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Abstract 

Liquid Organic Hydrogen Carrier (LOHC) systems offer a very attractive way to store and 

transport hydrogen, a technical feature that is highly desirable to link unsteady energy 

production from renewables with the vision of a sustainable, CO2-free, hydrogen-based 

energy system. LOHCs can be charged and discharged with considerable amounts of 

hydrogen in cyclic, catalytic hydrogenation and dehydrogenation processes. As their 

physico-chemical properties are very similar to diesel, today's infrastructure for liquid fuels 

can be used for their handling thus greatly facilitating the step-wise transition from today's 

fossil system to a CO2 emission free energy supply for both, stationary and mobile 

applications. However, for a broader application of these liquids it is mandatory to study in 

addition to their technical performance also their potential impact on the environment and 

human health. This paper presents the first account on the toxicological profile of some 

potential LOHC structures. Moreover, it documents the importance of an early integration 

of hazard assessment in technology development and reveals for the specific case of 

LOHC structures the need for additional research in order to overcome some challenges in 

the hazard assessment for these liquids. 

 

Broader context 

Due to increasing environmental awareness, many countries try to optimize their 

economies for a low-carbon growth turning towards renewable energy sources. 



Nevertheless, to fully exploit these sources fundamental change in our energy supplies 

is needed. Hydrogen is considered a main player in future energy systems, especially 

for mobile applications but its storage poses a technological challenge. Liquid 

Organic Hydrogen Carrier (LOHC) systems offer a very attractive way to store and 

transport hydrogen that links unsteady energy production from renewables with the 

vision of a sustainable, CO2-free, hydrogen-based energy system. LOHCs can be 

charged and discharged with considerable amounts of hydrogen in cyclic, catalytic 

hydrogenation and dehydrogenation processes. As their physico-chemical properties 

are very similar to those of diesel, today's infrastructure for liquid fuels can be used 

for their handling thus greatly facilitating the step-wise transition from today's fossil 

system to a CO2 emission free energy supply for both, stationary and mobile 

applications. However, for a broader application of these liquids it is mandatory to 

study in addition to their technical performance also their potential impact on the 

environment and human health. 

 

Introduction 

Modern societies depend on steady and reliable supply of energy.
1,2

 Due to the 

increasing environmental awareness, many countries try to optimize their economies 

for a low-carbon growth, i.e., a growth that happens without a major increase in CO2 

emissions, e.g., without burning additional fossil fuels. Currently, with its Roadmap 
2050, the European Union has set new long-term goals in energy policy including an 

80% reduction of domestic CO2 emissions.
3
 To comply with these goals a 

fundamental change in our energy system is needed. 

The amount of energy that can be harvested from renewable sources, such as sun, 

wind and hydropower is extremely high. It can satisfy the global energy demand over 

hundred times with the enormous benefit of being inexhaustible.
4,5

 Energy from these 

renewable sources has many socio-economic advantages over fossil fuel or nuclear 

based energy: (a) zero or very low variable costs of generation; (b) lower 

environmental impact since there are almost no emissions and no waste production 

associated with the power generation; (c) applicability for decentralized power 

generation.
4
 

However, some major technical challenges remain to be addressed before the full 

transition to a renewable-based energy system can take place successfully: 

 The production of most renewable energies is geographically limited, dependent 

on unforeseeable weather conditions and intermittent; even though in virtually 

every location on the globe some kind of sustainable energy can be produced it 

usually does not meet the spatiotemporal demand;
5,6

 

 Energy systems with a high share of energy from wind or sun are characterised by 

periods in time when overproduction of energy from renewable resources causes 

very low or negative stock energy prices;
7 9

 



 Renewable energies are currently mostly used to power stationary consumers to 

which they are transported via the electric grid; their use in mobile applications, 

though extensively researched and certainly very relevant,
10 12

 is still far less 

advanced. 

Hydrogen is considered as a main player in future energy systems, especially for 

mobile applications as it is a clean fuel of very high gravimetric energy density (120 

MJ kg
1
). Its gravimetric energy density is three times higher than that of gasoline and 

any other liquid fuel.
4,13

 Furthermore, hydrogen powered cars using a fuel cell have 

efficiencies of energy conversion of 50 60%, much higher than today's cars using 

fossil fuels and an internal combustion engine where maximum efficiencies of about 

25% are reported.
8,14,15

 In order to use hydrogen as a fuel for vehicles an on-board 

storage system is required that contains suitable amounts of hydrogen. Note that a 

medium size vehicle needs between 0.8 and 1 kg H2 per 100 km. The hydrogen 

storage system should be light, compact and safe. Moreover, the system should allow 

a dynamic hydrogen release on demand and a fast H2 filling of the storage system 

without the need for specific or new infrastructure. 

Given these very tough requirements it is important to state that the use of 

hydrogen in a future energy systems is by far not restricted to its use in cars and 

trucks. Many other mobile (e.g., forklifts), transportable (e.g., portable electronics), 

and stationary applications (stand-alone energy systems, back-up systems) are 

discussed and attract high commercial interest. Apart from using hydrogen in fuel 

cells there remains the option to burn hydrogen in a combustion engine. Using 

lean-hydrogen mixtures at not too high temperatures (to disfavour formation of NOx) 

may also lead to more sustainable energy processes at somewhat lower investment 

cost and higher technical robustness. 

While the gravimetric energy storage density of hydrogen is excellent its 

volumetric storage density suffers from the very low H2 density. Under ambient 

conditions one liter of gaseous hydrogen contains only 10.8 kJ of energy. Even under 

very high pressures (70 MPa H2

or in its liquid state which requires temp

hydrogen has a density of 71.2 kg m
3
 resulting in an energy storage capacity under 

these very challenging conditions of 8.3 MJ L
1
 which is by a factor of four lower 

than the volumetric storage density of typical fuels under ambient conditions. Note 

that the compression of hydrogen and especially the cooling of hydrogen are energy 

intensive and costly operations and that hydrogen losses by diffusion (high pressure 

storage) or by boil-off (cryogenic hydrogen storage) may lead to relevant 

hydrogen/energy losses. Under current technologically feasible conditions CGH2 

storage uses around 15% of stored energy to achieve 70 MPa compression and LH2 as 

much as 30% for liquefaction (based on lower heating value of H2 of 120 MJ 

kg
1
).

16
 Other disadvantages result from time consuming loading and unloading 

procedures (mainly for LH2) and the need for specific infrastructures.
17

 



So far several technical options have been proposed to store and transport hydrogen 

in a more economic and efficient manner. These include for example physical sorption 

on high surface area materials (e.g., nanostructured materials like active carbon) or 

chemical adsorption to solids leading to solid hydride materials.
12,14,18

 When using 

hydrides there is always a trade-off between storage capacity and hydrogen desorption 

temperature, however, recent development especially regarding doped alanates 

brought these materials closer to fulfilling current hydrogen technology 

requirements.
19,20

 However, these solutions have a number of severe drawbacks with 

respect to their practicability: apart from limited hydrogen carrying capacity and time 

consuming loading/unloading procedures with the significant heat production/heat 

demand, the handling of solids is impractical for the storage and transport of larger 

amounts of energy. 

The catalytic hydrogenation of hydrogen-lean molecules offers another option to 

store and transport energy in the form of hydrogen. Nitrogen can be hydrogenated to 

ammonia,
21

 CO2 can be hydrognated to either formic acid,
22

 methane,
23

 methanol,
24

 or 

Fischer Tropsch products.
25

 However, all these options have one thing in common, 

they use gaseous substances as energy-lean molecules and as a consequence they 

require isolation of CO2 or N2 from air or exhaust gas streams in appropriate quality 

and quantity for the hydrogen storage process and they release mixtures of hydrogen 

and the hydrogen-lean gas during dehydrogenation reaction instead of pure hydrogen. 

This important drawback is circumvented if organic liquids of low vapour pressure 

are used as hydrogen-

1990s, later patents by Pez, Scott, Copper and Cheng from Air Products
26,27

 and 

continuous intensive research in the last couple of years,
28

 LOHC systems have 

developed to a very promising technology for hydrogen storage and transport. LOHC 

systems are formed by pairs of organic compounds, the hydrogen-lean one being 

typically an aromatic or heteroaromatic compound, the other hydrogen-rich one being 

typically an alicyclic or heterocyclic compound.
26,29 32

 LOHCs are loaded with 

hydrogen in analogy to large scale catalytic hydrogenation reactions of the chemical 

industry. Typical reaction conditions for the exothermic LOHC hydrogenation are 

hydrogen pressures of 1 to 5 MPa and temperatures of 373 to 523 K. Typical 

hydrogenation catalysts are Ni- or Ru on oxide supports applied in slurry phase tank 

reactors or trickle bed hydrogenation units.
33,34

 Typical reaction conditions for the 

endothermic LOHC dehydrogenation are hydrogen pressures of 1 to 0.5 MPa and 

temperatures of 423 to 673 K. Typical dehydrogenation catalysts are Pt or Pd on oxide 

supports applied in slurry phase tanks or tubular reactors.
35,36

 

In the context of the storage and transport of renewable energy equivalents, excess 

renewable electric energy is converted into high pressure hydrogen by electrolysis 

(typical H2 pressures of electrolysers are 1 to 5 MPa) and the latter is used directly to 

hydrogenate the hydrogen-lean form of the LOHC. The hydrogen-charged LOHC can 

be regarded as a liquid transport form of hydrogen that can be handled in today's 

infrastructure for liquid fuels (pipelines, oil tanker and petrol stations).
37

 Thus, 



LOHCs enable long-time energy storage under ambient temperature and pressure 

conditions without significant losses. On energy or hydrogen demand, the 

hydrogen-rich LOHC molecule is heated to the dehydrogenation temperature and 

allowed to be in contact with the dehydrogenation catalyst. Further heat is added to 

the reactor to deal with the endothermic nature of the dehydrogenation reaction. The 

hydrogen-lean form of the LOHC-system is isolated by simple condensation from the 

dehydrogenation reactor together with very pure hydrogen. The hydrogen-lean LOHC 

compound is stored for its next charging cycle or transported to a place with cheap 

and available regenerative energy. Figure 3.1.1 illustrates the storage and transport of 

renewable energy equivalents using LOHC systems. 

 

 

Figure 3.1.1. Schematic view on storage and transport of regenerative energy equivalents using 

Liquid Organic Hydrogen Carrier (LOHC) systems (reproduced with permission from ref. 38, 

Copyright American Chemical Society). 

 

Initially one or two six-membered ring compounds like benzene, toluene, 

naphthalene, biphenyl and their corresponding hydrogenated equivalents cyclohexane, 

methylcyclohexane, decaline (dodecahydronaphthalene), and bicyclohexyl were 

suggested as LOHC systems (Figure 3.1.2).
39 41

 These compounds have storage 

capacities between 6 and 7 wt% H2 and can be hydrogenated under relatively mild 

conditions.
31

 However, some of these compounds are too toxic (e.g., benzene) or too 

volatile (benzene/cyclohexane, toluene/methylcyclohexane) to be of greater practical 

relevance, at least so far.
26,40,42

 More recently, thiophene, quinaldine and carbazole 

derivatives were also recommended as LOHC systems as the presence of a hetero 

atom reduces the heat of hydrogenation/dehydrogenation and thus allows for 



dehydrogenation at milder temperatures.
43,44

 In particular, N-ethylcarbazole 

(NEC)/perhydro-N-ethylcarbazole (H12-NEC) has found a lot of interest as a LOHC 

system due to its relatively high H2 storage capacity (5.8 wt% H2) and its good 

dehydrogenation characteristics at 453 533 K (ambient pressure, heterogeneous Pd- 

or Pt catalyst).
26,30,37

 The hydrogen-lean form, NEC is a solid with a melting point of 

341 K. This is much lower than the melting point of carbazole (mp. = 518 K) but still 

not ideal. The solid nature of the fully dehydrogenated molecules complicates the 

technical use of this LOHC system as either the tank has to be heated to 343 K or the 

dehydrogenation degree has to be limited to ca. 90% for the mixture of fully and 

partially dehydrogenated substances to remain liquid. However, this reduces the 

effective hydrogen capacity to about 5.2 wt%. There is also a risk for NEC 

dealkylation at temperatures above 533 K. While these conditions are above the 

normal dehydrogenation conditions they still limit operating the hydrogen release 

reaction at very high temperature levels and thus much faster which would allow us to 

use smaller reactors.
38

 

 

 

Figure 3.1.2. Examples of LOHCs systems (H2-lean and H2-rich forms) and their gravimetric 

hydrogen carrying capacity. 

 



Recently isomeric mixtures of perhydro-benzyltoluene and 

perhydro-dibenzyltoluene were also proposed as LOHCs.
38

 The hydrogen-lean form 

of these LOHC systems, benzyltoluene and dibenzyltoluene, are readily available and 

technically applied as heat transfer oils in the form of their isomeric mixtures. Typical 

trade names of these substances are Marlotherm LH (MLH, i.e., mixture of 

benzyltoluenes) or Marlotherm SH (MSH, i.e., mixture of dibenzyltoluenes). 

Dehydrogenation of the respective hydrogen-charged mixtures, H12-MLH and 

H18-MSH requires higher temperatures than for the dehydrogenation of H12-NEC 

(553 633 K for H18-MSH vs. 453 533 K for H12-NEC). However, the MSH/H18-MSH 

system offers low melting points of all relevant mixtures and species (< 243 K), high 

hydrogen capacity (6.2 wt% H2), excellent technical availability, and a huge amount 

of available data concerning thermal stability and heat transfer properties.
38

 

All the named compounds can undoubtedly store hydrogen, however, taking into 

account all possible structural variations of LOHC molecules, the enormous 

dimension of potential LOHC applications in the energy system and the cost related to 

implementation of the LOHC technology, industry can only afford to develop a very 

limited number of the most promising LOHC candidates to a full commercial scale. 

Therefore intense investigations to limit the set of potential structures to the most 

promising candidates are in progress. 

Apart from technological and economic aspects safety and environmental criteria 

must also be taken into account for the selection of the most promising LOHC system. 

The hazard assessment should be performed at the early research and development 

stages  

after they have manifested themselves) to proactive environmental protection  in 

order to anticipate and assess the hazards that each involved chemical might pose. 

This approach might open the chance to focus research and development efforts on 

such LOHC systems with reduced hazard potential and higher intrinsic safety. 

Regardless of which of the hundreds of possible LOHC structures will finally make it 

to the market, it will be handled, processed, stored and transported in vast quantities. 

An average stationary storage application will need to process 1 kg LOHC material 

for ca. 7.2 MJ of thermal energy stored in the form of its releasable hydrogen. For 

potential future mobile applications of the technology a car would need to 

dehydrogenate between 12 and 20 litres of LOHC material per 100 km driving range. 

Shall these technologies penetrate markets in an extended manner, LOHC chemicals 

will become high production volume chemicals (HPVC) that are globally used by the 

public with potential release into the biosphere, for example, during 

fuelling, via leakages or in accidental spills. In recent decades the extensive 

production, use and release of man-made chemicals have resulted in serious 

environmental problems and have raised public awareness of the hazards arising from 

chemical substances and technologies in general. Therefore especially HPVC are 

subjected to strict health/environmental regulations such as the European Union 

Regulation REACH (Registration, Evaluation, Authorisation and Restriction of 

Chemicals). Generally, the public opinion and acceptance is of highest importance 



when implementing new technologies  as the controversy concerning risk of 

hydraulic fracturing currently shows.
45

 

Therefore this paper aims to demonstrate an approach for the early integration of 

hazard assessment into the development of the LOHC technology. First data give 

indications of possible hazards for some potential LOHC structures. More important 

we want to address the need for research and the challenges that have to be faced 

when assessing the environmental impact of LOHC systems. Hereby, we hope to 

encourage further research in this important field which will help to facilitate the 

LOHC selection on technological, economic and environmental grounds to provide 

the base for a broad public acceptance of this highly promising hydrogen storage and 

transport technology with the potential to contribute to a CO2-free energy system. 

 

Short introduction to risk assessment 

In order to protect human health and the environment, chemicals produced or 

imported into European Union in quantities higher than 1 ton per year have to be 

subjected to REACH. REACH, depending on the production volume, requires varying 

extents of information on identity, physicochemical properties, mammalian toxicity, 

ecotoxicity, environmental fate (including biotic and abiotic degradation), 

manufacturing and applications which are used for the assessment of risk associated 

with chemicals. In risk assessment there are two important building blocks: hazard 

and release/exposure. In simple words risk assessment is based on identifying harmful 

effects that can be exerted by the chemical substance (hazard) and assessing the 

likelihood of these effects to occur based on predicted release (exposure). Figure 

3.1.3 shows a simplified scheme of assessment of chemicals.  



 

Figure 3.1.3. Simplified flowchart for chemical's risk assessment. 

 

For a chemical to be recognized as environmentally safe it should be biodegradable, 

non-toxic and non-accumulative so that it can be assured that whenever it is released 

it will breakdown quickly to non-harmful products and will not persist in any of the 

environmental compartments including living organisms. In order to make that 

declaration possible it has to be made sure, at the very least, that the substance does 

not fulfil Persistent, Bioaccumaulative, Toxic/very Persistent, very Bioaccumaulative, 

Toxic (PBT/vPvBT) or Carcinogenic Mutagenic Toxic for Reproduction (CMR) 

criteria and does not act as an endocrine disrupter as those are the substances of 

particular concern. 

When assessing the risk associated with chemicals we are most often interested in 

effects on humans and on the environment. Since it is not possible to test the effect of 

the chemicals in question directly on humans as well as under every relevant 

environmental condition some kind of model or approximation has to be made. The 

more distant this model is from the subject of interest the more uncertainty it carries. 

Therefore defining the risks associated with chemicals is always affected by 

uncertainties resulting mainly from the difficulty in extrapolating from model test 



Convention as persistent organic pollutants of particular concern) is easier due to the 

fact that historical or epidemiological data for those compounds exist together with a 

multitude of model tests conducted under different conditions. The risk assessment of 

e or are not regularly detected in the environment is 

challenging. No historical data and often limited model test data are available and the 

assessment has to be started from scratch by e.g., numerical models (Quantitative 

Structure-Activity Relationship QSAR) which  though very useful  result in a 

greater degree of uncertainty. The results obtained by QSARs can act as indicators or 

guidelines but have to be verified. 

 

Specific challenges when assessing risks associated with LOHC systems 

The aim of performing e.g., the ecotoxicological test with model organisms is to 

reduce the uncertainty factor in risk assessment by indicating hazards, possible modes 

of actions and organisms which might be particularly prone to the action of the 

chemical under investigation. 

Even though some potential LOHC chemicals suggested in the literature are 

relatively common organic compounds, the amount of data that are needed for their 

risk/fate assessment is scarce. There is a strong need not only for basic 

ecotoxicological parameters but also for information as simple as the solubility in 

water or the octanol/water partition coefficient. As most LOHC structures suggested 

so far are organic, uncharged chemicals, they are somehow volatile (with a technical 

tendency for using representatives of relatively low vapour pressure to allow easy 

hydrogen/LOHC separation), will have an affinity to organic phases (i.e., organic 

matter, biological membranes etc.) and their aqueous solubility will be somehow 

limited. 

 

(1) On structural variability. Some chemicals are used as technical mixtures of 

several up to hundreds different compounds containing various impurities  the best 

example being crude oil derived fuels. This is  on a much lower level of structural 

complexity  also the case for the recently reported LOHC systems that use isomeric 

mixtures of e.g., dibenzyltoluenes. The presence of different regioisomers in the 

dibenzyltoluene mixture reduces greatly the melting point (down to 239 K for the 

hydrogen-lean mixture) but complicates toxicological evaluation of the mixture 

especially in combination with the extremely low water solubility of these compounds 

(Figure 3.1.4). It is possible that some of the structural forms have significantly higher 

environmental/health impacts than the others. Luckily, due to the constant large-scale 

production process from small building blocks the isomer mixture does not change 

significantly from batch-to-batch. This makes the issue of structural variability easier 

to handle than in e.g., the case of crude oil based fuels where crude oil from different 

origins is known to result in very different structural compositions of the fuel.  



 

Figure 3.1.4. GC/MS spectrum of a commercial mixture of dibenzyltoluenes marketed as heat 

transfer oil under commercial trade names, e.g., Marlotherm SH; spectrum was obtained in Total 

Ion Current (TIC) mode and shows exemplary the molecular ion m/z 272 and the base ion m/z 181. 

 

In all future scenarios of LOHC application, the LOHC molecules are expected to 

be produced in technical quantities and technical qualities. This means that the LOHC 

systems will also include some amounts of contaminants. Apart from impurities in the 

starting material, the working LOHC systems will always contain a mixture of 

hydrogenated, partially hydrogenated and hydrogen-lean compounds depending on 

the degree of hydrogen-loading. 

For example, our initial examination of the LOHC system NEC/H12-NEC revealed 

that octahydro compounds are dominant in partially dehydrogenated mixtures but 

some small amounts of the hexahydro form are also present (Figure 3.1.5). It is worth 

noting that the physicochemical properties of those two forms are quite different, as 

an example the  of octahydro-N-ethylcarbazole is approximately one order of 



magnitude lower than  of hexahydro-N-ethylcarbazole. Even though most 

reported LOHC systems show very high stability under operation conditions, the fact 

that they are meant to be recycled many times in hydrogen charging and uncharging 

cycles suggests that some degree of breakdown or aging should be expected. This 

effect can be simulated by catalytic dehydrogenation under very harsh temperature 

conditions (> 543 K) for the NEC/H12-NEC system and leads to NEC dealkylation to 

carbazole. The properties of all those diverse structures in the LOHC system can be 

very different therefore they should all actually be assessed as separate entities or 

mixtures prior to a large scale use of these systems. 

 

 

Figure 3.1.5. Hydrogenation/dehydrogenation cycle of N-ethylcarbazole (NEC) to 

perhydro-N-ethylcarbazole (H12-NEC) through the two intermediates octahydro-N-ethylcarbazole 

(dominant) and hexahydro-N-ethylcarbazol (minor intermediate); on the very right carbazole is 

shown as the product of undesired dealkylation observable during catalytic dehydrogenation under 

very harsh temperature conditions (> 543 K). 

 

(2) Solubility and partitioning. From the (eco)toxicological testing perspective 

substances having low water solubility and high octanol water partition coefficient are 

particularly difficult to deal with experimentally. The main reason for this is the 

inability to maintain constant concentration throughout the whole period of the test. If 

water solubility is not known it is impossible to make test solution by direct weighing. 

Even if solubility in pure water is known this information can only be taken as 

indication as in real aqueous environments, at the very least, some inorganic salts are 

present that would influence (reduce) the solubility. Of course the preparation of test 

solutions at maximum saturation is possible by either using the generator column 

method
46

 ever, in these cases it is to be 

expected that some portion of the test compound will be adsorbed on the test vessel 

(depending on the material used) causing a decrease in real concentration and 



resulting in an unknown bioavailable concentration.
47

 

Due to these complications it is necessary to confirm in tests with poorly water 

soluble compounds the real concentration that was available during the toxicology test. 

This very often, and most certainly in the case of some of the proposed LOHC 

structures, requires sophisticated analytics as the nominal concentrations in the test 
1
 to ng L

1
 range (predicted aqueous solubility of H18-MSH is in ng 

L
1
 range

48
) and become even lower as the result of sorption. An order of magnitude 

differences depending on composition of medium can be expected as shown in our 

results with the NEC/H12-NEC system using different contact times and different 

biological assays (Figure 3.1.6). 

 

 

Figure 3.1.6. Variability in concentration of N-ethylcarbazole in different aqueous test media: 

water solubility (estimated from fragments), experimentally measured solubility in Lemna 

minor (duckweed)  test medium at the beginning and the end of the test, medium used for 

cytotoxicity testing with rat leukemia cell line containing 1% of DMSO as co-solvent. 

 

The environmental distribution should be taken into account at the very beginning 

of hazard assessment as it defines the possible routes of release and exposure. 

Substances that are well water soluble and non-volatile e.g., inorganic salts will be 

predominantly released with water streams and will remain dissolved to a large extent. 

Their main route of exposure will be via water and to some extent diet. Substances 

that are poorly water soluble e.g., neutral, organic compounds like LOHCs 

compounds, might be released with water streams but after that they will most 

probably find some kind of a sink (e.g., sediments) and become adsorbed which can 

decrease their bioavailability. Their main route of exposure will be via diet and the 

exposure via water will be of limited importance. Considering distribution will 

therefore be of importance in selecting the most meaningful tests and most realistic 



routes of exposure. 

The main route of exposure in acute aquatic toxicity tests is passive diffusion 

through integumentum. Therefore only the fraction of test compounds that is truly 

dissolved in water can exert the toxic effect in this way.
49

 On the other hand 

higher  results in higher affinity to hydrophobic phases, including biological 

membranes, and implies higher toxicity. Many potential LOHCs can be classified as 

poorly water soluble based on predictions as for most of them basic physicochemical 

properties like aqueous solubility or  are missing. 

In extreme cases the aqueous solubility might be so low that the highest 

concentration which can be obtained in water/medium is too low for any acute toxic 

effects to be observed, so that it is not possible to obtain a full dose response curve 

and derive an half maximal effective concentration (EC50) value. In fact for some 

LOHCs solubility can hardly be measured as in the case of H18-MSH whose predicted 

aqueous solubility lies in low ng L
1
 range.

48
 From this extremely low water solubility 

it does not necessarily follow, however, that the compound is not toxic. For very 

hydrophobic compounds (log  > 5) chronic toxicity cannot be excluded even if 

there are no observable effects in acute tests as the compound might not have been 

sufficiently taken up by the test organism during the test duration. As they might be 

accumulating in living organisms these types of compounds have to be investigated 

for chronic effects. It is conceivable that poorly soluble compounds can form biphasic 

systems in the environment like e.g., oil spills forming droplets or layers on the 

surface of water. It is also possible that during prolonged exposure the compound will 

be concentrated in hydrophobic phases of living organisms (like fatty tissue, 

biological membranes) as a result of partitioning or will be ingested as droplets or in 

the particle bound form (sorbed on humic matter or biomass on which they feed) and 

build up in the body. In such a case the amount of compound that acts upon the test 

subjects might significantly exceed the water solubility limit. Building the 

concentration up in a longer food chain  biomagnification  might have even more 

pronounced ecological effects and can influence humans directly. Therefore, it is 

advisable to include the chronic test or the multi-generations test in addition to acute 

tests in the toxicity evaluation especially for poorly water soluble substances as the 

same processes take place in the environment. 

 

(3) Preliminary insights into ecotoxicity and biodegradability of LOHCs. To give 

a first impression of the ecotoxicity of selected LOHC structures, Figure 3.1.7 shows 

dose response curves obtained in the acute test with Daphnia magna (water flea) for 

three forms of quinaldine (aromatic: Quin-2Me, partially hydrogenated: 

Quin-2Me-pH, fully hydrogenated: Quin-2Me-H10).  



 

Figure 3.1.7. Dose response curve of Daphnia magna (48 hours test) to fully hydrogenated 

(Quin-2Me-H10, green line), partially hydrogenated (Quin-2Me-pH, red line) and dehydrogenated 

(Quin-2Me, blue line) forms of quinaldine. 

 

Table 3.1.1 summarizes EC50 values for the same compounds obtained 

experimentally and predicted using QSAR. What is evident is that EC50 values differ 

by around two orders of magnitude for the different hydrogenated forms indicating 

differences in their toxicities. Nevertheless in this example the EC50s are rather high 

(meaning low acute toxicity towards this organism) and in general one to three orders 

of magnitude higher than a cut-off value of 0.1 mg L
1
 

50
 This 

is the first indication that those compounds would not be classified as environmentally 

toxic in PBT assessment based on the Daphnia test. However, tests with algae and/or 

fish are still necessary to make definite conclusion. Moreover, the QSAR model used 

for prediction works quite well for aromatic and partially hydrogenated quinaldines 

but seems to overestimate the toxicity of the fully hydrogenated compound by an 

order of magnitude. To further illustrate this point, literature EC50 values 

experimentally obtained in the same test system using loadings (water accommodated 

fraction) of diesel fuel and gasoline are also given.
51

 Based on this comparison 

aromatic (Quin-2Me) and fully hydrogenated (Quin-2Me-H10) forms of quinaldine 

show toxicity comparable to diesel fuel. The EC50 value of the partially hydrogenated 

form (Quin-2Me-pH) is nearly an order of magnitude lower, which makes it more 

toxic than the fully H2 loaded and unloaded forms and approximately as toxic as 

gasoline. However, none of the compounds listed in Table 3.1.1 has to be classified as 

 Daphnia magna test. 



Table 3.1.1. Experimental and ECOSAR predicted EC50 values (including confidence intervals) 

for three forms of quinaldine in the acute (48 hours) Daphnia magna test. For the sake of 

comparison experimentally measured EC50 values for diesel fuel no. 2 and natural gasoline are 

also given. 

Compound Measured EC50 [mg L 1] Predicted EC50 [mg L 1] 

Quin-2Me 56 (53 59) 17 

Quin-2Me-pH 2.7 (2.3 3.2) 5.1 

Quin-2Me-H10 204 (155 204) 10 

Diesel fuel no. 2b 138
a
 n/a 

Natural gasolinec 4.5
a
 n/a 

a
 Source of data: European Chemical Agency.
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b
 Diesel fuel no. 2 (CAS 68476-34-6).  

c
 Natural gasoline (CAS 8006-61-9), n/a  not available. 

