solvent control=0.25% 
ethanol).  

 
TCP levels in zebrafish medium 
The oil trapped in the cold trap, rinsed out of the trap using ethanol and mixed with zebrafish medium, 
was checked for the level of TCP present in this watery mixture. The concentrations were compared to 
mixtures of technical TCP dissolved in ethanol and mixed in zebrafish medium, theoretically containing 
the same concentration of TCP (column 2 and 4, and in column 3 and 5 of Table 2).  It was observed, 
that corresponding levels of TCP were indeed measured in the cold trapped oil vs. technical TCP 
mixture, both mixed in fish medium (i.e. rather comparable results in column 1 and 3, and in column 2 
and 4 of Table 2). Whereas neuromotor effects were seen in the zebrafish neuromotor assay for the 
technical TCP mixture (Figure 2), no effect was seen in the crude and cold trapped oil-fish medium 
mixture (Figure 7). This indicated, as speculated above, that in the latter case, TCP and other 
compounds may be enclosed in oil droplets, and therefore not bioavailable for the zebrafish embryos 
when just mixing it into the fish medium. 
 
 
Table 2: Organophosphates analysed in technical TCP mixture or cold trapped oil, both dissolved in ethanol and 
then mixed with zebrafish medium. As the TCP %in the Eastman jet oil 2197 was estimated to be 1.5% (info from 
AVOIL project), 100 mg and 400 mg of oil, equals respectively 1.5 mg and 6 mg of TCP 
 

 
 
 
 

mg/L
ToCP
TmCP
T(m,m,p)CP
T(m,p,p)CP
TpCP
Total TCP
ng/L
TPhP
diphenyl EHP
Total all non-TCP OPEs

TCP in 
ethanol 

dissolved in 
fish med. to 

1.5 mg/L

TCP in ethanol 
dissolved in 

fish
medium to 6 

mg/L

cold trapped 
oil in ethanol
dissolved in 
fish medium 
to 100 mg/L

cold trapped oil 
in ethanol

dissolved in fish 
medium to 400 

mg/L

< < < <
0.4 1.5 0.2 1.2
0.6 2.2 0.6 3.5
0.2 0.9 0.7 4.6
0.0 0.1 0.2 0.9
1.3 4.6 1.7 10.2

4.2 8.9 6.6 13.6
1.0 0.5 20.9 52.9
41.6 75.9 28.9 75.2
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3.3.2  Fume trapping with ice-cooled impinger filled with fish-water  
 
 
M&M 
Fume generation and trapping (VITO) 
A fume was generated by capillary dosimetry of Eastman Jet oil 2197. The pressure in the recipient, 
the oil was dosed from, was 0.6 bar, and placed on a balance to assess the weight of oil used. The 
capillary through which it was guided to the hot plate was 1.5m and 320µm internal diameter. A N2 flow 
of 5L/min forced the fumes out of the tank, of which the bottom plate  was heated to 500°C.  
In a first set-up: the outlet of the tank was directly guided into a 150mL-impinger filled with 120 mL fish 
medium. The fish medium impinger was cooled with ice water. At the outlet of the impinger, activated 
charcoal sorbent tubes were placed to check if VOCs possibly broke through the fish medium (Figure 
8 a). The sorbent tubes were mounted one after the other in time, sampling during respectively 23 min 
(115L) and 37.5 min (187.5L). TCP analysis of the zebrafish medium in the impinger was performed by 
TNO. Before extraction with DCM, the internal standard Triphenyl Phosphate-d15 and Triethyl 
Phosphate-d15 were added. After extraction the sample extract was concentrated and analyzed by GC-
MS. 
 
A second set-up was built to allow particle sampling (Figure 8 b). The particle counting and size 
estimation was done using a Scanning Mobility Particle Sizer (TSI SMPS 3936L76) and a condensation 
particle counter (TSI CPC model 3776). These instruments can only measure at temperatures below 
40°C. The first test set-up was adjusted to allow sampling of the particles at a temperature below 40°C. 
For this, after the tank with heated bottom plate, the fume was now guided through a 1-meter long glass 
manifold. The air in the manifold was diluted using a N2 flow of 50 L/min, to cool the air to a temperature 
below 40°C and guided the fume into the 150mL-impinger filled with fish medium. The latter was cooled 
with ice.   
Upstream of the impinger, three repetitive UFP measurements were performed at the end of the glass 
manifold where the impinger was connected. The overflow was guided into the lab’s fume cupboard 
under which the set-up was installed. Downstream from the impinger a combination of a pump (4.4 
L/min), SMPS (0.3 L/min) and CPC (0.3 L/min) were used to achieve a 5 L/min flow through the 
zebrafish medium in the impinger. Three repetitive UFP measurements were done here at the outlet of 
the impinger. The overflow was guided into the fume cupboard.  
As procedure blank measurements of the set-up, to test particles generated in the system itself, the 
SMPS and CPC measurements were done at the same locations as described here above, but in: (i) a 
set-up without fume generation, without heating, using only a N2 gas flow, bubbled through fish medium 
in the impinger (negative control), and (ii) for a same set-up, without fume generation, in which the hot 
plate was heated and no N2 was lead into the system (blank generation). 
 
 

 

Figure 8 Schematic overview of set-up for fume generation and direct trapping/bubbling into an impinge filled with 
zebrafish medium and cooled in ice-water. Left: set-up with VOC charcoal sorbent mounted at outlet of impinger 
filled with 120 mL zebrafish medium and cooled in an ice-bath. Right: set-up with particle counting using SMPS 
and CPC counters upstream and downstream of the impinge, filled with zebrafish medium and cooled in an ice-
bath (lpm= L/min, MFC=mass flow controller) 
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Results 
Fume generation and trapping 
In the first set-up, successively two charcoal sorbent tubes were mounted at the outlet of the impinger 
to test breakthrough of volatile organic compounds (VOCs). The C3-C16 TVOC concentration 
measured using GC-MS was 85 µg/m³ on a first tube, and 235 µg/m³ for a second tube, placed one 
after the other, for 30 minutes, with 15 minutes in between. Measuring higher VOC concentrations after 
a longer sample duration, was an indication for some VOC breakthrough from the impinger. This means 
that trapping fumes via an impinger filled with fish water, did not capture VOCs efficiently.  
A sample of the zebrafish medium in the impinger was sent to TNO for TCP analysis. The level of TCP 
in zebrafish water was 0.6 mg/L and 0.7 mg/L (duplo samples) for 403 mg oil heated and bubbled 
through 120 mL medium (i.e. theoretically 50.4 mg/L TCP, assuming 1.5% TCP as present in the crude 
oil). This means that TCP was not completely trapped in the watery phase, and only to the extent of its 
theoretical maximal water solubility (0.36 mg/L, PubChem). 
 
In the second set-up, UFP particle measurements were performed. In the negative control set-up in 
which no fume was generated, the plate was not heated and N2 gas was guided through zebrafish 
medium in the impinger, there was an increase in total UFP concentration of about 24,000 particles/cm3 
with a mode particle diameter of about 35 nm (size distribution shown in Figure 9, left graph). 
During blank generation in which the hot plate was on, but no oil fume was generated and there was 
no N2 flow through the system, particles smaller than 20 nm were generated (Figure 9, right figure, 
green curve).  
In case of oil fume generation, the UFP size distribution upstream and downstream of the impinger 
was much higher (> 8x107 particles/cm3). It was even so high, that the CPC device was over range for 
a few size bins, both for the upstream and downstream measurements. The levels measured could 
slightly be influenced by this detection limit exceedance. The mean diameter of around 120 nm was 
higher than the particles generated in the ‘negative control’ and ‘blank generation’ set-up (Figure 9, right 
figure). The % difference between the upstream (before impinger) and downstream (after impinger) 
UFP concentration was 10,9% (Table 3). This means there was a low UFP trapping efficiency by the 
liquid-filled impinger. This was also described by Yu et al. (2016).    
 

