
Research Article 1 of 12

Barbara Bong1,2

Wassja A. Kopp3

Thomas Nevolianis3

ChalachewMebrahtu1,2

Kai Leonhard3

Regina Palkovits1,2,∗

Reaction Equilibria in the Hydrogen Loading and
Release of the LOHC System
Benzyltoluene/Perhydro Benzyltoluene

Liquid organic hydrogen carriers (LOHCs) can store and transport hydrogen by
chemical bonding. Benzyltoluene (H0-BT) is an attractive LOHC that can take
up 12 H per carrier molecule. The chemical equilibrium favors hydrogenation at
lower temperatures and higher pressures. In this work, we study hydrogenation ki-
netics at 125–200 °C and 0.3–30 bar H2. We perform ab initio calculations of all
isomers ofH0-BT and its (partially) hydrogenated forms to compute chemical equi-
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reducing the operating temperature is discussed.
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1 Introduction

For sustainable and stable energy supply, green hydrogen is
highly attractive as a flexible energy carrier [1–7]. To successfully
integrate hydrogen into energy systems, substantial volumes of
hydrogen must be stored under limited spaces and transported
over long distances. Additionally, strong requirements regarding
the safety and usability of the hydrogen storage technology must
be fulfilled [8]. A method for safe and easy hydrogen storage is
provided by liquid organic hydrogen carriers (LOHCs): Hydro-
gen is loaded on the hydrogen-lean carrier compound (LOHC−)
in a catalytic hydrogenation reaction, resulting in covalent bonds
between hydrogen and the carrier. In this way, hydrogen can be
stored for a long time without self-discharge [1, 7, 9, 10]. Fur-
thermore, the hydrogen-rich LOHC+ can be transported via the
established infrastructure under ambient conditions as the prop-
erties are similar to traditional fuels like diesel [4, 5, 11]. As soon
as hydrogen is required, it is released in a catalytic dehydrogena-
tion, and the unloaded LOHC− is reused [1, 4, 7]. For technical
applications of the LOHC technology, benzyltoluene has been
identified as a favorable LOHC system, as it is available on a tech-
nical scale and well characterized [4, 5, 12–15]. Furthermore, it
shows highly attractive physicochemical properties like thermal
robustness and low viscosity [4, 5, 12–14]. The loaded form of
perhydro benzyltoluene (H12-BT) can store 12 hydrogen atoms
per carrier molecule according to a formal storage capacity of
2.2 kWh hydrogen per kg of H12-BT (lower heating value) [16].
The loading of H0-BT is typically performed at temperatures
between 150 °C and 300 °C and a hydrogen pressure of 30–50 bar
[5, 12, 17]. To release the hydrogen from H12-BT, the reverse
reaction is conducted at low pressures up to 5 bar or atmospheric
conditions. While the hydrogenation is an exothermic reaction,

the dehydrogenation is endothermic [12, 17, 18]. Hence, the
thermodynamic equilibrium of these reactions should be shifted
toward higher hydrogen loading by decreasing temperature
or an increase of hydrogen partial pressure or total pressure
according to Le Chatelier’s principle [19–21]. Suitable catalysts
for the loading of H0-BT and unloading of H12-BT are noble
metals on oxides like platinum over aluminum or titanium oxide
[5, 12, 17, 22]. For example, Rüde et al. [12] reported that hy-
drogen loading of at least 99.5 % could be obtained within 4 h
using the established commercial catalyst S-Pt/Al2O3 (0.3 wt%
Pt) at 30 bar hydrogen pressure and 290 °C (0.02 mol% Pt
to BT) [12]. However, not only is full hydrogenation of the
carrier relevant for the application of the LOHC technology,
but depending on the amount of hydrogen that should be
stored, partial loading of the carrier can be required. There-
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Scheme 1. Main reaction steps of the hydrogenation of benzyltoluene (H0-BT) to perhydro benzyltoluene (H12-BT) via preferred
hydrogenation of the main ring (MR) or the side ring (SR) as reported in the literature [16, 26].

fore, besides the full hydrogenation of H0-BT to H12-BT,
the intermediate steps play an important role [23–25]. The
main reaction steps of the hydrogenation of benzyltoluene
are shown in Scheme 1.

