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ARTICLE INFO ABSTRACT

Keywords: Liquid organic hydrogen carriers (LOHCs) offer a promising option for hydrogen logistics, as they use the existing
LOHC distribution system for liquid energy carriers to transport hydrogen in chemically bound form. Compared to other
Benzyltoluene technologies, LOHC systems are most competitive when hydrogen needs to be stored for extended periods of time
iirt};i?;g;:;lzylmluene or transported over longer distances. This means that the LOHC material spends most of its time in storage tanks
Degradation or transport containers, while the time share under hydrogenation/dehydrogenation conditions is comparatively
Regeneration short. Although there are numerous studies that have investigated the stability of LOHC compounds under the

conditions of catalytic hydrogenation/dehydrogenation reactions, there has been a lack of detailed investigations
into the storage stability of these hydrogen storage compounds. With this article, we aim to close this gap for the
specific example of the LOHC system benzyltoluene (HO-BT)/perhydro benzyltoluene (H12-BT), which has
attracted considerable industrial interest in recent years. Specifically, we investigate the stability of this system
against oxidation in the presence of air and determine the most relevant oxidation products. It turns out that HO-
BT is more susceptible to oxidation than H12-BT. Low temperatures reduce the likelihood of oxidation upon
contact with air while the presence of sunlight enhances the formation of oxidation products. Replacing air
contact with a nitrogen atmosphere prevents any alteration of the stored LOHC material, even at elevated storage
temperatures. All oxidation products from storage in air can be regenerated in the subsequent hydrogenation
process, with these impurities having only a minor impact on the performance of the hydrogenation catalyst.

1. Introduction

Hydrogen plays a key role in the transition of our current fossil-based
energy system to a fully renewable-based one for the future. Safe and
cost-efficient storage and transport of hydrogen is a key element for
making such transition economically successful. In its elemental form
hydrogen storage and transportation is challenging due to its low
volumetric storage density (even in pressurized form) and its wide ex-
plosion range. The liquid organic hydrogen carrier (LOHC) technology
offers a promising solution. Herein, hydrogen is handled chemically
bound to a liquid. The fuel-like nature of hydrogen-rich and hydrogen-
lean LOHC compounds enable the further utilization of the storage
and transportation infrastructure used today for fossil fuels [1]. The
LOHC technology involves the catalytic hydrogenation of a
hydrogen-lean LOHC compound at a time and location of energy and

hydrogen availability producing the corresponding hydrogen-rich LOHC
compound. The latter can be stored and transported like any fuel. At a
time and location of hydrogen or energy need, the stored hydrogen can
be released in a catalytic dehydrogenation reaction re-forming the
hydrogen-lean LOHC compound that can be used for a subsequent
storage cycle.

A key aspect of the LOHC technology is the utilization of a given
quantity of LOHC material over many storage cycles and over long
service time. In most anticipated use cases for LOHC systems, trans-
portation over longer distances and storage over longer periods of time
are foreseen [2-4]. A typical number of around 20 hydro-
genation/dehydrogenation cycles per year of service has been proposed
for technical use cases [5]. Thus, the LOHC material will spend a large
proportion of its service time in storage tanks or transportation con-
tainers. It is critical for the cyclability of the LOHC material that during
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these extended storage and transport times no deterioration of the LOHC
material takes place. This aspect, however, has not been treated in the
literature in detail so far.

The LOHC system investigated in this contribution is the benzylto-
luene/perhydro benzyltoluene (HO-BT/H12-BT) system. This system has
found significant industrial interest in recent times [6-8].
HO-BT/H12-BT is characterized by a very attractive volumetric storage
density, wide liquid range, low vapor pressure, low viscosity, and good
economic availability [1,2,9,10]. Due to its chemical structure, HO-BT is
prone to oxidation at the methylene bridge of the molecule by air. This
reactivity has been described in the literature for the structural very
similar dibenzyltoluene (HO-DBT) to explain the presence of up to 1 wt%
of oxidized compounds in technical HO-DBT [11]. For such catalyst-less,
flame-less and spark-less oxidation of organic compounds by atmo-
spheric oxygen the term “autoxidation” has been coined in the literature
[12,13]. Autoxidation follows a radical or an ionic reaction pathway
including three steps: initiation, propagation, and termination. Param-
eters like heat, light, and the presence of transition metals influence the
formation of radicals or ions in the initiation step and can therefore
influence the autoxidation rate of organic hydrocarbons [12,14].
Autoxidation is influenced in addition by the capability of the organic
molecule to stabilize the reaction intermediates. In the case of hydro-
carbons this capability increases in the order of primary < secondary <
tertiary hydrocarbons [15,16]. For unsaturated bounds, the CHx group
adjacent to the bond is prone to autoxidation, as the reaction interme-
diate at this position can be stabilized by mesomerism [17]. This is the
reason why in the HO-BT regioisomers, the methylene bridge (C9) and
the methyl group (C14) are the most reactive sites for autoxidation (see
Fig. 1, left). For the autoxidation of H12-BT molecules (see Fig. 1, right),
in contrast, the tertiary carbon atoms C10, C13, and C1/C2/C3
(depending on the position of the methyl group) are the preferred sites
for autoxidation.