 

As mentioned before another important element of environmental assessment is 

PBT evaluation which includes biodegradability. This is to make sure that target 

compounds can be biologically degraded in a reasonable time frame and will not be 

accumulating in e.g., surface waters. Additional information that can be derived from 

the biodegradation test is an indication that target compounds can be degraded during 

standard wastewater treatment. An inoculum used for e.g., ready biodegradability 

testing is often a diluted microbial community obtained from an activated sludge 

aeration tank  a core part of wastewater treatment. Therefore positive results of 

biodegradation testing indicate that removal in the wastewater treatment plant will 

most probably be possible although no assumptions regarding degradation rates or 

time frames can directly be made.
52

 

degradable or not. Aromatic forms of LOHC structures presented here generally do 

not possess structural features that are considered to hinder biodegradability (high 

degree of halogenation, more than 3 aromatic rings, excessive branching etc.), except 

the presence of the heteroatom.
53

 The heteroatom itself is usually not very 

problematic unless it is substituted like in the case of N-ethylcarbazole.
54

 Indeed, our 

preliminary biodegradation study revealed that Quin-2Me containing unsubstituted 

nitrogen in the ring is degradable to a high extent but N-ethylcarbazole bearing an 

ethyl group on N atom does not show any biodegradation even though its 

unsubstituted parent compound carbazole is known to be degradable (Figure 3.1.8).
55

 

 



 

Figure 3.1.8. Biodegradation test with a diluted microbial community derived from activated 

sludge aeration tank  comparison of N-ethylcarbazole (NEC), quinaldine (Quin-2Me) and 

benzoic acid (positive control). 

 

(4) Filling the gaps  QSAR for preliminary assessment. Performing all the 

required tests for all potential LOHC structures is extremely time- and 

resource-consuming. Therefore, some insight into potential hazards can be obtained 

-

might reveal certain specific modes of action at the early stage. For LOHC structures 

those alternative ways are currently very important since there are significant gaps in 

our knowledge regarding their environmental impact. When reliable PTB indicators 

obtained via testing are not available, it is possible to use QSAR as a screening tool to 

obtain indicators. Table 3.1.2 shows PBT/vPvB screening parameters generated using 
48

 for the hydrogen-lean, partially hydrogenated and fully hydrogenated 

forms of N-ethylcarbazole. Based on these parameters only the partially 

hydrogenated N-ethylcarbazole (H8-NEC) could raise some potential concerns in this 

regard since its predicted  is higher than 4.5 which is a threshold for classifying it 

as potentially bioaccumulative. For the hydrogen-lean, aromatic form (NEC) and the 

fully hydrogenated, heterocyclic form (H12-NEC) the likelihood of being classified as 

PBT, based solely on QSARs, would be rather low. It is worth noting, however, that in 

a preliminary ready biodegradability test performed within this work no 

biodegradation was observed for NEC within 4 weeks (see Figure 3.1.8) yet model 

design for predicting results of that test (Bio

frame (Table 3.1.2). It seems therefore that this model overestimates the 

biodegradability of NEC as compared to our experimental results. All the Biowin 

models predict the susceptibility to biodegradation in following order NEC > 



H8-NEC > H12-NEC. The higher biodegradability for hydrogen-lean and partially 

hydrogenated NEC is in line with QSAR since paraffins are usually degradable better 

than olefins and aromatics better than cycloalkanes.
56

 Nevertheless taking into 

acc

it might be the case that for the other two forms the degradability will be slower than 

indicated by QSAR. Therefore real-life testing, especially under more realistic 

conditions (e.g., inherent biodegradability or aerobic sludge treatment simulation tests 

with higher biomass content or longer testing period) is required especially for high 

production volume chemicals since the predictive power of QSAR can vary. This is 

especially true for T indicators (since they are usually modelling only hydrophobicity 

based toxicity  so called baseline toxicity). Some aromatic LOHC compounds may 

exert specific modes of toxic action. Among these are genotoxicity by DNA 

intercalation or adduct formation characteristic for PAHs (polyaromatic hydrocarbons) 

due to their relatively planar geometry or possibility to be metabolically activated to 

electrophilic species (epoxides or radical cations).
57

 DNA adduct formation was 

previously shown to occur for many PAHs including naphthalene which was 

previously suggested as the LOHC chemical but currently abandoned due to obvious 

safety concerns.
58

 

 

Table 3.1.2. PBT screening for three hydrogenation forms of ethyl-carbazoles using QSAR . 

 NEC H8-NEC H12-NEC 

Persistence assessment 

Biodegradation probability
a
 Biodegrades fast Biodegrades fast Does not biodegrade 

fast 

Ultimate biodegradation time 

frame
b
 

Weeks Weeks months Weeks months 

Ready biodegradation 

probability
c
 

Not readily 

degradable 

Not readily 

degradable 

Not readily 

degradable 

P indicator Not P
1
 Not P

1
 Not P

1
 

Bioaccumulation assessment 

Log
d
 4.33 5.85 3.44 

B indicator Not B
2
 Potentially B/vB

2
 Not B

2
 

Toxicity assessment 

EC50 [mg L 1] algae
e
 1.8 0.15 7.3 

EC50 [mg L 1] daphnia
e
 1.0 0.05 5.6 

EC50 [mg L 1] fish
e
 1.5 0.06 8.7 

T indicator Presumably not T
3
 Potentially T

3
 Presumably not T

3
 

*
 Models used for generating screening data: 

a 
Biowin2,

48
 
b 

Biowin3,
48

 
c 
Biowin6,

48
 
d 
KOWWIN,

48
 

e 
ECOSAR,

48
 (data for baseline toxicity).  

Decision making criteria: (1) for classifying as P the 



lassifying as not B  < 4.5; (3) for classifying as potentially T the 

EC50 or LC50 < 0.1 mg L
1
 in the algae, daphnia or fish test. 
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The higher the quantity of a given chemical circulating on the markets the more 

data has to be gathered for its risk assessment. In the case of LOHC technology the 

amount of carrier needed and the potential for release will be relatively high if the 

technology becomes a technical success. Therefore, it is particularly important to 

choose a system which does not raise significant concerns in terms of PBT/CMR 

perform relatively good if the chemical in question is structurally similar to the 

having similar  at least for ecotoxicity assessment. Since the universe is not made 

of both water and octanol one can easily imagine that the reality can be much more 

complex. In terms of compliance with REACH QSAR derived data are so far only 

admissible as the supporting information (SI), therefore generation of test data cannot 

be avoided. 

LOHCs suggested to date are a group of structurally diverse chemicals therefore it 

is difficult to make general statements with regard to their overall environmental and 

health impact. Further testing is needed for most structures of interest. 

 

Conclusion 

A proper communication of risk associated with using LOHC compounds to the 

general public is a key in gaining social acceptance for a future LOHC-based energy 

and hydrogen transport. This new technology promises a link between unsteady 

renewable electricity production and a CO2-free energy supply for stationary and 

mobile applications and thus offers multiple benefits for the society. 

Many different organic molecules can serve as potential LOHC structures. Most of 

them are uncharged organics, thus volatile, flammable and lipophilic  but so are the 

gasoline and diesel fuels that we use with great success every day. 

In order to facilitate broad introduction of LOHC-based hydrogen distribution 

systems, all precautions have to be taken to select not only the carrier that performs 

technically the best but also the carrier that is least toxic and most environmentally 

friendly. 

Since LOHCs are supposed to be a cleaner alternative to fossil fuels, the latter are a 

 in this comparison it 

should be still taken into account that fuels are burned while the LOHC systems act 



gasoline, usually contain hundreds of species, their composition is mostly unknown 

and defined on the basis of boiling point range only. Even though individual 

components of crude oil can be quite toxic (e.g., naphthalene) and reading the 

Material Safety Data Sheet of diesel no. 2 gives every layman the creeps, those 

products are circulating on the market since years in billions of tonnes. History knows 

numerous accidents involving fossil fuels that had catastrophic and far reaching 

consequences. Despite obvious and multiple risks associated with fossil fuels and high 

uncertainty linked with their unknown composition our civilisation relies heavily on 

them simply because of the lack of better options and the overruling socio-economic 

benefit. One important and unquestioned benefit of LOHC systems in comparison 

with crude oil based fuels is that the amount of components in LOHCs is limited and 

known which makes the assessment and risk management much less complex. 

If, in addition to being more sustainable than fossil fuels, selected LOHCs can be 

shown in the future to have much better environmental profiles this would be already 

a giant improvement. A clear first point in favour of the LOHC systems vs. fossil fuels 

is the fact that the amount of components in LOHCs is limited and known which 

makes the assessment and risk management much less complex than in the case of 

crude oil with varying compositions depending on the oil origin. 

Several challenges have to be faced when assessing the risk of LOHCs which result 

mostly from high  of some LOHCs as reported throughout this manuscript. 

However, at the current stage of development (eco)toxicological screening and 

environmental fate assessment of potential candidates should not only aim to exclude 

chemicals with enhanced hazards, but should also derive design criteria for better 

LOHC structures with regard to the ecotox profile. Testing should be focused on 

especially CMR (carcinogenic, mutagenic or toxic for reproduction) assessment as 

this is of high importance and very difficult to model or predict via QSAR. The 

avoidance of CMR chemicals would already give LOHCs an enormous competitive 

advantage in comparison to fossil fuels that contain carcinogens. The data from CMR 

and PBT assessment as well as economic data should be used for sound risk-benefit 

and socio-economic analyses. The results of the latter should decide on the type of 

LOHC system that should be industrially used and, finally, on the degree the LOHC 

technology should be applied in a future hydrogen-based economy. 
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Supporting Information 

 

S3.1.1. Liquid Organic Hydrogen Carriers.  

The aromatic forms of LOHC: MSH, Quin-2Me, NEC were purchased from 

Hydrogenious Technologies GmbH, Erlangen (www.hydrogenious.net). The partially 

hydrogenated and fully hydrogenated forms, that is H18-MSH, Hx-NEC, 

Quin-2Me-pH and Quin-2Me-H10 were prepared by catalytic hydrogenation reaction 

using literature proceedings.
25

  

 

S3.1.2. Acute immobilization assay with Daphnia magna.  

The 48-h acute immobilization test with the crustacean Daphnia magna was 

performed using the commercially available Daphtoxkit F (MicroBioTest 

Incorporation, Gent, Belgium) in accordance to ISO standard (ISO 6341). The 

Daphnia neonates were hatched from dormant ephippia at 20 °C under constant 

illumination. For each replicate 5 pre-fed animals, less than 24-h old, were placed in 

10 mL of mineral medium (controls) or solution of test substances in mineral medium. 

The number of immobilized or dead organisms was checked after 24 and 48 h. The 

relative toxicity of the samples was expressed as percentage of not affected organisms 

compared to the controls. All substances were tested in three independent experiments 

(five concentrations, five replicates).  

 

S3.1.3. Solubility in media.  

For the media/water solubility assessment, a so called generator column method was 

used according to OECD 105.
1
 Shortly, the chemical of interest was dissolved in 

hexane and deposited on glass beads by evaporating the solvent. Beads were placed in 

generator column and medium or water was pumped through for at least 8 hours in 

constant temperature (20 °C). The solution was then extracted with hexane using 

phenanthrene as a surrogate standard. Concentration of target compound/surrogate 

was measured using GC/FID (HP 6890 series) with split-less injection 

Column used was FS-supreme-5ms (length = 30m, id = 0.25mm, film thickness 0.5 

method parameters: inlet temperature 250 °C, oven program 40 °C hold 0.6 min, ramp 

20 °C min
-1

 to 280 °C, ramp 35 °C min
-1

 to 320 °C hold 1 min; detector temperature 

320 °C; column pressure 2 bar, column flow 3.7 mL min
-1

 .  

The WST-1 medium is used for assessment of cytotoxicity towards promyelocytic 

leukemia rat cell line IPC-81. It contains RPMI medium (with L-glutamine, without 

NaHCO3, supplemented with 1% penicillin streptomycin and 1% glutamine, pH 7) 

with 10% horse serum. Here 1 % (v/v) of DMSO was added as a co-solvent.  



The Lemna minor medium is a Steinberg medium containing: 3.46 mM KNO3, 1.25 

mM Ca(NO3)2, 0.66 mM KH2PO4

2MoO4 2 3, 4.03 

-well plates incubated in 

climate chamber with controlled temperature, humidity and light intensity and lasts 7 

days. For solubility in Lemna minor medium a test solution of test compound at day 0 

and after incubation for 7 days were extracted and measured as described above. 

 

S3.1.4. GC/MS analysis of the isomeric mixture of dibenzyltoluenes.  

For the analysis of GC/MS spectrum of the isomeric mixture of dibenzyltoluenes, a 

HP series 6890N GC with HP 5973 MSD and a FS-supreme-5ms column (length = 

30m, id = Chromatographie Service, 

Langerwehe, Germany were used. The GC method parameters were: inlet temperature 

280 °C, split-

min
-1

 to 280 °C hold 5 min. The MSD was working in EI positive ion mode, using 

electron ionization energy of 70 eV. Spectrum was recorded in full scan mode. 50 mg 

L
-1

 solution of MSH in hexane was injected. The identity of target compound was 

confirmed by the presence of molecular ion m/z 272.  

 

S3.1.5. Ultimate biodegradation.  

Ultimate biodegradation was measured by manometric respirometry method 

according to OECD guideline 301F using automated OxiTop©, thermostatically 

controlled from WTW GmbH, Weilheim, Germany.
2
 The activated sludge from the 

municipal wastewater treatment plant in Delmenhorst (Germany) was used as a 

source of inoculum. The flocs were allowed to settle and remaining supernatant was 

aerated for 5 days prior to use. Test lasted 28 days and was performed in standard 

OECD medium with nitrification inhibitor (allylthiourea). Target compounds were 

weighed directly to test vessels to yield BOD of 200 mg O2 L
 -1

. Two replicates were 

run for each compound accompanied by two blanks and two positive controls 

(benzoic acid).  

 

S3.1.6. Data analysis and image processing.  

Dose-response curve parameters and plots were obtained using drfit package (version 

3.1.0) for R language and environment for statistical computing 

(http://www.r-project.org).
3
 Marvin software was used for drawing, displaying and 

characterizing chemical structures, Marvin 6.3.1, 2014, available from ChemAxon 

(http://www.chemaxon.com).
4
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Abstract 

Liquid organic hydrogen carriers (LOHCs) constitute a novel energy system with an 

attractive technological performance. However, the potential behavior and fate of 

these compounds in the environment have not yet been investigated. In this study, the 

adsorption properties of 13 technologically promising LOHC candidates, including 

indoles, quinaldines, carbazole derivatives, benzyltoluenes and dibenzyltoluene, 

together with their partially hydrogenated forms, were first investigated and compared 

based on their organic carbon-water partition coefficients ( ) determined via HPLC 

screening. The adsorption of the quinaldines including H2-rich, H2-lean and partially 

hydrogenated forms, was further estimated by investigating the soil-water partition 

coefficient ( ) via adsorption batch equilibrium experiments and modeling as well as 

column leaching tests. The log  values of the LOHC systems generally increased 

in the order indoles < quinaldines < carbazole derivatives < benzyltoluenes < 

dibenzyltoluene. The batch equilibrium experiments and Freundlich isotherm 

modeling performed for the quinaldine-based LOHC system showed that the partially 

hydrogenated form adsorbed the strongest to the soil. The highest retention was also 

found for this chemical in the column leaching tests, wherein the H2-rich form was 

determined to be the most mobile, indicating that it had the highest leaching capacity. 

 

Key words: adsorption, , , leaching, mobility, PAHs, N-PAHs 



Introduction 

Liquid organic hydrogen carrier (LOHC) systems are promising alternatives 

developed in recent years to support and improve the current options for energy 

storage and transport
1,2,3

. Unlike traditional energy systems in which fossil fuels are 

the main energy source, hydrogen that is covalently bound to LOHCs is used as the 

energy vector
1,2

. The hydrogen used in LOHC systems can be produced either from 

fossil fuels by steam reforming or by water electrolysis
2,4

 using renewable energy 

sources (RE, Figure 3.2.1), with the latter considered to be more attractive
5
. 

Renewable resources, such as wind, sun, biomass and hydropower, which are 

inexhaustible and allow for significant reduction in greenhouse gas emissions, will 

play an important role in future energy systems
6
. However, their strong dependence 

on the weather and geographic conditions leads to intermittent (overproduction or 

shortage) energy production
1,7,8

 and impedes the transition to fully RE systems. In 

addition, RE is currently limited to stationary facilities, and the advancements in 

mobile applications have been limited
7
. Coupling RE with LOHC systems by storing 

energy in the form of H2 is expected to alleviate these problems. 

 

 

Figure 3.2.1. Distribution of energy in the form of H2 via hydrogenation/dehydrogenation of the 

LOHC systems.  

 

Two main factors have caused hydrogen to be studied intensively as a superior 

energy vector over fossil fuels. First, the high gravimetric energy density (120 MJ 

kg
-1

)
7
 of hydrogen is three times larger than that of petroleum

3
. Second, hydrogen has 

inherently lower emissions, where the only exhaust gas after combustion is water 

vapor, as opposed to the SO2, NOx, CO, CO2 and volatile organic compounds (VOCs) 

produced from fossil fuels
9
, which contribute to global warming, air pollution, acid 

precipitation, ozone depletion, etc.
9
. These advantages make hydrogen an attractive 

power source for both stationary and mobile applications. However, the volumetric 



energy density of hydrogen is very low  10.8 kJ L
-1

  under ambient conditions
7
, and 

this density must be significantly increased to make hydrogen a viable energy storage 

option. This improvement can currently be achieved commercially by compression 

under high pressures (up to 700 bar)
4
 or by liquefaction at low temperature (-253 °C)

4
. 

However, these technologies create concerns related to safety, storage capacity and 

complexity of infrastructure
4,7

. These drawbacks can largely be alleviated by using 

LOHC-based technologies. LOHC systems usually consist of a tandem of organic 

molecules, one of which is H2-rich (loaded), and the other is H2-lean (unloaded or 

spent). Cycloalkanes, nitrogen-substituted heterocycles, methane, methanol (CH3OH), 

formic acid (HCOOH), etc.
3,7,10,11

 have been proposed as potential H2-rich LOHCs. 

The hydrogen storage capacity of these compounds ranges from 1.7 to 12.6 wt%
3
. The 

incorporation of nitrogen into the cyclic ring reduces the dehydrogenation enthalpy
3
 

and improves the thermodynamics and kinetics of dehydrogenation
4,7

, which renders 

nitrogen-substituted heterocycles particularly promising candidates
3
. Indoles

3,4
, 

quinaldines
3,4

, and carbazole derivatives
2,3,4,10

, as well as isomeric mixtures of 

benzyltoluene or dibenzyltoluene
11,12

 with hydrogen storage capacities ranging from 5 

to 7 wt%
3,7

, have been recently proposed as the most promising potential candidates. 

The compounds forming the LOHC tandem can be reversibly converted by catalytic 

hydrogenation and dehydrogenation reactions
5
 (Figure 3.2.1). Briefly, the LOHC is 

loaded with hydrogen to give the H2-rich form via catalytic hydrogenation in an 

industrial facility. The H2-rich LOHC can then be stored for long periods or 

transported under ambient temperature and pressure. To obtain energy, hydrogen is 

released from the loaded carrier via catalytic dehydrogenation and utilized to power 

devices, e.g., fuel cells or internal combustion engines
13

. The spent LOHC must then 

be transported back to the regeneration facility, where it can be reloaded with 

hydrogen and returned to the cycle. Note that the LOHC chemicals are not consumed 

in the process and can be subjected to multiple hydrogenation-dehydrogenation cycles, 

which is very different from fossil fuels
2
. Another benefit of LOHC systems is that 

they can be implemented using the existing infrastructure, such as ships, ports
2
, oil 

tanks, pipelines, and fueling stations
1,10

, that were developed for the transport, 

distribution and processing of fossil fuels due to the similarities in the 

physicochemical properties of LOHCs to those of fossil fuels
2,3

. This reuse of existing 

infrastructure is also economically attractive due to the lower required investment 

costs
3,7

, and it allows for a smooth transition between conventional and LOHC energy 

systems
1,3

. 

The technological advantages and disadvantages related to particular LOHC 

candidates, especially in automotive applications, have recently been reported in 

detail by many studies
3,10,11,12,14

. 

The considerable application potential of LOHC systems opens the global markets 

to this technology. The delivery of LOHC-based hydrogen to hydrogen fueling 

stations is expected to become possible within the next few years
4
. A tank containing 

approximately 80 kg of LOHCs is required to achieve a driving range of ca. 700 km
4
. 

The full-scale application of this technology and the complete replacement of fossil 



fuels would require tens of thousands of tons of LOHC chemicals to be circulated 

worldwide
7
, which makes their release into the environment very likely. The potential 

influence that these chemicals may have on the environment after release (e.g., 

through leaks, accidental spills during production, transport, and fueling) should 

therefore be considered before the LOHCs become available in the public market. 

More specifically, the environmental hazard potential of these chemicals should be 

known before the technology enters commercial use to assure that the LOHC systems 

with both the best performance and least harm to the environment are chosen. 

However, experimental data regarding the environmental impacts (in terms of toxicity, 

bioavailability, biodegradability, mobility, etc.) of the LOHCs are too scarce to make 

a proper assessment. Environmental legislation requires a broad set of information to 

evaluate and authorize the usage of chemicals that are produced and used on such a 

large scale
15

. 

Because the transportation, distribution and use of LOHCs are very similar to those 

of conventional fossil fuels, all environmental components, i.e., soil, water and air, are 

likely to be affected. Among these components, soil is of particular importance since 

it usually acts as a sink for anthropogenically produced organic chemicals, especially 

those that are hydrophobic and moderately volatile to non-volatile
16

. Once in the soil, 

organic contaminants may undergo volatilization, biotransformation, biodegradation, 

and leaching
17

, as well as adsorption (chemical or physical binding to soil organic 

matter, for example)
17,18

 and sequestration
19

 within the soil. Among these processes, 

adsorption is particularly important in defining the mobility of chemicals in soil, i.e., 

how far they can spread from the point of release and what concentrations can be 

expected in adjacent ground and surface waters. The greatest concern of contaminant 

mobility is the likelihood of the chemicals reaching the groundwater. Adsorption also 

defines the extent of exposure to soil-dwelling organisms for which uptake is not 

based on the consumption of soil particles; this includes plants since the adsorbed 

fraction is largely unavailable for uptake through the pore water. Clearly, these 

questions are of immediate interest, as the contamination of drinking water supplies or 

the uptake by edible plants has a direct effect on humans. From the ecotoxicological 

point of view, adsorption might reduce the toxicity towards soil-dwelling organisms 

(those with soil pore water as the dominant route of exposure). In the absence of 

testing data, the toxicity in soil is often predicted using aquatic toxicity and sorption 

coefficients
20

. However, very little data is currently available for either of those 

parameters, thus making predictions difficult. 

The properties of the soil (the amount and nature of the organic and inorganic 

fractions), composition of the pore water and physicochemical properties of the 

organic contaminant
17

 influence its sorption behavior in soil
16

. The interactions 

between the soil and contaminants can involve hydrophobic forces, covalent binding, 

ion-exchange
16,18,21,22,23

, hydrogen bonding, 
24,25

. For soils 

containing more than a 0.2% organic carbon, hydrophobic forces have been shown to 

dominate the interactions with organic pollutants
24

. Nevertheless, charge interactions 

are also important, especially for permanently charged or ionizable organics. Among 



the most important properties of organic contaminants that influence the soil 

distribution are hydrophobicity (often expressed as the octanol water partition 

coefficient  log ), polarity and acidity/basicity (pKa value)
24,26

. The affinity of 

contaminants for the soil or their mobility in the environment is most frequently 

assessed using two methods: column leaching and adsorption batch equilibrium
27

. The 

soil-water partition coefficient ( ), which is usually obtained from a batch 

equilibrium test and describes the partitioning of chemicals between the soil (both 

organic and inorganic components) and pore water, is the parameter most frequently 

used to define the mobility of chemicals in soil
24

. Due to the abovementioned 

significance of the interactions between the contaminants and organic matter, the 

partition coefficient is often normalized to the organic carbon content and denoted as 

. The soil behaviors of many polycyclic aromatic hydrocarbons (PAHs) and 

nitrogen-substituted PAHs (N-PAHs), which share structure similarities with LOHCs, 

have been studied
22, 28, 29, 30, 31, 32

. However, data on the behavior and fate of the 

potential LOHC compounds remain scarce. 

The present study therefore aimed to characterize the behaviors of several 

promising LOHC candidates: quinaldines, indoles, carbazole derivatives, 

benzyltoluenes and dibenzyltoluene, by investigating their adsorption to and mobility 

in standard soil. To this end, the organic carbon-water partition coefficients ( ) 

were evaluated with the classification of the mobility. The , adsorption isotherms 

and modeling as well as leaching capacities were investigated using the 

quinaldine-based LOHC system as a cross-check. The relationships between these 

parameters as well as their significance in the assessment of the environmental 

hazards of LOHCs were discussed. 

 

Materials and methods 

All details regarding the chemicals and the experimental procedures are given in the 

Supporting Information (SI). 

Materials. The LOHC systems tested in the present study, including indoles, 

quinaldines, carbazole derivatives, MLHs and MSH (Table 3.2.1), were provided by 

the research group of Prof. Dr. Peter Wasserscheid, Institute of Chemical Reaction 

Engineering, Friedrich-Alexander University of Erlangen-Nürnberg, Germany. Two 

batches (briefly named as soil I and soil II) of standard soil RefeSol 01-A-004, loamy 

sand (Table S3.2.1) (soil I: pH (CaCl2) = 5.41, organic carbon 1.21%, sand 76.7%, silt 

17.2%, clay 6.1%; soil II: pH (CaCl2) = 5.33, organic carbon 0.80%, same texture as 

soil I) were ordered from Fraunhofer IME, Schmallenberg, Germany. The soils were 

dried for 24 h at room temperature and 2.0 mm-sieved before tests. Detailed 

information on all the materials is available in SI section S3.2.1. 

 

 



Table 3.2.1. Physicochemical properties of the LOHC candidates. 

LOHC name Abbrev. Formula Chemical 

structure 

MW 
[g 

mol-1] 

Log 
a 

(25°C) 

[mg L-1] 

Log 
a 

Log 
a 

Quinaldines 

2-Methylquin

oline 

Quin- 

2Me 

C10H9N 

 

143.2 3.95 

 

2.45 2.18 

Tetrahydro-2-

methylquinoli

ne 

Quin- 

2Me-pH 

C10H13N 

 

147.2 2.66 

 

3.04 2.48 

Decahydro-2-

methylquinoli

neb 

Quin- 

2Me- 

H10 

C10H19N 

 

153.3 3.86 

 

3.25 2.53 

Indoles 

Indole Indole C8H7N 

 

117.2 4.05 

 

2.32 2.21 

Indoline Indoline C8H9N 

 

119.2 3.71 

 

2.04 1.94 

Carbazole derivatives 

9-Ethyl-9H-ca

rbazole 

Car-2 C14H13N 

 

195.3 1.09 

 

4.42 3.36 

9-Ethyl-octah

ydrocarbazole 

Car-2- 

pH 

C14H21N 
N

CH3

 

203.3 0.36 5.19 3.26 

9-Ethyl-hexah

ydrocarbazole
b 

C14H19N 
N

CH3

 

201.3 0.97 4.60 3.08 

9-Propyl-9H-c

arbazole 

Car-3 C15H15N 

 

209.3 0.54 4.96 3.61 

9-Propyl-octa

hydrocarbazol

e 

Car-3- 

pH 

C15H23N 

N

CH3

 

217.4 -0.19 5.72 3.50 

9-Propyl-hexa

hydrocarbazol

eb 

C15H21N 

N

CH3

 

215.3 0.41 5.16 3.36 

N CH3

N

H

CH3

N

H

CH3

N

CH3

N

CH3



LOHC name Abbrev. Formula Chemical 

structure 

MW 
[g 

mol-1] 

Log 
a 

(25°C) 

[mg L-1] 

Log 
a 

Log 
a 

Carbazole derivatives 

9-Butyl-9H-ca

rbazole 

Car-4 C16H17N 

 

223.3 -0.001 5.50 3.89 

9-Butyl-octah

ydrocarbazole 

Car-4- 

pH 

C16H25N 

 

N

CH3

 

231.4 

 

-0.77 

 

6.27 

 

3.79 

 

9-Butyl-hexah

ydrocarbazole
b 

C16H23N 

N

CH3

 

229.4 -0.04 5.58 3.62 

Benzyltoluenes 

Benzyltoluene MLH C14H14 

 

182.3 0.69 4.78 3.34 

Benzyltoluene 

(partially 

hydrogenated)
b 

MLH- 

pH 

C14H20 
CH3

 

188.3 0.02 5.46 3.65 

Dibenzyltoluene 

Dibenzyltolue

neb 

MSH C21H20 
CH3

 

272.4 -1.37 6.84 4.52 

a
 Calculated by COSMO-RS (SI section S3.2.2); , water solubility. 

b
 Mean values of the components (includes cis and trans isomers) in mixtures. 