The main intermediate during the hydrogenation of H0-BT is
H6-BT, where only one of the two aromatic rings has been hydro-
genated. The hydrogenated ring can either be the toluene-ring
(main ring [MR]) or the benzene-ring (side ring [SR]). Exper-
imental studies showed that hydrogenation of the SR seems to
be favored over the hydrogenation of the MR, but both reac-
tion pathways can occur [12, 16, 17, 24, 27]. Besides H6-BT, small
amounts of H4-BT and H10-BT intermediates are found in the
hydrogenation reaction mixture, as experimental studies show
[16, 17, 26]. These experimental findings are in accordance with
expectations based on general thermodynamics, as themolecules
H0-, H6-, and H12-BT with either a fully or not hydrogenated
ring are supposed to have the lowest energy levels [12, 16, 26].
Species with only one hydrogenated double bond per ring (H2-
or H8-BT) are expected to have the highest energy level and,
thus, should occur in the lowest concentrations. H4- and H10-
BT with two hydrogenated double bonds per ring should have
a slightly higher share in the reaction mixture due to lower en-
ergy compared toH2- andH8-BT [16]. In this study, we therefore
focus on H0-, H6-, and H12-BT as protagonists of BT-based
hydrogen-carrying processes. Besides the non-, partially, or fully
hydrogenated species, different isomers of each HX-BT species
occur. As the starting material H0-BT is technically available as
an isomeric mixture of ortho-, meta-, and para-benzyltoluene;
respective isomers of the hydrogenated HX-BT species can oc-
cur in the reaction mixture [12, 13, 16, 26]. Experimental studies
showed no noticeable isomerization during the hydrogenation
reaction, meaning that the original ratio of the ortho, meta, and
para isomers as well as their corresponding hydrogenated species
is constant during the reaction [12, 16]. In addition to the substi-
tution pattern (ortho/meta/para), further isomers of each species
can occur due to the configuration of the substituents (cis/trans)
and the conformation of cyclohexane (chair/boat). All in all, this
results in three isomers for H0-BT, 18 for H6-BT, and 24 for H12-
BT [12, 16, 26, 28]. Further conformational isomersmay arise due
to torsion around the single bonds linking MR and SR [28]. All
of these isomers are considered in the calculations of this study.

To identify feasible conditions to load and unload HX-BT
derivates, it is crucial to know the thermochemical properties of

the participating isomers within the temperature and pressure
range under study. In this way, the reaction steps and influences
of the different isomers participating in the hydrogenation can
be analyzed, and thus, the resulting information can be used for
chemical engineering process models to further establish the ap-
plication of hydrogen storage and transport by LOHC [12, 16, 26,
27]. Yet, for the LOHC system BT, chemical equilibrium compo-
sitions as limits of kinetic processes have so far not been com-
puted. Only a few experimental and computational studies have
reported some thermochemical properties of BT [14, 27]. (More
thermodynamic data can be found for similar molecules like
benzene [29, 30], diphenylmethane [29, 31, 32], methylbiphenyl
[31], dibenzyltoluene [14, 24], and their respective hydrogenated
species.) For H0- and H12-BT, Müller et al. [14] obtained ther-
mochemical properties like heat capacity, enthalpy of formation,
vapor pressure, and vaporization enthalpy. The thermochemical
analysis performed by Verevkin et al. [27] includes different HX-
BT species besides H0- and H12-BT, and they experimentally
analyzed the thermochemical properties of each H0-BT isomer
(ortho-, meta-, and para-BT) as well as an isomeric mixture of
partially hydrogenatedH6-BT and of fully hydrogenatedH12-BT
[27]. The different BT species were obtained by experimen-
tally performing the hydrogenation of H0-BT, and afterward,
isolation of the species by distillation steps. The extensive ex-
perimental effort in this study enabled the determination of
the vapor pressure, enthalpies of vaporization, and enthalpies
of formation for H0-, H6-, and H12-BT through combustion
calorimetry [27]. These experimental results were corroborated
by quantum chemical G3MP2 calculations. To obtain the most
stable conformation, a force-field-based study using MMFF94
was performed. This was conducted for each H6- and H12-BT
isomer. Then, the composite G3MP2 method was used to ob-
tain enthalpies of formation and Gibbs free energies using the
rigid-rotor harmonic oscillator (RRHO) model. Furthermore,
the enthalpy of reaction varied depending on the reaction step
and the specific isomer and specific ring taking part in the re-
action. Even though the effects are weak, they were observable
[27]. This emphasizes that thermodynamic data of all different
HX-BT species should be considered to study the overall hy-
drogenation reaction [27]. From the RRHO Gibbs free energies,
gas-phase molar fractions of different substitutions for each iso-
mer were calculated; e.g., molar fractions of the six isomers of
H6-BT formed by hydrogenation of the SR orMR at ortho,meta,
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or para positions were calculated. To analyze the conformational
mixture within floppy molecules like BT derivates, an RRHO
treatment is no longer considered today as state-of-the-art to
obtain reliable entropies and thereby Gibbs free energies [33, 34].