Recently, studies by Rullo et al. [19] and Bulgarin et al. [11] reported
that oxygen-containing impurities, like dicyclohexylmethanol can
negatively affect the catalyst performance through the formation of CO
during the dehydrogenation of H12-BT. Moreover, CO in the released
hydrogen is critical, if this hydrogen is foreseen for generating power in
a proton exchange membrane fuel cell (PEMFC). For this reason, the
amount of oxygen-containing impurities in a technical LOHC material
has been limited in the DIN specification to an amount of 5000 ppmw for
the sourced virgin HO-BT material and to 1000 ppmw for recycled LOHC
material [20]. Note, that the higher limit for oxygen-containing impu-
rities for the sourced virgin material is set in the DIN specification
expecting that a hydrogenation/dehydrogenation cycle of the LOHC
material would reduce the amount of such oxygen-containing impurities
[11].

One important piece of information that is currently lacking is
whether the storage conditions of BT-based LOHC compounds also in-
fluence the amount of oxygen-containing impurities, e.g., through
autoxidation processes. This information appears to be essential, as such
oxidation products can also have an impact on catalyst activity and
stability, both for the hydrogenation of HO-BT and for the
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dehydrogenation of H12-BT. Therefore, this study aims to i) reveal the
general structure of the products formed by autoxidation processes from
HO-BT and H12-BT; ii) to investigate the most important parameters
influencing this autoxidation, such as, e.g., storage temperature or
presence of UV radiation; iii) to provide insight into the influence and
fate of LOHC autoxidation products in the catalytic hydrogenation of
HO-BT.

2. Experimental
2.1. HO-BT and H12-BT aging experiments under various conditions

Aging experiments of HO-BT and H12-BT were carried out by filling
250 mL of each liquid compound in two separate three-neck round-
bottomed flasks. Each flask was heated to 120 °C for 24 h. During the
entire time, compressed air was continuously bubbled into the LOHC
material in both flasks using a glass pipe.

The long-term stability tests of HO-BT and H12-BT were carried out
in 100 mL glass serum bottles, which were filled with 20 mL of the LOHC
compound. For the tests at room temperature, the serum bottles were
placed in an unheated shaker. For the tests at 55 °C, the serum bottles
were placed in an incubation shaker set to 55 °C. For tests at 70 and 80
°C, the serum bottles were placed in a drying oven set to the respective
temperature. Sampling was carried out twice a week. The overall test
time was four weeks.

To investigate the influence of UV radiation on the aging of the two
LOHC materials, the serum bottles were irradiated with UV light in a
BioVanguard cleanbench from Baker Company. This cleanbench was
equipped with a Philips TUV TL D 30W G13 UV C lamp emitting UV-C
radiation mainly at 254 nm with a power of 12 W. The irradiance in-
tensity onto the 1 m? lab bench is estimated to be 1.2 mW/cm?. This
translates roughly to a cumulative UV dose of 3 kJ/cm? or 62 kJ per
sample container (20 cm? area) over the whole experimental duration.
To put these numbers into context, a day with a medium UV index of 5
(= normal spring/summer day in central Europe) equals to an irradiance
intensity of 0.0125 mW/cm?, 100 times lower than the intensity in our
experimental setup. Furthermore, note that sunlight only contains UV-A
and UV-B radiation >280 nm. Sampling was carried out twice a week,
the overall test time was four weeks.

The influence of a nitrogen atmosphere was investigated by sealing
serum bottles airtight with a stopper and flushing them with nitrogen
through cannulas for 5 min. The sampling was also carried out through a
cannula, and the nitrogen atmosphere was renewed after each sampling.
Sampling was carried out twice a week. The overall test time was 30
days.

2.2. Analytical methods
All samples were analyzed immediately after sampling using GC-MS
(for identification of the autoxidation products) and the GC-FID (for

quantification of the autoxidation products) methodologies described in
the following.
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Fig. 1. Chemical structure of HO-BT (left) and H12-BT (right) molecule - the atom numbering was adapted from Henseler et al. [18] to keep consistency within

investigations of the HO-BT/H12-BT LOHC system.
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The GC-MS setup consisted of a PerkinElmer Clarus 690 GC and an
SQ8T quadrupole mass spectrometer. The GC used a Restek Rxi-5HT
column (30 m x 0.25 mm x 0.1 pm). The oven program started with
an oven temperature of 50 °C, which was increased with a heating rate
of 15 °C/min to a final temperature of 380 °C. This final temperature
was maintained for 3 min. An injector temperature of 350 °C was set.
The injection of 1 pL sample was performed with a split ratio of 1:50.
The carrier gas was He, with a flow rate of 1 mL/min. For sample
preparation, 20 pL of LOHC material was diluted with 980 pL of
dichloromethane (DCM) (volume ratio 1:50). To prevent detector
overload by the samples’ main components, HO-BT and H12-BT, the
mass spectrometric detector was turned off in the retention time range of
4.25-5.20 min. Molecular structures were identified based on a com-
parison of recorded mass spectra with existing reference spectra from
the NIST spectrum library [21].