 

Determination of log . The log  values of the LOHCs (Table 3.2.1) were 

first predicted by the conductor-like screening model for realistic solvation 

(COSMO-RS, COSMOlogic GmbH and Co. KG, Leverkusen, Germany, SI section 

S3.2.2) to estimate the retention times. Subsequently, the  values of the H2-lean 

(aromatic) and partially hydrogenated LOHC chemicals were determined by 

high-performance liquid chromatography (HPLC) screening following OECD 

guideline 121
33

. The H2-rich forms of the LOHC chemicals were not investigated due 

to their lack of UV activity. The HPLC instrument (Hewlett Packard system Series 

1100, Agilent Technologies, Waldbronn, Germany) was equipped with an 

autosampler and a UV-vis detector (Agilent Technologies, Waldbronn, Germany) at a 

wavelength of 210 nm. A normal-

4.6 mm ID × 150 mm, Agilent) was used, and the flow rate was 1.0 mL min
-1

. The 

N

CH3

CH3



mobile phase for HPLC was a mixture of methanol and citrate buffer (pH 6.0) (0.01 

M, consisting of 11.5 mL of a 0.1 M C6H8O7·H2O solution plus 88.5 mL of a 0.1 M 

C6H5O7Na3·2H2O solution in a total volume of 1 L) with a ratio of 55/45% v/v. 

Sodium nitrate was used as a non-retained substance to measure the dead-time of the 

HPLC system. Ten reference compounds were used for calibration. The calibration 

and calculation of log  are described in detail in SI section S3.2.3. The LOHCs 

were then assigned to a relative mobility class based on the . 

Determination of and modeling of the adsorption isotherms. The 

quinaldine-based LOHC system was chosen as an example for cross-check. This 

particular LOHC system was chosen since its components are ionizable within the 

environmental pH range, suggesting that their partitioning behavior might not 

conform to the commonly used models. The adsorption isotherms in soil I were 

established for 5 concentrations (2.5, 5.0, 10, 25, and 50 mg L
-1

) following the batch 

equilibrium protocol given by OECD guideline 106
34

. Two independent tests with 

triplicates of each concentration were conducted for every compound. One gram dry 

weight (dw) of soil was equilibrated in 9 mL of 0.01 M CaCl2 (in 40-mL glass vials 

with polytetrafluoroethylene (PTFE)-lined screw caps) by agitation on a horizontal 

shaker (240 rpm, compact flat orbital shaker, IKA
®

 HS 260 control, IKA
®

-Werke 

GmbH and Co. KG, Staufen, Germany) at room temperature for 24 h. A 1-mL aliquot 

of the quinaldine stock solution (in 0.01 M CaCl2) was added to obtain a soil/liquid 

ratio of 1:10, and the mixture was shaken for 6 days. The liquid phase was then 

transferred to a 15-mL centrifuge tube (with printed graduations and plug caps from 

VWR, Germany) and centrifuged at 3,000 g for 15 min at 20°C (Labofuge 400R, 

Thermo Scientific Heraeus, Schnackenberg, Germany). Any soil residues in the 

supernatant were further removed by filtration through a Pasteur pipette packed with 

glass wool (2.5 cm). One quantity control per concentration and one blank control 

were simultaneously prepared (details are provided in SI section S3.2.4). The contents 

of the filtrates were extracted using a liquid-liquid extraction, and the amount of test 

substance was measured using gas chromatography mass spectrometry (GC/MS) 

analysis. 

The amount of quinaldine adsorbed to the soil was calculated by subtracting the 

amount remaining in the aqueous phase after equilibration from the amount initially 

added. The concentrations of the test compounds in the soil phase ( ) were plotted 

against the concentrations in the liquid phase ( ), and  was thus calculated as the 

slope of the linear portion of the isotherm. Freundlich (Eq. (1)) and Langmuir (Eq. (2)) 

models were used to fit the experimental data as follows: 

 
 

 
 

 



The Freundlich constant ( ), Freundlich exponent , Langmuir constant ( ) 

and maximum adsorption capacity ( ) were then obtained. The coefficient of 

determination (R
2
) was also calculated for both fits to describe the goodness of fit. 

Leaching in soil columns. The leaching of quinaldines in soil II was tested in 

columns according to OECD guideline 312
35

. Columns made of carbon steel (3.8 cm 

inner diameter and 35 cm in length) were sealed at both ends with polyvinylchlorid 

(PVC) caps (each 1.15 cm long). A steel capillary was inserted through each cap to 

provide an inlet and an outlet. Air-dried soil was uniformly packed in the columns to a 

height of approximately 28 cm followed by a pre-wetting procedure. Quinaldine was 

then spiked into the top of the soil columns using a small amount of soil as a vector as 

follows. The quinaldine was first dissolved in 10 mL of acetone and then spiked into 

20 g of soil. The acetone was allowed to evaporate over 24 h, after which atrazine 

(Table S3.2.2), which served as the reference compound, was added to the spiked soil 

and thoroughly mixed. The soil matrix was then added carefully and evenly to the top 

of the soil column and covered with a round piece of filter paper. Atrazine was used 

as the reference compound in all tests and was added to the two columns containing 

the test compound. Additionally, two columns containing only atrazine were run for 

648 h. The total concentrations of the LOHC and atrazine in the soil column were 100 

and 20 mg kg
-1

 dw soil, respectively. Artificial rain (0.01 M CaCl2) was simulated by 

the dropwise addition of water to the top of the column with the aid of a peristaltic 

pump (Spetec, Perimax 12, Erding, Germany) at a flow rate of 0.108 mL min
-1

 for 

172 h (Quin-2Me-H10), 648 h (Quin-2Me) or 720 h (Quin-2Me-pH). The leachates 

were collected from the bottom of the column every 24 or 48 h and passed through 

filters made of glass wool packed in Pasteur pipettes. Two independent leaching tests 

were performed for each quinaldine, with two replicates (columns) performed for 

each test. The quinaldines in the leachates were extracted by liquid-liquid extraction 

and analyzed by GC/MS. The amount of quinaldine in the leachate was calculated as 

the percentage of the total mass (mass%) that was originally added and plotted against 

the multiples of the pore volume (PV). The breakthrough was determined as the PV 

point at which the substance first appeared at the outlet. 

Another set of  values was determined from the column leaching experiments 

according to the method proposed by the Environmental Protection Agency (EPA)
36

. 

Here, the  values were directly calculated from the retardation factor ( , the ratio 

of the pore water velocity to the contaminant velocity, i.e., ) and factors related 

to the soil properties (n, total porosity; , bulk density) using the equation 

. All the details of the soil column preparation steps and 

calculation of  are available in SI section S3.2.5. 

Liquid-liquid extraction system. The concentrations of extracted quinaldines were 

determined via liquid-liquid extraction followed by GC/MS analysis. All the steps are 

described in detail in SI section S3.2.6. 



GC/MS analysis. The concentrations of quinaldines in the extracts were analyzed on 

a gas chromatograph (HP
®

 GC system 6890N) equipped with a mass selective 

detector (HP
®
 MS 5973, Agilent, Waldbronn, Germany). Further details of the setup 

and calibration parameters are given in SI section S3.2.7. 

Statistical analysis. Regression analysis was performed for the comparison between 

COSMO-RS (see SI section S3.2.2) and HPLC methods in terms of  values and 

for the evaluation of isotherm models. Significance of difference between two data 

sets (i.e., the  of H2-rich and H2-lean forms of the quinaldines that obtained in 

adsorption batch test) were analyzed by generalized linear model analysis using the 

software R (version 3.1.1) (https://www.r-project.org). P > 0.05 was considered not 

significant. 

 

Results 

Log  of LOHCs. The log  values of the test compounds ranged from 1.17 to 

5.41 (Table 3.2.2). The partially hydrogenated forms of the carbazole derivatives, 

MLHs and MSH were found to exist as technical mixtures containing at least two 

components (Table S3.2.3); therefore, the total mean of all the components was used. 

The log  values were well regressed to those predicted by COSMO-RS (SI 

section S3.2.2 and Figure S3.2.1; R² = 0.92). The LOHCs were assigned to a mobility 

class according to their log  
37

. 

According to this scale
37

, indoline, which had the lowest log , was classified as 

highly mobile in soils (class I: log  1.70 2.18). Quin-2Me, Quin-2Me-pH and 

 2.18 2.70). The 

remaining compounds were characterized by notably higher log  values, which 

increased in the following order: MLH < Car-2 < Car-2-pH < Car-3 < Car-3-pH < 

Car- -4-pH < MSH < MLH-pH. Thus, these compounds were assigned to the 

lowest mobility class (class V: log   Moreover, 

the carbazole derivatives containing extended alkyl chains tended to have higher log 

 values and lower mobilities. 

 

 

 

 

 

 

 

 



Table 3.2.2. Log  (n = 3, ± SD) determined by HPLC screening and the prediction of 
37

. 

LOHC Indoline Quin-2Me Quin-2Me-pH Indole 

Log  1.71 ± 0.01 2.19 ± 0.02 2.36 ± 0.004 2.36 ± 0.004 

Mobility ------ Highly mobile ------ 

(Class I: log  1.70

2.18) 

------ Moderately mobile ------ 

(Class II: log  2.18 2.70) 

LOHCs MLH Car-2 Car-2-

pHa 

Car-3 Car-3-

pHa 

Car-4 Car-4-

pHa 

MSH MLH

-pHa 

Log  3.85 

±  

0.07 

4.27 

±  

0.01 

4.31 

±  

0.06 

4.61 

±  

0.05 

4.63 

±  

0.05 

5.01 

±  

0.01 

5.01 

±  

0.07 

5.38 

± 

0.22 

5.41 

±  

0.23 

Mobility ------ Immobile ------ 

(Class V: log  > 3.70) 

 Low ------------------------------------------------------------------ High 
a
 Mean values ± SD of the components (includes cis and trans isomers) in mixtures. 

 

Summarized results of . The soil-water partition coefficients ( ) obtained from 

the adsorption equilibrium batch experiments (batch- ) and soil column leaching 

tests (column- ) are shown in Table 3.2.3. 

 

Table 3.2.3. Summarized , log D and pKa (of the conjugated acid) values of the quinaldines. 

  Batch-  [mL g-1]
a
 Column- b 

[mL g-1] 

Log D 

at pH 5.4
c 

pKa 

(25°C)
c
    R

2
  

Quin-2Me 2.03 ± 0.12 0.99 1.00 ± 0.40 2.07 5.15 (5.7 5.8)
38

  

Quin-2Me-pH 6.57 ± 0.39 0.99 1.88 ± 0.43 2.23 4.88  

Quin-2Me-H10 2.42 ± 0.43 0.91 0.23 ± 0.03 -0.88 10.75  
a 

Based on the adsorption batch equilibrium experiment in soil I (n = 6, ± SD). 
b Based on the soil column leaching test in soil II (n = 4, ± SD). 
c
 Estimated using MarvinSketch 14.10.6.0. 

 

 and adsorption modeling of the quinaldines. The quinaldines were chosen as 

an example LOHC system for further investigation of the soil-water partitioning. The 

sorption isotherms and  values were established using batch equilibrium 

experiments. The isotherms are shown in Figure 3.2.2; those of Quin-2Me and 

Quin-2Me-H10 were concave but without a well-defined plateau. Interestingly, the 

isotherm of Quin-2Me-pH appeared to be convex, though the number of data points 

was not sufficient to confirm that feature. The fully hydrogenated form had a slightly 

higher (though not significant, p = 0.77)  than that of the dehydrogenated form 



(2.42 vs. 2.03 mL g
-1

), whereas the  of the partially hydrogenated quinaldine was 

substantially higher than both, with a value of 6.57 ± 0.39 mL g
-1

 (Table 3.2.3). 

 

 

Figure 3.2.2. Adsorption isotherms (n = 6, ± SD) of the quinaldines in soil I. 

 

Since  is the soil-water partition coefficient normalized to the amount of 

organic matter in soils according to the empirical equation ,  can 

be easily calculated from the measured  values for soil I, giving values of 168 mL 

g
-1

, 543 mL g
-1 

and 200 mL g
-1 

for Quin-2Me, Quin-2Me-pH and Quin-2Me-H10, 

respectively. 

Furthermore, the adsorption isotherms were fitted using Freundlich and Langmuir 

models (Figure 3.2.3), and the fitting parameters are listed in Table 3.2.4. The highest 

adsorption coefficients estimated by both models (  = 9.20 and  = 0.081 mL g
-1

) 

were found for Quin-2Me-pH, which was followed by Quin-2Me-H10 (5.72 mL g
-1

) 

and Quin-2Me (4.19 mL g
-1

) in the Freundlich model or by Quin-2Me (0.074 mL g
-1

) 

and Quin-2Me-H10 (0.050 mL g
-1

) in the Langmuir model. The data were better fit by 

the Freundlich model (R
2
 = 0.95 0.97) than the Langmuir adsorption model (R

2
 = 

0.89). Comparatively low values of the Freundlich exponent (the non-linearity 

constant, ) were observed for Quin-2Me and Quin-2Me-H10, while a higher  

value (0.96) was found for Quin-2Me-pH. 

 



 

Figure 3.2.3. Freundlich and Langmuir adsorption modeling (n = 6, ± SD) of the quinaldines in 

soil I. 

 

Table 3.2.4. Parameters of the Freundlich and Langmuir modeling of the quinaldines. 

 Freundlich Langmuir 

 Model  

[mL 

g-1] 

 R2 Model  
[mL 

g-1] 

 
[mg  

kg-1] 

R2 

Quin- 

2Me 

= 0.6218 

+ 0.7875  

4.19 0.79 0.97 
= 0.2148  

+ 0.016 

0.074 62.50 0.89 

Quin- 

2Me-pH 

= 0.9637 

+ 0.9629  

9.20 0.96 0.96 
= 0.0842  

+ 0.0068 

0.081 147.06 0.89 

Quin- 

2Me-H10 

= 0.7574 

+ 0.8296  

5.72 0.83 0.95 
= 0.1747  

+ 0.0087 

0.050 114.94 0.89 

 

In the subsequent discussion, the hydrophobicity as well as the ionizability of the 

LOHC compounds will be important. Therefore, the octanol-water partition 

coefficients corrected for ionization at the pH of soil I (log D) are given in Table 3.2.3. 

Comparable values were obtained for Quin-2Me and Quin-2Me-pH (2.07 and 2.23), 

whereas a much lower value was calculated for Quin-2Me-H10 (-0.88). 

Leaching of the quinaldines in soil columns. The amount of quinaldines collected in 

the leachates, expressed as the percentage of the total mass (mass%) spiked at the 



beginning of the test, was plotted against the amount of solution pumped through the 

columns (expressed as multiples of the PV) (Figure 3.2.4). Breakthrough was 

achieved the fastest for Quin-2Me-H10 (Figures 3.2.4 C and S3.2.2 C), with 

approximately 65% of the total mass ultimately collected in the leachate. The 

breakthrough of Quin-2Me (Figures 3.2.4 A and S3.2.2 A) occurred later than of 

Quin-2Me-H10 with a lag of ca. 7 9 PV, and only approximately 45 60% of this 

compound was ultimately collected in the effluent of the column. Quin-2Me-pH 

behaved very differently from the other quinaldines, with more than 99% of the total 

spiked mass retained on the column at the end of the test (Figures 3.2.4 B and S3.2.2 

B). Atrazine, which was used as the reference compound and run either alone in a 

separate column (Figures S3.2.3 A and S3.2.4 A) or in the same column with the 

quinaldines (Figures S3.2.3 B D and S3.2.4 B D), showed a relatively constant 

leaching behavior with breakthrough occurring at 4 6 PV (or approximately 48 72 h), 

and more than 90% was collected in the leachate at the end of the test. 

 

 

Figure 3.2.4. Breakthrough curves for Quin-2Me (A), Quin-2Me-pH (B) and Quin-2Me-H10 (C) 

in two independent experiments (gray and black), each with two columns packed with soil II. 

 

 

The column  values calculated according to the laboratory column method 

proposed by the EPA
36

 yielded values of 1.00 ± 0.40 mL g
-1

, 1.88 ± 0.43 mL g
-1

 and 



0.23 ± 0.03 mL g
-1

 for Quin-2Me, Quin-2Me-pH and Quin-2Me-H10, respectively 

(Table 3.2.3). These values were 2 10 times lower than those measured in the batch 

equilibrium experiment. The corresponding partition coefficient of the reference 

compound, atrazine, in the leaching experiments was also determined, either together 

with the test compounds or alone. The values were of the same order of magnitude as 

the quinaldines and ranged from 0.46 mL g
-1

 to 1.39 mL g
-1

 (Table S3.2.4). 

 

Discussion 

Interaction of LOHCs with soil. 

In this study, we characterized the adsorption and mobility of several potential 

LOHCs, including indoles, quinaldines, carbazole derivatives, benzyltoluenes and 

dibenzyltoluene, as well as some of their partially hydrogenated forms, in standard 

soils. The potential mobility of these compounds in the soil ranged from highly 

mobile to immobile, and the log  values spanned five orders of magnitude (1.71

5.41) (Table 3.2.2). Partitioning into the organic matter of soil plays an important role 

in the retention of many chemicals in soil
39,40,41

 in that the mobility decreases with 

increasing 
32,42

. Therefore, indoline, Quin-2Me, Quin-2Me-pH and indole would 

likely be transferred farther and deeper into the soil than the carbazole derivatives, 

MLHs and MSH; the compounds with the highest  values are more likely to be 

accumulated at the soil surface where they were released. The log  values 

obtained for the H2-lean and partially hydrogenated LOHCs using the HPLC method 

showed a good correlation with the COSMO-RS-predicted log  values (R
2 

= 0.94, 

Figure 3.2.5). The correlation also fit well to the -based  model established 

by Baker et al.43
 (R

2 
= 0.94, Figure S3.2.5). 

 

 

Figure 3.2.5. Relationship between log  (n = 13, HPLC) and the COSMO-RS-predicted log 

 values. 

 



The influence of the alkyl chain length on  was also found for the carbazole 

homologues. Longer alkyl chains correspond to greater interactions between the 

compound and the organic matter of soil through London dispersion forces
44

. Similar 

phenomena have also been reported for imidazolium-based compounds; rings 

substituted with longer alkyl chains interacted with soil much more strongly while 

compounds with shorter chains were comparatively more mobile in soils
45

. 

The soil partition coefficients of the quinaldine-based LOHC system measured 

using the batch equilibrium tests (batch- ) in soil I followed the order 

Quin-2Me-pH > Quin-2Me- -2Me, in which a factor of 2 3 difference 

exists between the partition coefficients of the first two compounds, and those of the 

latter two compounds are very similar (no significant difference, with p = 0.77). The 

order of affinities of the quinaldines for soil II determined from the column 

experiments (column- ) is as follows: Quin-2Me-pH > Quin-2Me >> 

Quin-2Me-H10. The  values obtained for the batch tests are generally higher than 

those from the column tests, which can be partially explained by the higher content of 

organic matter in soil I vs. soil II (1.21% vs. 0.8%). 

To further aid the comparison, both the batch-  and column-  values were 

converted to  values using the organic matter contents of soil I and II to yield 

 and , respectively. For Quin-2Me, the  value (155 mL 

g
-1

, obtained using HPLC) matches well to  (168 mL g
-1

) and  

(125 mL g
-1

) as well as to (151 mL g
-1

, COSMO-RS-based), with less 

than a factor of 1.4 difference between the values. In addition, all three quinaldines 

are organic bases and can be present either in their neutral or protonated
16,22,42

 forms 

depending on their pKa values (Table 3.2.3) and the pH of the surroundings. 

Generally, the neutral forms (the screening charge densities indicating the polarities of 

the neutral forms are given in Figure S3.2.6) tend to interact with soils mostly via 

hydrophobic interactions, while the ionized forms mostly interact through electrostatic 

interactions
18

. Quin-2Me-pH showed the highest affinity for the soils, with  

= 543 mL g
-1

,  = 235 mL g
-1

 and  = 229 mL g
-1

; this compound 

was also strongly retained in the column experiment. At the pH values of the tests (pH 

5.33 and 5.41), only 23 26% of this compound is protonated, and it has the highest 

pH-dependent octanol-water coefficient among the quinaldines (log D = 2.23, Table 

3.2.3), corresponding to the highest hydrophobicity under the test conditions. In 

contrast, Quin-2Me is protonated to larger extent (35 40%, or 66 75% if based on the 

pKa 5.7 5.8
38

) at the pH of the tests, which leads to a lower log D value (2.07). This is 

likely the cause of the reduced soil partitioning of Quin-2Me, as evidenced by its 

lower  values. 

Quin-2Me-H10 is fully protonated at a pH of 5.33 5.41. As a result, it is 

significantly less hydrophobic than the other two members of the LOHC system, as 

evidenced by its lowest log D value (-0.88). Therefore, this compound would be 

expected to interact with soils through electrostatic interactions rather than 

hydrophobic interactions. The sorption of Quin-2Me-H10 on negatively charged soil 

sites
22

 might be the reason why the amount adsorbed is comparable to that of the 



much more hydrophobic Quin-2Me compound (no significant difference in the 

batch-  values). The fact that Quin-2Me-H10 moved through the soil column 

relatively quickly and was minimally retained (  = 29 mL g
-1

) was therefore 

rather unexpected in this context. However, this phenomenon might be explained by 

the fact that soil column is a much more dynamic system than that of the batch tests, 

with a lower solid-to-liquid ratio and a much larger amount of competing ions (Ca
2+

 

in this case). Competition for sorption sites has been observed between Ca
2+

 and the 

cations of ionic liquids
44

, and suppression of the adsorption of nitro-aromatics has 

also been found in the presence of Ca
2+ 18

. The absence of such a large difference 

between the partition coefficients obtained from the batch tests and the column 

experiments for the other two members of the quinaldine-based LOHC system 

supports this assumption. These other two compounds should have been adsorbed 

mostly through hydrophobic interactions; therefore, the presence of competing cations 

had a smaller impact on their sorption than on the sorption of Quin-2Me-H10. 

Although the column leaching experiment was not performed for the other LOHC 

compounds in this study, i.e., indoles, carbazole derivatives, MLHs and MSH, their 

soil affinities (excluding the fully hydrogenated forms) could be estimated based on 

their  values, especially since these compounds are unlikely to be ionized within 

the environmentally relevant pH range. The order of affinities of these compounds 

would then follow the order of their  values, i.e., indoles would be the most 

leachable/mobile, while MLH, the carbazole derivatives, MSH and MLH-pH may be 

retained in the soil to higher extent. Nevertheless, further confirmation of the affinities 

of these compounds by batch equilibrium and leaching experiments is recommended 

given the variables discussed above. 

 

Method comparison for partitioning-based adsorption. 

Three typical methods for determining the adsorption potential of organic 

contaminants in soils were applied in this study. The HPLC screening method is the 

simplest, but the assumption that it adequately represents the potential for interaction 

with the soil was not fully supported in the current study. The estimated  value 

was quite accurate for Quin-2Me, whereas a larger discrepancy was observed for 

Quin-2Me-pH. 

Both column leaching and batch equilibrium tests are commonly conducted in the 

laboratory to evaluate sorption properties. The duration of the batch equilibrium test is 

much shorter than that of the column test, especially when investigating strongly 

adsorbing substrates (such as Quin-2Me-pH in this study)
45

. Moreover, due to 

efficient mixing, the adsorption equilibrium is generally achieved faster in the batch 

equilibrium test because macroscopic mass transfer is not hindered
45

. Therefore, the 
45

. However, the 

effluent concentrations during percolation are underestimated in the batch equilibrium 

test
27

, as shown here for Quin-2Me-H10. Column leaching represents a dynamic 

system that is supposed to simulate the downward movement of chemicals through 



soil
45

. Although this column experiment is more time consuming, it allows for an 

extended period of testing and a better simulation of the water flow through the 

porous soil profile due to a more realistic solid-to-liquid ratio
45

. Processes that occur 

in nature, such as particle-associated transport
32

, and the presence of regions with 

immobile water or preferential flow
45

 are also accounted for in column leaching tests, 

better matching the conditions of the experiment to those of the environment
45

. In 

such a test, the maximum adsorption equilibrium is not necessarily fully achieved in 

the dynamic process, even at the point of breakthrough
45

, due to insufficient mixing 

and the adsorption/desorption processes of various, often competing, ions
45,46

. 

Therefore, the column-  values of the quinaldines tended to be lower than those 

measured in the batch tests. In addition, column leaching tests could provide more 

information for the assessment of the potential for groundwater contamination, which 

can eventually be correlated to the risk of human exposure via drinking water or 

contaminated crops
32

. 

The concentration used to spike the soil columns in the study was 100 mg kg
-1

, 

which is considered the worst case scenario which might occur in the environment 

only through heavy contamination resulting from accidental spills. However, the 

localized leakage or spillage of these compounds is possible since they may 

eventually be produced and transported on a large scale and handled by citizens in the 

same way fossil fuels currently are. Furthermore, the spiked dose was high enough to 

ensure the detection of the leached quinaldines. 

 

Environmental relevance. 

According to the data presented in this work, a preliminary environmental hazard 

assessment of the LOHCs can be performed based on the estimated adsorption 

behavior and the corresponding possible exposure route of LOHCs in the soil. The 

mobility of LOHCs in soils can be predicted to a certain extent based on their  

values. Indoles and quinaldines (specifically Quin-2Me) are thereby expected to be 

more mobile and thus bioaccessible to soil organisms (at least those for which 

exposure to pore water is dominant) than the other LOHCs. Nevertheless,  might 

not be a sufficient indicator for predicting the behavior of compounds for which 

hydrophobicity-driven partitioning does not govern the soil interactions (e.g., 

ionizable compounds). Therefore, batch equilibrium adsorption or column leaching 

experiments are still recommended. Based on the results of the leaching experiments 

performed in this study, two major components of the quinaldine-based LOHC system 

(i.e., Quin-2Me and Quin-2Me-H10) are expected to distribute farther from the 

release point and penetrate deeper into the soil. The rather low affinity of these two 

compounds for the soils studied here indicates a risk of groundwater contamination, 

especially in the case of Quin-2Me-H10, which is comparatively easily transported 

through soil. The exposure of soil-dwelling organisms through pore water is therefore 

anticipated to be the highest for Quin-2Me and Quin-2Me-H10 but rather limited for 

their partially hydrogenated forms. In contrast, Quin-2Me-pH is likely to be retained 



in the upper layers of the soil and therefore presents a lower risk of groundwater 

contamination. Nevertheless, soil organisms that feed primarily on particles could still 

be very vulnerable to this compound. It is noteworthy that soil in the environment is 

highly heterogeneous and could represent more complex properties than the test soils 

in the study. Large variation of soil composition, from texture to minerals to varied 

quantity and quality of organic carbon has to be taken into consideration for further 

predictions, i.e., adsorption and mobility of the LOHCs and their accessibility to 

organisms will vary great according to local soil
47,48

 and climatic conditions
49

. 
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S3.2.1. Materials. 

The LOHC compounds with different degrees of hydrogenation used in the study 

included quinaldines (2-methylquinoline, tetrahydro-2-methylquinoline, 

decahydro-2-methylquinoline), indoles (indole and indoline), carbazole derivatives 

(9-ethyl-9H-carbazole, 9-propyl-9H-carbazole, 9-butyl-9H-carbazole and the 

respective partially hydrogenated forms), MLH (benzyltoluene and partially 

hydrogenated forms) and MSH (dibenzyltoluene). The partially hydrogenated LOHC 



chemicals were technical mixtures (excluding the quinaldine-based) obtained from the 

hydrogenation reaction before full conversion was achieved; they contained a mixture 

of the respective H2-lean forms at different levels of hydrogenation, including the 

H2-lean and H2-rich compounds as well as intermediate structures. 

Citric acid (C6H8O7·H2O, > 99.5%) was obtained from Acros Organics, New Jersey, 

USA. Sodium nitrate (NaNO3, 99.5%) was purchased from Riedel-deHaën, Seelze, 

Germany. Methanol (HPLC grade) was from VWR Chemicals, France. Anhydrous 

sodium sulfate (Na2SO4, 99.9%) was purchased from VWR, Belgium. Tri-sodium 

citrate dihydrate (C6H5O7Na3·2H2O, 99%) and 

99.8%) were purchased from Merck, Darmstadt, Germany. Atrazine (analytical grade, 

Table S3.2.2), , quinoline (GC grade = 98%) and 

were purchased from Sigma-Aldrich (Steinheim, 

Germany). Unless specifically stated, deionized water filtered through a Carbonit NFP 

Premium-9 water filter (Heidenheim, Germany) with a pore size of 0.45 μm was used 

in this study. 

The information of the soils was obtained in the product sheet from Fraunhofer IME, 

Schmallenberg, Germany. Both soils were in the same type but of different batches, 

which were collected from Schmallenberg, Nordrhein-Westfalen, Germany. No 

pesticide has been applied to the soils during the previous two years or the application 

of fertilizers since the one year before collection. 

 

Table S3.2.1.  

 Sand 
[%] 

Silt 
[%] 

Clay 
[%] 

OCa 
[%] 

Total 

(N) 
[g kg-1] 

pH(CaCl2) CECb
 

[mmol 

kg-1] 

WHC 
[g kg-1] 

Applied 

in the 

test 

Soil I 76.7 17.2 6.1 1.21 0.79 5.41 9.90 291 batch
c
 

Soil II 76.7 17.2 6.1 0.80 0.71 5.33 17.90 291 leaching
d
 

a
 Organic carbon. 

b
 Cation exchange capacity. 

c
 Adsorption batch equilibrium experiment. 

d
 Soil column leaching test. 

 

Table S3.2.2. Physicochemical properties of atrazine. 

 Formula Chemical 

structure 

MW   
[g mol-1] 

Water solubility 

(25°C)
a
 [mg L-1] 

Log 
a 

Log 
a 

Atrazine C8H14ClN5 

 

45.0 214.1 2.82 2.61 



a
 Predicted by Estimation Programs Interface Suite

TM
 v4.1 (https://www.epa.gov/). 