This study aims to compute reliable temperature- and
pressure-dependent chemical equilibrium compositions and,
hence, considers all possible isomers for the important HX-BT
species H0-, H6-, and H12-BT. For the calculations, intermedi-
ates with partially hydrogenated rings like H2- or H4-BT are
neglected as they are expected to be thermodynamically un-
favored and were also not dominant in experimental studies.
Entropies and thereby reaction equilibria can be strongly affected
by internal rotations of heavy groups around single bonds. BT
provides two such rotations within the two single bonds between
the MR and SR (the internal rotation of the methyl group is
present in reactants andproducts and is not expected to influence
reaction equilibria). An RRHO treatment of molecular torsions
can lead to errors in entropies of about 2 J mol−1 K−1 per rotation
[33]. For larger alkanes, RRHO entropies were found to deviate
more than 5 % from measurements. A state-of-the-art method
to model the thermochemistry of molecular torsions is the one-
dimensional (1-D) hindered rotor model. For larger alkanes, it
yields entropies that deviate less than 1 % from measurements
[35]. Therefore, in this study, a 1-D hindered rotor treatment of
both torsions is used, thereby covering the various conforma-
tions present for each isomer. This leads to more accurate Gibbs
free energies than RRHO, and these are provided over the whole
temperature range of interest for the application of the BT-based
LOHC system (25–280 °C). From that, we deduce equilibrium
compositions for the gas and liquid phases.

The equilibrium composition received from the thermody-
namic calculations is compared to the composition obtained
from experimental investigations. For this purpose, the hydro-
genation of H0-BT was performed at different reaction temper-
atures and for different reaction times. After the experiment was
finished, the composition of the liquid phase was analyzed, giv-
ing the amount of each non-, partly, or fully hydrogenated species
HX-BT. The experimentally obtained composition is compared
to the calculated equilibrium composition. In this way, further
insights into the influences on the hydrogenation of H0-BT are
gained, which can be applied to identify feasible conditions for
the loading andunloading of theH0-BT/H12-BTLOHCsystems.

2 Experimental Methods

2.1 Safety Warning

High-pressure experiments using hydrogen must be conducted
only under rigorous safety precautions with appropriate equip-
ment.

2.2 Materials

Benzyltoluene (H0-BT) was supplied as an isomeric mixture
of ortho-, meta-, and para-H0-BT (trade name: Marlotherm
LH) by Eastman Chemical Company. Titania pellets (anatase)
were purchased from abcr GmbH. Pt(NH3)4(NO3)2 (≥50.0 %

Pt basis) and tetradecane (purity ≥99.0 %) were obtained from
Sigma Aldrich. Dichloromethane (purity ≥99.9 %) was sourced
from Honeywell. No further purification of the chemicals was
performed.

2.3 Catalyst Synthesis and Characterization

The Pt/TiO2 catalyst (0.3 wt% Pt) was synthesized via a wet
impregnation method following the procedure by Chen et al.
[36]. The desired platinum loading of the prepared catalyst was
confirmed by inductively coupled plasma optical emission spec-
troscopy. Further information on the catalyst preparation as well
as its characterization is provided in the Supporting Information
(SI; Preparation of the Pt/TiO2 Catalyst).

2.4 Hydrogenation Experiments

Hydrogenation experiments with a reaction time of up to 10 h
were performed in stainless-steel pressure reactor (Parr Micro
Benchtop reactor 4590, 50 mL) coupled to a gas burette. The ex-
perimental procedure for these experiments was adapted from
a previous publication by some of us [37]. H0-BT as well as the
catalyst powder (platinum to substrate ratio of 0.2 mol %) were
inserted into the reactor. Then, the reactor systemwas closed and
flushed with hydrogen three times. Next, the hydrogen pressure
in the reactor was adjusted to the desired value via a pressure
regulator. The gas burette was pressurized with approximately
100 bar hydrogen pressure. Afterward, the needle valve from the
gas burette to the reactor was closed while the reactor was heated
up to the desired reaction temperature under stirring. During the
reaction, the needle valve can be opened to keep the pressure in-
side the reactor constant by feeding hydrogen from the burette
into the reactor.

Long-term experiments (>12 h reaction time) were per-
formed in a stainless-steel batch autoclave (50mL) equippedwith
a stirring bar.H0-BT and the catalyst powderwere added into the
autoclave; the systemwas closed and flushedwith hydrogen three
times. Afterward, the autoclave was pressurizedwith hydrogen at
the desired reaction pressure and placed in a pre-heated heating
mantle.

For all hydrogenation experiments, the start of the reaction
was defined at the time when the reaction temperature was
reached. After each reaction, the reaction vessel was cooled
down. Then, the stirring was stopped, and the system was de-
pressurized. The reactionmixture was taken out, and the catalyst
was separated from the liquid phase by filtration.

2.5 Liquid-Phase Analysis

The composition of the reaction liquid was analyzed by gas chro-
matography and mass spectrometry as reported in a previous
publication by some of us [37]. Using this analysis method, the
amount of each HX-BT in the reaction mixture was quantified.