The GC-FID setup consisted of a Bruker 456 GC-FID equipped with a
Restek Rxi-5HT column (30 m x 0.25 mm x 0.1 pm). The GC method-
ology including the oven temperature program, the sample preparation,
sample injection etc. was identical to the GC-MS method above. The GC-
FID method was only modified by raising the detector temperature to
380 °C and changing the carrier gas to hydrogen with a flow of 1.7 mL/
min.

Due to the large number of degradation products not every single
product could be quantified using identical reference material for cali-
bration. Therefore, a mixed standard consisting of multiple aromatic
hydrocarbons (see Table 1) spanning over a wide volatility range was
used as reference. It was verified that the sensitivity of the heteroatom-
free reference material was comparable to the sensitivity of analogous
oxygen-containing degradation products (see ESI, Fig. S1). The refer-
ence material with the closest retention time to the target substance was
chosen for quantification. The retention time and the range used for
quantification of each reference substance is shown in Table 1.

A stock solution of the mixed standard was prepared by dissolving
20 mg of naphthalene, 20 mg of fluorene, 20 mg of benzo[a]anthracene,
20 mg of benzo[a]pyrene, 20 mg of coronene, and 10 mg of tetraphe-
nylnaphthacene in 100 mL DCM. Standards were prepared by diluting
20, 40, 80, 160, 320, and 640 pL of the stock solution with DCM to a total
volume of 1000 pL.

2.3. Hydrogenation experiments using aged HO-BT samples

To investigate the effect of impurities caused by autoxidation during
LOHC storage on the hydrogenation of HO-BT, the reaction was studied
comparing reaction rates and selectivities for the use of technical HO-BT
(as purchased) and purposedly aged HO-BT (120 °C, 24 h, air) under
otherwise identical conditions. For these experiments, 195 g of HO-BT
and 6.45 g of a Pt/Pd on Al,;O3 catalyst (EleMax H101, Clariant, 0.16
wt% Pt; 0.59 wt% Pd) were placed in the reactor. The reaction tem-
perature for hydrogenation was 220 °C, and the hydrogen partial pres-
sure in the reactor was 20 bar in both experiments. In the hydrogenation
with purposedly aged HO-BT, the atmosphere in the reactor was

Table 1

Retention times, retention time windows for quantification, and boiling points of
the reference substances contained in the mixed standard applied for our
analyses.

Reference substance Retention time of ~ Retention time Boiling
the reference range for point in
substance in min quantification in °C

min

Naphthalene 4.4 0.0-6.0 218 [22]

Fluorene 7.6 6.0-10.3 294 [23]

Benzo[a]anthracene 12.9 10.3-13.9 437 [24]

Benzo[a]pyrene 14.9 13.9-16.4 496 [25]

Coronene 17.9 16.4-19.5 525 [23]

Tetraphenylnaphthacene 21 19.5-24.0 n.a.
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replaced after 120 min by venting the reactor atmosphere, purging with
nitrogen, and then adding fresh hydrogen up to the intended hydrogen
partial pressure of 20 bar. This procedure allowed us to remove water
vapor and other gaseous side products from the gas phase of the reactor.
Liquid samples were taken and their degree of hydrogenation was
determined using a GC-FID analysis protocol as described by Riide et al.
[10] The productivity of the catalyst was calculated in the degree of
hydrogenation range of 20 to 50 % since the hydrogenation rate is
constant in this range.

3. Results and discussion

3.1. Identification of oxidation products formed during atmospheric
storage

To identify products formed in the presence of atmospheric oxygen
during storage, HO-BT and H12-BT were purposedly aged by exposing
them to air at 120 °C for 24 h. The GC-MS chromatograms aged samples
are shown in Fig. 2.