 

S3.2.2. The COSMO-RS model and calculations. 

COSMO-RS (Conductor like Screening Model for Realistic Solvation, COSMOlogic 

GmbH and Co. KG, Leverkusen, Germany)
1
 is a statistical thermodynamics model for 

calculation of the chemical potential of a compound in solution. Thus, it can be used 

to predict all equilibrium properties that can be derived from the chemical potential, 

e.g., the octanol water partition coefficient used in this study. 

The COSMO-RS model uses the information of an underlying quantum chemical 

COSMO
2
 calculation that minimizes the energy of the molecule in the surroundings 

of a perfect conductor. This artificial state is used as the reference state for the 

COSMO-RS calculation. The so-called screening charge density, , which describes 

the response of the conductor to the charge distribution of the solute at the 

solute-solvent boundary, is the most important descriptor used in the statistical 

thermodynamic procedure of COSMO-RS and contains information about the polarity 

of the solute. This  value can also be used to fit quantitative structure-property 

relationship models for the partitioning between less well-defined phases, such as the 

soil sorption ( ) model used in this work
3
. 

All COSMO-RS calculations were performed with the COSMOtherm (Version 

C3.0 Release 17.01) program (COSMOlogic GmbH and Co. KG, Leverkusen, 

Germany, http://www.cosmologic.de). The BP_TZVP_C30_1701 parameterization 

was used for the  predictions. All other results were obtained with the 

BP_TZVPD_FINE_C30_1701 parameter set and the standard conformer treatment. 

The TURBOMOLE V7.1 program package (TURBOMOLE GmbH, 

http://www.turbomole.com) was used for the quantum chemical calculations. All 

structures were optimized with the BP86 functional
4,5,6

 and the TZVP basis set
7
 using 

the COSMO model with standard cavity. Single point calculations were performed 

with the BP functional and the def2-TZVPD
8
 basis set with iso-radii COSMO cavity 

using the optimized structures. 

 

S3.2.3. Determination of log . 

The reference substances for HPLC calibration were divided into two groups based on 

the predicted  values to shorten the time of analysis and also for better 

integrations of the signals. Group A consisted of acetanilide, acetophenone,

 4-chloroaniline, toluene, ethylbenzene, biphenyl, phenanthrene and fluoranthene, 

and group B contained 4-methoxyphenol and cinnamyl alcohol. The retention time of 

each compound was measured on three separate days with three injections each day, 

and the averages of the measurements were calculated. The retention times of the 

reference substances (tR) and non-retained substance (t0) were used to calculate the 

capacity factor (k) of each reference substance according to Eq. (S1)
9
. The calibration 



was established by linear regression with the literature log  values of the 

reference substances as a function of log k. 

                                                                   

                            

 

The retention times of the LOHCs under the same HPLC settings were used to 

calculate their capacity factors, and these in turn were used to estimate the  

values from the calibration curve. The solutions of the reference substances and 

LOHC analytical samples were prepared in the mobile phase 

 

S3.2.4. Determination of  and adsorption isotherm modeling. 

An optimum soil/liquid ratio of 1:10 and equilibration time of 6 days were determined 

from preliminary experiments. The adsorption isotherms were investigated for 5 

concentrations. One control containing only the test substance in 10 mL of 0.01 M 

CaCl2 and no soil was prepared for each concentration to account for possible losses 

(e.g., sorption on the test vessels). One blank run (1 g dw of soil and 10 mL of 0.01 M 

CaCl2 solution without a test substance) was prepared in parallel for each test. 

 

S3.2.5. Leaching in soil columns. 

Soil was packed in columns in small portions with a spoon and pressed with a plunger 

to obtain uniform packing. The columns were filled with soil to a height of 

approximately 28 cm until the top of the soil was level. The soil columns were 

subsequently pre-wetted from bottom to top with 0.01 M CaCl2 and then allowed to 

drain. The prepared columns were then spiked with the quinaldines. 

The  values of the quinaldines from the column leaching tests were calculated 

using the relationship 
10

. The  (retardation factor) is the 

ratio of  (assumed to be the pore water velocity) to  (the contaminant velocity). 

The parameters n and  indicate the total porosity and bulk density, respectively, of 

soil II and were calculated for each test column. To obtain , the PV (in mL) of the 

packed soil in each column was first calculated by subtracting the volume of the soil 

particles (calculated from the particle density and soil weight) from the total volume 

of soil that was packed into the column. The time that the artificial rain passed the 

pores in the soil column (t0) was thus calculated as PV/0.108 (0.108 mL min
-1

 was the 

flow rate).  (cm h
-1

) was presumed to be the velocity of the artificial rain passing 

through the column and thus was the quotient of the height of soil packed in each 

column (Ls, cm) divided by t0.  was the division of Ls by the time in which the first 

portion of each quinaldine was collected and detected (tq). 



S3.2.6. Liquid-liquid extraction system. 

A 10-mL aliquot of the quinaldine samples was subjected to extraction. Quinoline, 

this solution was spiked into the aqueous sample to give a final concentration of 1.0 

mg L
-1

. Then, 2 mL of dichloromethane was added, and the sample was vortexed for 

45 s. The organic phase was subsequently transferred to a new vial, and 

approximately 0.3 g of anhydrous sodium sulfate (Na2SO4) was added to remove the 

remaining water. A 1-mL portion of the extract was transferred to a GC vial, and 10 

 L
-1

) was spiked into 

the final sample. The concentrations were measured by GC/MS. 

 

S3.2.7. GC/MS analysis. 

The samples (2 μL) were injected in pressure-pulsed splitless mode with the aid of an 

autosampler. The capillary column (CS, FS-Supreme-5ms column, 0.25 mm ID × 30 

m, 0.25 μm film thickness) was operated at a pressure of 2.01 atm with a flow rate of 

3.0 mL min
-1

 using helium as the carrier gas. The GC method parameters were as 

follows: inlet temperature: 250°C; oven program: 100°C, hold 0.6 min, ramp to 

150°C at 20°C min
-1

, ramp to 300°C at 35°C min
-1

, hold 1 min. The MS source and 

the temperature of the quadrupole were set to 230°C and 150°C, respectively. The MS 

detector was operated in positive ion mode using an electron ionization energy of 70 

eV. Spectra were recorded in full scan mode with a scan rate of 3.0 scans s
-1

. The 

results were evaluated with Chemstation software (Agilent Technologies, Waldbronn, 

Germany). The concentrations of each component in the extract were determined 

using the peak area normalized by the internal standard (naphthalene) and an 

eleven-point calibration series (containing naphthalene, quinoline, atrazine, Quin-2Me, 

Quin-2Me-pH and Quin-2Me-H10, with the latter five at concentrations ranging from 

0.5 to 100 mg L
-1

 in dichloromethane). 

  

Table S3.2.3. Log  values (n = 3, ± SD) determined by HPLC screening for the components 

in each mixture. 

LOHCs Car-2-pH Car-3-pH Car-4-pH MLH 

Log 

 

4.27 ± 

0.01 

4.35 ± 

0.01 

4.59 ± 

0.01 

4.67 ± 

0.01 

4.96 ± 

0.01 

5.06 ± 

0.01 

3.78 ± 

0.01 

3.85 ± 

0.01 

LOHCs MLH MLH-pH MSH 

Log 

 

3.92 ± 

0.01 

5.10 ± 

0.03 

5.28 ± 

0.03 

5.34 ± 

0.03 

5.43 ± 

0.03 

5.53 ± 

0.03 

5.76 ± 

0.03 

5.11 ± 

0.03 

LOHC MSH 

Log 

 

5.20 ±  

0.03 

5.28 ±  

0.03 

5.35 ±   

0.03 

5.44 ±  

0.03 

5.54 ±  

0.03 

5.76 ±  

0.04 

 



 

Figure S3.2.1. Relationship (R
2
 = 0.92) between log  (n = 13, HPLC) and 

COSMO-RS-predicted log . 

 

 

Figure S3.2.2. Breakthrough curves (mass% in the leachate, n = 4, ± SD) of Quin-2Me (A), 

Quin-2Me-pH (B) and Quin-2Me-H10 (C) in soil columns (soil II) over 648, 720, and 172 h, 

respectively. 

 

 

Figure S3.2.3. Breakthrough curves for the column leaching of pure atrazine independently in two 

columns (A) or together with Quin-2Me (B), Quin-2Me-pH (C) and Quin-2Me-H10 (D) in two 

independent experiments (gray and black), each with two columns of soil II. 



 

Figure S3.2.4. Breakthrough curves (mass% in the leachate) of pure atrazine alone (A) or in the 

presence of Quin-2Me (B), Quin-2Me-pH (C) and Quin-2Me-H10 (D) (n = 4, ± SD) in soil 

columns (soil II) over 648, 648, 720, and 172 h, respectively. 

 

Table S3.2.4.  values of atrazine extrapolated from the column leaching test in soil II. 

  Column-  

  [mL g-1] 

Atrazine (with Quin-2Me) 0.46 

Atrazine (with Quin-2Me-pH) 1.39 

Atrazine (with Quin-2Me-H10) 0.82 

Atrazine (pure) 0.61 

Average 0.82 

 

 



 

Figure S3.2.5. Relationship (R
2
 = 0.94) between log  (n = 13, HPLC) and the -based 

 model proposed by Baker et al.11
. 

 

 

Figure S3.2.6. COSMO screening charge density (  on the surfaces of Quin-2Me (A), 

Quin-2Me-pH (B), trans-Quin-2Me-H10 (C), and cis-Quin-2Me-H10 (D). 
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Abstract 

The study aims to establish a preliminary environmental assessment of a 

quinaldine-based LOHC system composed of hydrogen-lean, partially hydrogenated 

and fully hydrogenated forms. We examined their toxicity toward the soil bacteria 

Arthrobacter globiformis and the Collembola Folsomia candida in two exposure 

scenarios, with and without soil, to address differences in the bioavailability of the 

compounds. In both scenarios, no or only slight toxicity toward soil bacteria was 

observed at the highest test concentration (EC50 > 3397 μmol L
-1

 and > 4892  

kg
-1

 dry weight soil). The effects of the three quinaldines on F. candida in soil were 

similar, with EC50  kg
-1

 dry weight soil based 

on nominal concentrations. Additionally, corrected pore-water-concentration-based 

EC50 values were calculated by equilibrium partitioning using soil/pore-water 

distribution coefficients. The tests without soil (simulating pore-water exposure) 

revealed higher toxicity, with LC50  L
-1

 and 

deformation of the protective cuticle. These results assign the compounds to the 

cat

the test compounds are discussed on the basis of predicted no-effect concentrations. 

 

Keywords: bioavailability, PNECs, hazard assessment  

 



Introduction 

Rapid economic development has vastly increased worldwide energy demand in 

recent decades. Fossil fuels have been important energy sources for generations, but 

their reserves are estimated to be depleted within the next 100 years
1
. The limited 

availability of fossil fuels and all of the related environmental problems due to their 

use (e.g., emissions of pollutants such as SO2, NOx, smut, CO, CO2 and volatile 

organic compounds (VOCs)
2
) have prompted the research and development of 

renewable and green energy resources. The amount of energy that can be harvested 

from renewable sources such as wind, solar, biomass or hydropower is high and could 

satisfy global energy demand (514 EJ in 2008 and could increase to 600 800 EJ by 

2030
3
), one hundred times over

2,3
. However, serious obstacles remain because the 

production, output and storage of most renewable energies is geographically limited 

and strongly dependent on weather and environmental conditions
4
. In particular, 

energy systems with a high proportion of energy from wind and solar sources have a 

highly variable feed into the electrical grid, characterized by periods of 

overproduction that may cause low or even negative energy prices
5
. 

Alternatively, hydrogen is considered a very promising energy vector
6,7,8

 with an 

excellent gravimetric energy density of 120 MJ kg
-1 6,8

, which is three times that of 

petroleum
8
. Attractive from an environmental viewpoint, molecular hydrogen can be 

produced using renewable resources such as solar and wind energy via electrolysis of 

water and without direct CO2 emissions
6,7

. The volumetric energy density of hydrogen, 

however, is very low; 1 L contains only 10.8 kJ of energy under ambient conditions
9
. 

To increase the volumetric energy density of hydrogen without compromising its 

gravimetric energy density, it is either stored in a gaseous state under very high 

pressures of 200 to 700 bar
6
 (350 to 700 bar for automobile applications

7
) or in a 

liquid state at an extremely low temperature of -253 °C
6,7

. These technologies require 

specialized and dedicated infrastructures for hydrogen storage and distribution, which 

compromises economic efficiency, another important aspect of developing future 

energy systems
6
. Especially in the automobile industry, the design of special tanks 

and new fueling stations will be required
10

. Moreover, both compression and 

liquefaction are energy-intensive. They involve the loss of hydrogen by evaporation 

or boil-off
10

; in addition, because they involve working with molecular hydrogen, 

they are problematic in terms of safety
6,11

. In this context, liquid organic hydrogen 

carriers (LOHCs) represent a promising option to store and transport hydrogen in a 

chemically bound form
7,8,12

 (Scheme 1). LOHCs can be used in both mobile and 

stationary systems
7,10,12

 to supply energy to vehicles, buildings, mobile electronic 

equipment, etc. Generally, LOHCs are loaded with hydrogen (Scheme 1) to obtain an 

energy-rich carrier via catalytic hydrogenation when an excess of conventional or 

especially renewable energy is available. These compounds are then stored or 

transported to places where energy is currently needed. The hydrogen is catalytically 

released from the carrier through dehydrogenation
12,13

, and the energy produced can 

be harnessed (e.g., using an internal combustion engine or a fuel cell), leaving the 



LOHC compound in its energy-lean state
9
. During this process, the carrier is not 

consumed, and it can be reloaded with H2 and recycled for further reactions
7,12

. 

 

 

Scheme 3.3.1. Simplified hydrogenation/dehydrogenation under typical reaction conditions
9
 using 

quinaldines as examples. A partially hydrogenated intermediate form (Quin-2Me-pH) can be 

presented as a result of incomplete hydrogenation or dehydrogenation. 

The gravimetric hydrogen storage capacity of most LOHCs ranges between 6 and 

7.0 wt% H2
9
. The carriers can be handled safely

13
 under ambient conditions 

(temperature and pressure)
7
. Because of their physicochemical similarities to diesel 

fuel, they can be stored and transported using existing infrastructures
7,8,10,11

 such as 

tanks, pipelines, trucks, ships and fueling stations
8,10

. Compared to battery 

technologies, LOHCs stand out for their higher energy storage capacities
6
, rapid 

loading and unloading
6,14

, and lack of irreversible capacity loss
14

. 

Various compounds have been studied for potential use as LOHCs; the most 

extensively researched ones are those based on N-ethylcarbazole
7,9,15

 and 

dibenzyltoluene (MSH)
7,9

. Among all candidates, quinaldine (2-methylquinoline) is 

currently considered a particularly promising candidate because of its lower heat 

requirement for hydrogenation/dehydrogenation compared with the requirements for 

most of the other candidates a quality that makes reactions possible at even milder 

temperatures
9
. LOHC-based hydrogen logistics over shorter- and longer-distance 

transports to Europe have been evaluated recently; in each case, a large amount of 

LOHCs was included
6,7

. LOHC-based hydrogen delivery to hydrogen fueling stations 

has also been predicted to become a realistic technology within the upcoming three to 

five years
6
. Given their promising properties, quinaldines would be produced at 

multi-ton scale in the case of successful implementation
7
. To cover a distance of 100 

km, an average personal vehicle requires approximately 15 kg of 

decahydro-2-methylquinoline, which is twice the mass of currently used fossil fuels 

required to travel the same distance. Substantial amounts of LOHC compounds 

(hydrogen-rich, hydrogen-lean as well as partially hydrogenated compounds 

generated as by-products) would have to circulate on the market. Hence, the 

possibility exists for substantial amounts of such compounds to be released into the 



environment, such as during production, usage, transportation and/or via leakage or 

accidental spills
9
. From the viewpoint of preventive environmental protection, 

studying the environmental impact of quinaldines in the early stage of development, 

prior to their introduction into the market, is important
9,13

. However, studies thus far 

have been focused on the development of chemical processes and the improvement of 

technical performance, whereas little is known about the environmental hazards that 

quinaldines may pose
9,13

.  

Soils are a sink for many anthropogenic chemicals
16

, in particular fuels
17

. Therefore, 

investigating the toxicity and behavior of the quinaldine-based LOHC system in soils 

is highly relevant. 

The aim of the present study is to conduct a proactive hazard assessment of the 

three forms of quinaldines that comprise the typical LOHC system (Scheme 1) in 

terrestrial environments: 2-methylquinoline (dehydrogenated, Quin-2Me), 

tetrahydro-2-methylquinoline (partially hydrogenated, Quin-2Me-pH), and 

decahydro-2-methylquinoline (fully hydrogenated, Quin-2Me-H10). The toxicity of 

the quinaldines was investigated in modified standard ecotoxicity tests using two 

model soil organisms representing bacteria, Arthrobacter globiformis (2-h exposure) 
and micro-arthropods Collembola Folsomia candida (with 14 or 28 days of exposure), 

with different exposure scenarios in both cases (with and without soil), to assess the 

influence of the test compounds. 

 

Materials and Methods 

All details regarding the culturing of the organisms, the experimental procedures and 

the chemicals used are provided in Supporting Information (SI). 

Materials. Quinaldines (Table 3.3.1) were provided by the working group of Prof. Dr. 

Peter Wasserscheid, Institute of Chemical Reaction Engineering, Friedrich-Alexander 

University of Erlangen-Nürnberg, Germany. Detailed information of all the materials 

is given in SI section S3.3.1.  

 

 

 

 

 

 

 

 



Table 3.3.1. Physicochemical properties of the quinaldines. 

 Quin-2Me Quin-2Me-pH Quin-2Me-H10 

Chemical formula C10H9N C10H13N C10H19N 

Molecular weight (MW) [g mol-1] 143.2 147.2 153.3 

Boiling point (°C)
a
 257.7 245.5 225.5 

Log 
a
 2.69 2.97 2.97 

 [mL g-1]
b 

2.03 6.57 2.42 

Log 
c 

2.22 2.91 2.30 

Water solubility (25°C)
a
 [μmol L-1] 16535 3885 31116 

pKa (25°C)
d
 5.9 ± 0.4 5.2 ± 0.4 10.9 ± 0.4 

a
 Predicted in Estimation Programs Interface (EPI) Suite

TM 
v4.1. 

b
 Soil/water partitioning coefficient measured in the same artificial soil by adsorption batch 

equilibrium experiment in our previous work
18

. 

c
 Calculated using  by using the empirical formula , where OC% equals to 0.0121 

(organic fraction of the test soil). 
d
 Estimated using Scifinder (calculated using Advanced Chemistry Development (ACD/Labs) 

Software V11.02 (© 1994-2015 ACD/Labs)). 

 

Purity of the quinaldines. GC/MS (gas chromatography-mass spectrometry) analysis 

was used to identify the purity of the three components of the quinaldine-based 

LOHC.  

Culturing and synchronization of organisms. The test organisms used here are part 

of standard protocols for assessing effects of contaminants in soils and sediments. 

Two test scenarios were selected to represent the most relevant exposure pathways in 

soil, a) soil pore-water, and b) solid matrix. Test endpoints are dehydrogenase activity 

of the bacteria, survival and deformation of the Collembola in soil pore-water, and 

reproduction of the Collembola in soil. 

The culture of A. globiformis was prepared according to DIN 38412 L48
19

, with 

slight modifications. Before the test, 1 mL of the stock culture of the bacteria was 

thawed and cultured in growth medium B (DMS-B) for 20 h. Cultures whose cell 

density was adjusted to an optical density (OD) of 0.3 0.4 were used for the 

ecotoxicity tests. A detailed description of the procedure is provided in SI section 

S3.3.2. The Collembola F. candida were cultured according to OECD guideline 232
20

; 

however, the culturing substrate was reduced by half of the overall amounts, with the 

mixture consisting of 200 g plaster of Paris, 25 g activated charcoal and 180 mL 

distilled water. Adult Collembola of 11 12 day-old and 55 56 day-old were used for 

the reproduction test in soil and the pore-water exposure survival test, respectively. 

Further details are available in SI section S3.3.3. 

Contact test with A. globiformis in pore-water exposure scenario. Bacteria were 

exposed (2 h) to quinaldines with concentrations of 6983  L
-1

 (1000 1 mg 



L
-1

), 3397  L
-1

 (500 1 mg L
-1

) and 6523  L
-1

 (1000 1 mg L
-1

) for 

Quin-2Me, Quin-2Me-pH and Quin-2Me-H10, respectively. In brief, the test was 

performed following the method of Engelke et al.21

bacterial suspensions or DMS-B were added after the quinaldine solution. The 

reaction with resazurin was conducted by shaking with a frequency of 150 min
-1

 for 

40 min. Further details are provided in SI section S3.3.4. 

Survival inhibition test with F. candida in pore-water exposure scenario. The 

tests were performed in accordance with the method of Houx et al.22
. Quin-2Me, 

Quin-2Me-pH and Quin-2Me-H10 with the test concentrations ranging from 100 0.5 

mg L
-1

, corresponding to 698.3  L
-1

, 679.3  L
-1

 and 652.3  

L
-1

, respectively, were prepared in water. The numbers of Collembola that survived 

after 14 days were counted; the change of the body surface was observed by a stereo 

zoom microscope (Olympus SZX12) at the 16 × magnification. Additional details are 

presented in SI section S3.3.5. 

Contact test with A. globiformis in soil exposure scenario. Bacteria were exposed 

to Quin-2Me, Quin-2Me-pH and Quin-2Me-H10 with the test concentrations ranging 

from 750 10 mg kg
-1

 dw soil, corresponding to 5237  kg
-1

, 5095 67.9 

 kg
-1

, and 4892  kg
-1

 dw soil, respectively, for 2 h. The method used 

was based on that of Engelke et al.21
L of either bacterial suspensions 

or DMS-B were added. The testing procedure, including test soil preparation, is 

described in SI section S3.3.6. 

Reproduction inhibition test with F. candida in soil exposure scenario. Test soils 

containing Quin-2Me, Quin-2Me-pH or Quin-2Me-H10 with the test concentrations 

ranging from 1000 50 mg kg
-1

 dw soil, corresponding to 6983  kg
-1

, 

6794  kg
-1

 or 6523  kg
-1

 dw soil, respectively, were prepared. 

A reproduction inhibition test was performed according to OECD guideline 232
20

 but 

miniaturized
23

. The soil pH was measured in 0.01 M CaCl2, and the Collembola were 

extracted by flotation in 100 mL of water. The number of adults and juveniles were 

photorecorded using a Canon EOS 600D and counted in ImageJ v1.48 software. All 

the steps are described in detail in SI section S3.3.7. 

Concentration determination. Additional soil test samples were prepared for the 

concentration measurements via extraction; the samples were prepared following EPA 

guideline 3550c
24

. They were prepared the same way as for the ecotoxicity test but 

without inoculating organisms. Pore-water concentrations ( ) in soil samples for 

each test concentration were calculated from the nominal concentrations of the test 

substance by integrating the soil/water partitioning coefficient ( )
25,26

. 

Dose-response curves (pore-water concentration based) were re-established (effects 

against ) and pore-water concentrations based on EC50 and EC10 values were thus 

extrapolated. Concentrations of liquid samples from the pore-water exposure test were 

determined via extraction by liquid-liquid extraction followed by GC/MS analysis. 

Details of the procedure and calculations according to the equilibrium partitioning are 

available in SI section S3.3.8. 



GC/MS analysis. A gas chromatograph (HP
®
 GC system 6890N) equipped with a 30 

m × 0.25 mm (ID), 0.25 μm thickness, FS-Supreme-5ms column (CS) was interfaced 

to a mass-selective detector (HP
®
 MS 5973, Agilent, Waldbronn, Germany). The 

setup and calibration parameters as well as the limit of detection (LOD) and the limit 

of quantification (LOQ) of the method are described in SI section S3.3.9. 

Statistical analysis. All data are presented as the means ± SD of values from at least 

two independent experiments with at least two replicates of each concentration. 

Significance was analyzed by the paired t-test with GLM (generalized linear model) 

analysis using the software R (version 3.1.1) (https://www.r-project.org), and p > 0.05 

was considered insignificant. Dose-response curves, the LC10 and EC10 values as well 

as the LC50 and EC50 values with the confidence limits for each quinaldine were 

 

 

Results 

Throughout the following text, all results (except for the concentration determination) 

are given in μmol L
-1

 and μmol kg
-1

 dw soil. The corresponding mass concentrations 

(mg L
-1

 and mg kg
-1

 dw soil) are presented in the SI (Table S3.3.2 and S3.3.3; Figure 

S3.3.1 and S3.3.2).  Identified by GC/MS analysis, the three forms of the quinaldines 

were single compounds: 2-methylquinoline (i.e., quinaldine, Quin-2Me), 

tetrahydro-2-methylquinoline (Quin-2Me-pH), and decahydro-2-methylquinoline 

(Quin-2Me-H10). 

Concentration determination. The results in μmol L
-1

 and μmol kg
-1

 dw soil are 

presented in SI Table S3.31. In the pore-water exposure tests, the concentrations of 

the quinaldines at the test beginning (Ct0) and the nominal concentrations (CN) showed 

rather small differences for both organisms, ranging between 81.3 and 117.1% (Table 

3.3.2). The differences between the concentrations at the test end (CtE) and test 

beginning (Ct0) for Arthrobacter (2 h) were small (89.5 113.2%), whereas for the 

14-day test with Collembola, deviations as large as 43.7% were found for 

Quin-2Me-pH at 100 mg L
-1

.  

In the soil tests, much larger deviations between CN and Ct0 were observed (19.8

76.1%). After 28 days in the Quin-2Me-pH test with Collembola, no test compound 

was detected (0% remained in CtE). Neither in the pore-water exposure test nor in the 

soil exposure test was a clear dependence of test compound recovery on the test 

concentrations observed. Related data were not determined for the tests with A. 
globiformis. 

 

 

 



Table 3.3.2. Nominal concentrations (CN) and measured concentrations at the test beginning (Ct0) 

and end (CtE) in the pore-water (part A, n = 3) or soil (part B, n = 4) exposure scenario. Deviations 

between concentrations  

Part-A Pore-water exposure [mg L-1]  

Organism Quinaldines CN Ct0 Ct0 vs. 

CN (%) 

CtE CtE vs. 

Ct0 (%) 

A. globiformis Quin-2Me 1000 812.6 ± 12.6 81.3 727.2 ± 7.9
a
 89.5 

 500 449.6 ± 7.3 89.9 461.1 ± 14.7
a
 102.6 

 50 43.2 ± 2.4 86.4 48.9 ± 4.7
a
 113.2 

Quin-2Me-pH 500 529.1 ± 2.2 105.8 519.8 ± 7.7
a
 98.2 

 Quin-2Me-H10 1000 949.8 ± 13.1 105.0 936.3 ± 11.0
a
 98.6 

 500 443.7 ± 20.3 88.7 441.6 ± 20.6
a
 99.5 

 50 48.2 ± 0.8 96.4 47.5 ± 0.4
a
 98.5 

F. candida Quin-2Me 100 91.5 ± 2.3 91.5 74.8 ± 9.2
b
 81.7 

 10 8.8 ± 0.2 88.0 10.6 ± 0.2
b
 120.5 

Quin-2Me-pH 100 117.1 ± 2.1 117.1 51.2 ± 1.0
b
 43.7 

 10 11.3 ± 0.2 113.0 8.7 ± 0.6
b
 77.0 

Quin-2Me-H10 100 95.7 ± 2.4 95.7 74.3 ± 2.5
b
 77.6 

 10 9.0 ± 0.2 90.0 7.5 ± 0.2
b
 83.3 

Part B Soil exposure [mg kg-1 dw soil]  

Organism Quinaldines CN Ct0 Ct0 vs. 

CN (%) 

CtE CtE vs. 

Ct0 (%) 

A. globiformis  n.a. n.a. n.a. n.a.
a
 n.a. 

F. candida Quin-2Me 1000 672.1 ± 12.4 67.2 572.5 ± 4.0
c
 85.2 

  400 304.5 ± 4.1 76.1 260.4 ± 18.6
c
 85.5 

 Quin-2Me-pH 1000 396.8 ± 4.4 39.7 0.0 ± 0.0
c
 0.0 

  400 167.4 ± 7.5 41.8 0.0 ± 0.0
c
 0.0 

 Quin-2Me-H10 1000 253.3 ± 2.5 25.3 260.1 ± 2.7
c
 102.7 

  400 79.1 ± 4.8 19.8 84.9 ± 11.0
c
 107.4 

a
 After 2 h. 

b
 After 14 days. 

c
 After 28 days. 

 

Summarized results of toxicity. The effects in terms of LC50, LC10, EC50 and EC10 

values on the growth of A. globiformis and the survival or reproduction of F. candida 

in pore-water or the soil exposure tests are shown in the Table 3.3.3. 

 

 

 

 



Table 3.3.3. LC10, LC50, EC10 (only for the Collembola) and EC50 values of the quinaldines 

toward the two organisms in the pore-water (μmol L
-1

) and soil (μmol kg
-1

 dw soil) tests. Values 

were given with 2.5% and 97.5 % confidence intervals in the brackets. 

available. 

 A. globiformis F. candida 

 Pore-water 

exposure 

Soil 

exposure 

Pore-water 

exposure 

Soil 

exposure 

Calculated 

pore-water 

 EC50
a
 EC50

a
 LC50

a
 LC10

a 
EC50

a
 EC10

a
 EC50

b 
EC10

b
 

Quin-2Me > 6983 > 5237 78.8 

(67.8

n.a.) 