To quantify the overall hydrogen loading of the carrier com-
pound, the degree of hydrogenation (DOH) can be utilized. The
DOH of the liquid phase was calculated from the molar fraction
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x of each species HX-BT with X hydrogen as commonly used in
literature (Eq. 1) [17, 36, 37]:

DOHBT =
∑

X 12−1x (HX-BT) (1)

3 Computational Methods

3.1 Calculations

Harmonic vibrational frequencies have been calculated for
optimized geometries. Geometry optimizations have been per-
formed using the B3LYP density functional [38–41] and
Grimme’s D3 dispersion correction with Becke–Johnson damp-
ing [42]. A very fine integration grid (199 radial and 974 angular
points per atom) was used together with very tight SCF conver-
gence criteria. We used Ahlrichs triple-zeta valence polarizable
basis set tzvp [43, 44]. The same B3LYPD3BJ/tzvp level of the-
ory was used for the frequency calculations; B3LYP is known to
be efficient and performs very well for vibrational frequencies
[45]. The frequencies have been used unscaled for the determi-
nation of thermochemical data from RRHO partition functions,
as detailed investigations of B3LYP bias in frequency compu-
tations revealed that scaling factors for thermochemical data
approximately amount to unity [46].

The two rings in BT are linked by two single bonds around
which the molecule exhibits torsional motion. This torsion is
not a free rotation but is influenced by the potential energy as
a function of the torsional angle. We performed potential energy
scans along each of these two torsional angles to determine this
function. If a lower energy minimum was found during these
rotations, we repeated all optimizations, frequency calculations,
and scans based on that lowest energy minimum. Though calcu-
lations therefore refer to the lowest energy conformation, higher
conformations show up within the potential energy profiles of
the scans. The scanswere performed in 30 steps of 12° and, in case
the scan did not end in the initial structure, also in−12° steps. All
geometry optimizations and frequency calculations were done
using the Gaussian software version 16 c01 [47].

From the harmonic vibrational frequency calculations and
the torsional scans, we computed thermochemical data within
a hindered rotor model using TAMkin [48] and our TAMkin-
Tools extension [49]. We fitted a Fourier series of order 50 to
each torsional energy profile. Within TAMkinTools, in addition
to minimizing the deviation from the computed potential en-
ergy points, the curvature along a grid is also minimized. This
avoids a frequent issue with oscillations in scans with steep and
flat regions and allows the use of Fourier series of high orders.
For each hindered rotation, the corresponding 1-D Schrödinger
equation is solved using a Fourier-type basis set with 1000 el-
ements. This leads to 1000 energy levels as solutions to the
Schrödinger equation, a high number that is needed to obtain
converged thermochemical data at higher temperatures. To com-
bine the hindered rotors with the RRHO partition function,
TAMkin fits a parabola to the potential energy shape in themini-
mum and creates an extra HO partition function. Then, the total
RRHO partition function is divided by that extra function and
multiplied by the corresponding HR partition function.

Scheme 2. Reaction scheme for the formation of benzyltoluene
from toluene and propane.

The energies of all structures have been corrected by single-
point-coupled cluster calculations with the delocalized pair nat-
ural orbital (DLPNO) approximation. The energies were extrap-
olated to the basis set limit based on two calculations with finite
cc-pvtz and cc-pvqz calculations [50, 51]. DLPNO-approximated
energies are known to deviate fromnon-approximated CCSD(T)
energies far less than 1 kcal mol−1 [52]. These calculations were
done using ORCA 5 [53].

Enthalpies of formation, heat capacities, and entropies were
obtained from the partition functions computed by TAMkin.
Standard heats of formation need to be computed with respect to
a meaningful reference. Compound methods in computational
chemistry are often trained on atomization data. In turn, using
reference reactions that keep most groups in the molecules un-
changed (i.e., isodesmic reactions) benefits from systematic error
cancellation of the ab initio calculations involved. Here, we com-
puted the standard heat of formation of benzyltoluene from the
reaction of toluene and propane as shown in Scheme 2.

The required experimental data were found in the NIST
database [54] as −84 kJ mol−1 for ethane [55], −104.7 kJ mol−1

for propane [56], and 50.1 kJ mol−1 for toluene [57].
We computed free energies of solvation using the COSMO-

RS model [58–60]. Ensemble solution-phase geometries of the
species were optimized using COSMOconf [61] at BP-TZVP-
COSMO level of theory. Once the solution-phase geometries are
obtained, the free energies of solvation are calculated with COS-
MOtherm [62], where a pure ideal gas with a concentration of
1 mol L−1 and the solute dissolved at infinite dilution with a ref-
erence concentration of 1 mol L−1 is used as the reference state.
More details regarding the selection of the reference state can be
found in the recent study by some of the authors [63] as well as in
the SI. Because gas-phase calculations showed H0-BT and H12-
BT to be the dominant species, we computed Gibbs free energies
of solvation referring to binary mixtures of H0- and H12-BT in
molar fraction steps of �x = 0.2. For the liquid phase, we chose
the isomers with lowest free energy in the gas phase as represen-
tatives for each of H0-, H6-, and H12-BT. The actual isomer mix
will depend both on the initial sample and on the applied catalyst.
Gibbs free energies of solvation at standard temperature vary by
less than 1 kcal mol−1 with mixture composition, cf., SI. The fol-
lowing temperature-dependent analysis therefore usesGibbs free
energies of solvation evaluated only in both limits, i.e., in 100 %
H0-BT or 100 % H12-BT.