Note, that the used technical HO-BT and the H12-BT derived thereof
through hydrogenation are regioisomeric mixtures (e.g. ortho-HO-BT,
meta-HO-BT, and para-HO-BT in the case of the HO-BT). Because
autoxidation can occur at different carbon atoms of these regioisomers,
countless products can result from oxidation reactions during storage.
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Fig. 2. GC-MS measurement of purposedly aged HO-BT (top) and H12-BT
(bottom). Reaction conditions: T = 120 °C; t = 24 h; air atmosphere. It
should be noted that the mass spectrometric detector was switched off in the
retention time range of HO-BT and H12-BT (4.25-5.20 min) in order to avoid
detector overload. These main components of the samples are therefore not
visible in the chromatogram.
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Due to this complexity, the aim of this contribution is not to identify
each individual isomer, but rather to elucidate general autoxidation
pathways and to quantify the main structural motifs formed. Therefore,
the products identified from LOHC oxidation during storage have been
divided into three general classes:

- Group 1 comprises products with a lower number of carbon atoms.
The autoxidation can result in a cleavage of molecular structures.
The resulting light products have an increased volatility and thus
reduced retention time in the gas chromatography compared to the
original LOHC molecules HO-BT and H12-BT.

Group 2 includes substances, in which the basic structure of the
initial LOHC molecule is retained but the oxidation of one or more
carbon atoms has happened. These products have a slightly lower
volatility compared to HO-BT and H12-BT. Therefore, the retention
time is slightly increased compared to the two initial LOHC
molecules.

Group 3 comprises products with a higher number of carbon atoms.
The autoxidation can lead to the oligomerization of two LOHC
molecules, which results in products of higher molar mass, a signif-
icantly lower volatility, and, therefore, a significantly higher reten-
tion time.

A list of the identified oxidation products and their respective
retention times in the chromatographic separation is found in the ESI
(Table S1 and Table S2).

For the interpretation of Fig. 2 it is important to consider that the
mass spectrometric detector was turned off between the retention time
of 4.25 min and 5.20 min to prevent the detector from overloading with
the regioisomers of HO-BT and H12-BT, respectively. Therefore, these
components are not seen in the spectra shown in Fig. 2.

In the case of HO-BT (see Fig. 2, top), the oxidation products in group
1 consist mainly of molecules with one aromatic system and varying
degrees of oxidation. Degradation products in this group are most likely
formed by oxidative cleavage of the HO-BT molecule. This includes
products such as methylphenols and methylbenzaldehydes, which were
also detected in technical HO-BT at a lower concentration level (see ESI
Fig. S2). In addition, other oxidation products, such as benzoic acid and
acetophenone, are detected.

Group 2 mainly contains HO-BT regioisomers that have been func-
tionalized with oxygen at their methylene bridge (C9), their methyl
group (C14), or both. This results in the formation of either an alcohol-,
keto-, or aldehyde -functionality.

The substances of group 3 cannot be fully identified by GC-MS
analysis because the respective reference spectra for these substances
are missing in the used spectrum library [21]. The substances in this
group mainly have a mass-to-charge ratio (m/z) of 362 or 378. In the
case of the ion m/z 362, this corresponds to twice the mass of the HO-BT
molecule similar to the high-boiling condensation products observed in
the dehydrogenation of H12-BT [18]. The ion m/z 378 corresponds to
twice the mass of the HO-BT molecule plus the mass of an oxygen atom.
Because the fragment mass spectra of these substances are very similar
to that of HO-BT, we conclude that these substances are products of an
oxygen-mediated condensation reaction.

The exact structure of these dimerization products cannot be deter-
mined from GC-MS analyses alone. Taking the known mechanism for
autoxidation of organic compounds into account [12,17], we can as-
sume that more stable reaction intermediates react preferentially and
are particularly prone to recombination reactions. In the case of HO-BT
isomers, the aromatic rings stabilize radical reaction intermediates at
the methyl group (C14) and the methylene bridge (C9). The latter po-
sition is expected to be stabilized most effectively as both aromatic rings
are available for stabilization. This position is therefore the most likely
site for autoxidation and recombination reactions. A connection be-
tween two HO-BT molecules via their methylene bridge (C9) is therefore
the most plausible pathway for the oxygen-induced formation of
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high-boiling side-products.

A GC-MS chromatogram of the purposedly aged H12-BT sample is
seen in Fig. 2, bottom. The degradation products in group 1 consist
mainly of cycloaliphatic compounds of varying degrees of oxidation,
which are formed by the cleavage of the H12-BT isomers. Group 2
degradation products of H12-BT consist of molecules which acquire
additional alcohol-, aldehyde-, or keto-functionalities analogous to the
group 2 degradation products of HO-BT. However, products of the
oxidative degradation of H12-BT shows a significantly greater variety.
As qualitative analysis of the reaction products shows, a broad range of
oxygenation and cleavage reactions of the aliphatic rings in H12-BT
molecules is possible. Thus, as a first difference between HO-BT and
H12-BT autoxidation we can state that HO-BT autoxidation offers two
clearly preferred reaction sites (C9 and C14) which is not the case in
H12-BT autoxidation leading to a broader range of possible oxidation
products in the latter case.

Another striking observation in the aging of H12-BT under air at
these harsh storage conditions is that no higher molecular weight
products of group 3 are formed. This result suggests that the in-
termediates formed in the oxidation of H12-BT are much less stabilized.
Obviously, this reduced level of stabilization shortens intermediate
lifetimes in a way that prevents recombination of said intermediates to
form dimerization products.