 

Figure 9 Left: Size distribution at the exhaust of the impinger in the set-up without fume generation, no heating of 
the late and guiding N2 gas through the impinger filled with 120 mL zebrafish medium (negative control set-up). 
Right: UFP size distribution upstream (3 repeats) and downstream (3 repeats) of the impinge during normal oil 
fume generation. The green curve gives the size distribution of the ‘blank generation’ without fume generation, in 
which the hot plate was heated without oil and without N2 flow through the system. 

 
 
Table 3 Mean, geometric mean, mode and total concentration for the downstream and upstream UFP 
measurements and percental concentration difference between both sampling positions 
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Position  Mean(nm) Geo. Mean(nm) Mode(nm) Total Conc.(#/cm³) Difference (%) 
Downstream 131 115 148 4.8E+07 

10.9 
Upstream 125 108 137 5.4E+07 

 
 
 
 

3.3.3  Fume trapping with dry impinger cooled in liquid N2 + WAF procedure  
 
As direct trapping of the oil fumes into an impinger filled with zebrafish medium, was not satisfactory, 
we returned to the principle of dry cold trapping in an impinger placed in liquid N2. In two further 
experimental set-ups, the trapping of UFP was checked and secondly the procedure of mixing trapped 
oil in fish medium was optimized using a Water-accommodated Fraction (WAF). The latter is a 
methodology recommended by OECD for poorly soluble substances, as described in “Guidance 
document on aqueous-phase aquatic toxicity testing of difficult test chemicals“(OECD, 2019). 
 
M&M 
Fume generation and trapping (VITO) 
Oil fumes were generated by capillary dosimetry of Eastman Jet oil 2197. The pressure in the oil 
recipient was 0.7 bar and it was kept on a balance to assess the weight of oil used. The capillary through 
which it was guided to the hot plate was 1.5m and 320µm internal diameter. A N2 flow of 5L/min forced 
the fumes out of a tank with heated bottom plate (500°C). The outlet of the tank was directly guided into 
a dry 150mL-impinger, cooled in liquid N2. Trapped oil was collected from the impinger by letting it drip 
out from it. 
In a first experiment, fumes were generated during 7 hours, collecting in total 1.8g oil in the cold-trap, 
i.e. about 25% of the heated oil. At the outlet of the impinger, two activated charcoal sorbent tubes were 
placed for 10 minutes, one after the other in time. Also, the SMPS device was coupled, respectively to 
check whether VOCs and/or UFP breakthrough downstream of the impinger was observed. 
In a second experiment, the same fume generation set-up was used. During 4.6 hours, in total 1.2g oil 
was collected in the cold trap, i.e. 21% of the heated oil.  In this set-up a low-pressure impactor was 
placed at the outlet of the impinger, to collect UFP, that was also analyzed using GC-MS. Furthermore, 
a DMS500 sampler was placed before and after the impinger. With this online sampler particle size 
distribution, number and mass were determined. 
 
WAF procedure for transfer of oily compounds to water phase (VITO) 
The WAF procedure was used to improve the transfer of organic compounds from the oil into fish 
medium by mixing gently for 2-3 days, based on the OECD guideline. For this, to 1 L of fish medium, 
500 mg oil substance was added (crude or cold-trapped). In parallel, TCP was also added to fish water 
(in a concentration of 7.5 mg/L) to get a similar WAF preparation. The fish medium/oil substance mixture 
or TCP was left at room temperature and continuous gentle mixing was performed for 2-3 days. In case 
of WAF with cold-trapped oil. The water and oil phase were extracted separately. The lower water phase 
(ca. 800 mL) was extracted twice using each time 50 mL DCM via liquid-liquid extraction. Both DCM 
extracts were combined and the liquid was evaporated until a volume of 40mL, using a gentle nitrogen 
flow. 
 
GC-MS analysis of samples (VITO) 
Full-scan semi-quantitative GC-MS screenings were done on crude oil, cold-trapped oil, cold-trapped 
oil that was mixed in fish medium via the WAF procedure (water and oily phase analyzed separately), 
technical TCP mixed in fish medium and blank fish medium. The GC-MS procedure consisted of 
dissolving 2µL of sample (crude or collected trapped oil, oily phase of WAF or water phase of WAF 
extracted as described above) in 1 mL DCM. 4,4-dibromobiphenyl was added as internal standard to a 
proportion of 1% of sample. In case of the WAF watery phase, this internal standard was added already, 
before performing the DCM extraction as explained above. One µL of the solution was injected splitless 
in the GC-MS device, equipped with an apolar column (DB-5-ms, 30mx0.25mmx0.25µm). Detection 
was done in full-scan mode at ionization energy of 70eV.   
 
Zebrafish assay (VITO) 
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In two independent experiments (April 2019, ZNA190417 and May 2019, ZNA190515), zebrafish 
embryos were exposed for 48h (from 72 to 120 hpf) to cold trapped oil (CTO) samples in comparison 
to TCP, which were applied as a WAF sample. Therefore, at the 3rd day post-fertilization, the fish water 
medium in 48-well plates with zebrafish embryo was partially substituted (80%) with WAF samples 
aiming for a highest test concentration of respectively 400 mg/L oil equivalent to ≈6 mg/L TCP compared 
to fish water control. Test plates were slowly stirred for a few minutes to optimize the mixing in the wells, 
and next they were transferred to the incubator for another 2 days. Recording of the neuromotor 
parameters was done using a high resolution digital infrared camera (Noldus equipment) and 
locomotion tracking software (Ethovision XT). For each of the larvae, five parameters of locomotor 
activity were evaluated: total distance moved, mean velocity, mean turn angle, frequency of movement, 
total duration of movement. For the first experiment, only locomotor activity was analyzed for the test 
plates. In the second experiment, both locomotor activity was viewed and whole-body homogenates 
were analyzed for AchE activity, according to procedures described in section 3.1.2. The latter samples 
were also sent to TNO for the NTE and CaE inhibition assays. 
 
Enzyme inhibition assays (TNO) 
As described in paragraph 3.1.3, the NTE and CaE inhibition test was worked out for zebrafish 
homogenates. Briefly, the protein level in the samples was determined using the protein assay of 
BioRad. Zebrafish larvae homogenate was diluted to 0.2 mg/mL protein, and the CaE and NTE activity 
was measured by quantification of substrate conversion in a spectrophotometer. Inhibition was 
determined by normalizing activity in exposed vs non-exposed zebrafish larvae.  
 
 
Results 
 
Fume trapping 

In the first experiment, the concentration of C3-C16 TVOC collected at the outlet of the cold-trap 
impinger was 15.9 mg/m3 on the first tube and 27.1 mg/m3 on the second charcoal cartridge, placed 
one after the other in time. Meaning that there was breakthrough of those VOCs. The particle 
concentration measured using SMPS at the outlet of the impinger was 1.2x107 particles/cm3, with a 
mode diameter of 170 nm. There was also a visible fume escaping from the outlet of the impinger ( 

 

Figure 10). 
In the second experiment, no VOC sampling was done. UFP was analyzed using an online DMS500 
sampler and collected on different size filters of the low-pressure impactor. Analysis of the different 
filters using full-scan GC-MS showed a major loading with organic compounds on the filters in the D50 
fractions of 94, 158, 265 and 386 nm (see further). The online DMS500 analyzer measured 5.8x108 

particles/cm3 of a median diameter of 94 nm upstream of the impinger.  While 3.5x108 particles/cm3 
were counted downstream, with a slightly larger diameter of 113 nm (Figure 10). This means that these 
particles were not well trapped in the cold-trap. 
 