The fourmolar fractions that are assumed tomake up the total
liquid-phase composition, i.e., the fractions of H2, H0-BT, H6-
BT, and H12-BT, can be determined from four equations. The
molar fraction of physically absorbed H2 in the liquid phase xH2

is then computed from Henry’s law:

xH2 = p
H (T )

xgas,H2 (2)
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Scheme 3. Simplified hydrogenation reaction scheme.

For lower temperatures and higher pressures, the molar frac-
tion of H2 in the gas phase xgas,H2 can be assumed to amount
to unity. In general, the vapor–liquid equilibrium needs to be
considered explicitly, in which the total pressure equals the sum
of LOHC components’ vapor pressures times their mole frac-
tion and Henry constant of H2 multiplied by its mole fraction
in the liquid phase. This general treatment that couples reaction
equilibria in gas and liquid phases to vapor–liquid equilibrium
is implemented in our current model (cf., repository https://
doi.org/10.5281/zenodo.14143841) and holds for thermochemical
equilibrium below the boiling point. The equations comprise the
gas- and liquid-phase concentrations of H2, H0-BT, H6-BT, and
H12-BT of representative isomers. The influence of further iso-
mers is expected to be small and neglected for thermochemical
equilibrium computation. Concentrations of other partly hydro-
genated species, like, e.g., H4-BT have been found to be small
and are neglected as well. The equilibrium could be disturbed if
components are rapidly entered into or removed from one of the
phases. To treat hydrogenation computationally, we simplify the
reaction scheme fromScheme 1 in a two-step process as displayed
in Scheme 3.

This determines the remaining three molar fractions: two fol-
low from the law of mass action for the two reaction equations
of Scheme 3, and the last from the closure condition.

The molar fraction of H6-BT reads xH6−BT =
xH0−BTx3H2

K1(T, {x}) using the molar fraction xH0 − BT of H0-BT
and the molar fraction of H2 from Eq. (2).

The equilibrium constant of the first reaction in Scheme 3 (K1)
is calculated for an explicit liquid-phase composition {x}. The
molar fraction of H12-BT follows analogously from xH12−BT =
xH6−BTx3H2

K2(T, {x}) = xH0−BTx6H2
K1(T, {x})K2(T, {x}). The

equilibrium constant K2 refers to the second reaction of
Scheme 3. These equations, together with the closure condition
�xi = 1 allow to compute the complete composition of the liquid
phase. With the assumption of a gas phase of approximately
100 %H2, the compositions can be computed analytically. In this
study, we solve for the partial pressures following from reaction
and vapor–liquid equilibria. This requires iterative solution,
which we have implemented in a sheet on the repository (see
https://doi.org/10.5281/zenodo.14143841). There, we provide the
compositions, i.e., molar fractions of H2, H0-BT, H6-BT, and
H12-BT.

4 Results and Discussion

4.1 Gas-Phase Thermodynamics of
Benzyltoluene-Based Isomers

Free energies, entropies, and enthalpies have been computed for
all isomers for the ideal gas state first (cf., tables in SI). For
the non-hydrogenated H0-BT form, there are just the three or-

tho, meta, and para isomers. The ortho form is 1.5–2 kJ mol−1

lower in energy thanmeta and para, but also lower in entropy by
about 25 J mol−1 K−1. The actual isomer mix in thermochemi-
cal equilibrium is determined by the energy–entropy interplay
and resulting Gibbs free energies for ortho are higher by 6.8–
10.8 kJ mol−1. H0-BT structures are computed to be about
12 kJ mol−1 higher in energy than the G3MP2-based compu-
tational results by Verevkin et al. [27] but in good agreement
with their correction obtained from a correlation to experimen-
tal data of similar compounds. This indicates that the overall
computational approach of this study yields accurate enthalpies,
entropies, and Gibbs free energies.

The partly hydrogenated H6-BT shows 18 isomers in total.
When the SR is hydrogenated, it can be in boat or chair config-
uration. When the MR is hydrogenated, the methyl group can
be in cis or trans position. This yields 3 × (2 + 2 × 2) possi-
ble isomers. Throughout, the boat isomers show energies higher
by 20–30 kJ mol−1 than the chair isomers, with entropies being
similar. One can thus neglect boat isomers for most applications.
Energies for cis and trans isomers for the hydrogenated MR vary
in a range of 7 kJ mol−1 without a clear trend; one of the two is al-
ways close in energy and entropy to the corresponding SR isomer.
Verevkin et al. [27] report energies in close agreement with our
calculations, while accounting only for the dominant chair (and
cis) isomers (the lowest energy isomers are partly trans, though,
and not cis as used by Verevkin et al. [27]). The lowest energy
structure emerging from our calculations, i.e., para-chair (SR), is
6 kJ mol−1 lower than the experimental result of −76 kJ mol−1.
Entropies vary around 491± 5 Jmol−1 K−1 with two outliers: H6-
BTmeta-boat/chair (516/510 J mol−1 K−1). These outliers are due
to the low frequencies (<100 cm−1) being 10–20 cm−1 lower than
for the other isomers from this study. This makes themeta-chair
structure dominate Gibbs free energy and population. In theH6-
BT reaction mixtures by Verevkin et al. [27], the para and ortho
SR were predominantly found as reaction products, which indi-
cates that this mixture is not produced in chemical equilibrium.
Instead, the same isomers as in theH0-BTmixture are dominant,
probably because the isomer type is conserved during the reac-
tion. In chemical equilibrium below 250 °C, H6-BT is preferred
over H0-BT + 3H2.