21.2 2559 

(2388

n.a.) 

526.9 1183 

(1104

n.a.) 

243.7 

Quin-2Me-pH > 3397 > 5095 78.3 

(71.1

88.9) 

30.9 2357 

(2191

2570) 

696.1 235.0 

(218.4

256.2) 

69.4 

Quin-2Me-H10  > 4892 161.6 

(129.8

200.7) 

22.4 2119 

(1984

2257) 

760.5 830.4 

(777.3

884.2) 

298.0 

a
 Effective and lethal concentrations are based on the nominal concentrations. 

b
 Effective concentrations are based on the -corrected soil pore-water concentrations (μmol 

L
-1

). 

 

Toxicity toward A. globiformis. None of the test compounds in the soil reached 50% 

inhibition of bacterial growth, even at the highest test concentration (Figure S3.3.1). 

The same holds true for Quin-2Me and Quin-2Me-pH in the pore-water exposure test 

at the highest test concentrations of 6983 and 3397 μmol L
-1

, respectively, whereas 

toxicity was found for Quin-2Me-H10 when concentrations exceeded 652.3 μmol L
-1

, 

with EC50  L
-1

. Moreover, stimulation of bacterial growth was observed 

in both test scenarios at concentrations greater than 698.3 and 679.3 μmol L
-1

 of 

Quin-2Me and Quin-2Me-pH, respectively, and in the whole concentration range in 

the soil for all test compounds. 

Toxicity toward F. candida. A reduction in survival of Collembola in the pore-water 

exposure scenario was observed after 14 days (Figure 3.3.1 A) with LC50 values of 

78.8 μmol L
-1

 (Quin-2Me), 78.3 μmol L
-1

 (Quin-2Me-pH) and 161.6 μmol L
-1

 

(Quin-2Me-H10) (Table 3.3.3). Moreover, individual Collembola turned partly 

brownish and, in some cases, fluid exudation on the body surface was observed 

(Figure 3.3.2). 



 

Figure 3.3.1. Effects of the quinaldines on F. candida in pore-water (A: nominal concentrations, n 

= 12) and soil (B and C: n = 16) exposure scenarios. B: nominal concentrations in soil; C: 

calculated soil pore-water concentrations. 

 



 

Figure 3.3.2. Microscopic observation (16 × magnification) of F. candida exposed to the 

quinaldines in the pore-water scenario (same observations in Quin-2Me-pH as in Quin-2Me). A: 

Quin-2Me at 698.3 μmol L
-1

; B: Quin-2Me at 69.8 μmol L
-1

; C: Quin-2Me-H10 at 652.3 μmol L
-1

; 

D: negative control. 

 

In the reproduction inhibition test in the soil (28 days), the EC50 values (nominal 

concentrations based) of the three test compounds ranged between 2119 and
 
2559 

μmol kg
-1

 dw soil (Table 3.3.3) but were not significantly different from each other 

(p > 0.5) (Figure 3.3.1 B). Because large differences between the nominal 

concentration and the measured Ct0 or CtE were observed, indicating significant 

sorption to soil, the exposure concentration was adjusted to the pore-water 

concentration (Figure 3.3.1 C). The pore-water concentration was calculated on the 

basis of the equilibrium partitioning using the measured soil/pore-water distribution 

coefficient ( )
18

. As a result, the dose-response curves shifted to lower 

concentrations and a general decrease of EC50 values (235.0 1183 μmol L
-1

, Table 

3.3.3) was observed. In addition, larger differences in toxicity among the three 

chemicals forming the LOHC system became apparent, and the order of toxicity 

changed to Quin-2Me-pH > Quin-2Me- n-2Me. The partially hydrogenated 

form (Quin-2Me-pH), previously having an EC50 value similar to the remaining two 

compounds, had the lowest EC50 value, exhibiting significantly greater toxicity than 

the other two (Table 3.3.3). 

 

Discussion 

Concentration determination.  

In the pore-water exposure test, the deviation between the measured and nominal 

concentrations (Ct0 vs. CN) was rather small; the observed difference is likely due to 

fast sorption of the test compounds to the test vessels. The higher loss in the 

pore-water exposure test with Collembola (14 days) compared to the test with bacteria 



(2 h) might be due to additional adsorption of the test compounds to test vessels 

because of the longer test duration. All three compounds have similar boiling points 

(Table 3.3.1); therefore, the greater loss of Quin-2Me-pH (only 43.7% remained) 

observed at the highest test concentration with Collembola was most likely due to the 

higher adsorption of this compound to the test vessel rather than to evaporation.  

Extraction of quinaldines from soil (Ct0 vs. CN) with organic solvents gave poor 

recovery rates, indicating that the bioaccessibility of these compounds in soil 

pore-water is low. Because the recovery is lower at the end of the test, the chemicals 

likely adsorbed to test vessels to some extent and/or diffused deeply into the soil 

matrix (e.g., soil organic matters or particles) and were occluded
27

, thereby becoming 

less extractable by solvents and less accessible to organisms via pore-water
27

. In 

particular, the complete loss of Quin-2Me-pH in the extracts can be explained by its 

higher affinity to the test soil. The  value of Quin-2Me-pH (6.57 mL g
-1

 
18

, Table 

3.3.1) is approximately 3 times higher than those of Quin-2Me (2.03 mL g
-1

) and 

Quin-2Me-H10 (2.42 mL g
-1

), indicating stronger sequestration into the soil matrix
28

. 

 

Toxicity and the mode of action.  

In this study, Arthrobacter was found to be less sensitive to the quinaldines than F. 
candida, which might be contributed to the shorter exposure duration in the former. 

Nonetheless, Collembola have been reported to be more sensitive to exposure to 

polycyclic aromatic hydrocarbons (PAHs) or their nitrogen-substituted derivatives 

(N-PAHs) than many other terrestrial organisms such as earthworms
26,29,30,31

, 

enchytraeids
32

 and bacteria
32,33

. The springtail Folsomia fimetaria has been found to 

be more vulnerable to N-PAHs than soil-nitrifying bacteria
32

. In oil-polluted soil, 

neither bacterial numbers nor the activity of the microbial community were influenced 

by elevated PAH concentrations
33

. Moreover, F. candida is one of the most sensitive 

springtails
29

. All of the aforementioned information supports our observations 

regarding differences in species sensitivity. Furthermore, members of the genus 

Arthrobacter have been reported to be able to use various organic compounds, 

including xenobiotics
34

. Quinaldine can be used by Arthrobacter nitroguajacolicus as 

the sole source of carbon and energy
34

. Utilization of alkylpyridines (2.15 mmol L
-1

)
35

 

and carbazoles (40 mg L
-1

)
36

 by Arthrobacter sp. has also been reported. The 

observed stimulation of bacterial growth may thus be explained by the ability of these 

compounds to serve as primary C, N, and energy sources for bacteria.  

In the present study, different exposure scenarios, test durations and endpoints were 

used to determine adverse effects on F. candida (pore-water, 14 days, mortality vs. 

soil, 28 days, reproduction inhibition). The Collembola reacted with greater 

sensitivity to the quinaldines in the pore-water test setup despite the shorter test 

duration and the less sensitive endpoint in this test. While the exposure of 

soil-dwelling organisms to organic compounds mainly occurs through the digestion of 

soil particles or diffusion from pore-water through the body surface
37

, F. candida does 

not usually ingest soil particles or ingests them only to a limited extent
37

. Uptake from 



pore-water through body surface (cuticle)
38,39,40

 or the ventral tube
29

 is therefore 

assumed to be more significant
37

. The portion of the chemicals bound to soil is not 

available for uptake in this manner. In this context, the greater sensitivity observed in 

the pore-water setup was expected because, in the absence of soil, the test chemicals 

could be considered fully bioavailable. Moreover, starvation stress (animals were not 

fed) most likely contributed to the increased sensitivity in the pore-water exposure test, 

though the adults in the controls (no quinaldines) remained vigorous throughout the 

test.  

Narcosis has been suggested to be the main mode of toxic action for different PAHs 

and N-PAHs toward various soil invertebrates
25,26,28,32,41,42

. For instance, Sverdrup et 
al.32 have demonstrated in the Collembola Folsomia fimetaria that the toxicity of 8 

PAHs correlated well with log . However, no comprehensive data sets of LC50 

values (or EC50 values) in Folsomia candida exist for PAHs and N-PAHs that might 

allow us to establish meaningful quantitative structure-activity relationships (QSARs) 

based on log . Nevertheless, similar effects or lethal concentrations have been 

observed for all three compounds which representing similar log  values 

between 2.69 and 2.97 (Table 3.3.1). However, a different soil exposure scenario is 

observed when pore-water concentrations are taken into account (the reproduction 

assay). Whereas the EC50 values of Quin-2Me and Quin-2Me-H10 are still similar, the 

EC50 value of Quin-2Me-pH is 3 to 5 times lower, which is a result of the high affinity 

of the partially hydrogenated compound for soil, which causes a shift of the 

dose-response curve toward lower concentrations. Moreover, the affinity toward soil 

is not only based on lipophilicity, at least in the case of Quin-2Me-pH
18

. 

In the pore-water exposure scenario, the LC50 value of Quin-2Me-H10 is 

significantly (p < 0.001) higher than the other two despite the almost equivalent  

values, which can be explained by its protonation. With a pKa value of nearly 11 

(Table 3.3.1), Quin-2Me-H10 is fully protonated and accordingly less lipophilic at the 

medium pH of 5. Thus, this observation does not contradict the assumed narcosis but 

shows that log  for ionized compounds is not the proper physicochemical 

parameter for such estimations
43

. 

Additionally, the observed malformations (Figure 3.3.2) and the brownish vesicles 

that extrude liquids might indicate a disturbance of membrane integrity that 

corresponds to a lipophilicity-based mode of action. Similar observations were made 

for benzo[h]quinoline and 1,7-phenanthroline which caused physical changes in the 

earthworm Eisenia fetida changes such as secretion of yellowish fluids, body 

lesions, and body ruptures that can be attributed to autolytic cell destruction
44

. 

 

Preliminary hazard assessment.  

The EC50 values of the quinaldines to Collembola in soil were between 324.9 and 

366.4 mg kg
-1

 dw soil (Table S3.3.2). These compounds are therefore classified as 

50  kg
-1

 dw soil) to terrestrial life, with long-lasting 



effects
45

; this classification is based on acute categories according to the JRC report 

(Science and Policy Report by the J

in-house science service)
46

. Because quinaldines are potential substitutes for fossil 

fuels, we further compared their toxicity to the effects of crude oil on the reproduction 

of F. candida (28 days); the EC50 values of the quinaldines and crude oil (EC50 = 

210.4 mg kg
-1

, OC% = 0.39 and EC50 = 880.3 mg kg
-1

, OC% = 2.1)
17

 are within the 

same order of magnitude. These values are based on nominal concentrations and are 

not corrected for adsorption in soil; therefore, they are expected to be lower, 

indicating that crude oil is more toxic than the quinaldines. Applying the categories 

from the aquatic assessment and in accordance with the JRC report
46

, the results of 

the pore-water exposure tests for exposure to Quin-2Me (LC50 = 11.3 mg L
-1

), 

Quin-2Me-pH (LC50 = 11.5 mg L
-1

) and Quin-2Me-H10 (LC50 = 24.8 mg L
-1

) (Table 

S3.3. 10 < LC50  

L
-1

) to non-aquatic organisms. In a study that assessed the aquatic toxicity of the three 

quinaldines with water flea Daphnia magna showed the EC50 values as follows: 

Quin-2Me (EC50 = 56 mg L
-1

), Quin-2Me-pH (EC50 = 2.7 mg L
-1

), and 

Quin-2Me-H10 (EC50 = 204 mg L
-1

)
9
. Quin-2Me can thereby be classified as acute 3  

(10 < EC50 mg L
-1

), whereas Quin-2Me-pH was in the acute 2 category (1 < 

EC50  L
-1

) according to the GHS (Globally Harmonised System)
47

. 

 

Environmental relevance.  

The data presented here for the toxicity of quinaldines toward two typical soil 

organisms give preliminary information regarding the acceptable exposure levels in 

the environment. Predicted no-effect concentrations (PNECs) were calculated on the 

basis of the EC10 values and by applying an assessment factor of 100, in accordance 

with the European Chemicals Agency (ECHA) methods
48

 for a single long-term 

toxicity test based on a single trophic level. The PNECs (Tables 3.3.4 and S3.3.3) 

derived from nominal concentrations are in the range 5.3  kg
-1

 dw soil (0.8

1.2 mg kg
-1

 dw soil), and the PNECs based on calculated pore-water concentrations 

are 0.7  L
-1

 (0.1 0.5 mg L
-1

). 

 

Table 3.3.4. PNECs derived from EC10 values (nominal or calculated pore-water based) in soil 

with an assessment factor of 100. 

 PNECs (nominal) 
 kg-1 dw soil] 

PNECs (calculated pore-water) 
 L-1] 

Quin-2Me 5.3 2.4 

Quin-2Me-pH 7.0 0.7 

Quin-2Me-H10 7.6 3.0 

 

Little is known thus far about the actual production scale of quinaldines. 

Nevertheless, a car with a tank of 80 kg LOHCs would be needed for a maximum 



driving range of ca. 700 km
6
. An LOHC demonstration unit for LOHC-based 

hydrogen logistics based on road transport in Stuttgart, Germany, has a total storage 

capacity of 1000 L of H18-DBT (perhydrodibenzyltoluene, another candidate 

LOHC)
6
. Hence, LOHC concentrations substantially greater than their PNECs are 

likely to be present in cases of local site-spills or leakages. Even if the hazards of the 

quinaldines to terrestrial organisms are moderate or even low, the risk might still be 

considerable. In particular, the high adsorption of Quin-2Me-pH to soil may increase 

the exposure risk to organisms such as earthworms that primarily feed on soil solids. 

Nevertheless, quinaldines are less hazardous or at least no worse for the environment 

(e.g., the 28-day reproduction of F. candida) in terms of EC50 values than typical 

N-PAHs
41

 such as naphthalene (11.3 52.4 mg kg
-1

 dw soil), pyrene (21.2 mg kg
-1

 dw 

soil), phenanthrene (45.8 mg kg
-1

 dw soil), quinoline (75.0 mg kg
-1

 dw soil) and 

acridine (312.7 mg kg
-1

 dw soil). However, both more realistic soil environments and 

additional species need to be investigated in detail, along with the degradation and 

half-life in soil, for a reliable hazard and risk assessment of these compounds.  
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Supporting Information 

 

S3.3.1. Materials.  

-Aldrich (Steinheim, Germany) 

was used to prepare stock solutions of quinaldines. The dichloromethane (DCM, GC 

extraction solvent was obtained from Merck (Darmstadt, 

Germany). The surrogate (SSt) and internal (ISt) standards used in the extraction 

 99%), 

respectively, were purchased from Sigma-Aldrich (Steinheim, Germany). Snap-cap 

clear glass vials with polyethylene (PE) lids of 30 mL (75 × 28 mm) volume for the 

ecotoxicity test with F. candida in soil were purchased from VWR (Germany). 

Sterilized 24-well tissue culture plates (flat bottom with lid) and 96-well micro-test 

plates were acquired from Sarstedt (Nümbrecht, Germany). The artificial soil RefeSol 

01-A-004 (loamy sand) was ordered from Fraunhofer IME (Schmallenberg, Germany). 

The basic information of the soil obtained in the product sheet was shown below:  



pHCaCl2 5.41; sand 76.7%, silt 17.2%, clay 6.1%; organic carbon (OC) 1.21%,  total 

(N) 0.79 g kg
-1

; cation exchange capacity 9.90 mmol kg
-1

. The collection location was 

Schmallenberg, Nordrhein-Westfalen, Germany. There were no pesticides applied 

during the previous two years or the application of fertilizers since one year before 

collection. Sampling was combined subsamples (afterwards unified) collected by the 

aid of a driller (5 30 cm in diameter). The soil was dried at room temperature for 24 h 

and 2.0 mm-sieved before each test. The water used in this study, unless specifically 

stated otherwise, was deionized and filtered with a Carbonit NFP Premium-9 water 

filter with a pore size of 0.45 μm (Heidenheim, Germany). The soil, medium, water 

and containers for the culturing and ecotoxicity tests with A. globiformis were 

previously autoclaved at 121 °C for 20 min. 

 

S3.3.2. Culturing of Arthrobacter globiformis.  

The bacterial strain was obtained from the German Collection of Microorganisms 

(DSMZ, serial number 2014). The stock cultivation was prepared according to DIN 

38412 L48
1
. Briefly, the original strain of 1 mL suspension was first cultured in 50 

mL of growth medium A (DMS-A: 10.0 g peptone from casein, 5.0 g yeast extract, 

5.0 g glucose, 5.0 g NaCl in 1000 mL sterilized water) on a horizontal shaker 

(Heidolph Tiramax 1000) at 30 °C in the dark with a frequency of 150 min
-1

 for 8 h. 

Afterwards, 1 mL of the bacterial suspension was transferred into another 50 mL of 

DMS-A medium and incubated for 16 h. The cell density of the bacteria was then 

determined in a 96-

a microplate reader (Wallace VICTOR2 1420 multilabel counter, Perkin Elmer). The 

OD  0.6 at 620 nm. One-milliliter aliquots to be used as stocks (500 

cryogenic vials at -20 °C. One day before the test, 1 mL of the deep frozen stock was 

gently thawed at 4 °C for 1 h and cultured in growth medium B (DMS-B, 1:3 dilution 

of DMS-A with sterilized water) following the procedure of DIN 38412 L48
1
 except 

that the incubation duration was extended to 20 h. Cultures of cell density with OD 

0.3 0.4 were ready for the growth inhibition test in both the soil and pore-water 

exposure scenarios, each of which was conducted for 2 h. 

 

S3.3.3. Culturing of Folsomia candida.  

Collembola are perennially cultured in our laboratory. They were originally obtained 

in the 1990s from the research group of Prof. Achazi at the Freie Universität Berlin. 

Culture substrate for synchronization was prepared in accordance with OECD 

guideline 232
3
 but was reduced by half of the overall amounts, with the mixtures 

consisting of 200 g plaster of Paris, 25 g activated charcoal and 180 mL distilled 

water. The substrates were divided into plastic Petri dishes to a ~0.5 cm layer. Thirty 

adults from the st

added to serve as food. The dishes were then placed in a dark chamber at room 



temperature. After 3-days of laying eggs, the adults and food were removed and the 

eggs were hatched for 7 to 8 days until massive amounts of juveniles were observed. 

After being fed with yeast, they were kept in a controlled climate chamber (Versatile 

environmental test chamber, MLR-350H, Sanyo, Japan) with a humidity of 85% at 20 

± 1 °C in 12:12-h light-dark cycles (600 Lux) for 11 12 days, at which point they 

were collected for the reproduction test in soil for 28 days. Cultures were kept moist 

and aerated with controls/adjustments every three days. Moldy food was removed, 

and sufficient fresh food was provided. Collembola for the survival test in pore-water 

exposure (14 days) were adults with an age of 55 56 days and were synchronized in 

the same manner but cultured in a dark chamber after hatching at a constant 

temperature of 15 °C. 

 

S3.3.4. Contact test with A. globiformis in pore-water exposure scenario. 

The bacteria were exposed to quinaldines prepared in sterilized water instead of soil, 

as suggested by Engelke et al.2

-B per well in 24-well plates in 

triplicate to obtain testing series with concentrations 6983 l L
-1

 (6983, 6285, 

5237, 3492, 1746, 698, 349, 69.8, and 7.0  L
-1

, i.e., 1000 , 900, 750, 500, 250, 

100, 50, 10, and 1 mg L
-1

), 3397  L
-1

 (3397, 1698, 679, 340, 67.9, and 6.8 

 L
-1

, i.e., 500, 250, 100, 50, 10, and 1 mg L
-1

) and 6523 6.5  L
-1

 (6523, 

5871, 4892, 3262, 1631, 652, 326, 65.2, and 6.5  L
-1

, i.e., 1000, 900, 750, 500, 

250, 100, 50, 10, and 1 mg L
-1

) for Quin-2Me, Quin-2Me-pH and Quin-2Me-H10, 

respectively. Paired plates (with and without bacteria) for all treatments were prepared 

as described by Engelke et al.2 
DMS-B were added. After 2 h of incubation, samples were dyed with resazurin (45 

mg L
-1

) but were incubated and shaken at 150 min
-1

 and 30 °C for 40 min. The 

samples were then centrifuged at 3000g for 5 min at 20 °C. Supernatant aliquots of 3 

ransferred to each well of the 96-well micro-plates. Each test 

was repeated twice. Inhibition of bacterial growth by quinaldines, as represented by 

the decrease of the dehydrogenase activity of the bacteria, was determined in terms of 

the reduction of resazurin according to the decrease in the OD values
1
 at 620 nm

2
; the 

survival rates were thus calculated. Benzyldimethylhexadecylammonium chloride 

(Sigma-Aldrich, Steinheim, Germany) was used as a positive control and tested in 

parallel in each test to ensure the validity.  

 

S3.3.5. Survival inhibition test with F. candida in pore-water exposure scenario.  

Tests were performed in accordance with the procedure of Houx et al.4. Similar setups 

have been reported with F. candida4
, and the adaptation of the pore-water test with 

the soil-dwelling Collembola was also demonstrated
4
. Quin-2Me, Quin-2Me-pH and 

Quin-2Me-H10 were prepared in water to create a concentration series of 100 0.5 mg 

L
-1

 (i.e., 100, 50, 40, 30, 20, 10, 7.5, 5.0, 2.5, 1.0, and 0.5 mg L
-1

), corresponding to 



698.3  L
-1

 (i.e., 698.3, 349, 279, 210, 140, 69.8, 52.4, 34.9, 17.5, 7.0, and 3.5 

 L
-1

), 679.3  L
-1

 (i.e., 679.3, 340, 272, 204, 136, 67.9, 51.0, 34.0, 17.0, 

6.8, and 3.4  L
-1

) and 652.3  L
-1

 (i.e., 652.3, 326, 261, 196, 131, 65.2, 

48.9, 32.6, 16.3, 6.5, and 3.3  L
-1

), respectively. Two milliliters of the resulting 

solutions was then added to the wells of a 24-well plate in triplicate. Pure water was 

used as the negative control. Four adult Collembola were then placed in each well. 

The plates were covered with Parafilm and kept in a dark chamber at a constant 

temperature of 15 °C for 14 days. The Collembola were aerated every 3 days, and the 

numbers of live animals were recorded. Four repetitions were performed for each test. 

The effects of the quinaldines were calculated as the numbers of live individuals per 

well in the plates normalized by the numbers in the negative controls. Individuals 

were further observed with a stereo zoom microscope (Olympus SZX12, at × 16 

magnification) equipped with a Sony DXC-9100P color video camera. 

 

S3.3.6. Contact test with A. globiformis in soil exposure scenario.  

The 10 mL solutions of the concentration series for each quinaldine were prepared in 

acetone. Two milliliters of solution were added to 2.5 g soil in a 100 mL glass beaker. 

The solvent control was prepared by adding 2 mL pure acetone. Spiked soil was then 

mixed by hand-shaking to form a homogeneous spiked matrix. After a 24 h 

evaporation of acetone, 7.5 g of pure soil was added to reach the testing 

concentrations of 750 10 mg kg
-1

 dw soil (i.e., 750, 500, 250, 100, 50, and 10 mg kg
-1

 

dw soil), corresponding to 5237  kg
-1

 (i.e., 5237, 3492, 1746, 698, 349, and 

69.8  kg
-1

), 5095  kg
-1

 (i.e., 5095, 3397, 1698, 679, 340, and 67.9 

 kg
-1

), and 4892  kg
-1

 (i.e., 4892, 3262, 1631, 652, 326, and 65.2  

kg
-1

) dw soil for Quin-2Me, Quin-2Me-pH and Quin-2Me-H10, respectively. The 

negative control (with neither quinaldine nor acetone) was prepared by weighing 10 g 

soil directly in a beaker. Sterilized water was added to each beaker to reach 50% 

water holding capacity (WHC). After the mixture was thoroughly mixed with a 

spatula, 0.6 (± 0.02) g spiked soil was added per well in 24-well plates with triplicate 

for each concentration. Paired plates (with and without bacteria) for all treatments 

were prepared according to the procedure of Engelke et al.2

 either bacterial suspensions or 

DMS-B. The test was repeated twice. The incubation procedures and effect 

determinations were performed as described in the pore-water exposure test. Positive 

control  benzyldimethylhexadecylammonium chloride was tested in parallel in each 

soil test to ensure the validity. 

 

S3.3.7. Reproduction inhibition test with F. candida in soil exposure scenario.  

Quinaldines were prepared in acetone and soil was spiked as previously described, but 

by gently pouring 10 mL solutions into 12 g autoclaved soil in 600 mL glass beakers. 

In the solvent control, only 10 mL pure acetone was added. After the evaporation of 



acetone, 38 g pure soil was added to the matrix to obtain the final testing 

concentrations of 1000 50 mg kg
-1

 dw soil (i.e., 1000, 750, 500, 400, 300, 200, 100, 

and 50 mg kg
-1

 dw soil), corresponding to 6983  kg
-1

 (i.e., 6983, 5237, 

3492, 2793, 2095, 1397, 698, and 349.2  kg
-1

), 6794  kg
-1

 (i.e., 6794, 

5095, 3397, 2717, 2038, 1359, 679, and 339.7  kg
-1

) and 6523  kg
-1

 

(i.e., 6523, 4892, 3262, 2609, 1957, 1305, 652 and 326.2  kg
-1

) dw soil for 

Quin-2Me, Quin-2Me-pH and Quin-2Me-H10, respectively. The negative control 

(without either quinaldine or acetone) was prepared by weighing 50 g soil directly in a 

beaker. Water was added to reach 50% WHC and samples were thoroughly mixed 

with a spatula. The toxicity test was performed according to OECD guideline 232
3
 but 

was miniaturized according to a previously described method
5
. Aliquots of 10 g 

spiked soil were placed into 30 mL glass vials with snap caps in 4 replicates; to each 

on the top to serve as a food source. Additional samples were prepared using 0.01 M 

CaCl2 for pH measurements. Test vials were placed in the same climate chamber 

under the same conditions as those used for the culturing. Aeration, water and food 

were supplemented twice a week. After 28 days, Collembola were extracted by 

flotation following OECD guideline 232
3
 but using 100 mL instead of 200 mL water. 

Individuals were recorded by photograph (Canon EOS 600D with an EFS 18 135 mm 

lens) and photos were processed using the ImageJ v1.48 software, wherein the 

numbers of adults and juveniles were counted. The test was repeated four times. The 

effects of quinaldines on the reproduction of Collembola were calculated as the 

numbers of juveniles produced per test vial normalized by the numbers in the negative 

controls. 

 

S3.3.8. Concentration determination.  

Additional samples were prepared in the same way as those for the ecotoxicity tests, 

but without inoculating organisms in order to determine the concentrations. The soil 

samples were extracted following the EPA guideline 3550c
6
. Duplicate of 2 g spiked 

soil were collected into 20 mL GC headspace vials to which 1 mL quinoline (2.0 g L
-1

 

in DCM, SSt) was then added. The pH of the soil samples of Quin-2Me-H10 was 

adjusted to 12 by addition of 1 M NaOH before the quinoline was added. After brief 

hand-mixing, 2 g anhydrous sodium sulfate (Na2SO4) was added and thoroughly 

mixed with the soil by hand-shaking until oversaturation was achieved. Nine 

milliliters of DCM was immediately added, and the samples were tightly closed for 

extraction using double-extraction in an ultrasonic ice-water bath (50/60 Hz, Bandeln 

SONOREX SUPER RK106, Germany) for 30 min. The supernatant was filtered 

through a Pasteur pipette packed with glass wool and was then collected. Another 10 

mL of DCM was added to the same soil sample for the second extraction. The 

supernatant was collected into the same vial after filtration. Aliquots of 1 mL of each 

 L
-1

 in 

DCM, ISt), then analyzed using GC/MS. Blanks (pure soil and DCM) and quality 

controls (quinaldines diluted in DCM) were prepared and extracted in parallel. 



Additional 2 g soil samples were collected in duplicate for determining the water 

content at 70 °C for 24 h. 

Pore-water concentrations (  L
-1

 or mg L
-1

) were calculated from the 

nominal concentrations for each test concentration (  kg
-1

 or mg kg
-1

 dw soil) 

used in soil ecotoxicity tests by including the equilibrium partitioning
7,8

. For each of 

the test concentrations, the total mass of quinaldine that had been originally spiked 

( ) was consumed, where  represents the mass of the test substance in the soil 

( ) and that of the test substance in the liquid ( ) phase, i.e., , 

with further substitutions using ,  and 

, where  is the concentration of the test substance in the soil phase and  is 

the mass of the soil phase (referenced to 50 g dw soil, i.e., the total amount of the soil 

matrix after spiking). Correspondingly,  and  are the concentration of 

quinaldines in the liquid phase and the volume of the liquid (6.6 mL water was added 

to reach 50% WHC), respectively. According to the equilibrium partitioning 

relationship, namely, / ,  was afterwards substituted by . 

Hence, the pore-water concentrations ( ) were calculated, the dose-response curve 

for each quinaldine was re-established using effects vs. , and the 

pore-water-concentration-based EC50 values and EC10 values were extrapolated in R. 