 

  

a           b 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c 
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Figure 10: a: Particle distribution measured at the 
outlet of the liquid N2-cooled impinger, measured 
using SMPS device;  b: A visible fume (see red 
arrow) escaped downstream from the impinger; c: 
Particle distribution measured in a second set-up 
using a DMS500 online device before and after the 
liquid N2-cooled impinger 

 
 
 
 
 

 
 
Compound composition of trapped oil  
GC-MS analysis was done on crude Eastman 2197 oil and on cold trapped oil (cold trapped oil 1 = 
CTO1), taken from the cold-trap by letting it drip out of the impinger. 

The chromatogram of the crude oil, contained almost no volatile compounds. The first major peaks were 
those of TCP isomers, followed by possibly synthetic carbon hydrates with masses m/z 57, 85 en 113, 
corresponding to butyl-, hexyl en octyl groups. These are n-alkanes mostly present in petroleum 
carbohydrates, which often also contain m/z 43, 71 en 99, not present in the current oil. The compounds 
further present were i.a. styrene, butylated hydroxytoluene (BHT, anti-oxidant), benzotriazoles 
(corrosion-inhibitors), aromatic amines (anti-oxidant) and possibly some esters (Figure 11, Table 4). 
After heating, the pattern of the original oil was present, aside from more volatile compounds appearing 
in the chromatogram, most probably thermal degradation products i.e.methylindene, aldehydes, 
ketones, fatty acids, cyclic siloxanes, cresol, dimethyl phenol (Figure 11, Table 5, Table 4). The TCP 
isomers were detected in both the crude oil and the cold-trapped fumes. Summing the peak areas of 
the four peaks, present in technical TCP and comparing the peak area to the peak areas of the internal 
standard, resulted in a calculated relative TCP concentration (m/v%) of 1.9% in the crude oil and 1.6% 
in the cold-trapped heated oil (Figure 11: GC-MS chromatogram (retention time vs peak area): full-scan (left) 
and zoomed in on TCP peaks (right) of crude Eastman 2197 oil (a&b) and after heating and trapping in three 
different cold-trapping experiments: CTO1 (c&d), CTO2 (e&f) and CTO3 (experiment described later in paragraph 
3.3.4) (g&h). Internal standard peak at retention time ≈ 29.5min. NB: The most intense peak in each of the 
chromatograms of TCP (graphs in right panel), is an unidentified non-TCP peak. Retention time shifts in the 
chromatograms were due to removal of the analytical column and re-calibration in the 3-months’ time period in 
which these measurements were done 

 

. In the AVOIL project the same Eastman2197 oil was used. The % TCP present in the crude and 
heated oil reported there was respectively 1.6% and 1.5% (AVOIL, Characterization of the toxicity of 
aviation turbine engine oils after pyrolysis, EASA_REP_RESEA_2015_2 report). 
The cold-trapping experiment was repeated several weeks later, in which again oil was heated, and 1.2 
g oil condensate was collected in the impinger (cold trapped oil 2, CTO2), after 4.6h of operation.  The 
GC-MS profile of the cold-trapped oil of this experiment (CTO2) equaled the profile of the one in the 
previous experiment (CTO1). Also, the TCP level in the oil was again similar, i.e. 1.7%. This means that 
the cold trapping procedure resulted in highly repeatable trapping of the different components in the 
mixture (Figure 11, NB: in this figure also CTO3 experiment described in paragraph 3.3.4. was included) 
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Figure 11: GC-MS chromatogram (retention time vs peak area): full-scan (left) and zoomed in on TCP peaks (right) 
of crude Eastman 2197 oil (a&b) and after heating and trapping in three different cold-trapping experiments: CTO1 
(c&d), CTO2 (e&f) and CTO3 (experiment described later in paragraph 3.3.4) (g&h). Internal standard peak at 
retention time ≈ 29.5min. NB: The most intense peak in each of the chromatograms of TCP (graphs in right panel), 
is an unidentified non-TCP peak. Retention time shifts in the chromatograms were due to removal of the analytical 
column and re-calibration in the 3-months’ time period in which these measurements were done 

 

Table 4: Compounds identified via full-scan GC-MS in crude Eastman 2197 oil (area % is given per peak, relative 
to sum of all peak areas). The internal standard added is indicated in red. The TCP isomers are indicated in blue 

RT Compound Area Area% Match 
factor 

CAS Nr. 

10,12 Styrene 923191 0,15 95 100-42-5 
11,47 Benzaldehyde 280810 0,04 83 100-52-7 

11,63 ? 607903 0,10 80  

11,76 ? 1189126 0,19 74  

14,95 ? 154599 0,02 78  
15,87 ? 497374 0,08 70  

21,83 Butylated Hydroxytoluene 180823 0,03 95 128-37-0 

21,95 ? 425538 0,07 67  

22,26 1H-Benzotriazole, 4-methyl- 402512 0,06 96 29878-31-7 
23,00 1H-Benzotriazole, 5-methyl- 351126 0,06 98 136-85-6 

24,56 ? 106621 0,02 72  

24,77 2-Decanol, propanoate 107508 0,02 70 55683-11-9 

25,06 ? 450574 0,07 76 
 

25,15 1,1'-Biphenyl, 2-bromo- 817642 0,13 98 05-07-2052 

25,48 3,5,5-Trimethylhexyl acetate 118128 0,02 66 58430-94-7 

25,99 Decanoic acid, hexyl ester 109133 0,02 78 10448-26-7 

28,35 Pentadecanoic acid, 3-methylbutyl ester 167644 0,03 70 2306-91-4 
29,93 ? 661748 0,10 67 

 

29,95 1,1'-Biphenyl, 4,4'-dibromo- 52060076 8,23 96 92-86-4 

30,10 ? 2758799 0,44 73  

32,53 ? 2503021 0,40 68  
33,16 Tert-octyldiphenylamine 1362727 0,22 91 1000370-31-3 

33,71 ? 898694 0,14 67  

34,72 ? 1900609 0,30 65  

35,10 Benzenemethanamine, N-hydroxy-N-
(phenylmethyl)- 

185951 0,03 69 621-07-8 

35,99 ? 625252 0,10 67  

35,99 ? 620577 0,10 66  

37,19 Phosphoric acid, tris(3-methylphenyl) ester 8076939 1,28 99 563-04-2 
37,42 ? 63267256 10,01 85  
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RT Compound Area Area% Match 
factor 

CAS Nr. 

37,43 ? 5547119 0,88 68  

37,57 Phosphoric acid, tris(3-methylphenyl) ester 25046622 3,96 98 563-04-2 
37,97 Phosphoric acid, tris(4-methylphenyl) ester 22542810 3,57 97 78-32-0 

38,38 Phosphoric acid, tris(4-methylphenyl) ester 5436240 0,86 98 78-32-0 

39,05 ? 938924 0,15 66  

39,61 ? 72304890 11,44 82  
40,15 ? 51997676 8,22 80  

40,21 ? 707072 0,11 74  

40,85 ? 22544324 3,57 65  

41,48 Benzenamine, 4-octyl-N-(4-octylphenyl)- 20300004 3,21 98 101-67-7 
42,15 ? 84313434 13,34 72  

42,15 ? 43624286 6,90 73  

42,65 Benzenamine, 4-(1,1,3,3-tetramethylbutyl)-N-[4-
(1,1,3,3-tetramethylbutyl)phenyl]- 

307466 0,05 83 15721-78-5 

43,73 ? 44234846 7,00 74  

43,75 ? 2778451 0,44 67  

44,16 Benzenamine, 4-(1,1,3,3-tetramethylbutyl)-N-[4-
(1,1,3,3-tetramethylbutyl)phenyl]- 

212785 0,03 76 15721-78-5 

45,34 ? 40972437 6,48 76  

47,74 ? 40127561 6,35 66  
47,86 ? 526399 0,08 69  

55,04 ? 1491825 0,24 67  

55,80 ? 1076908 0,17 66  

57,33 ? 1147908 0,18 67  
58,42 ? 708589 0,11 75  

58,48 ? 1534698 0,24 80  

 

 
 

Table 5 Compounds identified via full-scan GC-MS in heated cold-trapped Eastman 2197 oil (CTO1) (area % is 
given per peak, relative to sum of all peak areas). The internal standard added is indicated in red. The TCP isomers 
are indicated in blue 

RT Compound Area Area% Match 
factor 

CAS Nr. 