3.2. Impact of temperature

The qualitative investigation of the previous chapter shows that most
of the oxidative degradation products in the LOHC material are small
aromatic or cycloaliphatic compounds, with mostly one oxygen func-
tionality per molecule. What remains to be investigated is the amount of
these degradation products and thus the stability of the LOHC material
under various storage conditions. It is known that factors such as high
temperature, strong UV light irradiation, and the presence of transition
metals can enhance the formation of radicals or ions and thus may
accelerate autoxidation processes [12]. Of these factors, the presence of
transition metals was not considered in this study assuming that storage
tanks made of (stainless) steel or plastic will not lead to relevant levels of
transition metal contamination in the LOHC material.

To investigate the influence of the storage temperature, both HO-BT
and H12-BT were stored at room temperature, 55 °C, 70 °C, and 80 °C
for an extended period of time exposed to an air atmosphere. The
amount of oxidative degradation products in the LOHC material was
monitored over time using GC-FID. Fig. 3 shows the temperature-
dependent formation of oxidation products over time.

Over the extended period of our investigation (total investigation
time of 28 days) HO-BT remained stable when stored at room temper-
ature (approx. 23 °C). However, already a storage temperature of 55 °C
led to a significant oxidative aging of HO-BT producing more than 2 wt%
degradation products after 28 days. When the storage temperature was
increased to 80 °C, more than 10 wt% oxygen-induced products (sum of
group 1, 2, and 3) were formed.

In contrast, the amount of oxidative aging products is significantly
smaller for H12-BT. Relevant amounts of autoxidation product of H12-
BT are only seen for the stability experiment at 80 °C (Fig. 3 B). Below
this temperature, H12-BT is stable under air atmosphere for the entire
investigation time, indicating that these temperatures are insufficient to
overcome the activation barrier needed for autoxidation of H12-BT.
Thus, H12-BT offers more reaction sites for oxidation but their reac-
tivity is much lower than for the preferred C9 and C14 sites in the case of
HO-BT. This makes autoxidation in the case of HO-BT storage much more
relevant for the practical application of the HO-BT/H12-BT LOHC sys-
tem. It is important to note that these generalizations on the different
reactivity of HO-BT and H12-BT only hold true for the investigated
temperature range.
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Fig. 3. Total concentration of oxidation products (sum of groups 1, 2, and 3) produced by storing HO-BT (left) and H12-BT (right) in an air atmosphere at different
temperatures over time (total time of investigation being 28 days). Error bars indicate the general error resulting from the accuracy of the GC quantification method.

Accuracy was measured by the recovery rate, which ranged from 90 to 110 %.

3.3. Impact of light

The influence of solar radiation can be a factor in the storage stability
of HO-BT and H12-BT if the LOHC material is stored in light-transmissive
tanks, such as intermediate bulk containers (IBCs). To simulate such
solar radiation in our laboratory experiments, HO-BT and H12-BT were
exposed to UV light at room temperature and the content of the resulting
impurities was monitored over up to 30 days. In the H12-BT samples, no
signs of oxidative degradation were detected, whether or not the sam-
ples were exposed to UV radiation. This is understandable given the fact
that H12-BT shows very low UV light absorption properties and thus
excitation does not occur. HO-BT, in contrast, absorbs UV light through
its aromatic character. As can be seen in Fig. 4A this results in a sig-
nificant product formation while without the UV light HO-BT proved
fully stable at room temperature over the same period of time (see
Fig. 4B).

HO-BT forms in total 6.9 wt% of group 1-3 products when exposed to
the UV irradiation for 30 days. This amount is comparable to the storage
at 70-80 °C in the absence of UV light. However, we need to mention
that the UV light source applied in our study used UV light on a higher
energy level and with an approximal 100 x higher irradiance intensity
compared to a regular spring/summer day in central Europe (UV index
of 5). The degradation effects of light irradiation observed in this study
are therefore greatly enhanced in comparison to normal sunshine.
Nevertheless, we show that light irradiation should not be neglected as a
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degradation factor during transport and storage of LOHC material. Note,
that we took care in our experiment to exclude that the light source heats
up the HO-BT sample over the course of the stability experiment (see
temperature log in Fig. S3). Therefore, we can rule out an indirect in-
fluence on the temperature on the oxygen- and light-induced reactivity.

3.4. Storage stability of BT-based LOHC systems under nitrogen
atmosphere

In practical use cases of the LOHC technology it may happen that
storage at slightly elevated temperatures cannot be avoided easily, e.g. if
hydrogen is to be stored and transported in countries with hot summer
temperatures. Therefore, we were interested whether temperature-
induced transformation of the BT-based LOHC material during storage
can be fully suppressed using a nitrogen atmosphere in the storage tank.
A similar approach is applied in the food industry to extend the shelf life
of food [26]. For the respective experimental tests HO-BT and H12-BT
samples were sealed in two different bottles under a nitrogen atmo-
sphere and exposed to elevated temperature and UV light, respectively,
in analogy to the experiments under atmospheric conditions described
above.