Samples from the pore-water exposure tests were extracted in triplicate by 

liquid-liquid extraction. Samples were first diluted in water to approximately 1.0 mg 

L
-1

 to a final volume of 10 mL. The pH of the diluted samples of Quin-2Me-H10 was 

adjusted to 12 by addition of 1 M NaOH. Quinoline prepared in a water volume of 10 

 L
-1

) was added as SSt. Two milliliters of DCM was then added, and the 

resultant mixture was shaken by hand and vortexed for 45 s. The organic phase was 

subsequently transferred, and approx. 0.3 g anhydrous Na2SO4 was applied to remove 

the residual water. Aliquots of 1 mL were transfe

naphthalene (ISt, 2.0 g L
-1

 in DCM) was then added. The concentrations of the 

resultant solutions were then measured by GC/MS. 

 

S3.3.9. GC/MS analysis. 

The concentration of quinaldines in the extracts were determined using a gas 

chromatograph (HP
®

 GC system 6890N) equipped with a mass-selective detector 

(HP
®

 MS 5973, Agilent, Waldbronn, Germany). Two microliter aliquots of the 

samples were injected in pressure pulse splitless mode with the aid of an autosampler. 

The capillary column (FS-Supreme-5ms column (CS), 30 m × 0.25 mm (ID), 0.25 μm 

film thickness) was operated at a pressure of 2.01 atm with He as the carrier gas 

flowing at 3.0 mL min
-1

. The GC parameters were as follows: inlet temperature 

250 °C; oven program 100 °C hold 0.6 min, ramp at 20 °C min
-1

 to 150 °C, ramp at 

35 °C min
-1

 to 300 °C, and hold 1 min; the MS ionization source and the quadrupole 

were maintained at 230 °C and 150 °C, respectively. The MS detector was operated in 

the positive ion mode, using an ionization energy of 70 eV. The spectrum was 

recorded in full scan mode with a scan rate of 3.0 scans s
-1

. The results were evaluated 



with Chemstation software (Agilent Technologies). The concentrations of each 

component in the extracts were determined using the internal standard (naphthalene) 

normalized peak area and an eleven-point calibration using standards containing 

naphthalene, quinoline, Quin-2Me, Quin-2Me-pH and Quin-2Me-H10 with the latter 

four chemicals in concentrations ranging from 0.5 to 100 mg L
-1

 in DCM. The LODs 

of the measurements for quinoline, Quin-2Me, Quin-2Me-pH and Quin-2Me-H10 

were 0.18, 0.19, 0.17 and 0.64 mg L
-1

, respectively (corresponding to 1.4, 1.3, 1.2 and 

 L
-1

, respectively); the LOQs of the method for these same compounds were 

0.55, 0.57, 0.51 and 1.91 mg L
-1

, respectively (corresponding to 4.3, 4.0, 3.5, and 12.5 

 L
-1

, respectively). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S3.3.1. Nominal concentrations (CN) and measured concentrations (μmol L
-1

 and μmol kg
-1

 

dw soil) at the test beginning (Ct0) and end (CtE) in the pore-water (part A, n = 3) or soil (part B, n 

= 4) exposure scenario. Deviations between concentrations 

available. 

Part A Pore-water exposure [μmol L-1]  

Organism Quinaldines CN Ct0 Ct0 vs. 

CN (%) 

CtE CtE vs. 

Ct0 (%) 

A. 

globiformis 

Quin-2Me 6983 5675 ± 88.0 81.3 5078 ± 55.2
a
 89.5 

 3492 3140 ± 51.0 89.9 3220 ± 102.7
a
 102.6 

 349.2 301.7 ± 16.8 86.4 341.5 ± 32.8
a
 113.2 

Quin-2Me-pH 3397 3594 ± 14.9 105.8 3531 ± 52.3
a
 98.2 

Quin-2Me-H10 6523 6196 ± 85.5 105.0 6108 ± 71.8
a
 98.6 

 3262 2894 ± 132.4 88.7 2881 ± 134.4
a
 99.5 

 326.2 314.4 ± 5.2 96.4 309.8 ± 2.6
a
 98.5 

F. candida Quin-2Me 698.3 639.0 ± 16.1 91.5 522.3 ± 64.2
b
 81.7 

 69.8 61.5 ± 1.4 88.0 74.0 ± 1.4
b
 120.5 

Quin-2Me-pH 679.3 795.5 ± 14.3 117.1 347.8 ± 6.8
b
 43.7 

 67.9 76.8 ± 1.4 113.0 59.1 ± 4.1
b
 77.0 

Quin-2Me-H10 652.3 624.3 ± 15.7 95.7 484.7 ± 16.3
b
 77.6 

 65.2 58.7 ± 1.3 90.0 48.9 ± 1.3
b
 83.3 

Part B   Soil exposure [μmol kg-1 dw soil]  

Organism Quinaldines CN Ct0 Ct0 vs. 

CN (%) 

CtE CtE vs. 

Ct0 (%) 

A. 

globiformis 

 n.a. n.a. n.a. n.a.
a
 n.a. 

F. candida Quin-2Me 6983 4693 ± 86.6 67.2 3998 ± 27.9
c
 85.2 

 2793 2126 ± 28.6 76.1 1818 ± 129.9
c
 85.5 

Quin-2Me-pH 6793 2696 ± 29.9 39.7 0.0 ± 0.0
c
 0.0 

 2717 1137 ± 51.0 41.8 0.0 ± 0.0
c
 0.0 

 Quin-2Me-H10 6523 1652 ± 16.3 25.3 1697 ± 17.6
c
 102.7 

 2609 516.0 ± 31.3 19.8 553.8 ± 71.8
c
 107.4 

a
 After 2 h. 

b
 After 14 days. 

c
 After 28 days. 

 



Table S3.3.2. LC10, LC50, EC10 (only for the Collembola) and EC50 values of the quinaldines 

toward the two organisms in the pore-water (mg L
-1

) and soil (mg kg
-1

 dw soil) tests. Values were 

given with 2.5% and 97.5 % confidence intervals in the brackets. n.a.  indicates data not 

available.  

 A. globiformis F. candida 

 Pore-water 

exposure 

Soil 

exposure 

Pore-water 

exposure 

Soil 

exposure 

Calculated 

pore-water 

 EC50
a
 EC50

a
 LC50

a
 LC10

a 
EC50

a
 EC10

a
 EC50

b 
EC10

b
 

Quin-2Me > 1000 > 750 11.3 

(9.7

n.a.) 

3.0 366.4 

(341.9

n.a.) 

75.5 169.5 

(158.2

n.a.) 

34.9 

Quin-2Me-pH > 500 > 750 11.5 

(10.5

13.1) 

4.5 347.0 

(322.5

378.3) 

102.5 34.6 

(32.1

37.7) 

10.2 

Quin-2Me-H10  > 750 24.8 

(19.9

30.8) 

3.4 324.9 

(304.1

346.0) 

116.6 127.3 

(119.2

135.5) 

45.7 

a
 Effective and lethal concentrations are based on the nominal concentrations. 

b
 Effective concentrations are based on the -corrected soil pore-water concentrations (mg L

-1
). 

 

 

Figure S3.3.1. Effects (nominal concentrations, μmol L
-1

 and μmol kg
-1

 dw soil) of the 

quinaldines on A. globiformis in pore-water (left, n=6) or soil (right, n=6) exposure test. 



 

Figure S3.3.2. Effects (in mg L
-1

 or mg kg
-1

 dw soil) of the quinaldines on F. candida in 

pore-water (A: nominal concentrations, n = 12) and soil (B and C:, n=16) exposure scenarios. B: 

nominal concentrations in soil; C: calculated soil pore-water concentrations.  



Table S3.3.3. PNECs derived from EC10 values (nominal or calculated pore-water based) in soil 

with an assessment factor of 100. 

 PNECs (nominal) 
[mg kg-1 dw soil] 

PNECs (calculated pore-water) 
[mg L-1] 

Quin-2Me 0.8 0.3 

Quin-2Me-pH 1.0 0.1 

Quin-2Me-H10 1.2 0.5 
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Abstract 

Due to the finite nature and scarcity of crude oil based fuels increasing attention is 

directed towards renewable energy. To obtain fully functional renewable energy 

systems, a way to compensate for their spatiotemporal fluctuations is necessary. The 

Liquid Organic Hydrogen Carrier (LOHC) systems are promising from the 

technological point of view yet their environmental and health impacts have not been 

considered in greater detail. Hereby we present a proactive, comparative 

environmental impact assessment of LOHC systems based on three alkylcarbazoles 

and quinaldine including H2-rich, H2-lean and intermediate (partially hydrogenated) 

forms of each of them. The paper reports on their enzyme inhibition 

(acetylcholinesterase), mutagenicity (Ames test) and cytotoxicity (IPC-81 cell line). 

The aquatic toxicity of test compounds towards marine bacterium (Vibrio fischeri), 
green algae (Raphidocelis subcapitata), aquatic plant (Lemna minor) and water flea 

(Daphnia magna) was also assessed. Moreover, their biodegradability was screened 

using inoculum from wastewater treatment plant. To put the results in a bigger picture 

we have incorporated the comparison with diesel oil in a preliminary environmental 

impact assessment. In this context our results suggest that the quinaldine-based LOHC 

system is comparable with diesel oil. The alkylcarbazoles seem to be more toxic and 



poorly biodegradable. Nevertheless, due to less complex composition, the assessment 

of the LOHC systems carries much lower levels of uncertainty. Additionally thanks to 

more favourable physicochemical properties (e.g., higher boiling point) the safety of 

handling and transportation is also higher.  

 

Introduction 

Global utilization of fossil fuels, such as coal, oil, and natural gas, has tremendously 

increased in recent decades to meet the energy needs caused by the rapid economic 

development. However, growing demand for the fossil energy raises concerns 

regarding not only their limited availability but also environmental and human health 

impacts. Burning of fossil fuels accounts for one of the biggest sources of air 

pollution and recovering of fossil fuels has undeniable negative environmental 

consequences.
1
 World largest economies direct their attention towards renewable 

energy to reduce the dependence on fossil fuels.
2 4

 Theoretically, solely solar energy 

available on Earth could cover energy needs of our civilisation.
1
 Practically, even all 

types of renewable energies taken together so far cannot form a stable energy system. 

This is due to intermittent nature of such energy sources i.e., spatial and temporal 

limitations in energy generation or inability to connect them into one system 

providing stable continuous output. Since we cannot control the sun or wind, we have 

to find a way to store the energy when it is present in excess to use it in the time when 

it is needed. This is by no means an easy task. 

In current concepts of future energy economy a special place is taken by hydrogen 

 a clean, high energy density resource (gravimetric energy density of hydrogen 

equals 120 MJ kg
-1

).
5,6

 Considerable efforts are being invested in optimizing the 

process of hydrogen generation by water splitting using renewable energies.
7
 

Nevertheless, developing an economic way of hydrogen production is only a half of 

success since storage and distribution of hydrogen are not a trifle. Due to low density 

of hydrogen (91 g m
-3

)
5
 its volumetric energy density is also low (10.9 kJ kg

-1
). 

Therefore, any form of storage essentially includes lowering the energy 

content-to-volume ratio. Several methods can be applied to achieve that including 

compression, liquefaction, physisorption on high surface area materials or 

chemisorption in form of various hydrides.
8,9

 Unfortunately, all of these methods 

suffer from drawbacks, including low storage capacity, high mass of the storage 

system, slow loading/unloading and, hydrogen losses that hamper their direct 

implementation.
10

 Therefore yet another system based on storage of hydrogen 

chemically bound in Liquid Organic Hydrogen Carrier (LOHC) was proposed.  

 



 

Figure 3.4.1. Schematic representation of LOHC cycle using the quinaldine-based LOHC system 

as an example. 

 

LOHC system consists of a tandem of organic compounds in which one, H2-lean 

usually aromatic or heteroaromatic compound is hydrogenated to another H2-rich 

cyclic or heterocyclic equivalent. Hydrogen is drawn from the loaded H2-rich form in 

a catalytic reaction. In the process, liquid carrier is reverted to H2-lean form and can 

be hydrogenated again closing the cycle (Figure 3.4.1). Two main advantages over 

conventional fuels are immediately visible. First, the energy stored in LOHC carrier 

might come from renewable sources. Second, the carrier is not spent in the process 

but releases hydrogen and is fed back into the cycle where it undergoes multiple 

hydrogenation-dehydrogenation rounds. Since the carrier, with regard to properties 

defining handling, is very similar to diesel, it could be stored, transported and 

distributed using similar infrastructure which reduces costs of implementation of 

LOHC technology. In some aspects the LOHC carriers (see Table 3.4.1) are superior 

to currently used fuels e.g., they have usually higher boiling points, which means 

lower evaporation (less atmospheric pollution, higher safety during handling), and 

their composition is much better defined than it is in case of fossil fuels. This 

facilitates all kinds of evaluation, standardisation or quality control. Demonstration 

units of LOHC-based energy storage were recently launched in Stuttgart  and 

Arzberg , Germany. Additionally, commercially available solutions employing LOHC 

technology include off-grid storage/generator units (66 to 792 kW) for buildings, 

renewable energy farms and shipping industry as well as water desalination units, 

air-conditioning units and a spectacular CO2-free energy autonomous megayacht.  

In principle, any molecule having unsaturated bond could serve as a LOHC. 

However, technological feasibility and safety concerns limit the choice, and so far 

only a few LOHC systems were investigated (Table 3.4.1). The most established one 
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is based on ethylcarabzole.
11 13

 Yet the high melting point of ethylcarbazole and 

limited thermal stability of that LOHC system stimulated further search for more 

suitable carriers e.g., homologues substituted with longer alkyl chains (propyl and 

butyl). The melting points of propyl- and butylcarbazole (H2-lean forms) are 49 °C 

and 59 °C respectively
14

 so still not low enough. The hydrogenated equivalents 

remain liquid at much lower temperatures (e.g., perhydro-ethylcarbazole solidifies at 

-84 °C
14

) and the melting points of partially hydrogenated species are somewhere 

between these values as was shown on the example of ethylcarbazole.
14

 Intentionally 

preventing full dehydrogenation of dodecahydro-alkylcarbazoles, even though 

counterproductive in terms of amount of H2 obtained, might be desired 

technologically since the mixtures do not solidify as readily as pure H2-lean 

alkylcarbazoles. As a result, a mixture of the molecules with different levels of 

hydrogenation (e.g., see Table 3.4.2 for the structures of partially hydrogenated 

alkylcarbazoles) might be used. Both hydrogenation and dehydrogenation are 

catalytic processes requiring elevated temperature known to result in a certain level of 

carrier degradation (e.g., transalkylation or dealkylation), especially in the case of 

heteroaromatic carriers.
15

 All three carbazole-derivatives are prone to dealkylation. 

Additionally, each methyl group added to the molecule acts as a ballast decreasing the 

H2 storage capacity.
15

  

Recently Brückner et al. examined the applicability of heat transfer fluid composed 

of isomers of benzyl- or dibenzyltoluene in hydrogen storage.
16 

This LOHC system 

has higher H2 storage capacity with all of the components being liquid down to -40 °C 

yet it requires higher temperatures to achieve complete dehydrogenation (see Table 

3.4.1 for details on properties of different LOHC systems). Another LOHC system 

based on quinaldine (2-methylquinolines) gained significant interest due to the low 

dehydrogenation temperature (Table 3.4.1).
17

 The temperature of dehydrogenation of 

decahydroquinaldine is low enough that it could be supplied by a waste heat of a 

polymer electrolyte membrane fuel cell, which is not the case for any of the 

previously mentioned LOHC systems.
18

  

 

 

 

 

 

 

 

 

 

 



Table 3.4.1. Basic properties of LOHC systems currently under development and diesel. 

 LOHC system Diesel 

Ethyl- 

carbazole 

Benzyl- 

toluene 

Dibenzyl-  

toluene 

Quinaldine 

Structure 

 

   

Mixture of 

paraffins, 

olefins, 

naphthenes 

and 

aromatics
a
 

Melting point 
[°C] 

70
14

 -30
16

 -39 to -34
16

 -9 to -2
19

 -40 to 6
a
 

Boiling point [°C] 270
16

 280
16

 390
16

 248
19

 141 to 

462
a
 

kg fuel per 

100km driving 

range 

17.3
b
 15.2

b
 16.1

b
 15.3

b
 7.3

5 c
 

H2 carrying 

capacity [wt%] 

5.8 6.2 6.2 6.6 n/a 

Dehydrogenation 

temperature [°C] 

200 230
20

 250 270
16

 270 290
16

 138
21

 n/a 

a 
European Chemical Agency (ECHA) for automotive diesel oil CAS68334-30-5 

(https://echa.europa.eu/). 
b 

Assuming density of 0.85 kg L
-1

. 
c
 Assuming consumption of 1 kg H2 per 100 km and zero losses. 

 

The annual world fuel oil demand was estimated to be 5.5 × 10
12 

L in 2016.
22

 If all 

of it were to be replaced by any of the above mentioned LOHC systems, 3.3 3.7 × 

10
13

 L of the carrier would be needed.  Even if the LOHC technology would only be 

implemented in niche application, the carrier chemicals would be handled, processed, 

stored and transported on a multi-ton scale with the citizens having access to large 

quantities. Consequently, there is a possibility that the carrier might be released into 

the environment by leakage or accidental spill as it was many times the case for fossil 

fuels.
6
 The LOHC-based energy storage is still a young technology, which requires 

research and development efforts to optimise its performance to commercially 

attractive levels. This opens up a possibility to design the carriers for increased 

operational and environmental safety proactively according to the rules of green 

chemistry.
23

  

Since there is a choice of at least six viable LOHC systems described in the 

literature (Table 3.4.1), the one with the best technological performance but also the 

 Assuming energy density of diesel oil equal to 47 MJ kg-1 and energy density of LOHC listed in Table 3.4.1 to be 

between 6.96 and 7.90 MJ kg-1. 



lowest environmental and health impacts should be chosen. To achieve this, the 

possible impacts on human health and the environment have to be investigated and 

evaluated first  the process known as a hazard assessment. Hereby we present a 

preliminary assessment of (eco)toxicity including mutagenicity as well as 

biodegradability of four possible LOHC systems: three based on alkylcarbazoles and 

one based on quinaldine. 

 

Table 3.4.2. Basic properties of chemicals comprising carbazole- and quinaldine-based LOHCs. 

Sample 

acronym 

Name Structure Formula 

MW    
[g mol-1] 

Log D 

(pH 

7.4)
 

pKb 

Quin-2Me Quinaldine 

  

C10H9N 

143.2 

2.59 
24

 

2.26
a 

4.94 
25

 

5.15
a 

Quin-2Me-pH Tetrahydro-quinaldine 

 

 

C10H13N 

147.2 

2.35
a
 4.88

a 

Quin-2Me-H10 Decahydro-quinaldine 

 

 

C10H19N 

153.3 

-0.84
a
 10.75

a 

Car-2 Ethylcarbazole 

 

 

C14H13N 

195.3 

3.67
a 

 

 

-
a
 

Car-2-pH Tetrahydro- 

ethylcarbazole 

(Car-2-H4) 

 

C14H17N 

199.3 

3.87
a
 -

a
 

Octahydro-ethylcarbazole 

(Car-2-H8) 

 

C14H21N 

203.3 

4.07
a
 -

a
 

Car-2-H12 Dodecahydro-ethylcarbazole 

 

 

C14H25N 

207.4 

0.09
a
 11.69

a
 

Car-3 Propylcarbazole 

 

 

C15H15N 

209.3 

4.19
a
 -

a
 

      

      



Sample 

acronym 

Name Structure Formula 

MW    
[g mol-1] 

Log D 

(pH 

7.4)
 

pKb 

Car-3-pH Tetrahydro-propylcarbazole 

(Car-3-H4) 

 

C15H19N 

213.3 

4.39
a
 -

a
 

Octahydro-propylcarbazole 

(Car-3-H8) 

 

C15H23N 

217.3 

4.59
a
 -

a
 

Car-3-H12 Dodecahydro-propylcarbazole 

 

 

C15H27N 

221.4 

 

0.58
a
 11.97

a
 

Car-4 Butylcarbazole 

 

 

C16H17N 

223.3 

4.64
a
 -

a
 

Car-4-pH Tetrahydro-butylcarbazole 

(Car-4-H4) 

 

C16H21N 

227.3 

4.84
a
 -

a
 

Octahydro-butylcarbazole 

(Car-4-H8) 

 

C16H25N 

231.3 

1.02
a
 4.90

a
 

 

Car-4-H12 Dodecahydro-butylcarbazole 

 

 

C16H29N 

235.4 

1.02
a
 12.09

a
 

a 
Calculated using ChemAxon. 

 

The LD50 of orally administered compound in rat is 1230 mg kg
-1

 and higher than 

5000 mg kg
-1

 
26

 for Quin-2Me and Car-2 respectively, which generally falls 

correspondingly within in acute oral toxicity category 4 and 5 (the second lowest and 

lowest category) according to GHS (Globally Harmonised System).
27,28

 So far, the 

knowledge about the effects and behaviour of the components of alkylcarbazole and 

quinaldine, or all the other, LOHC systems in the environment is scarce. In the 



absence of the testing data some insight into environmental and health hazard can be 

gained from the analysis of physicochemical properties or read-across with structural 

analogues. The hydrophobicity expressed as octanol-water partition coefficient (log 

) for neutral compounds or octanol-water distribution coefficient (pH dependent 

log D) for ionisable compounds is used to estimate the affinity for biological 

membranes. From such values the minimum toxicity (baseline toxicity) of chemicals 

deprived of specific modes of toxic action can be derived. Table 3.4.2 summarises the 

most important parameters influencing the toxicity of LOHC systems under 

investigation. 

While toxicity and mutagenicity largely depend on hydrophobicity of the molecule 

the latter is very sensitive to the presence and positions of substituents. (Remark: The 

paragraph regarding the background information of mutagenicity has not yet been 

provided by the co-author and will be added before submission.) 

In case of broad scale implementation of hydrogen mobility based on LOHCs a 

hazard assessment taking into account at the very least the physicochemical properties, 

stability, (eco-)toxicity, biodegradability and bioaccumulation potential would need to 

be conducted. Four potential LOHC systems based on ethyl-, propyl- and 

butylcarbazole as well as quinaldine were included in this work. For each LOHC 

system three forms of the carrier were assessed: H2-lean (aromatic), H2-rich 

(perhydrogenated) and partially hydrogenated (where the hydrogenation reaction was 

stopped before full hydrogenation could occur). The partially hydrogenated (or 

partially dehydrogenated if one wishes) samples were prepared and tested since 

carriers are intended to be used multiple times so that some amount of impurities is 

unavoidable. Moreover, as mentioned above, it is sometimes technologically 

advantageous prevent complete dehydrogenation to avoid solidification of the H2-lean 

carrier. We have therefore investigated H2-rich and H2-lean molecules as well as 

mixtures containing technical grade partially hydrogenated carriers. We have focused 

on the aquatic environment since it is likely to be the most affected compartment. We 

based the evaluation on (eco)toxicity: (i) acute/subchronic toxicity investigations in 

six biological test models following an increasing complexity of the test subjects: 

enzymes (acetylcholine esterase), mammalian cell lines (IPC-81 promyelocytic 

leukemia rat cells), bacteria (Vibrio fischeri), unicellular algae (Raphidocelis 
subcapitata), freshwater vascular plant (Lemna minor) and invertebrate (Daphnia 
magna). We have additionally investigated biodegradability since the persistence in 

the environment often leads to the concentration build-up so that even relatively 

non-toxic compounds can have detrimental impact on the environment. Finally, we 

have included a bacterial mutagenicity assessment (Salmonella typhimurium) since 

some PAHs are known to be mutagenic.
29

 Applications of several test systems allows 

us to form an ecotoxicological profile of the LOHC systems based on different modes 

of action and on different levels of biological organisation. 

 

 



Materials and Methods 

Chemicals. The 2-methylquinoline (quinaldine, Quin-2Me, CAS 91-63-4), 

N-ethylcarbazole (Car-2, CAS 86-28-2), N-propylcarbazole (Car-3, CAS 1484-10-2) 

and N-butylcarbazole (Car-4, CAS 1484-08-8) were supplied by the research group of 

professor Peter Wasserscheid, Institute of Chemical Reaction Engineering, University 

of Erlangen, Germany. Tetrahydro-2-methylquinoline (Quin-2Me-pH), 

decahydro-2-methylquinoline (Quin-2Me-H10), dodecahydro-N-ethylcarbazole 

(Car-2-H12, CAS 146900-30-3), dodecahydro-N-propylcarbazole (Car-3-H12, CAS 

1612790-27-8), dodecahydro-N-butylcarbazole (Car-4-H12, CAS 1612790-29-0) and 

mixtures of partially hydrogenated carbazoles (abbreviated in text as Car-2-pH, 

Car-3-pH and Car-4-pH) were prepared by catalytic hydrogenation according to the 

procedures described elsewhere.
19

 Carbendazim (CAS 10605-21-7, Sigma Aldrich), 

1-octyl-3-methylimidazolium chloride (CAS 64697-40-1, Merck GmbH), sodium 

chloride (Sigma Aldrich), 3,5-dichlorophenol (CAS 591-35-5, Merck GmbH), 

potassium dichromate (CAS 7778-50-9, Sigma Aldrich), 

cetyldimethylbenzylammonium chloride (C16-benzalkonium chloride, CAS 122-18-9, 

Sigma Aldrich) and sodium benzoate (CAS 532-32-1, Sigma Aldrich) were used as 

positive controls in biodegradation and toxicity testing. 

Solution preparation. The water/medium solubility of all tested chemicals was 

screened using shake-flask method.
30

 The solutions of chemicals having water 

solubility above 100 mg L
-1

 (these were all forms of quinaldine LOHC system as well 

as all H2-rich forms of the alkylcarbazoles) were prepared by directly weighing and 

dissolving in test medium followed by visual inspection of the solution for particles or 

droplets. The solutions of all remaining chemicals with water solubility lower than 

100 mg L
-1 

(all H2-lean and partially hydrogenated alkyl-carbazoles) were prepared 

using generator column method.
30

 Briefly test substances were deposited on glass 

beads by vacuum evaporation from the solution in hexane. The beads were placed in 

generator column and medium was circulated through for 24 hours in thermostatic 

chamber. Such solution was used as a stock solution in tests as well as for 

concentration determination. The concentration of the stock solution was determined 

after liquid-liquid extraction. 

 

Analytical methods.  

Qualitative analysis. The HP series 6890N GC with HP 5973 MSD was used to 

analyse the composition of samples and to confirm the identity of the test compounds. 

A FS-supreme-5ms column (length = 30m, id = 0.25mm, 

CS Chromatographie Service, Langerwehe, Germany was used. The GC method 

parameters were: inlet temperature 280 °C, split-

100 °C hold 0.6 min, ramp 20 °C min
-1 

to 210 °C for the analysis of the 

quinaldine-based LOHC system and: inlet temperature 250 °C, split-less injection of 1 

 °C hold 0.6 min, ramp 20 °C min
-1 

to 150 °C no hold, ramp 



35 °C min
-1 

to 300 °C hold 1 min for the analysis of the alkylcarbazole-based LOHCs. 

The MSD was working in electron ionisation positive ion mode, using energy of 70 

eV in both cases with MS source at 230 °C and quadrupole at 150 °C. Spectrum was 

recorded in full scan mode. The stock solutions in hexane were injected. The identity 

of target LOJC compound is discussed in more detail in Supporting Information file 

(SI).  

Quantitative analysis. The concentration in the test media was determined 

analytically. The aliquots of test solutions (10 mL of quinaldines and fully 

hydrogenated alkylcarbazoles or 40 mL of alkylcarbazoles) were spiked with the 

surrogate standard (quinoline for quinaldine LOHC system and phenathrene for all the 

other compounds) and extracted with 2 mL of dichloromethane (quinaldines) or 

hexane (alkyl-carbazoles). The tests solutions of fully hydrogenated compounds 

(quinaldines and carbazoles) were alkalised using 1M NaOH before extraction. 

Anhydrous sodium sulfate was added to remove water residues. The extract was 

transferred into a GC vial and the concentrations were determined by GC/FID 

(quinaldines) or GC/MS (carbazoles). 

Concentration of the quinaldines was measured using GC/FID (HP 6890 series) 

with split-

parameters: inlet temperature 250 °C, oven program 40 °C hold 0.6 min, ramp 20 °C 

min
-1 

to 150 °C, ramp 35 °C min
-1 

to 300 °C hold 1 min; detector temperature 320 °C. 

Concentration of the alkylcarbazoles was measured using the same method that was 

used for qualitative analysis. Limits of detection and quantification (LOD/LOQ) are 

presented in SI. Due to complex composition and low aqueous solubility of partially 

hydrogenated samples of alkylcarbazoles only the most abundant compound in the 

mixture was used for quantification namely Car-2-H12 in Car-2-pH samples, 

Car-3-H4 in Car-3-pH samples and Car-4-H4 in Car-4-pH samples. 

 

Ecotoxicity tests.  

Ecotoxicological impact of LOHC chemicals was investigated in up to six test 

systems with increasing complexity of the test subject starting from enzymes, through 

cell lines, bacteria, unicellular algae, vascular plants and invertebrates. In all tests pH 

was monitored and adjusted if needed to exclude pH caused toxicity. The co-solvents 

used were proved to be non-toxic in the concentrations used. The testing methodology 

is described below for each test system. 