The fully hydrogenated H12-BT species appears in 24 iso-
mers because of the two orientations of the methyl group and
both chair/boat conformations of the main and side rings. The
isomers differ largely in energy, the lowest being all-chair para–
trans (−291 kJ mol−1) and all-chair meta–cis (−289 kJ mol−1).
These structures are more than 12 kJ mol−1 lower than the
lowest energy species reported by Verevkin et al. [27] and
16 kJ mol−1 lower than the experimental results. Entropies vary
around 505± 6 Jmol−1 K−1 without large outliers. Consequently,
these two isomers dominate Gibbs free energies at standard
temperature. Because their Gibbs free energies are also consid-
erably lower than Gibbs free energies for H6-BT + 3H2 and
H0-BT + 6H2, the fully hydrogenated species dominate chem-
ical equilibrium over wide ranges of temperature and pressure.
Entropies for H12-BT are much lower than entropies for H6-
BT + 3H2 and H0-BT + 6H2, so that the corresponding Gibbs
free energies for H12-BT increase much stronger with temper-
ature than those of H6-BT and H0-BT. Around 225 °C, H12-BT
species are overtaken byH6-BT, which dominate the equilibrium

Chem. Eng. Technol. 2025, 48, No. 3, e12002 © 2025 The Author(s). Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com
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Figure 1. Calculated liquid-
phase composition in chemical
equilibrium at pressures of 0.3,
1.0, and 30.0 bar; the amount of
H2 is less than 2 % for all shown
conditions; data are provided in
the repository (https://doi.org/
10.5281/zenodo.14143841).

composition at high temperature. In their H12-BT reaction mix-
ture, Verevkin et al. [27] find predominantly para and ortho
H12-BT, which is probably affected by the reaction procedure
and not in complete chemical equilibrium, similar to the H6-BT
mixture.

4.2 Liquid-Phase Reaction Equilibria

H2 from the gas phase is absorbed to a low extent in the LOHC
liquid phase, weakly dependent on temperature and strongly de-
pendent on pressure as well as the partial pressure of evaporated
LOHC. In order to model reaction equilibria in liquid phase, we
performed COSMO-RS calculations, as described in Section 3,
for the dominant species determined in the preceding gas-phase
analysis. Henry constants for H2 vary from 1750 bar at 25 °C to

2650 bar at 280 °C in H0-BT and from 1500 to 2500 bar in H12-
BT. This leads to H2 concentrations in the order of 2 % at high
pressure (30 bar) down to far below 0.1 % at 1 bar.

Chemical equilibrium compositions limit the kinetic loading
and unloading processes and follow, using the law ofmass action,
from the temperature-dependent Gibbs free energies in gas and
liquid phases. Gibbs free energies of solvation are quite similar
for all three considered hydrogenation stages of HX-BT species
(H0-,H6-, andH12-BT) andmostly differ at low temperature and
in H0-BT. In H12-BT solvent, differences between BT derivates
are less than 4 kJ mol−1 at all temperatures. Therefore, the mix-
ture composition at chemical equilibrium in the liquid phase
closely resembles the gas-phase composition. Yet, this is the first
study presenting BT compositions, i.e., fractions of absorbed H2
aswell asH0-,H6- andH12-BT, atwide temperature andpressure
ranges, cf., Fig. 1.

Chem. Eng. Technol. 2025, 48, No. 3, e12002 © 2025 The Author(s). Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com
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The main characteristics of BT loading and unloading can be
inferred from these chemical equilibrium data in Fig. 1. At “low”
temperature, dependent on pressure up to 150 or 270 °C, the
equilibrium is heavily on the H12-BT side; practically the mix-
ture purely consists of H12-BT and a small amount of hydrogen.
At most pressures, there is a range of 30–60 K where substan-
tial amounts of H6-BT can be present. At high temperatures,
the non-hydrogenated species H0-BT is favored. Accordingly,
based on equilibrium compositions, loading and unloading of
BT-based LOHC depends in practice more on pressure than on
temperature. Pressures below 1 bar can be relevant to account for
dilution by further gases, e.g., air for combustion of released H2.
For stoichiometric combustion, the partial pressure of H2 corre-
sponds to 0.3 bar. Neglecting the absorption of spurious amounts
of these further gases in the liquid phase, the model equations
become equivalent to setting the total pressure to 0.3 bar, cf., SI.
Although such a reduced pressure of 0.3 bar leads to partial de-
hydrogenation at around 175 °C, at high pressure of, e.g., 30 bar,
the mixture in chemical equilibrium stays fully hydrogenated up
to 280 °C. Hence, high temperature reduces the amount of partly
hydrogenated species.