Fig. 5 shows the concentration of group 1-3 products formed from
HO-BT during storage at 80 °C under air atmosphere (Fig. 5A) and under
nitrogen atmosphere (Fig. 5B). While significant oxidation of the BT-
structure takes place in the case of storage under air forming mainly

(B) HO-BT, Room temperature, Air, Darkness
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Fig. 4. Product formation from HO-BT (groups 1-3 are shown individually) under atmospheric conditions and at room temperature, (A) with and (B) without
irradiation with UV light. Error bars indicate the general error resulting from the accuracy of the GC quantification method. Accuracy was measured by the recovery

rate, which ranged from 90 to 110 %.
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Fig. 5. Concentration of degradation products in HO-BT (separate group 1, 2, and 3) when stored at 80 °C under an air atmosphere (A) or under a nitrogen at-
mosphere (B). Error bars indicate the general error resulting from the accuracy of the GC quantification method. Accuracy was measured by the recovery rate, which

ranged from 90 to 110 %.

group 2 products, full HO-BT stability is maintained over the complete
testing time of 28 days. Thus, inertization prevents the formation of
degradation products very effectively, which comes as no surprise given
the established technical application of HO-BT as heat transfer oil. Full
stability at 80 °C under nitrogen atmosphere was also observed for H12-
BT (see ESI Fig. 54).

Fig. 6 extends our stability tests under nitrogen atmosphere to
include the effect of irradiation with UV light. These experiments were
conducted at ambient temperature. Fig. 6B demonstrates that also under
UV light almost no side-product formation is observed during the stor-
age period of 28 days if an inert nitrogen atmosphere is applied. On very
close inspection, it can be found that the content of group 3 products
increases during the storage time from 0.00 to 0.09 wt% despite the
inertization with nitrogen. GC-MS analysis shows that these trace
products have approximately twice the mass of the HO-BT molecule. We
therefore assume that these trace products origin from the recombina-
tion of radicals formed by UV light excitation in the absence of oxygen.
Due to the very small content of these dimer products under nitrogen
atmosphere we conclude that inertization is a very effective way to
prevent light-induced degradation of BT-based LOHC compounds. No
measurable degradation of H12-BT was found under UV light irradiation
and nitrogen atmosphere, as expected.
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3.5. Influence of oxygen-induced degradation products on HO-BT
hydrogenation

The previous sections have shown that under certain storage condi-
tions oxygen-induced products form in significant amounts in BT-based
LOHC systems. For the technical use of these LOHC systems it is there-
fore of high relevance to understand how these products influence the
hydrogenation and dehydrogenation of such LOHC material. As storage
effects were quantitatively much more pronounced for HO-BT storage
we focus our investigation on the performance in the HO-BT hydroge-
nation process that has to cope with these impurities. It is worth
mentioning in this context that studies on the effect of oxygen-
containing impurities on the dehydrogenation of H12-BT have already
been reported in the literature [19]. These studies have shown that such
impurities reduce the productivity of the Pt/AlyO3 dehydrogenation
catalyst.

To study the effect of oxygen-induced impurities on the HO-BT hy-
drogenation with relevant levels of impurity, the investigations have
been carried out with a purposedly aged HO-BT sample (120 °C, 24 h,
air) with a content of impurities in the sample of 6.6 wt% as determined
by GC-FID. This level is about 20 times higher than the level of these
impurities in the virgin commercial HO-BT material. During the hydro-
genation reaction, the content of the oxygen-containing impurities was
monitored via GC-MS. Fig. 7 shows the respective GC-MS chromato-
grams. The concentration of oxygen-containing products is significantly
reduced already at a degree of hydrogenation (DOH) of 20 %. For a DOH
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Fig. 6. Concentration of group 1-3 products formed from HO-BT stored at room temperature under UV radiation (A) and under nitrogen atmosphere (B). Error bars
indicate the general error resulting from the accuracy of the GC quantification method. Accuracy was measured by the recovery rate, which ranged from 90 to 110 %.
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Fig. 7. GC-MS recordings of samples from the hydrogenation of purposedly aged HO-BT. Reaction conditions: T = 220 °C; pyo = 20 bar; stirring speed = 1200 rpm;
My = 6.4 g; myo.pr = 195 g; t = 280 min; catalyst = Pt + Pd/Al,O3. The reactor atmosphere was exchanged after a reaction time of 120 min (DOH approximately 20
%). The relative intensity scales all refer to the highest intensity measured in the first sample (DOH 0 %) and are therefore comparable between samples. To protect
against high substance quantities, the mass spectrometric detector was switched off between a retention time of 4.25 and 5.20 min (retention time window HO-BT).
The deflection between 4 and 5 min in the chromatograms with DOH 58 % and 95 % is triggered by a brief detection of H12-BT, followed by shutdown of

the detector.

of 50 % no oxidized products can be detected in the reaction mixture.