8,30 Cyclotrisiloxane, hexamethyl- 1868170 0,28 77 541-05-9 

8,35 ? 879991 0,13 76 
 

8,47 ? 2721226 0,40 79 
 

8,47 ? 2718311 0,40 82 
 

9,32 Pentanoic acid 102946266 15,26 92 109-52-4 

9,63 Vinyl crotonate 3785090 0,56 80 14861-06-4 

9,96 Pentane, 2,2,4,4-tetramethyl- 2719063 0,40 71 1070-87-7 
9,98 Heptanal 12997129 1,93 92 111-71-7 

9,99 ? 2672723 0,40 72 
 

10,10 Styrene 1749629 0,26 85 100-42-5 

10,24 ? 1932917 0,29 82 
 

11,21 Cyclotetrasiloxane, octamethyl- 1872431 0,28 95 556-67-2 

11,46 Hexanal, 3,5,5-trimethyl- 6023657 0,89 89 5435-64-3 

11,81 Benzonitrile 1286211 0,19 90 100-47-0 

12,01 ? 3511400 0,52 72 
 

12,01 Octanal 7288530 1,08 98 124-13-0 

12,33 Heptanoic acid, methyl ester 675779 0,10 84 106-73-0 

12,97 ? 381231 0,06 71 
 

13,22 Heptanoic acid 66621249 9,88 98 111-14-8 
13,22 ? 8878205 1,32 75 

 

13,26 ? 2700838 0,40 79 
 

13,39 p-Cresol 16460681 2,44 98 106-44-5 

13,42 5-Nonanone 1255827 0,19 93 502-56-7 



 

Doc.nr: 
Version: 
Classification: 
Page: 

FACTS-D7-T3A 
Final 
public 
23 of 37  

 

Copyright © 
Service Contract MOVE/B3/SER/2016-363/SI2.748114: Investigation of the quality level of the air inside the cabin of large 
transport aeroplanes and its health implication 

 

RT Compound Area Area% Match 
factor 

CAS Nr. 

13,62 ? 727019 0,11 77 
 

13,80 5-Decanone 1386969 0,21 80 820-29-1 

14,13 Nonanal 322516 0,05 88 124-19-6 
14,33 Cyclononanone 2275530 0,34 86 3350-30-9 

14,37 Cyclopentasiloxane, decamethyl- 1170028 0,17 96 541-02-6 

14,53 Hexanoic acid, 3,5,5-trimethyl- 30604602 4,54 99 512345 

15,01 Phenol, 3,4-dimethyl- 353959 0,05 81 95-65-8 
15,20 Octanoic acid 29495003 4,37 99 124-07-2 

15,40 1H-Indene, 1-methyl- 616286 0,09 84 767-59-9 

15,52 2-Methylindene 868550 0,13 75 2177-47-1 

15,74 ? 1016685 0,15 70 
 

15,87 Cyclododecanemethanol 567332 0,08 80 1892-12-2 

16,19 Decanal 5582897 0,83 99 112-31-2 

16,47 ? 219767 0,03 80 
 

16,90 Pentanamide 751726 0,11 81 626-97-1 
17,22 2-Oxooctanoic acid 2002093 0,30 91 328-51-8 

17,46 5-Undecanone 1528330 0,23 96 33083-83-9 

17,63 ? 9937863 1,47 98 
 

17,70 Cyclohexasiloxane, dodecamethyl- 716487 0,11 95 540-97-6 
17,73 Decanenitrile 1019551 0,15 89 1975-78-6 

17,93 ? 645430 0,10 75 
 

18,08 Propanoic acid, 2,2-dimethyl-, pentyl ester 352447 0,05 85 2313-68-0 

18,19 1-Hexanol, 2-ethyl-2-propyl- 1075786 0,16 80 54461-00-6 
18,28 Benzene, 1,1'-(1,1,2,2-tetramethyl-1,2-

ethanediyl)bis- 
582713 0,09 94 1889-67-4 

18,42 Cycloheptanone, 2-(3-buten-1-yl)- 353628 0,05 81 33015-80-4 
18,77 Naphthalene, 2-methyl- 331066 0,05 81 91-57-6 

18,99 n-Decanoic acid 10967000 1,63 99 334-48-5 

19,09 Nonanoic acid, 2-oxo-, methyl ester 982526 0,15 87 56275-54-8 

19,35 5-Dodecanone 726481 0,11 95 19780-10-0 
19,95 ? 472921 0,07 72 

 

20,28 ? 1328099 0,20 89 
 

20,74 Cycloheptasiloxane, tetradecamethyl- 410157 0,06 93 107-50-6 

20,93 p-Cresyl isovalerate 1551765 0,23 93 55066-56-3 
21,10 p-Cresyl isovalerate 1647204 0,24 94 55066-56-3 

21,22 ? 9189653 1,36 88 
 

21,83 Butylated Hydroxytoluene 318976 0,05 92 128-37-0 

22,06 ? 3665214 0,54 79 
 

22,56 Vinyl decanoate 543758 0,08 84 4704-31-8 

22,81 8-Pentadecanone 330301 0,05 70 818-23-5 

22,89 ? 3376905 0,50 77 
 

23,44 Cyclooctasiloxane, hexadecamethyl- 304169 0,05 89 556-68-3 
23,54 ? 915675 0,14 82 

 

24,33 p-Tolyl heptanoate 836429 0,12 89 1000289-32-5 

24,44 ? 1285283 0,19 95 626-27-7 

24,52 Acetic acid, 4-methylphenyl ester 902287 0,13 74 140-39-6 
24,57 ? 5321205 0,79 82 

 

25,06 ? 863349 0,13 72 
 

25,15 1,1'-Biphenyl, 2-bromo- 1353192 0,20 89 55705 

25,20 ? 856437 0,13 83 
 

25,38 Nonanoic acid, 3-methylphenyl ester 376713 0,06 87 1000358-02-6 

25,76 Cyclononasiloxane, octadecamethyl- 253223 0,04 91 556-71-8 

25,95 ? 899910 0,13 79 
 

25,99 ? 1049603 0,16 81 
 

26,10 para-Tolyl octanoate 370527 0,05 93 59558-23-5 

26,47 ? 164694 0,02 73 
 

27,40 ? 4506201 0,67 78 
 

27,53 ? 272548 0,04 73 
 

28,10 ? 7538335 1,12 76 
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RT Compound Area Area% Match 
factor 

CAS Nr. 