Cytotoxicity tests using IPC-81 cell line. The colorimetric WST-1 assay with IPC-81 

promyelocytic leukemia rat cell line was used to investigate the influence of LOHC 

chemicals on cell viability. The test is based on spectrophotometric assessment of 

intensity of red colour caused by enzymatic reduction of WST-1 reagent 

(2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium 

monosodium salt) which is inversely proportional to cytotoxicity. The WST-1 test was 

carried out in RPMI medium (with L-glutamine, without NaHCO3, supplemented with 



1% penicillin streptomycin and 1% glutamine, pH 7) with 10% horse serum at 37 °C 

in atmosphere containing 5% CO2. The exact procedure is described in detail 

elsewhere
31

. The test was repeated on three different days using three independently 

prepared solutions. Each dose response curve was thus recorded for at least 9 parallel 

dilution series on three different 96-well plates. Solutions were prepared directly in 

medium containing 1 % (v/v) of DMSO as a co-solvent and diluted in 1:1 series with 

medium. Testing ranges were: 0.5 to 900 mg L
-1

 for Quin-2Me, 0.1 to 300 mg L
-1

 for 

Quin-2Me-pH and 0.7 to 1500 mg L
-1

 for Quin-2Me-H10. Carbendazim was used as a 

positive control and tested in regular intervals to ensure the validity of obtained 

results. 

AChE inhibition. The inhibition of acetylcholinesterase (AChE) activity was 

measured using a colorimetric assay based on the reduction of the DTNB dye 

-dithio-bis-(2-nitrobenzoic acid) by thiocholine enzymatically formed from the 

acetylthiocholine iodide.
32

 A dilution series of the substances in phosphate buffer (20 

mM, pH 8.0) was prepared directly in the microplates, DTNB (2 mM, 0.185 mg mL
1
 

NaHCO3 in phosphate buffer) and the enzyme (0.2 U mL
1
, 0.25 mg L

1
 bovine 

serum albumin in phosphate buffer) were added and the reaction started by the 

addition of acetylcholine iodide (2 mM in phosphate buffer). The final test 

concentrations were 0.5 mM each of DTNB and acetylcholine iodide and 0.05 U 

mL
1
 acetylcholinesterase. Each plate contained blanks (no enzyme) and controls (no 

toxicant). The enzyme kinetics was measured at 405 nm at 30
-s
 intervals in a 

microplate-reader (MRX Dynatech) for 5 min. Enzyme activity was expressed as OD 

min
1
 from the linear regression. Stock solutions of test compounds were prepared in 

2 mM phosphate buffer in concentration four times higher than highest test 

concentration. The testing range was 0.6 1065 mg L
-1

 for Quin-2Me and 

Quin-2Me-pH and 0.6 to 1015 mg L
-1

 for Quin-2Me-H10. 

1-Octyl-3-methylimidazolium chloride was used as a positive control. 

Luminescence inhibition test with Vibrio fischeri. This test with the marine 

luminescent bacterium Vibrio fischeri was performed according to DIN EN ISO 

11348-2.65. The freeze-dried bacteria were purchased from Dr Lange GmbH 

(Düsseldorf, Germany). Each substance was tested three times, using independently 

prepared solutions, with two replicates at each concentration level and accompanied 

by at least 4 controls (2% NaCl solution in phosphate buffer). All solutions were 

prepared directly in phosphate-buffered (0.02 M, pH 7.0, including 2% sodium 

chloride). The tests were performed at 15 °C using thermostats (LUMIStherm, Dr 

Lange GmbH, Düsseldorf, Germany). The freeze-dried bacteria were rehydrated 

and then 500 μL aliquots of the bacteria 

solution were pre-incubated for 15 min at 15 °C. After measuring the initial 

luminescence, 500 μL of the samples were added. The bioluminescence was measured 

again after an incubation time of 30 min using a luminometer (LUMIStox 300, Dr 

Lange GmbH, Düsseldorf, Germany). The toxicity of the samples was expressed as a 

percentage inhibition compared to the controls. Luminescent bacteria assays were 

conducted with addition of 1% methanol (v/v) as co-solvent. The range of 



concentrations tested covered 0.03 to 240 mg L
-1

 for Quin-2Me, 0.015 to 110 mg L
-1

 

for Quin-2Me-pH and 0.035 to 285 mg L
-1

 for Quin-2Me-H10. Sodium chloride (7.5 

g L
-1

) was used as a positive control. 

Immobilisation test with Daphnia magna. The 48 h acute immobilization test with 

the crustacean Daphnia magna was performed using the commercially available 

Daphtoxkit F (MicroBioTest Incorporation, Gent, Belgium) in accordance to ISO 

standard (ISO 6341). The Daphnia neonates were hatched from dormant ephippia at 

20 °C under constant illumination. For each replicate 5 pre-fed animals, less than 72 

h-old, were placed in 10 mL of mineral medium (controls) or solution of test 

substances in mineral medium. The number of immobilized (dead) organisms was 

checked after 24 and 48 h. The toxicity of the test compound was expressed as 

percentage of not affected organisms compared to the controls. All substances were 

tested in three independent experiments (five concentrations, five replicates) in the 

following test ranges: Quin-2Me 0.3 to 200 mg L
-1

, Quin-2Me-pH 0.2 to 200 mg L
-1

, 

Quin-2Me-H10 0.32 to 500 mg L
-1

. Potassium dichromate was used as positive 

control and tested in regular intervals to ensure the validity of the results. 

Growth inhibition test with Lemna minor. Test was conducted according to OECD 

221 guideline.
33

 The plants were grown in Erlenmeyer flasks in sterilised Steinberg 

medium (pH 5.5 ± 0.2), in a climate chamber with a constant temperature of 24 ± 2 °C 

illuminated continuously with a maximum of 125 μE m
2
 s

1
. The assays were 

performed in plastic six-well plates incubated in the same conditions for seven days. 

All substances were tested three times, on different days using independently prepared 

solutions, with three replicates at each concentration level and a minimum of six 

controls (pure Steinberg medium) for each test. The test was started with one plant 

having three fronds in each sample. The endpoint was the inhibition of growth rate 

based on frond area calculated in relation to the controls. The frond area (mm
2
) was 

determined using Scanalyzer software from Lemnatec GmbH (Aachen, Germany). 

The Steinberg medium contained: 3.46 mM KNO3, 1.25 mM Ca(NO3)2, 0.66 mM 

KH2PO4, 0.072 mM K2HPO4, 0.41 mM MgSO4, 1.94 3BO3, 0.63 4, 

0.18 2MoO4, 0.91 2, 2.81 3, 4.03  ± 0.2. 

Testing range was 3.5 mg L
-1 

to 2.42 g L
-1

 for Quin-2Me, 3.4 mg L
-1 

to 1.29 g L
-1

 for 

Quin-2Me-pH and 1 mg L
-1 

to 2 g L
-1

 for Quin-2Me-H10. C16-benzalkonium chloride 

was used as a positive control and tested in regular intervals to ensure the validity of 

the results. 

Growth inhibition test with Raphidocelis subcapitata. The tests were performed 

following the OECD 201 guideline,
34

 using slightly modified light conditions (light : 

dark cycle of 14:10 h instead of a continuous illumination). Cell culture flasks (Nunc 

EASY flasks, 25 cm
2
, obtained from VWR, Hannover, Germany) were filled with 20 

mL of test solution containing medium and test substance (test solutions) or only 

medium (controls). The test setup was validated using 3,5-dichlorophenol as the 

reference chemical. Algae in exponential growth phase were exposed to Quin-2Me, 

Quin-2Me-pH, or Quin-2Me-H10 in a testing range of 0.5 100 mg L
-1

 prepared in the 

OECD 201 medium (pH = 8.1 ± 0.2). Algae cell counts at the test beginning of the 



test were set to 2.5 × 10
4 

cells mL
-1

. Samples were placed on orbital shakers at 150 

rpm for 72 h in a climate chamber (Thermostatschrank ET 618-4/135, Sanyo) at 22 ± 

1 °C with a light:dark cycle of 14:10 h. Cell counts after 72 h were recorded by a cell 

counting chamber (Neubauer-improved, depth 0.100 mm, 0.0025 mm
2
) and light 

microscope (Zeiss, Germany). Eight concentration levels were tested in three 

replicates with six controls for each test and each test was performed 2 times. The 

growth rate of algae at the end of test was expressed as percentage of cell counts 

compared to the controls (absence of test compound). 3,5-dichlorophenol was used as 

a positive control and tested in regular intervals to ensure the validity of obtained 

results. 

Amest test for mutagenicity. The test solutions were prepared by dissolving the test 

compound in dimethylsulfoxide in highest possible concentration using shake flask 

method (OECD 105).
30

 (Remark: The description of the test procedure in detail has 

not yet been provided by the co-author and will be added before submission). 

 

Ultimate biodegradation test. Ultimate biodegradation was measured by 

manometric respirometry method according to OECD guideline 301F using 

automated, thermostatically controlled OxiTop
©

 set (from WTW GmbH, Weilheim, 

Germany).
35

 The activated sludge from the municipal wastewater treatment plant in 

Delmenhorst (Germany) was used as a source of inoculum. The flocs were allowed to 

settle and remaining supernatant was aerated for 4 7 days prior to use. Test lasted at 

least 28 days and was performed in standard OECD medium with nitrification 

inhibitor (allylthiourea). Target compounds were weighed directly to test vessels to 

yield BOD of 200 mg O2 L
-1

. Two replicates were run for each compound 

accompanied by two blanks and two positive controls (benzoic acid). 

Data processing and analysis. Dose-response curve parameters and plots were 

obtained using drfit package (version 3.1.0) for R language and environment for 

statistical computing (http://www.r-project.org). LemnaTec software was used for 

plant phenotyping in test with Lemna minor. Marvin software was used for drawing, 

displaying and characterizing chemical structures, Marvin 6.3.1, 2014, available from 

ChemAxon (http://www.chemaxon.com). 

 

Results and Discussion 

Purity of test compounds.  

Some samples of LOHC chemicals were products of hydrogenation, and the exact 

composition, especially of partially hydrogenated samples, was unknown. Therefore, 

we have analysed them using GC/MS technique to confirm their identity and establish 

purity (see Table 3.4.3). All H2-lean and H2-rich samples were single compounds (as 

shown in Table 3.4.2). Additionally, partially hydrogenated sample of 

quinaldine-based LOHC system contained only tetrahydroquinaldine (Table 3.4.2). 



On the contrary, samples of partially hydrogenated alkylcarbazoles were mixtures of 

several different compounds (see Table 3.4.2 and 3.4.3 and SI for more details). For 

the quantification of partially hydrogenated samples the most abundant compound 

was used i.e., Car-2-H12 for Car-2-pH, Car-3-H4 for Car-3-pH and Car-4-H4 for 

Car-4-pH. Therefore, concentrations in Table 3.4.4 and Table 3.4.5 refer to the 

concentrations of this compound in partially hydrogenated mixtures. 

 

Table 3.4.3. Composition of the partially hydrogenated alkylcarbazoles. 

Acronym Composition including name (abbreviation) and amount [%]
a 

Car-2-pH 70% Dodecahydroethylcarbazole (Car-2-H12) 

13% Tetrahydroethylcarbazole (Car-2-H4) 

Car-3-pH 54% Tetrahydropropylcarbazole (Car-3-H4)  

11% Propylcarbazole (Car-3)  

7 % Dodecahydrpropylcarbazole (Car-3-H12)  

7% Octahydroproplycarbazole (Car-3-H8)  

5% Hexahydropropylcarbazole (Car-3-H6)  

Car-4-pH 54% Tetrahydrobutylcarbazole (Car-4-H4)  

37% Butylcarbazole (Car-4)  
a
 Calculated based on the GC/MS analysis, as a percent area under the peak for a given component 

of the mixture in relation to summed areas of all components observed. 

 

Cytotoxicity, AChE inhibition and mutagenicity 

The summary of the results of cytotoxicity, acetylcholinesterase inhibition and 

mutagenicity tests  expressed as half-maximal effective/inhibitory concentrations 

(EC50/IC50)  is given in Table 3.4.4.  

The cytotoxicity tests using cell lines measure the so called basal cytotoxicity, i.e., 

the toxicity towards common functions and structures of cells. The magnitude of 

cytotoxic effects is often similar when tested in different cell lines, using different 

endpoints and exposure times, sometimes even across species.
36

 The EC50 values for 

all tested compounds in this test varied by four orders of magnitude and were within 

0.78 842 mg L
-1

 (Table 3.4.4). In the quinaldine-based LOHC system, the 

cytotoxicity towards the IPC-81 cells follows the trend: Quin- -2Me-pH > 

Quin-2Me-H10, yet the differences in EC50 values are rather small (Table 3.4.4). The 

exact EC50 for Quin-2Me-pH could not be fitted since only approximately 50% effect 

was achieved at the highest tested concentration therefore the EC50 was reported as 

approximately 480 mg L
-1

. The alkylcarbazoles showed generally larger spread in 

cytotoxicity between the three forms and were two to three orders of magnitude more 

toxic than the quinaldines. Among the alkylcarbazoles the highest EC50 (lowest 

cytotoxicity) was found for perhydrogenated forms where EC50 values were within 

59 72 mg L
-1

. All these values can be considered moderate when compared to a 

biocide carbendazim (EC50 10 mg L
-1

) used as positive control or common organic 



solvent ethanol (EC50 32 g L
-1

) on the other side of the toxicity spectrum.
37

  

 

Table 3.4.4. Results of IPC-81 cell line cytotoxicity, acetylcholinesterase (AChE) inhibition and 

mutagenicity (Salmonella typhimurium) test, EC50/IC50 with 2.5% and 97.5 % confidence intervals 

in the brackets are given in mg L
-1

. Same values in
 
μmol L

-1 
are given in SI Table S3.4.2. (Remark: 

The specific data for the test with Salmonella thypimurium has not yet been provided by the 

co-author and will be added before submission). 

Compound IPC-81 AChE 

EC50 and IC50 [mg L-1] 

(confidence interval) 

Quin-2Me 313 

(292 328) 

61 

(54 67) 

Quin-2Me-pH 480 

(n.d.) 

 

(n.d.) 

Quin-2Me-H10 842 

(734 990) 

90 

(80 104) 

Car-2 > 0.92
a 

n.d. 

Car-2-pH 9.1
b
 

(8.3 10.0) 

n.d. 

Car-2-H12 60 

(45 81) 

n.d. 

Car-3  > 0.24
a 

n.d. 

Car-3-pH 0.78
c
 

(0.68 0.87) 

n.d. 

Car-3-H12 72 

(62 85) 

n.d. 

Car-4 > 0.44
a 

n.d. 

Car-4-pH 0.85
d
 

(0.78 0.94) 

n.d. 

Car-4-H12 59 

(53 68) 

n.d. 

Positive control  10.0 (7.3 14.2)
e
 9.8 (9.2 10.5)

f
 

a 
Averaged maximum solubility in test medium. 

b 
Quantified as Car-2-H12 (Table 3.4.2 and 3.4.3). 

c 
Quantified as Car-3-H4 (Table 3.4.2 and 3.4.3). 

d 
Quantified as Car-4-H4 (Table 3.4.2 and 3.4.3). 

e 
Carbendazim. 

f 
Octylmethylimidazolium chloride. 

 

The partially hydrogenated alkylcarbazoles were one to two orders of magnitude 

more cytotoxic than their perhydrogenated counterparts and showed the following 

trend of toxicity Car-3- Car-4-pH > Car-2-pH with EC50 between 0.78 and 9.1 

mg L
-1

. The partially hydrogenated propyl- and butyl-substituted species turned out to 

be more toxic than the positive control, indicating generally high cytotoxicity. The 



EC50 for Car-2, Car-3, and Car-4 were not obtained since no effect at the highest 

tested concentration was observed due to very low medium solubility of these 

compounds.  

The enzyme AChE catalyses the hydrolysis of a neurotransmitter, acetylcholine, in 

the synaptic cleft of the nervous system. The structure of AChE is highly conservative 

among species; therefore AChE inhibition is often used in screening for neurotoxic 

potential of chemicals.
38

 The inhibitory potential of the quinaldines towards AChE 

was low ranging from 61 to approximately 147 mg L
-1

 especially when compared to 

the positive control 1-octyl-3-methylimidazolium chloride (IC50 = 9.8 mg L
-1

) or a 

known inhibitor of that enzyme  carbamate insecticide aldicarb (IC50 = 0.93 mg 

L
-1

).
38

 Again only approximate IC50 was obtained for Quin-2Me-pH (IC50 ~ 147 mg 

L
-1

). The inhibitory action of quinaldines puts them in the following sequence of 

toxicity: Quin-2Me > Quin-2Me-H10 > Quin-2Me-pH. 

 

(Remark: The following paragraph has not yet been commented and modified by the 

co-authors who have performed these tests). 

The in vitro bacterial mutagenicity test, so called Ames test, is often used as a first 

stage of screening to mutagenic potential of chemicals. From the regulatory 

perspective, a positive result of Ames test triggers further testing yet not necessarily 

indicates mutagenicity or carcinogenicity in vivo. We have not observed significant 

mutagenicity in the Ames test using Salmonella typhimurium strains TA100 and TA98 

with and without metabolic activation for any of the members of investigated LOHC 

systems. Nevertheless, more extensive testing including other Salmonella strains 

would be necessary. Eisentraeger et al.
39

 and Nagao et al.
40

 found that quinoline and 

several of its monomethylated derivatives were mutagenic with Salmonella 
typhimurium strains TA100 and TA98 but only after metabolic activation 

(2-methylquinoline was not tested). Debnath observed the mutagenic activity of 

quinoline and various substituted quinolines after S9 mix activation only in strains 

TA98.
24

 The 2-methylquinoline however was shown to be not mutagenic in 

Salmonella typhimurium41 43
 but mutagenic in Salmonella enterica subsp. enterica 

(umu test).
44

 It was also not toxic against the Salmonella bacterium up to the 

concentrations of 5 g L
-1

.
43

 2-methylquinoline was only weakly mutagenic under this 

conditions.
24

  

 

Aquatic ecotoxicity 

Aquatic organisms at different trophic levels including the luminescent marine 

bacterium, limnic green algae, aquatic plant and crustacean were used for 

investigating potential adverse effects towards aquatic organisms and effect 

concentrations were determined (Table 3.4.5).    

The luminescence inhibition with Vibrio fischeri is a fast, cost-effective frequently 



used test thanks to which a large amount of data for comparison is available. It is also 

the representative marine organism within our test battery. The EC50 values towards V. 
fischeri were one to two orders of magnitude lower for Quin-2Me and Quin-2Me-pH 

as compared to cytotoxicity and AChE inhibition tests. Additionally, there is a bigger 

variation between particular members of the LOHC system with more than one order 

of magnitude differences in their inhibitory activity. The potency order of 

Quin-2Me-pH > Quin-2Me >> Quin-2Me-H10 follows the order of log D values 

(Table 3.4.2). Not more than 40% luminescence inhibition was recorded for 

Quin-2Me-H10 at the highest attainable concentration therefore the EC50 was reported 

as higher than this concentration. Among the alkylcarbazoles, the EC50 values were 

calculated only for Car-2-pH and Car-3-pH and were within the same order of 

magnitude as for Quin-2Me-pH. Among all the other members of the 

alkylcarbazoles-based LOHC systems the H2-lean forms had very low solubility in the 

test medium (below 1 mg L
-1

) and H2-rich forms did not show any activity even at 

high concentrations (up to 431 457 mg L
-1

). Therefore, the EC50 values were reported 

as higher than the highest concentrations soluble in test media. 

 

Table 3.4.5. Results of acute aquatic ecotoxicity test with marine bacterium (Vibrio fischeri), 

green algae (Raphidocelis subcapitata), duckweed (Lemna minor) and water fleas (Daphnia 

magna). EC50 with 2.5% and 97.5 % confidence intervals in brackets are given in mg L
-1

. Same 

values in
 
μmol L

-1 
are given in SI Table S3.4.3. 

Compound Vibrio fischeri Raphidocelis 

subcapitata 

Lemna minor Daphnia 

magna 

EC50 values [mg L-1] (confidence interval) 

Quin-2Me 19 

(16 22) 

43 

(-) 

42 

(36 48) 

56 

(54 59) 

Quin-2Me-pH 7.4 

(6.2 8.9) 

17 

(14 20) 

51 

(46 59) 

2.7 

(2. 3.2) 

Quin-2Me-H10 > 306 52 

(50 55) 

~1000 155 

(120 191) 

Car-2 > 0.36
a
 n.d. > 0.65

a
 > 0.38

a
 

Car-2-pH 2.5
b
 

(2.0 2.82) 

n.d. n.d. n.d. 

Car-2-H12 > 431
a
 n.d. 258 

(254 263) 

60 

(50 76) 

Car-3 > 0.06
a
 n.d. > 0.40

a
 > 0.36

a
 

Car-3-pH 4.3
c
 

(3.8 4.8) 

n.d. n.d. n.d. 

Car-3-H12 > 440
a
 n.d. > 240 10.2 

(8.3 12.6) 

Car-4 > 0.03
a
 n.d. > 0.063

a
 > 0.16

a
 

Car-4-pH > 2.9
a,d

 n.d. n.d. n.d. 



Compound Vibrio fischeri Raphidocelis 

subcapitata 

Lemna minor Daphnia 

magna 

 EC50 values [mg L-1] (confidence interval) 

Car-4-H12 > 457
a
 n.d. 112 

(n.d.) 

9.6 

(7.7 11.8) 

Reference 

compound 

See below
e
 1.6

f 

(1.3 1.9) 

6.6
g 

(4.5 10.2) 

1.1
h
 

(0.96 1.17)
 

Diesel oil - 22 78
i
 - 13 210

i
 

a 
Averaged maximum solubility in test medium.

 b 
Quantified as Car-2-H12 (Table 3.4.2 and 3.4.3). 

c 
Quantified as Car-3-H4 (Table 3.4.2 and 3.4.3). 

d 
Quantified as Car-4-H4 (Table 3.4.2 and 3.4.3). 

e 
7.5% (w/w) NaCl (luminescence inhibition between 40 and 60% is expected). 

f 
3,5-dichlorophenol.

 

g 
Benzalkonium chloride.

 h 
Potassium dichromate.

 i 
American Petroleum Institute (API) for 

automotive diesel oil CAS 68334-30-5
45

. n.d.  not determined. 

 

The green algae are primary producers and therefore are very important link in the 

food chains in aquatic environments. Together with crustaceans, they are usually the 

most sensitive species in our test battery and in general. For that reason, these 

organisms are often used for regulatory purposes. The Raphidocelis supcapitata 

showed in this case sensitivity comparable with the other four organisms comprising 

the test battery. The EC50 values obtained in this test for quinaldines put them in the 

following order of toxic potency Quin-2Me-pH > Quin-2Me > Quin-2Me-H10 which 

again mirrors their log D (Table 3.4.3). The EC50 values indicate moderate toxicity in 

comparison to the positive control. Similar EC50 values were found for structural 

analogues of Quin-2Me quinoline, missing a methyl group, (EC50 = 60.9 mg L
-1

) and 

6-methylquinoline, differing in the position of methyl group, (EC50 = 33.2 mg L
-1

)
 

towards green algae Desmodesmus subcapitatus.
39

 

Lemna minor (duckweed) is a vascular aquatic plant. It was included in the test 

battery due to the relatively long duration (7 days) which can be treated as 

semi-chronic test. For Quin-2Me and Quin-2Me-pH the EC50 of 42 mg L
-1

 and 51 mg 

L
-1

 respectively were observed. H2-rich form was significantly less toxic than the 

other two with a much higher EC50 values of approximately 1000 mg L
-1

. None of the 

H2-lean forms of alkylcarbazoles elicited any significant growth inhibition in the test 

with L. minor yet the test concentrations were very low due to poor water solubility of 

these compounds. The Car-2-H12 had a relatively high EC50 value of 258 mg L
-1

. The 

exact EC50 of Car-3-H12 was not determined but approximately 50% growth rate 

inhibition was observed at the highest tested concentration of 240 mg L
-1

. Despite the 

fact that the butyl-homologue had lower medium solubility the full range of effects 

was observed and the EC50 was determined to be 112 mg L
-1

. This puts the 

compounds in the following order of toxicities Car-4-H12 > Car-3-H12 > Car-2-H12 

mirroring the hydrophobicity (log D). 

There were clear differences in the toxicity towards the water flea (Daphnia magna) 

for the three quinaldines. The EC50 of Quin-2Me was 56 mg L
-1

 so within the same 



order of magnitude as for all the other organisms within aquatic test battery (Table 

3.4.5) and somewhat higher than measured by Eisentraeger et al. for structurally 

similar quinoline and 6-methylquinoline (the with EC50 values equal 14.7 mg L
-1

 and 

8.6 mg L
-1 

respectively).
39

 The perhydrogented form turned out to be an order of 

magnitude less toxic (EC50 = 155 mg L
-1

). D. magna seems to be particularly sensitive 

to the partially hydrogenated quinaldine, as was V. fischeri, with an EC50 of only 2.7 

mg L
-1

. Perhydro-alkylcarbazoles were moderately to considerably toxic towards 

water flea with toxicity increasing with the length of the alkyl substituent and EC50 

values between 9.6 and 60 mg L
-1 

which follows the log D values (Table 3.4.3). No 

effects were observed for H2-lean molecules due to their limited solubility in the test 

medium. 

 

Range of toxicity and preliminary insight into the mechanism of toxic action 

The cytotoxicity of the quinaldines was rather low showing that the IPC-81 cell line 

was generally less sensitive than the aquatic organisms. The fully or partially 

hydrogenated alkylcarbazoles showed up to three orders of magnitude higher 

cytotoxicity than any of the quinaldines. The partially hydrogenated samples turned 

out to be particularly toxic with EC50 values close to or below 1 mg L
-1

. 

The following trends in toxicity were observed in the test battery. In the aquatic 

ecotoxicity tests for the quinaldine-based LOHC system, the partially hydrogenated 

sample was usually the most toxic. The V. fischeri and D. magna seem to be 

particularly sensitive to this compound with the EC50 of only 4.7 and 2.7 mg L
-1 

respectively. Based on the V. fischeri test the partially hydrogenated samples were 

also the most toxic forms of alkylcarbazoles-based LOHC systems which additionally 

showed highest toxicity within the entire test set. The H2-rich species were usually the 

least toxic. The perhydrogenated alkylcarbazoles were more toxic than 

perhydro-quinaldine (based on D. magna and L. minor tests). The H2-lean species of 

alkylcarbazoles-based LOHC systems where very poorly soluble in test media and did 

not elicit any observable effects in any of the tests. Testing of partially hydrogenated 

samples shows that the hazard might be higher than expected from testing of pure 

H2-rich and H2-lean LOHC chemicals. This is especially important for 

alkylcarbazoles where it is probable that partially hydrogenated species will be 

intentionally used. In such case probably more detailed tests are needed to resolve the 

toxicity of each particular partially hydrogenated form.  

The order of the toxicity generally follows the order of hydrophobicity suggesting 

rather baseline toxicity than specific mode of toxic action. All LOHC chemicals tested 

here are organic bases. The H2-rich species have predicted dissociation constants (pkb) 

above pH 10 and are therefore positively charged in all test media. As the result the 

log D (which takes ionisation into account) is significantly lower than log  

(which only considers the neutral species). Consequently, the H2-rich LOHC 

compounds are the least hydrophobic and were therefore least toxic. In case of 

quinaldines the partially hydrogenated species has the highest hydrophobicity which 



is also in line with highest toxicity of this compound (ref. to the manuscript in 
subchapter 3.2). The situation is more complicated in case of the partially 

hydrogenated samples of alkylcarbazoles which are actually mixtures of several 

compounds at different levels of hydrogenation often including (H2-rich and -lean 

species). Thanks to the method of solution preparation, each of these forms is 

theoretically expected to be present at its maximum water solubility at the beginning 

of the test. The combined action of such a mixture elicits stronger effects than single 

H2-lean and H2-rich compounds. 

Inhibition of the AChE was the only test system which showed different trend in 

toxic potency of quinaldines which does not follow the order of hydrophobicity as 

indicated by log D (Table 3.4.2). The Quin-2Me-H10, being considerably less toxic in 

most of the aquatic tests, showed higher AChE inhibition potential than Quin-2Me-pH, 

which was in turn usually most toxic. This can be explained by the specific interaction 

of quaternary nitrogen in the structure of Quin-2Me-H10 with the active site of AChE. 

The potent AChE inhibitors often possess positively charged nitrogen in their 

structure which allows them to interact more with the active site of the AChE. This 

was shown for quinolinium cations possessing a positive charge, which were 

inhibiting AChE much more than it could be explained based solely on their 

lipophilicity.
38

 Even though Quin-2Me-H10 is less hydrophobic its pkb value is much 

higher than that of the other two forms (Table 3.4.2). Under test pH it carries a 

positive charge on the nitrogen whereas the two other forms are uncharged. 

No toxicity up to the solubility limit is stated when there is a lack of observable 

toxic effect for poorly water-soluble compounds (like in the case of H2-lean 

alkylcarbazoles) according to the so called -

on the belief that highly hydrophobic compounds do not dissolve well enough to 

cause toxic effects.
46

 It was shown however, that even very hydrophobic substances 

can exert aquatic toxicity and they definitely can contribute to the toxicity when 

present in mixtures.
47

 -

including kinetic aspects (too short duration of standard aquatic tests), fast excretion 

or metabolisation of test chemicals or poorly controlled exposure.  