Side-products of group 1 are less traceable over the course of the
reaction since they have a high volatility and are thus not detected by
sampling the liquid reaction mixture. Furthermore, these side products
are potentially removed from the reactor through the exchange of the
reactors atmosphere. Side-products of group 3 are also less traceable
since they show an overall low intensity. Therefore, investigations focus
on the side products of group 2 to elucidate the reaction pathway of
oxygen-containing side-products during the hydrogenation of aged HO-
BT. General trends observed for side products in group 2 are expected to
be also applicable to groups 1 and 3.

There are two possible reasons for the disappearance of oxygen-
containing product peaks from group 2:

- The aromatic molecules are hydrogenated and the original side-
product peaks are exchanged with their hydrogenated versions
which show a different retention time. The oxygen functionality re-
mains in the hydrogenated LOHC molecule.

Hydrodeoxygenation takes place and removes the oxygen function-
ality from the molecule. Side-product peaks are exchanged by their
deoxygenated versions, which are identical with the initial LOHC
molecule (HO-BT) and are therefore added to the peak of the bulk
reactants. The oxygen functionality is removed from the side-
products and water is formed as the reaction product.

Siegert et al. showed in their study of benzophenone hydrogenation
(180 °C, 30 bar Hj, Pd/C) that hydrodeoxygenation (removal of the
oxygen-functionality through water formation) proceeds significantly
faster than the subsequent hydrogenation of the aromatic rings to form
dicyclohexylmethane [27]. In our case, such hydrodeoxygenation ac-
tivity of group 2 impurities would form HO-BT which is hard to quantify
in the large excess of HO-BT. Nevertheless, oxygen-containing cycloali-
phatic reaction products, such as dicyclohexylmethanol or dicyclohex-
ylmethanone, were not detected in our hydrogenation experiments,
which confirms that oxygen removal happens before aromatics
hydrogenation.

What remains to be discussed is the impact of the hydro-
deoxygenation and its reaction products on the performance of the HO-
BT hydrogenation reaction. The first and foremost effect is the loss of
valuable hydrogen through the hydrodeoxygenation reaction of oxygen-
containing products from the storage process. Taking the extreme
example of a 6.6 wt% methyl benzophenone content in HO-BT (quantity
chosen according to the total group 1-3 content in our aging experi-
ment), around 1.1 % of the storable hydrogen is lost through
hydrodeoxygenation.

Fig. 8 shows other remarkable differences between the course of the
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Fig. 8. Degree of hydrogenation in LOHC material as a function of reaction
time during the hydrogenation of technical HO-BT and artificially aged HO-BT.
Reaction conditions: T = 220 °C; pys = 20 bar; stirring speed = 1200 rpm; myg,
= 6.4 g; myo.pr = 195 g; t = 225 min (technical HO-BT) 280 min (aged HO-BT);
catalyst = Pt + Pd/Al,O3. The reactor atmosphere was exchanged after a re-
action time of 120 min during the hydrogenation of aged HO-BT.
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hydrogenation reaction of virgin technical HO-BT and our artificially
aged (120 °C, 24 h, air) material. Especially at the beginning of the re-
action (<120 min), the hydrogenation of the virgin HO-BT proceeds
significantly faster than the hydrogenation of aged HO-BT. Only after
exchanging the gas atmosphere of the reactor once (after 120 min), the
hydrogenation reaction accelerated significantly. It is interesting to note
that this 120-min time delay between the hydrogenation of aged ma-
terial and the control experiment is found in the DOH differences at the
later stages of the hydrogenation reaction again (see Fig. 8).

These results indicate that oxygen-containing degradation products
have a significant influence on the performance of the hydrogenation
reaction. However, this influence appears to be triggered primarily by
the coupling product of hydrodeoxygenation, water. Note that the pro-
duced water is mainly present in gaseous form at the applied reaction
conditions which reduces the hydrogen partial pressure in the reactor as
the total pressure of the reactor is maintained in the experiment through
a pressure regulator. During water formation in hydrodeoxygenation,
hydrogen is replaced in the reactor by water vapor. The vapor pressure
of water at 220 °C is approximately 24 bar [28], a sufficient amount of
reaction water can therefore completely replace hydrogen at the applied
total pressure of 20 bar in the reactor system thus preventing LOHC
hydrogenation.