28,10 ? 8470793 1,26 76 
 

28,74 ? 1204411 0,18 73 
 

29,93 ? 776694 0,12 70 
 

29,94 ? 1070627 0,16 75 
 

29,95 1,1'-Biphenyl, 4,4'-dibromo- 47311608 7,02 96 92-86-4 

29,99 ? 816296 0,12 74 
 

30,10 ? 3667752 0,54 72 
 

30,69 ? 4580376 0,68 71 
 

31,30 Vinyl decanoate 692295 0,10 78 4704-31-8 

32,21 ? 809032 0,12 74 
 

33,16 Tert-octyldiphenylamine 941248 0,14 91 1000370-31-3 
34,72 ? 1919844 0,28 78 

 

37,19 Phosphoric acid, tris(3-methylphenyl) ester 7018357 1,04 98 563-04-2 

37,42 ? 57778940 8,57 81 
 

37,42 ? 1261386 0,19 70 
 

37,57 Phosphoric acid, tris(3-methylphenyl) ester 21812987 3,23 97 563-04-2 

37,97 Phosphoric acid, tris(4-methylphenyl) ester 18155681 2,69 98 78-32-0 

38,38 Phosphoric acid, tris(4-methylphenyl) ester 4243252 0,63 97 78-32-0 

39,60 ? 57442533 8,52 84 
 

40,34 ? 815653 0,12 74 
 

41,47 Benzenamine, 4-octyl-N-(4-octylphenyl)- 7254774 1,08 97 101-67-7 

42,82 ? 1427396 0,21 71 
 

43,71 ? 11982864 1,78 76 
 

59,01 ? 946476 0,14 72 
 

 
 
Compound composition of fish water after WAF procedure (mixing oil into fish water) 
The WAF procedure was performed on the heated Eastman 2197 oil from the second experiment (cold 
trapped oil 2=CTO2). As described above, the oil water mixture was stirred for 2 days before analysing 
the samples using full-scan GC-MS screening. Furthermore, technical TCP mixture was diluted into fish 
medium and the same WAF procedure was performed. Both WAFs with TCP mixture and with cold-
trapped oil were done in duplo. After this WAF procedure, there was some emulsion formed. The GC-
MS profile of the cold-trapped-oil-WAF (Figure 12 a&b) contained somewhat less organic compounds, 
compared to the cold-trapped oil profile itself (Figure 12 e). Nonetheless it was apparent that quite some 
components diffused into the water phase. The TCP level in the cold-trapped-oil-WAF equaled 0.14 
and 0.40 mg/L in the two repeated WAFs (Table 6). The TCP level in the WAF of the technical TCP 
mixture was respectively 1.77 and 0.79 mg/L for two repeated WAF procedures. These TCP 
concentrations were closer to the maximal reported solubility of TCP in water, being 0.36mg/L 
(PubChem), but the reproducibility was not very high. As only 2µL was taken for the GC-MS analysis, 
there may be a variability in the analytical data of the cold-trapped-oil-WAFs, due to pipetting either or 
not some of the emulsion-droplets. For the fish experiment 120 mL of the water is used, which allows 
to take a more representative sample. 
 
As the repeatability of the measured TCP concentration in WAF extracts, was not very good, the WAF 
procedures using the same cold-trapped oil 2 (CTO2) and the technical TCP mixture were repeated a 
second time, again in duplo (2 independent WAF procedures). This time the samples were stirred for 3 
days. As zebrafish exposure experiments were planned, and the fish medium should partially be 
replaced by WAF samples (80% substitution) at 72 hpf, the WAF was dosed at 500 mg/L oil (CTO2) to 
get a nominal exposure concentration of 400 mg/L oil in the zebrafish medium. In the same way, fish 
water was dosed with 7.5 mg/L TCP to aim for a nominal concentration of 6 mg/L TCP in the zebrafish 
medium. After the WAF procedure, the duplo CTO2_120 (sample C) & CTO2_121 (sample D) appeared 
semi-transparent, emulsion-like, while the tested TCP_124 (sample C) was clear. A subsample of the 
WAF preparation was taken for the zebrafish assay. At the same time, a subsample was taken from 
each of the WAF preparations for analytical determination of the watery, as well of the oily phase 
obtained after funnel separation. 
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The GC-MS profile of both CTO2 duplo samples (Figure 12 c&d) was similar to what was seen before 
(Figure 12 a&b). The TCP concentration in the watery phase was 0.36 and 0.26 mg/L (duplo procedures) 
i.e. near to the theoretical maximal TCP water solubility of 0.36 mg/L (Table 6). This time also the oily 
phase of the WAF was analyzed to assess where TCP ended up, i.e. either in the watery or oily phase. 
The concentration in the total mixture was theoretically calculated (from the measured levels in watery 
and oily phase) as 5.04 and 4.39 mg/L, which was 67 and 59% of the TCP level in the cold-trapped oil 
mixed in fish water. The measured TCP level in the watery phase after the WAF of the technical TCP 
mixture was 5.25 and 7.38 mg/L (duplo procedures). The latter was respectively 70 and 98% of the 
concentration of 7.5 mg/L mixed into the water (Table 6). It seemed that mixing for 3 days, allowed to 
achieve transfer of TCP from the cold-trapped oil to the water phase, to the extent that it was expected, 
considering the solubility of this compound into water. Also for the technical TCP mixture, 3 days mixing 
to prepare the WAF, improved the distribution in fish water. 
 
After 48h exposure of the larvae to these WAFs, the test medium (WAF preparations) were collected 
from the wells in which the zebrafish were kept, and GC-MS profiling was done. The level of TCP in this 
(‘used’) watery fish medium was always less than 0.05mg/L. It may be an indication that these 
compounds were taken up by the larvae. The GC-MS profile showed quite some low-retention time 
components. As they were appearing in both the full-scan GC-MS profile of both the cold-trapped and 
TCP samples, they possibly may be normal zebrafish metabolites (Figure 13).  
 
 

Table 6: WAF procedures performed on cold trapped oil 1 and 2 (CTO1 & CTO2), and the TCP concentration 
analysed using GC-MS in the watery and oily phase. Green shaded samples were evaluated in the zebrafish 
neuromotor assay (ZNA) 

LV nr Reference sample WAF 
procedure 

Phase analysed visible 
observation 
after WAF 

TCP  
(mg/L) 

190328-0117 Blank fishwater blank / watery clear solution ND 
190328-0118 VW CTO2 sampleA cold trapped oil 2 2d mixing watery relative clear 0.14 
190328-0119 VW CTO2 sampleB cold trapped oil 2 2d mixing watery relative clear 0.40 
190328-0120 VW CTO2 sampleC cold trapped oil 2 3d mixing /   5.04a 

  VW CTO2 sampleC1 cold trapped oil 2 3d mixing watery relative clear 0.36 
  VW CTO2 sampleC2 cold trapped oil 2 3d mixing oily   424 
  VW CTO2 sampleE1 cold trapped oil 2 3d mixing watery after ZNA190417   <0.05 
 VW CTO2 sampleE2 cold trapped oil 2 3d mixing watery after ZNA190515   <0.05 
190328-0121 VW CTO2 sampleD cold trapped oil 2 3d mixing /   4.39a 

  VW CTO2 sampleD1 cold trapped oil 2 3d mixing watery relative clear 0.26 
  VW CTO2 sampleD2 cold trapped oil 2 3d mixing oily   339 
 VW CTO2 sampleF cold trapped oil 2 3d mixing watery after ZNA190515   <0.05 
190328-0122 VW TCP sampleA TCP techn.mixture 2d mixing watery clear solution 1.77 
190328-0123 VW TCP sampleB TCP techn.mixture 2d mixing watery clear solution 0.79 
190328-0124 VW TCP sampleC TCP techn.mixture 3d mixing watery clear solution 5.25 
  VW TCP sampleE1 TCP techn.mixture 3d mixing watery after ZNA190417   <0.05 
 VW TCP sampleE2 TCP techn.mixture 3d mixing watery after ZNA190515   <0.05 
190328-0125 VW TCP sampleD TCP techn.mixture 3d mixing watery clear solution 7.38 