4.3 Experimental Study of the Reaction Mixture
Obtained by Hydrogenation of Benzyltoluene

The results obtained from the thermochemistry calculations and
experimental studies of the hydrogen loading of H0-BT are
collated. For this purpose, the hydrogenation of H0-BT was per-
formed using an established platinumon oxide catalyst (Pt/TiO2,
0.2 mol% Pt to H0-BT, batch process) with BT in liquid state
(further information on the experimental procedure is provided
in the SI). To obtain further insights into the thermochem-
istry of the reaction, the composition of the reaction mixture
obtained for experimental hydrogenation runs with different re-
action times and temperatures is compared to the results from
thermodynamic calculations.

To study the temperature influence on the hydrogenation pro-
cess, the DOH values obtained after 1 h of reaction time at a
constant hydrogen pressure of 30 bar are evaluated for reaction
temperatures between 125 °C and 225 °C (Fig. 2).

The hydrogen loading of H0-BT was favored at all reaction
temperatures between 125 and 225 °C employed in this study.
However, the DOH obtained after 1 h of reaction time increases
strongly with increasing reaction temperature. While the hydro-
genation at 225 °C led to full loading of H0-BT (DOH = 1.00),
a mean DOH of 0.84 ± 0.12 was reached at 200 °C (further in-
formation on the deviation between the results obtained by the
different experimental runs is given in the SI, Deviation of Ex-
perimental Results of Hydrogenation). Hydrogenation at 125 °C
resulted in a DOH of 0.15 after 1 h. These results obtained at
different reaction temperatures indicate that the overall reac-
tion rate is strongly influenced by the temperature. Therefore,
limitation of these reactions by kinetic factors instead of the ther-
modynamic equilibrium can occur, especially if the kinetic is
slowed down by a decrease in the reaction temperature. Thus, the
thermodynamic equilibrium is probably not reached after 1 h of
reaction time under the employed reaction conditions. The de-
tailed course of the reaction at 125 °C is visualized in Fig. 3. To

Figure 2. Temperature influence on the hydrogenation of H0-BT
using Pt/TiO2 catalyst (0.02mol% Pt to H0-BT), constant hydrogen
pressure of 30 bar, and 1 h of reaction time.

gain further insights into the reaction route, not only the over-
all DOH is considered, but also the composition of the reaction
liquid consisting of the different HX-BT species for represen-
tative samples obtained after different reaction times is given.
After 30 min of reaction time, the main compound in the re-
action mixture was still the substrate H0-BT (93.6 %), but also
the partially hydrogenated H6-BT was present (6.0 %). Further-
more, a small amount (0.3 %) of the fully hydrogenated H12-BT
has been formed.Additionally, 0.1% ofH4-BTwas detected. This
composition of the reaction mixture refers to an overall DOH
of 0.07. For longer reaction times, the DOH increased with the
consumption of H0-BT and the formation of H6- and H12-BT.
After 480 min, the reaction mixture consisted mainly of H12-
BT (93.2 %). Over the course of the reaction, the HX-BT species
with two hydrogenated double bonds per ring (H4- or H10-BT)
were found, but the ratio of these compounds was at any point
less than 1 %. H2-BT and H8-BT were not detected. These re-
sults are in accordance with the expectation that the energy level
decreases from the HX-BT species with only one hydrogenated
double bond per ring (H2- or H8-BT) over species with two hy-
drogenated double bonds per ring (H4- or H10-BT) tomolecules
with either a not or fully hydrogenated ring (H0-, H6-, or H12-
BT) [12, 16, 26]. Hence, the ratio of each species in the reaction
liquid increases with the decreasing energy level. Even though
trace amounts of H4- and H10-BT were detected in the reaction
mixture, they can be neglected due to their low concentrations.
The obtained course of H6-BT and H12-BT over the reaction
time suggests a consecutive reaction path in the hydrogenation
of H0-BT to H12-BT.