In our specific case, the total of 6.6 wt% of oxygen-containing im-
purities in the aged HO-BT results in a total amount of 0.066 mol of water
(assuming methylbenzophenone as representative impurity) formed
during complete hydrodeoxygenation. Assuming validity of the ideal gas
law, this water would generate a partial pressure of 13.5 bar at a reactor
gas volume of 200 mL and at the reaction temperature of 220 °C. With
20 bar total pressure the final gas mixture would only contain 6.5 bar Hy
because further hydrogen feeding stops when the total pressure of 20 bar
is reached. At 6.5 bar Hy partial pressure, the hydrogenation of the ar-
omatic rings is at least severely hindered.

With exchanging the gas phase after a reaction time of about 120 min
(DOH = 20 %), this gaseous water is removed from the reactor, which
reestablishes a hydrogen partial pressure of around 20 bar (neglecting
the vapor pressure of the organic feedstock) and consequently, the hy-
drogenation rate increases significantly. In detail, the productivity of the
Pt + Pd/Al;03 catalyst increases from 0.46 gyo/(8pt + pa*min) between
0 and 20 % DOH to more than 1.79 gy2/(gpt + pq*min) between 20 and
50 % DOH after the gas atmosphere has been replaced. Because all
oxygen-containing impurities are hydrodeoxygenated after 120 min, no
further water is formed, which maintains the hydrogen partial pressure
close to 20 bar for the remaining reaction time. The productivity be-
tween 20 and 50 % DOH with the aged LOHC after reactor venting is
similar to the productivity of the control experiment using virgin tech-
nical HO-BT, which reached a productivity of 2.01 gy2/(gpt + pq*min) in
the same DOH range. From previous experiments published by some of
us [29] we know that such deviation is within the relative standard
deviation of the catalyst productivity in the hydrogenation of technical
HO-BT. This leads us to the conclusion that the hydrogenation of aged
HO-BT is comparable to the hydrogenation of virgin technical HO-BT
once the water from the initial hydrodeoxygenation has been removed
from the gas phase of the reactor.

These findings are of great importance for the technical imple-
mentation of the HO-BT/H12-BT LOHC system because they demon-
strate that group 2 products (the majority of autoxidation products)
from unintentional oxidation of HO-BT during storage can be converted
to H12-BT through a simple hydrodeoxygenation/hydrogenation
sequence. The so-obtained H12-BT fraction is virtually free of any
oxygen-containing impurities and can be used in the intended further
hydrogen storage cycles. The applied catalyst shows little to no deacti-
vation, enabling its long-term use.

4. Conclusion

Through its use in hydrogen logistic scenarios, LOHC material spends

International Journal of Hydrogen Energy 226 (2026) 154460

a large proportion of its service time in storage tanks, waiting to either
store or release hydrogen. While from an economic point of view every
reduction of LOHC quality through formation of impurities is undesired,
it is particularly cumbersome when occurring during periods of inac-
tivity, where no economic value is created.

This contribution quantifies through long-term stability experiments
under air, inert gas and UV light the formation of oxygen-induced im-
purities in BT-based LOHC hydrogen storage systems at different tem-
perature conditions. Heat and UV radiation have been found to be
critical with HO-BT being less stable than H12-BT during storage. While
H12-BT is unaffected by UV radiation and stable under air for 28 days up
to a temperature of 70 °C (no detectable degradation products), the
formation of oxygen-induced impurities in HO-BT occurs in air contact at
temperatures slightly above room temperature. Storage of HO-BT under
air at 80 °C for 30 days formed 10.6 wt% of oxidation and degradation
products. In the presence of UV-light, HO-BT is even not stable under air
at room temperature. Over 30 days of irradiation, 6.9 wt% of oxidation
and degradation products were formed. Inertization by nitrogen pre-
vents any heat- or UV-induced impurity formation for both HO-BT and
H12-BT in the studied temperature range up to 80 °C.

The information gained in our study allows us to derive technical
guidelines important for the future cost-effective design of Hx-BT stor-
age and transportation tanks. Our results show that HO-BT storage re-
quires inertization by nitrogen to prevent autoxidation at elevated
temperatures or under light exposure. Nevertheless, this inertization can
be avoided, and related costs can be saved, if heat and light is excluded.
This can be realized in typical underground storage tanks. H12-BT
storage needs less precautions than HO-BT storage. In this case, protec-
tive inertization measures are not necessary.

If, due to improper storage and handling, autoxidation of BT-based
LOHC system occur to some extent, a sequence of hydrodeoxygenation
and hydrogenation in the same reactor can be used to regenerate the
material. Methylbenzophenones and similar oxidation products con-
taining the BT base structure (group 2 product) can effectively be
reconverted to H12-BT in this manner. However, the water vapor
formed during the hydrodeoxygenation step reduces the hydrogen par-
tial pressure in the reactor during dehydrooxygenation at fixed total
pressure. Our results show that the productivity for H12-BT formation is
comparable to virgin HO-BT hydrogenation once the dehydrooxygena-
tion step is completed and the gas phase has been exchanged to pure
hydrogen by venting and recompression of the reactor.
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