 

a calculated concentration based on the TCP levels determined via GC-MS, in the watery and oily phase 
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Figure 12: GC-MS full-scan chromatograms 
(retention time vs. counts) of: a&b: WAF of  
CTO2, duplo test A and B (using 2d-mixing 
procedure). c&d: 2nd WAF of CTO2, duplo test 
C and D (using 3d-mixing procedure). e: 
heated cold-trapped Eastman 2197 oil (CTO2)  
(IS= internal standard at retention time ≈ 29.5 
min). 
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Compound composition of particles collected at cold-trap outlet 

In an earlier experiment, we observed a breakthrough of UFP with diameter mode of about 120-170 nm 
at the outlet of the impinger. Therefore, particles were trapped on a low-pressure impactor, both at the 
inlet (upstream) and outlet (downstream) of the impinger. The different size fractions were analyzed 
using via full-scan GC-MS to check the compound composition of these particles (Table 7, Figure 14). 
As mentioned above, mainly the size fraction with D50 diameter 158nm, 265 nm and 386 nm were 
trapped. It was clear that on the particles collected after the impinger, the GC-MS profile was similar to 
the profile seen in crude Eastman oil. Meaning, that there was breakthrough of oil components. It was 
also apparent that the concentration was higher downstream of the impinger (sample 4N-6N) compared 
to upstream of the impinger (4V-6V) (Figure 14). This was most probably due to secondary particle 
formation in the impinger (nucleation), which contained the oily compounds as present in the crude and 
cold-trapped oil. It was clear that not all particles were trapped, and that there was loss of organic 
compounds through the cold trap. 
  
 

Table 7: Overview of the TCP concentration measured during the experiment in which Eastman 2197 oil was 
heated and cold-trapped (cold-trapped oil 3, CTO3).  The different filters of the low pressure impactor placed 
upstream and downstream of the impinger cooled in liquid nitrogen 

ID Filter Nr. TCP  
(µg/cm2) 

Collection 
location relative 

to impinger 

Impactor 
fraction  
(D50 µm) 

190328-0107  1V  0.2 upstream 0.028 
190328-0108  2V  3.0 upstream 0.055 
190328-0109  3V  29 upstream 0.094 
190328-0110  4V  24 upstream 0.158 

a                     b
             
 
 
 
 
 
 
 
 
 
 
 
 
 
c 
 
 

Figure 13: GC-MS Full-scan chromatograms 
(retention time vs. peak area) of: a: watery 
(CTO2_120 sample C1); b: oily phase 
(CTO2_120 sample C2) after mixing the cold-
trapped oil into fish water for 3d (WAF 
procedure); c: ‘used’ zebrafish water collected 
from the wells after a 2d-exposure period of the 
larvae in the zebrafish neuromotor assay 
(CTO2_120 sample E)
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ID Filter Nr. TCP  
(µg/cm2) 

Collection 
location relative 

to impinger 

Impactor 
fraction  
(D50 µm) 

190328-0111  5V  18 upstream 0.265 
190328-0112  6V  13 upstream 0.386 
190328-0113  7V  0.4 upstream 0.616 
190328-0114  8V  <0.1 upstream 0.950 
190328-0115  blank filter  <0.1 blank / 
190328-0099  1N  <0.1 downstream 0.028 
190328-0100  2N 5.0 downstream 0.055 
190328-0101  3N  45 downstream 0.094 
190328-0102  4N  268 downstream 0.158 
190328-0103  5N  457 downstream 0.265 
190328-0104  6N  127 downstream 0.386 
190328-0105  7N  9.3 downstream 0.616 
190328-0106  8N  0.4 downstream 0.950 

 
 

  

  

  

  

1V      1N 
 
 
 
 
 
 
 
2V      2N 
 
 
 
 
 
 
 
 
3V      3N 
 
 
 
 
 
 
 
 
4V      4N 
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Figure 14: GC-MS chromatograms (retention time vs peak area) of the 8 filters from the low-pressure impactor 
placed upstream (1V-8V) and downstream (1N-8N) from the liquid nitrogen-cooled impinger. Fumes were 
generated from Eastman oil 2197 and trapped in the liquid nitrogen cooled impinger (cold trapped oil 2 = CTO2) 

 
Zebrafish neuromotor assay (ZNA) after WAF-exposure to cold-trapped oil and technical TCP mixture 
The zebrafish neuromotor assay for WAF preparations of cold-trapped oil2 (CTO2) and WAF 
preparation of technical TCP mixture were run twice. In the first experiment (ZNA190417), fish breeding 
was less successful with limited number of good quality embryos. Therefore, no dilution series could be 
tested, and only the WAF preparation of CTO2_120 (sample C) was compared to TCP_124 (sample C) 
for locomotor parameters. To assess the repeatability of this experiment, the same exposure with the 
same 1-month-old WAF samples were set up in the second experiment (ZNA190515). In this 
experiment, the CTO2 duplo-samples (CTO2_120 (C) and CTO2_121 (D)) were again tested in the 
ZNA to get an idea about the reproducibility of the WAF preparations of the same cold-trapped oil 
sample. In this second experiment, the whole-body homogenates were also collected to perform 
enzyme inhibition assays at VITO and TNO.      
 
Both experiments resulted into the same conclusions for the locomotor parameters, and this is 
represented in the next figure (Figure 15). Panels a-d for total distance moved, mean velocity, movement 
frequency and cumulative movement showed that all exposure conditions resulted into significant 
effects with less locomotor activity in the CTO2 or TCP exposed larvae compared to the control group. 
This was seen as a shift to the left if graphs of population distribution curves are shown in Figure 16 a & 
b, for the parameter distance moved. There appeared slightly higher effects in the 2nd experiment (green 
bars) compared to the 1st experiment (blue bars). The pattern of responses of CTO2_120 and TCP_124 

5V      5V 
 
 
 
 
 
 
 
 
6V      6N 
 
 
 
 
 
 
 
 
7V      7N 
 
 
 
 
 
 
 
 
8V      8N 
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for these 4 parameters showed similar significant effects in both repeat experiments. The response 
pattern for the WAF preparation CTO2_120 was overall similar to this of the duplo-WAF preparation 
CTO2_121, which confirmed the reproducibility of the WAF procedure. The overall magnitude of effects 
(i.e. impairment of the locomotor activity parameters) of the oil mixture was comparable to this of the 
TCP samples (range 34-65%).  
For the parameter turn angle (panel ‘e’ in Figure 15), there appeared a clear difference between the 
WAF preparations of oil samples compared to TCP. The exposure to TCP resulted for both experiments 
into a significant effect, but with a turn angle larger in exposed conditions compared to the control group. 
This was shown as a shift to the right of the population distribution curve for TCP_124 in Figure 16d. On 
the contrary, for the WAF exposure to oil, there was either no significant effect, or a small significant 
effect (22%) with a slightly lower turn angle in exposed fish compared to controls (Figure 16c).  
 

a 

 

b 

c 

 

d 

 
e 

 

 

Figure 15: Locomotor parameters, expressed as % effect of exposed group compared to control group for two 
independent experiments (ZNA190417 and ZNA190515, performed with 1 month in between) and comparison of the 
3 different WAF samples CTO2_120, CTO2_121 or TCP_124 (NB: CTO2_121 was only included in the second 
zebrafish assay). Full bars are non-significant effects, shaded bars represent a significant effect with exposed less 
than control, and dotted bars give significant effects with exposed higher than control group  
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a  Distance moved: CTO2_120 

 

b  Distance moved: TCP_124 

 
c  Turn angle : CTO2_120 

 

d Turn angle: TCP_124 

 

 

Figure 16: Examples for cold-trapped oil (a&c) and TCP (b&d) of population distribution curves for two locomotor 
parameters of the 2nd zebrafish experiment with exposed larvae population (dotted line) compared to the control 
group (full line). The % effect shown in Figure 15 is calculated as [1-overlap of curves]  

 
 
Enzyme activity assay of the zebrafish exposed WAF of cold-trapped oil and TCP 
 
At VITO the acetylcholine esterase (AChE) assay was performed on the larvae homogenates of the 
zebrafish larvae collected in the 2nd experiment. Despite pronounced effects on locomotor parameters, 
there was no significant effect observed. Only a slight enzyme inhibition up to 10% was seen, being 
highest for TCP (Figure 17).  
 