Due to high hydrophobicity of H2-lean and partially hydrogenated alkylcarbazoles 

(see Table 3.4.2) we were expecting that the exposure concentration might decrease 

especially in the longer test i.e., IPC-81, Daphnia magna (both 48h long) and Lemna 
minor (7 days). In the latter two test systems the volume of the test solution was large 

enough to measure the concentration of the H2-lean compounds at the end of the test 

would it remain within +/-20%. Nevertheless, in all L. minor tests the concentration at 

the end of the test fell below the limit of quantification (below 1% of initial 

concentration). The losses were lower in Daphnia magna test, probably as a combined 

effect of shorter duration, lower temperature and lack of illumination, yet still 

remained above 40%. Unstable exposure, i.e., test concentration changing by more 

than 20 %, precludes making meaningful quantitative conclusions since the effect or 

the lack of thereof cannot be clearly assigned to the starting concentration. Yet the 

confirmation of the exposure stability is not always performed or is sometimes 



impossible due to analytic limitations leading to underestimation of toxicity. In such 

cases, strategies that limit the fluctuations of exposure (e.g., use of passive dosing or 

medium renewal) should be used to confirm the result. These are however time 

consuming and were outside of scope of our preliminary assessment. As a result, the 

lack of toxic effects observed for H2-lean forms of alkylcarbazoles cannot be treated 

as an explicit proof of inherent lack of toxicity. In the assessment for regulatory 

purposes however, such results are used due to lack of data. As an example, Car-2 was 

assigned to chronic aquatic toxicity category 2 within REACH (European Union, the 

Registration, Evaluation, Authorisation and Restriction of Chemicals regulation) 

based on an aquatic exposure fish test conducted in the concentration range of 1 500 

mg L
-1

 even though it is not soluble in such high concentrations.  

 

Biodegradability 

Biodegradability of all three forms of quinaldines as well as H2-rich and H2-lean 

alkylcarbazoles was tested according to manometric respirometry procedure.
35

 Only 

Quin-2Me was biodegradable in this test system (Figure 3.4.2). Neither of the 

remaining chemicals caused any oxygen consumption in the manometric system and 

therefore no degradation was measured (results not shown). In four out of six 

replicates, Quin-2Me actually fulfilled the criterion of ready degradability (at least 60% 

degradation within 10 days window).
35

 In those cases a lag phase of four to nine days 

is followed by rapid degradation. One of the replicates did not show any appreciable 

degradation even though the validity criteria were fulfilled.
35

 These differences are a 

natural consequence of variability in composition of microbial inoculum. 

Nevertheless, the extent of degradation was generally high confirming that Quin-2Me 

is degradable.  

 

 

Figure 3.4.2. Ultimate biodegradation of Quin-2Me, ten replicates tested in five independent tests 

 According to ECHA, details are available from http://echa.europe.eu/. 



are shown in different colours. 

The degradation of methylquinolines under aerobic conditions is much faster than 

degradation under denitrifying conditions, which often does not occur or proceeds 

slower and is incomplete.
48,49

 The degradation pathway of methylquinolines under 

aerobic conditions often begins with hydroxylation of carbon atom adjacent to 

nitrogen.
50

 This is however not possible in case of 2-methylquinoline (quinaldine) 

studied here since this position is occupied by the methyl group.
48,51

 In this case 

hydroxylation in position 4 usually occurs leaving 2-methyl-4(1H)quinolinone.
49,52,53

 

Direct oxidation of the methyl group was also reported by Dembek et al. leading to 

the formation of quinaldinic acid and further oxidation.
54

 After initial hydroxylation 

further degradation usually proceeds through the dioxygenolytic cleavage of benzene 

ring
55

 even though an interesting pathway that proceeds through cleavage of pyridine 

ring and release of carbon monoxide molecule was observed.
52,53

 These results 

combined with our findings suggest that Quin-2Me will be degraded rather quickly 

and to high extent. Interestingly tetrahydro-2-methylquinoline (Quin-2Me-pH)  one 

of our compounds of interest  was detected as one of main degradation products of 

2-methylquinoline. Quin-2Me-pH was initially accumulated in the degradation batch 

but was also later degraded to some extent suggesting higher resistance to degradation 

but not persistence.
49

 The fact that the conditions used in our work were far less 

conducive than in the test of Wang (lower biomass, lack of adaptation or active 

aeration) allows us to suspect that Quin-2Me-pH is indeed not recalcitrant even if it 

did not show any appreciable degradability in our tests. Cyclic alkanes like 

Quin-2Me-H10 are usually more resistant towards biodegradation than their linear 

equivalents but the presence of alkyl substituent on cycloalkane ring facilitates 

biodegradation.
56

 It was also shown that cycloalkanes can be co-metabolised i.e., 

degraded in the presence of other compounds serving as sources of energy due to the 

low substrate specificity of enzymes responsible for degradation.
57 59

 Therefore, 

degradability of partially or fully hydrogenated equivalents will be slower and further 

research under more favourable conditions is necessary to exclude possibility of 

environmental persistence. 

We found no data for degradation of any of the members of alkylcarbazole LOHC 

systems in standard biodegradation tests. A simpler homologue carbazole is rather 

recalcitrant but can be degraded by adapted microbial species/communities.
60

 

 

Preliminary hazard assessment 

To put the results presented here in a bigger picture we have made a comparison of 

environmental hazard assessment of the four LOHC systems with diesel oil using 

thresholds of Globally Harmonised System for Labelling of Chemicals (GHS) as a 

guideline (Table 3.4.6). The GHS system is a widely adopted yet voluntary system 

developed to assure clear communication of hazard associated with usage of 

chemicals. Additionally, many countries have their own regulatory authorities that 

have the power to restrict usage of chemicals if the hazard associated with them is 



deemed unacceptable. In European Union, the Registration, Evaluation, Authorisation 

and Restriction of Chemicals (REACH) regulation lays out the rules of hazard 

management. The GHS entails three categories of acute aquatic toxicity. Substances 

are assigned to categories based on EC50 values obtained in acute test with green algae 

and/or aquatic plants (often Lemna minor) and/or crustacean and/or fish. The ranges 

for each category are shown at the bottom of Table 3.4.6 with their respective colour 

code. If data on more than one organism are available, the most sensitive one is used 

to assign the compound to the category. For the cases where ecotoxicity was lower 

labelling. In the absence of chronic toxicity data the REACH legislation set a 

screening threshold on toxicity towards aquatic organisms (including algae, 

crustaceans and fish) at EC50 
-1

 to identify toxic substances. 

 

Table 3.4.6. A colour-coded simulation of hazard classification of LOHC systems and diesel oil 

including toxicity (T) and persistence (P). 

 

* Biodegradability tested according to OECD 301 ready biodegradability procedure. 

 

For the LOHCs tested here, Daphnia magna is often the most sensitive species 

(Table 3.4.6

The Quin-2Me-pH is close to the threshold of the GHS 

Quin-2Me-pH is not a deliberately introduced component of the LOHC system but 

could be perceived as an impurity that can be present in rather low amount as a result 

of unintentional incomplete dehydrogenation. Moreover, based on our results, none of 

the LOHC chemicals would need to be labelled toxic according to REACH screening 



criteria though some members, especially of alkylcarbazole, LOHC systems would 

probably need to be tested in more detail. For all H2-lean forms of alkylcarbazoles no 

EC50 was observed in aquatic test systems yet due to considerable differences between 

nominal and real exposure concentration we have decided that the amount of data is 

not sufficient to assign them to any T category. Quin-2Me was shown to be 

biodegradable when tested according to ready biodegradability OECD 301F test 

procedure. Other LOHC chemicals did not show appreciable levels of biodegradation 

therefore their persistence cannot be excluded. They were marked as potentially 

persistent and require more testing for definite classification. Among the LOHC 

chemicals for which we gathered enough data to make the assessment only the 

Quin-2Me-pH and Car-4-H12 showed toxicity comparable to diesel oil, whereas 

H2-lean and H2-rich quinaldine as well as H2-rich ethyl- and butylcarbazoles showed 

lower toxicity. In terms of biodegradability only Quin-2Me was readily biodegradable 

as was diesel oil. All other LOHC chemicals seem to be less degradable and 

potentially persistent.  

 

Comparison with fossil fuels 

To be considered greener alterative in terms of environmental hazard the LOHC 

systems should be at least not worse than the fossil fuels they are meant to replace. 

Surprisingly little scientific data are available regarding environmental toxicity of 

fossil fuels probably due to their complex variable composition and poor water 

solubility, making testing difficult. The EC50 (48h) of automotive diesel oil towards 

Daphnia magna and Raphidocelis subcapitata were reported to be within 13 210 mg 

L
-1

 and 22 78 mg L
-1 

based on water accommodated fraction (Table 3.4.5)
45

. The 

water accommodated fraction (WAF) is often used in testing poorly water soluble 

compounds especially mixtures of unknown composition. WAF is obtained for water 

or medium at equilibrium with certain amount (loading) of poorly soluble substance 

and thus it not necessarily represents the truly dissolved amount. The toxicity of 

quinaldine LOHC system towards green algae and crustaceans is comparable to that 

of diesel oil apart from partially hydrogenated form. The EC50 values of 

perhydro-propyl and especially perhydro-butylcarbazole towards Daphnia magna are 

considerably lower than the EC50 of diesel oil, meaning higher toxicity of these LOHC 

systems. In regard to potential persistence fossil fuels are generally biodegradable to 

high extent
61

 and seem to be better than LOHCs.  

Apart from environmental hazard, there are also physicochemical hazards 

associated with chemicals related to their e.g., explosive, oxidising, flammable etc. 

properties. All LOHC discussed here are less volatile than diesel oil therefore posing 

lesser danger of fire or explosion. Since LOHC chemicals have less complex 

composition much lower batch-to-batch variability in composition is expected than in 

case of diesel fuel. This also means that uncertainty of the evaluation is lower. On the 

other hand, the fact that LOHC chemicals are recycled brings up the issue of carrier 

degradation.  



Conclusions 

Within the suggested proactive, comparative environmental impact assessment of 

LOHC systems a preliminary evaluation of four potential LOHC systems was made. 

Low to moderate (eco)toxicity was observed for LOHC system based on quinaldine. 

High biodegradability (> 60%) was observed for Quin-2Me, whereas no significant 

degradation occurred for Quin-2Me-pH and Quin-2Me-H10. This was accompanied 

by low cytotoxicity, moderate AChE inhibition and lack of mutagenicity for all 

quinaldines tested. No EC50 value was observed in any of the test systems for H2-lean 

forms of alkylcarbazoles prohibiting hazard classification and indicating the need for 

more advanced testing. The H2-rich forms showed moderate ecotoxicity that was 

generally higher than quinaldines. High cytotoxicity was observed for partially 

hydrogenated alkylcarbazoles with the toxic effect increasing with the chain length. 

The perhydrogenated alkylcarbazoles showed moderate cytotoxicity which was again 

higher than in the case of quinaldines. None of tested alkylcarbazoles was 

biodegradable. The lack of observable biodegradation does not necessarily mean that 

these LOHC chemicals are persistent but that additional tests under less stringent 

conditions than the ready biodegradability test, e.g., with higher density of 

(pre-adapted) microbial inoculum or addition of another source of carbon, are needed. 

Nevertheless, the degradation timeframe will most definitely be longer than for 

Quin-2Me or diesel oil.  

Based on results presented above, quinaldine-based LOHC system can be 

considered not worse than currently available energy system based on fossil fuels in 

terms of (eco)toxicity. Nevertheless, the fact that H2-rich form did not undergo 

biodegradation raises concerns of potential persistence, which is a rather significant 

drawback. The LOHC systems based on alkylcarbazoles are generally more toxic and 

less biodegradable. Additionally considerable hydrophobicity of H2-lean and partially 

hydrogenated forms of alkylcarbazoles (log D 3.6 4.8) indicates they might be 

bioaccumulative. Undeniable benefits come from the fact that LOHC energy systems 

operate on renewable energies (even though they can be implemented also using 

conventional energy sources). Additionally, some of the physicochemical properties of 

LOHCs are more favourable in the context of safety of handling and transportation 

e.g., higher boiling points mean less loss due to evaporation, lower flammability and 

inhalatory exposure to vapours. Based on results gathered here the quinaldine-based 

LOHC system seems to exhibit environmental hazard to some degree higher that e.g., 

automotive diesel oil on account of potential persistence of H2-rich form. 

Alkylcarbazole based LOHC systems tested here pose higher hazard that both 

quinaldine-based LOHC system and diesel oil due to resistance to biodegradation of 

all forms and considerable (eco)toxicity of especially partially hydrogenated forms. 

 

Acknowledgements 

The authors thank Ms Ulrike Bottin-Weber and Ms Alica Rother for conducting the 



ecotoxicity tests and GC analysis. We would also like to acknowledge the financial 

support of Universität Bremen and the European Union FP7 COFUND within Marie 

Curie Actions BremenTrac Program (grant agreement No.600411) and M8 

Postoc-Initiatve PLUS, funded by the German Excellence Initiative. 

 

References 

(1) M. S. Dresselhaus and I. L. Thomas, Nature, 2001, 414. 

(2) European Comission, A Roadmap for moving to a competitive low carbon economy in 

2050, 2011. 

(3) S. Satyapal, J. Petrovic, C. Read, G. Thomas and G. Ordaz, Catal. Today, 2007, 120, 246

256. 

(4) S. Dutta, J. Ind. Eng. Chem., 2014, 20, 1148 1156. 

(5) A. Züttel, A. Remhof, A. Borgschulte and O. Friedrichs, Philos. Trans. A. Math. Phys. Eng. 

Sci., 2010, 368, 3329 42. 

(6) M. Markiewicz, Y. Q. Zhang, A. Bösmann, N. Brückner, J. Thöming, P. Wasserscheid and 

S. Stolte, Energy Environ. Sci., 2015, 8, 1035 1045. 

(7) A. A. Ismail and D. W. Bahnemann, Sol. Energy Mater. Sol. Cells, 2014, 128, 85 101. 

(8) D. J. Durbin and C. Malardier-Jugroot, Int. J. Hydrogen Energy, 2013, 38, 14595 14617. 

(9) U. Eberle, M. Felderhoff and F. Schüth, Angew. Chemie Int. Ed., 2009, 48, 6608 6630. 

(10) L. Schlapbach and A. Züttel, Nature, 2001, 414, 353 358. 

(11) A. C. Cooper, K. M. Campbell and G. P. Pez, 16th World Hydrog. Energy Conf., 2006, 3. 

(12) Air Products and Chemicals Inc., 2006, US 7101530. 

(13) D. Teichmann, W. Arlt, P. Wasserscheid and R. Freymann, Energy Environmnetal Sci., 

2011, 4, 2767 2773. 

(14) K. Stark, P. Keil, S. Schug, K. Müller, P. Wasserscheid and W. Arlt, J. Chem. Eng. Data, 

2016, 61, 1441 1448. 

(15) C. Papp, P. Wasserscheid, J. Libuda and H. P. Steinrück, Chem. Rec., 2014, 14, 879 896. 

(16) N. Brückner, K. Obesser, A. Bösmann, D. Teichmann, W. Arlt, J. Dungs and P. 

Wasserscheid, ChemSusChem, 2013, 7, 229 235. 

(17) T. He, Q. Pei and P. Chen, J. Energy Chem., 2015, 24, 587 594. 

(18) S. Mekhilef, R. Saidur and A. Safari, Renew. Sustain. Energy Rev., 2012, 16, 981 989. 

(19) N. T. Brückner, PhD thesis, 2015, 206. 

(20) D. Teichmann, K. Stark, K. Müller, G. Zöttl, P. Wasserscheid and W. Arlt, Energy Environ. 

Sci., 2012, 5, 9044 9054. 

(21) P. Preuster, C. Papp and P. Wasserscheid, Acc. Chem. Res., 2017, 50, 74 85. 

(22) BP, BP Statistical Review of World Energy About this review Contents, 2016. 

(23) P. T. Anastas and J. C. Warner, Green Chemistry, Theory and Practice , Oxford University 

Press, 2000. 

(24) A. K. Debnath, R. L. Lopez de Compadre and C. Hansch, Mutat. Res. Toxicol., 1992, 280, 

55 65. 

(25) A. Albert, R. Goldacre and J. Phillips, J. Chem. Soc., 1948, 2240. 

(26) European Chemical Agency, registration dossier (ethylcarbazole), http://echa.europa.eu/, . 

(27) G. Collin and H. Höke, in , Wiley-VCH 



Verlag GmbH & Co. KGaA, Weinheim, Germany, 2000. 

(28) Globally Harmonized System of Classification and Labelling of Chemicals (GHS): Fourth 

Revised Edition, 2011. 

(29) R. Pahlman and O. Pelkonen, Carcinogenesis, 1987, 8, 773 778. 

(30) OECD, Guidelines for testing of chemicals 105: Water solubility, 1995. 

(31) J. Ranke, K. Mölter, F. Stock, U. Bottin-Weber, J. Poczobutt, J. Hoffmann, B. Ondruschka, 

J. Filser and B. Jastorff, Ecotoxicol. Environ. Saf., 2004, 58, 396 404. 

(32) F. Stock, J. Hoffmann, J. Ranke, R. Störmann, B. Ondruschka and B. Jastorff, Green 

Chem., 2004, 6, 286 290. 

(33) OECD, Guidelines for the Testing of Chemicals 221: Lemna sp. Growth Inhabition Test, . 

(34) OECD, Guidelines for the Testing of Chemicals, 201: Freshwater Alga and Cyanobacteria, 

Growth Inhibition Test, . 

(35) OECD, Guidelines for testing of chemicals 301: Ready Biodegradability, 1992. 

(36) C. Clemedson and B. Ekwall, Toxicol. Vitr., 1999, 13, 657 663. 

(37) S. Stolte, J. Arning, U. Bottin-Weber, A. Müller, W.-R. Pitner, U. Welz-Biermann, B. 

Jastorff and J. Ranke, Green Chem., 2007, 9, 760 767. 

(38) J. Arning, S. Stolte, A. Böschen, F. Stock, W.-R. Pitner, U. Welz-Biermann, B. Jastorff and 

J. Ranke, Green Chem., 2008, 10, 47. 

(39) A. Eisentraeger, C. Brinkmann, H. Hollert, A. Sagner, A. Tiehm and J. Neuwoehner, 

Environ. Technol. Chem., 2008, 27, 1590 1596. 

(40) M. Nagao, T. Yahagi, Y. Seino, T. Sugimura and N. Ito, Mutat. Res. Mol. Mech. Mutagen., 

1977, 42, 335 341. 

(41) D. A. Kaden, R. A. Hites and W. G. Thilly, CANCER Res., 1979, 39, 4152 4159. 

(42) E. J. La Voie, J. Defauw, M. Fealy, B. M. Way and C. A. McQueen, Carcinogenesis, 1991, 

12, 217 220. 

(43) P. Bowden, K.-T. Chung and A. W. Andrews, J. Natl. Cancer Inst., 1976, 57, 921 924. 

(44) C. Brinkmann and A. Eisentraeger, Environ. Sci. Pollut. Res. Int., 2008, 15, 211 217. 

(45) The American Petroleum Institute Petroleum HPV Testing Group, 2012, 1 152. 

(46) H. Könemann, Toxicology, 1981, 19, 209 221. 

(47) P. Mayer and F. Reichenberg, Environ. Toxicol. Chem., 2006, 25, 2639 2644. 

(48) J. Aislabie, A. K. Bej, H. Hurst, S. Rothenburger and R. M. Atlas, Appl. Environ. 

Microbiol., 1990, 56, 345 51. 

(49) L. Wang, Y. Li and D. Yang, Process Biochem., 2010, 45, 919 928. 

(50) J.-P. Kaiser, Y. Feng and J.-M. Bollag, Microbilogical Rev., 1996, 60, 483 498. 

(51) S. S. Johansen, D. Licht, E. Arvin, H. Mosbæk and A. B. Hansen, Appl. Microbiol. 

Biotechnol., 1997, 47, 292 300. 

(52) H.-K. Hund, A. de Beyer and F. Lingens, Biol. Chem. Hoppe. Seyler., 1990, 371, 1005

1008. 

(53) I. Bauer, A. de Beyer, B. Tshisuaka, S. Fetzner and F. Lingens, FEMS Microbiol. Lett., 

1994, 117, 299 304. 

(54) G. Dembek, T. Rommel, F. Lingens and H. Höke, FEBS Lett., 1989, 246, 113 116. 

(55) S. Fetzner, Appl. Microbiol. Biotechnol., 1998, 49, 237 250. 

(56) W. Fritsche and H. Martin, in Biotechnology, Environmnetalprocesses II, eds. H.-J. Rehm 

and G. Reed, Wiley-VCH Verlag GmbH, Weinheim, Germany, 2000, vol. 14, pp. 146 164. 



(57) S. H. Ko and J. M. Lebeault, J. Appl. Microbiol., 1999, 87, 72 79. 

(58) J. J. Perry, Microbiol. Rev., 1979, 43, (59-72). 

(59) H. W. Beam and J. J. Perry, Arch. Mikrobiol., 1973, 91, 87 90. 

(60) C. Zhao, Y. Zhang, X. Li, D. Wen and X. Tang, J. Hazard. Mater., 2011, 190, 253 259. 

(61) R. Marchal, S. Penet, F. Solano-Serena and J. P. Vandecasteele, Oil Gas Sci. Technol.  Rev. 

IFP, 2003, 58, 441 448. 

  

 

Supporting Information 

 

Table S3.4.1. Details of the analytical methods for the quantification of LOHC chemicals using 

GC/MS.  

Abbreviation of LOHC Rt  
[min] 

LOD/LOQ 
[mg L-1] 

Structure m/z* 

Quin-2Me 4.02 0.08/0.23 

 

143 

Quin-2Me-pH 4.32 0.08/0.24 

 

147 

Quin-2Me-H10 3.14 0.32/0.96 

 

153 

Car-2 5.85 0.04/0.11 

 

180, 195 

Car-2-pH 4.58 (69.8%) 0.50/1.49 

 

164, 192, 207 

5.81 (12.13%) - 

 

171, 199 

Car-2-H12 4.58 0.13/0.39 

 

164, 192, 207 

     

     



Abbreviation of LOHC Rt  
[min] 

LOD/LOQ 
[mg L-1] 

Structure m/z* 

Car-3 6.09 0.04/0.13 

 

180, 209 

Car-3-pH 4.92 (6.56 %) - 

 

178, 192, 221 

5.74 (6.79%) - 

 

188, 217 

5.81 (5.24%) - 

 

171, 186, 199, 215 

6.06 (54.23%) 0.66/1.97 

 

184, 213 

6.09 (11.02%) - 

 

180, 209 

Car-3-H12 4.92 0.76/2.27 

 

178, 192, 221 

Car-4 6.38 0.04/0.12 

 

180, 223 

Car-4-pH 6.32 (53.6%) 0.54/1.63 

 

184, 227 

     

     



Abbreviation of LOHC Rt  
[min] 

LOD/LOQ 
[mg L-1] 

Structure m/z* 

Car-4-pH 6.38 (37.3%) - 

 

180, 223 

Car-4-H12 5.28 0.70/2.09 

 

192, 235 

PHE (internal standard) 5.65 0.34/1.01 - 178 

* Base ion (the most abundant ion in the spectrum) is marked in bold, structures are structures of 

corresponding molecular ions. 

 

Table S3.4.2. Results of IPC-81 cell line cytotoxicity, acetylcholinesterase (AChE) inhibition and 

mutagenicity (Salmonella typhimurium) test, EC50 in μmol L
-1

 and mg L
-1

 with 2.5% and 97.5 % 

confidence intervals are given. (Remark: The specific data for the test with Salmonella 

thypimurium has not yet been provided by the co-author and will be added before submission). 

Compound IPC-81 AChE 

μmol L-1 mg L-1 μmol L-1 mg L-1 

Quin-2Me 2188 

(2042 2291) 

313 

(292 328) 

427 

(380 468) 

61 

(54 67) 

Quin-2Me-pH  

(n.d.) 

 

(n.d.) 

 

(n.d.) 

 

(n.d.) 

Quin-2Me-H10 5495 

(4786 6457) 

842 

(734 990) 

589 

(525 676) 

90 

(80 104) 

Car-2 > 4.7
a
 > 0.92

a 
n.d. n.d. 

Car-2-pH n.a. 9.1
b
 

(8.3 10.0) 

n.d. n.d. 

Car-2-H12 291 

(215 392) 

60 

(45 81) 

n.d. n.d. 

Car-3  > 1.14
a
 > 0.24

a 
n.d. n.d. 

Car-3-pH n.a. 0.78
c
 

(0.68 0.87) 

n.d. n.d. 

Car-3-H12 327 

(280 385) 

72 

(62 85) 

n.d. n.d. 

Car-4 > 1.97
a
 > 0.44

a 
n.d. n.d. 

Car-4-pH n.a. 
0.85

d
 

(0.78  0.94) 

n.d. n.d. 

     



Compound IPC-81 AChE 

 μmol L-1 mg L-1 μmol L-1 mg L-1 

Car-4-H12 251 

(223 288) 

59 

(53 68) 

n.d. n.d. 

Positive control  53  

(38 74)
e
 

10.0  

(7.3 14.2)
e
 

43  

(40-46)
f
 

9.8  

(9.2 10.5)
f
 

a 
Averaged maximum solubility in test medium. 

b 
Quantified as Car-2-H12 (Table 3.4.2). 

c 

Quantified as Car-3-H4 (Table 3.4.2). 
d 

Quantified as Car-4-H4 (Table 3.4.2). 
e 

Carbendazim. 
f 

Octylmethylimidazolium chloride. 

 

Table S3.4.3. Results of acute aquatic ecotoxicity test with green algae (Raphidocelis subcapitata), 

duckweed (Lemna minor) and water flea (Daphnia magna). EC50 in μmol L
-1

 and mg L
-1

 with 2.5% 

and 97.5 % confidence intervals are given. 

Compound Vibrio fischeri Raphidocelis 

subcapitata 

Lemna minor Daphnia magna 

μmol L-1 mg L-1 μmol L-1 mg L-1 μmol L-1 mg L-1 μmol L-1 mg L-1 

Quin-2Me 133 

(113

156) 

19 

(16 22) 

301 

(-) 

43 

(-) 

291 

(254

334) 

42 

(36

48) 

393 

(375

411) 

56 

(54

59) 

Quin-2Me-pH 50 

(42

61) 

7.4 

(6.2

8.9) 

118 

(98

137) 

17 

(14

20) 

348 

(303

400) 

51 

(46

59) 

18 

(16 22) 

2.7 

(2.3

3.2) 

Quin-2Me-H10 > 1998 > 306 339 

(323

355) 

52 

(50

55) 

~6524 ~1000 1011 

(784

1243) 

155 

(120  

191) 

Car-2 > 1.8
a
 > 0.36

a
 n.d. n.d. > 3.33

 a
 > 0.65

a
 > 1.96

 a
 > 0.38

a
 

Car-2-pH n.a. 2.5
b
 

(2.09

2.82) 

n.d. n.d. n.d. n.d. n.d. n.d. 

Car-2-H12 > 2079
a
 > 431

a
 n.d. n.d. 1242 

(1225

1266) 

258 

(254

263) 

291 

(242

366) 

60 

(50

76) 

Car-3 > 0.29
a
 > 0.06

a
 n.d. n.d. > 1.89

 a
 > 0.40

a
 > 1.72

 a
 > 0.36

a
 

Car-3-pH n.a. 4.3
c
 

(3.8

4.8) 

n.d. n.d. n.d. n.d. n.d. n.d. 

Car-3-H12 > 1987 > 440
a
 n.d. n.d. > 1084 > 240 46 

(38 57) 

10.2 

(8.3

12.6) 

Car-4 > 0.15
a
 > 0.03

a
 n.d. n.d. > 0.56

 a
 > 

0.063
a
 

> 0.72
a
 > 0.16

a
 

         



Compound Vibrio fischeri Raphidocelis 

subcapitata 

Lemna minor Daphnia magna 

μmol L-1 mg L-1 μmol L-1 mg L-1 μmol L-1 mg L-1 μmol L-1 mg L-1 

Car-4-pH n.a. > 2.9
a,d

 n.d. n.d. n.d. n.d. n.d. n.d. 

Car-4-H12 > 1945
a
 > 457

a
 n.d. n.d. 478 

(n.d.) 

112 

(n.d.) 

41 

(32 50) 

9.6 

(7.7

11.8) 

Reference 

compound 

See 

below
e 

See 

below
e
 

9.9
f 

(7.9

11.8) 

1.6
f 

(1.3

1.9) 

17
g
 

(12 26)
c 

6.6
g 

(4.5

10.2) 

3.6
h
 

(3.2

4.0)
 

1.1
h
 

(0.96

1.17)
 

Diesel oil - - - 22

78
i
 

- - - 13

210
i
 

a 
Averaged maximum solubility in test medium.

 b 
Quantified as Car-2-H12 (Table 3.4.2). 

c 

Quantified as Car-3-H4 (Table 3.4.2). 
d 
Quantified as Car-4-H4 (Table 3.4.2). 

e 
7.5% (w/w) NaCl 

(luminescence inhibition between 40 and 60% is expected). 
f 
3,5-dichlorophenol.

 g 
Benzalkonium 

chloride.
 h 

Potassium dichromate.
 i 

American Petroleum Institute (API) for automotive diesel oil 

CAS 68334-30-5
45

. n.d.  not determined. n.a.  not applicable, the value can not be calculated 

because substance is a mixture. 

 

 

 



 





 

 



 





 







 



 



 







 



 

 

 



 



 









 

 









 



 



 



 

 

 



 

 





 







 

 



 

 

 

 





 







































 



 