 

Figure 17: Results of acetylcholine esterase (AChE) inhibition (%) for CTO2 and TCP in the 2nd experiment 
zebrafish experiment on CTO2 (ZNA190515)  

 
As part of the work, the protocol of the enzyme activity assays CaE and NTE were optimized at TNO. 
This was described in paragraph 3.1.3. Both exposure to either TCP as well as the cold-trapped fume 
mixture induced >90% inhibition of CaE in the zebrafish compared to zebrafish larvae kept in just fish 
water. The assays were performed on the zebrafish larvae of the 2nd experiment. The effect of the 
independent duplo samples (zebrafish exposed to WAF of CTO2 samples 120 and 121) was similar 
and comparable to the effect in pure technical-TCP-mixture-exposed embryos (TCP_124). In the latter 
TCP WAF-sample, the TCP concentration was 5.25 mg/L. The complete cold-trapped oil WAF samples 
used for exposure of the zebrafish (CTO2_120 and CTO2_121) contained a similar calculated 
concentration of 5.04 and 4.39 mg/L TCP (Table 6). However, in the water phase, the TCP 
concentration was about 15-20 times less (respectively 0.36 and 0.26 mg/L of TCP), but a broad mixture 
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of organic compounds was present (Figure 12). Similarly, NTE in zebrafish was inhibited to the same 
extent by the cold-trapped mixture as after exposure to technical TCP mixture. These results strongly 
indicated that the cold-trapped mixture contained components inhibiting these esterases similarly to 
TCP at a concentration of about 5 mg/L.  
 
 

  

Figure 18 Neuropathy target esterase (NTE) and Carboxylesterase (CaE) activity in zebrafish homogenates 
expressed as % of all pure fish water controls.  Each bar represents the average and standard deviation of those 
4 technical replica homogenates. With: Cont_120, 121 or 124: control zebrafish larvae kept in fish water during 
the neuromotor assay; CTO2_120: larvae exposed to WAF extract of cold trapped sample 190328-0120; 
CTO2_121: larvae exposed to WAF extract of cold trapped sample 190328-0121; TCP_124: larvae exposed to 
WAF extract of technical TCP mixture (measured concentration = 5.25 mg/L TCP) 

 
 

3.3.4   Fume trapping using combination of impingers  
 
As there was breakthrough of particles from the liquid nitrogen cooled impinger. This cold-trap set-up 
was completed with either a second liquid N2 cooled impinger or an impinger filled with glass beads to 
trap particles. 
 
M&M 
Fume generation and trapping (VITO) 
Oil fumes were generated by capillary dosimetry of Eastman Jet oil 2197. The pressure in the oil 
recipient was 0.6 bar and it was placed on a balance to weight the oil amount used. The capillary 
through which it was guided to the hot plate, was 1.5m and 320µm internal diameter. A N2 flow of 5L/min 
forced the fumes out of the tank with heated bottom plate (500°C). The outlet of the tank was directly 
guided into a dry 150mL-impinger cooled in liquid N2.  
In a first experiment, fumes were generated for 0.5 h, using two successive liquid N2-cooled impingers 
to trap the fumes. At the outlet of the second impinger, a DMS500 device was placed to check UFP 
breakthrough. 
In a second experiment, the same fume generation set-up was used. To trap the fumes, a liquid N2-
cooled impinger was placed in series with either a same 150mL-impinger filled with 100 mL (10cm) 
glass beads (5 mm diameter) placed at room temperature. A DMS500 sampler was placed after the 
second impinger to check UFP breakthrough. Using the 10 cm glass beads impinger set-up, the 
DMS500 device sampled both, after the liquid N2 and the glass beads impinger. 
 
GC-MS analysis of samples (VITO) 
Full-scan semi-quantitative GC-MS screenings were done on the cold-trapped oil (CTO3), and in fish 
water and on the glass beads of the glass beads impinger. The extraction procedures were done as 
follows: (i) from the cold-trapped oil, 20µL was dissolved in 10 mL DCM. Twenty-five µL of 4,4-
dibromobiphenyl was added as internal standard. (ii) the fish water and glass beads in the glass beads 
impinger, were transferred from the impinger to a glass recipient. The impinger was rinsed twice with 
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each time 50 mL fish water, and this was added into the glass recipient. The latter - containing the glass 
beads and the rinse water – was gently mixed for 48 h at room temperature. After this, the water phase 
was transferred to a separatory funnel, spiked with the internal standard 4,4-dibromobiphenyl and 
extracted with 2 times 20 mL DCM. The glass beads were 'extracted' by rinsing them with 5 mL acetone 
and 30 mL DCM. Of all extracts prepared, 1 µL was injected splitless in the GC-MS device, equipped 
with an apolar column (DB-5-ms,30mx0.25mmx0.25µm). Detection was done in full-scan mode at 
ionization energy of 70eV.   
 
 
Results 
Fume trapping 
The set-up of using an impinger in liquid nitrogen (cold-trap) combined with a glass beads impinger was 
run for 4h, and in total 1.23 g of oil was collected in the cold-trap (CTO3). The oil collection efficiency 
of the system i.e. the amount of oil trapped in the first liquid nitrogen impinger, compared to the total 
amount heated was again very similar to all earlier experiments, namely 22%.  
Particles were measured in the different set-ups. The particle size (D50) measured using DMS500 was: 
94 nm for the particles sampled upstream of the first liquid N2 impinger, 115 nm and 113 nm downstream 
of the first liquid N2 impinger (measured in 2 independent experiments), 137 nm downstream of the 
second liquid N2 impinger, 82 nm downstream of liquid N2+glass beads impinger placed in series, and 
119 nm after the liquid N2 impinger and before the glass beads impinger of this serial set-up.  
Considering the particle concentration, i.e. the amount of UFP passing through the impingers, the 
following was observed: The UFP collection efficiency using one liquid-N2 cooled impinger was 34-44%. 
In case two of those impingers were placed in series, the UFP trapping efficiency increased to 71%. If 
only a glass beads impinger was used, the efficiency was 65%. The best UFP collection efficiency was 
reached using the liquid N2 impinger placed in series with the glass beads impinger. In that case 80% 
of the UFP was trapped (Figure 19).  
 
 

 

Figure 19: Size distribution of UFP analysed upstream and downstream from impinger placed in liquid N2 or after 
impinger filled with glass beads or a combination of both placed in series (imp= impinger, liq.N2 = liquid N2) 

 
 
Compound composition of oil fumes trapped in liquid nitrogen impinger vs. glass beads impinger 
First of all, the compound composition of the oil trapped in the first impinger of this trapping experiment 
(CTO3) (Figure 11 g&h) was very comparable with the levels observed in the previous experiments 
(CTO1 and CTO2) (Figure 11 c&d, g&h).  
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The set-up of cold trap, followed by a glass beads trap filled with fish water, was most efficient in trapping 
fumes and UFP in the fumes. It was checked if the oily compounds present in the latter glass beads 
impinger, could be ‘detached’ from the glass beads, without using solvents, just by mixing the glass 
beads in fish water during a longer period. To assess this (as was described above in M&M), the glass 
beads were shaken for 2d into the fish water of the impinger. This water was extracted using DCM for 
GC-MS analysis. To check if there were still oil components left on the glass beads, they were 
separately 'extracted' by rinsing them successively with acetone and DCM. The GC-MS copound profile 
in both fractions was similar, however, after two-days mixing of the glass beads into fish water, TCP 
appeared almost completely in the water phase (9.11 mg) and there was little TCP left on the glass 
beads (0.45 mg). Based on the 1.8% TCP level in the CTO3, it could be calculated that a mass of 0.53g 
oil was trapped in this glass-beads impinger. This means that the latter impinger allowed to trap 
additionally a bit less than half (0.53 g oil) of the amount of oil trapped in the cold-trap (1.23 g oil) placed 
upstream of the glass beads trap. 
In conclusion, the combination of cold-trap, in series with glass beads impinger allowed a satisfactory 
trapping of the compounds, and the trapped oily substances could be retrieved from this trapping 
system, i.e. not sticking to the glass beads. 
 
 

 

Figure 20: GC-MS full-scan chromatograms (retention time vs peak area) of compounds trapped in the second 
impinger filled with 100 mL glass beads (5 mm diameter, 10cm) and 50 mL fish water, placed after the 1st cold-
trap. a: profile of fish water and b. profile of compounds extracted from the glass beads. After trapping, the glass 
beads have been mixed two days in this fish water, before they were extracted and analysed 

 
 

3.4 MiniBACS set-up and preliminar testing of cold trap sampling 

In task 2, the laboratory test program consists of an experimental set-up where contaminants are 
inserted into heated and compressed air, representative of the engine conditions at the compressor 
stage where bleed air is deducted from. This set-up, designated the “Bleed Air Conditions and 
Contamination Simulator” (BACCS) enables the investigation of a wide range of temperatures and 
pressures up to 600°C and 8 bar, respectively, independent of aircraft or engine type or flight phase. 
This provides an exact control of the amount of contaminant injected into the system, and is the most 
direct way to measure by-products resulting from the break-down of engine oil. The gases at the outflow 
of the BACS will be sampled and used for chemical and neurotoxicity. 
At RIVM a miniBACS was built to perform toxicity testing, since the larger BACS system, in construction 
at Frauenhofer, was not yet finalized. It was tried out, if the cold-trapping system would be workable in 
these conditions. The aim was to collect 100-200 mg distillate in the trap in a 1-day run time. The oil 
used was Mobil Jet Oil II. 
 
 
 

a      b 
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Fume sampling strategy 
Two cold-trap types were mounted to collect aircraft turbine oil condensate from the miniBACS (Figure 
21). Indeed, after initial testing, it became apparent that the amount of oil condensate collected using a 
one-trap system (trap 2) was not enough. Therefore, upfront, an additional trap 1 was built, to increase 
the thermal gradient and thus the fume sampling efficiency.: 
 Trap 1: A small (100 mL) stainless steel vessel, cooled with liquid nitrogen was connected to the 

hot outlet of the critical orifice.  
 Trap 2: a cold-trap, of the type used during the above described preliminar tests in the VITO lab, 

was connected to the cooled aerosol/fume miniBACS outlet. This trap consisted of an impinger 
cooled with liquid nitrogen, followed by a second impinger partly filled with 50 mL fish water and 10 
cm glass beads with diameter of 5 mm. 

 
There were initially, some technical problems encountered with the cold-trapping in the miniBACS set-
up. The downtube feeding the aerosol/fumes into the traps 1 & 2 was partially blocked by freezing water, 
which limited the flow. This was remedied using an extra compressed-air dryer for drying the 
compressed air used to feed the traps. Both traps also collected liquid oxygen (boiling point -180 oC). 
At the end of sampling and after removal of the trap from the liquid nitrogen, sudden and violent boiling 
of the liquid oxygen would push the collected oil condensate from the trap, leading to a loss of the 
sample. This was remedied by closing the inlet of the trap and decoupling the water/glass-beads trap 
before taking it out of the liquid nitrogen holder. 
 
Both traps sampled 5 L/min, and 0.3 mL oil/h was sprayed into air with a flow of 27 L/min, for 6 hours. 
Using those settings, trap 1 collected approximately 30mg oil, while trap 2 collected 20mg. It was 
decided to increase the oil injection rate to 0.6 mL/h. The sampling rate of 5L/min of the traps could not 
be increased, as otherwise the condensate would be flushed out of the impinger. Using the higher oil 
injection settings, the oil condensate collected by cold trap 2 was not much higher, namely 23mg. 
 
The MiniBACS settings for the last sampling run (trap 1 not used) were: temperature mixing chamber: 
90°C, tube oven temperature: 350 °C, pressure: 3Bar, spray nozzle flow: 15 L/min, pre-heated air flow: 
12 L/min, final dilution flow:  0.8 L/min, oil injection flow: 0.6mL/h. The measured temperatures were: in 
the mixing chamber: 90-95°C and 345-355°C in the tube oven. 
The cooled aerosol/fume flow at the miniBACS outlet (after the tube oven, before cold trap 2), was 
analyzed for: particle number concentration: 90x106 #/cm3 (CPC, 1.5x106 #/cm3, dilution factor 60x), 
the total carbon content was 9 ppm (Total Carbon Analyzer calibrated for propane), the level of carbon 
monoxide equaled 25 ppm, and the mass concentration was 49 mg/m3 (the latter measured 
gravimetrically on a 47mm PTFE filter, flow measured using gas flow meter). The median diameter of 
particles downstream of the impinger, measured in some preliminar trials, was around 150nm. 
 
 
Oil concentrations measured and calculated 
The theoretical oil concentration in the mixing chamber was 370 mg/m3 (with spray nozzle flow 15 L/min, 
injection rate 0.6 mL/h, air flow 27L/min, specific weight approx. 1 g/mL). The measured oil 
concentration after the mixing chamber was 209 mg/m3 (after the run, the chamber was flushed with 
acetone and collected in a container. After evaporation of the acetone the oil was weighed: 1.62mg). 
The measured oil concentration after the oven/expansion/final dilution was 49 mg/m3. The measured 
concentration after trap 2 was 31mg/m3 (flow 5L/min, volume 1.3206 m3, duration 6 hours). This means 
the loss of oil in the miniBACS spraying and mixing chamber (44%). The loss of oil in the system 
between the spraying nozzle until just before the cold trap, was 87%. This means quite some oil was 
lost in the system, aside from the limitation that not all fumes can be guided through the cold trap (5L/min 
of the total air flow of 27L/min), and that there may be still losses of fumes at the outlet of the cold trap. 
In conclusion: The miniBACS was set-up and there was a steady output of test atmospheres. During a 
1-day run, it was not possible to collect enough oil condensate (about 20-30 mg, whereas 100-200 mg 
was needed) to perform the zebrafish assay. NB: The fume collection for the MEA test is done on six 
parallel positioned Teflon filters, sufficient for that test. 
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Figure 21: miniBACS and mounted cold traps: cold trap 1= impinger cooled in liquid nitrogen, cold trap 2 = impinger 
filled with liquid nitrogen, placed in series with an impinger filled with 10 cm glass beads and 40 mL fish water. 
MFC=mass flow controller 

 
 
 
 
 

  

Figure 22: Left: miniBACS during build up. The cylindric mixing chamber is visible to the left of the tube oven. Right: 
MiniBACS sampling side, with aerosol diluter mounted to dilute the flow to 5 L/min through the impingers for trapping the 
oil 
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Figure 23: Left: serial set-up of liquid nitrogen cooled impinger (left) and impinger filled with glass beads and fish water.  
Right: collected oil condensated in the impinger. 
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