The comparison of these experimental results to the calcu-
lated equilibrium composition gives further insights into the
hydrogenation process. According to the calculated composition,
only H12-BT was still present in the equilibrium at 30 bar hy-
drogen pressure and 125 °C (see Fig. 3). For the experimental
hydrogenation at 125 °C and 30 bar hydrogen pressure, the re-
action liquid obtained after 480 min consisted mainly of H12-BT
(93.2 %) but 6.7 % ofH6-BTwas still present. For the experimen-
tal hydrogenation at 225 °C, only H12-BT was detected in the

Chem. Eng. Technol. 2025, 48, No. 3, e12002 © 2025 The Author(s). Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com
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Figure 3. Course of the hydro-
genationofH0-BT at 125 °Cusing
Pt/TiO2 catalyst (0.02 mol% Pt to
H0-BT) and constant hydrogen
pressure of 30 bar.

reaction liquid after 60 min. According to the calculations, the
amount of H6-BT increases slightly with increasing temperature,
but only about 1 % of H6-BT is formed at a high temperature of
280 °C (see Fig. 3). Thus, the experimentally obtained data for the
reaction at 225 °C are in accordance with the calculated composi-
tion. The increase of the reaction temperature from 125 to 225 °C
at 30 bar hydrogen pressure does not significantly change the
equilibrium composition (see Fig. 1), but at lower temperatures
the reaction proceeds slower than at higher temperatures. There-
fore, the thermodynamic equilibrium was probably not reached
after 480 min at a reaction temperature of 125 °C. These re-
sults indicate a significant contribution of the kinetics on the
hydrogenation reaction under the employed reaction conditions.

To experimentally analyze the composition of the reac-
tion liquid close to or at equilibrium, the reaction conditions
must be adjusted so that the thermodynamic equilibrium could
be reached under the given conditions. For the real reaction
approaching equilibrium, limitations can occur, which could
impede reaching equilibrium [64]. Nevertheless, the obtained
reaction liquid close to equilibrium can be compared to the cal-
culated equilibrium composition. For this purpose, a long-term
hydrogenation reaction (2 weeks reaction time) was performed
at 200 °C. In this case, the reaction vessel was pressurized at
30 bar hydrogen pressure in the beginning, and the pressure
decreased as hydrogenwas consumed during the ongoing hydro-
genation. The measured hydrogen pressure stabilized at nearly
0 bar, meaning that no detectable amount of hydrogen was left
in the gas phase of the reaction. In this experiment, a DOH of
0.211 was obtained. The composition of the liquid phase obtained
after this long-term experiment is compared to the theoretical
equilibrium composition (Fig. 4). For this purpose, the equilib-
rium composition at 200 °C regarding the DOH of 0.211 was
calculated, resulting in a calculated pressure of 0.24 bar (cf., SI).

For the Gibbs free energy of solvation calculations, here the H0-
BT reference limit was used, given that H0-BT is the dominant
species.

The experimentally obtained reaction liquid consisted mainly
of H0-BT (60.4 %) and H6-BT (37.0 %). These amounts agree
with the calculated amounts of 58.1 % H0-BT and 41.7 % H6-
BT. As H4- and H10-BT were not detected in the reaction liquid,
the expectation that these species occur in the lowest concentra-
tions is confirmed. Furthermore, the assumption that only H0-,
H6-, and H12-BT needed to be considered in the calculation is
validated. In the calculated composition, only an imperceptible
amount of H12-BT is present (0.3 %), but the reaction liquid
contained a significant amount of H12-BT (2.5 %). This small de-
viation between experimental and calculated amounts indicates
that the formation of H12-BT is favored under real experimental
conditions. Possibly, under the given conditions, the dehydro-
genation of H12-BT was hindered, or the hydrogenation of H6-
to H12-BT proceeded faster than the backward reaction of form-
ing H6-BT via the dehydrogenation of H12-BT. In this case,
the equilibrium between H6- and H12-BT would not have been
achieved in the experiment, resulting in a higher amount of H12-
BT in the reaction liquid than in the equilibrium composition.
Furthermore, a small deviation between the experimentally ob-
tained and the theoretical composition can also be caused by the
assumptions employed during the calculations. All in all, the pre-
sented results show that the experimental and theoretical data are
in good agreement, and in general, the calculated equilibrium
compositions can reflect the real composition.

Under real reaction conditions, the limiting factors are prob-
ably not thermodynamic effects but kinetic aspects. Thus, to
reach the thermochemical equilibrium, the respective conditions
must be adjusted, e.g., an increase in reaction temperature can be
used to increase the reaction rate, as shown in the experimental
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Figure 4. Composition of
the liquid phase obtained in
the long-term hydrogenation
experiment (2 weeks reaction
time, 200 °C, 30 bar initial
hydrogen pressure) and the
calculated composition at
similar parameters (200 °C,
DOH = 0.211); the calculated
amount of H12-BT is less than
1 % and, thus, hardly visible.

study of the temperature influence. As shown from the results of
the thermodynamic calculations and validated by analysis of the
experimentally obtained reaction liquid, the equilibrium compo-
sition obtained in the hydrogenation/dehydrogenation reaction
can be influenced by the chosen pressure and temperature.

Although hydrogenation is an exothermic reaction and there-
fore generally less favorable at higher reaction temperatures,
the calculations from this study underline the crucial role of
(hydrogen gas) pressure. At conditions of 30 bar, the chemical
equilibrium favors hydrogenation at almost all temperatures up
to the boiling temperature of the LOHC. Using the catalyst from
this study, the equilibrium can be reached above 200 °C within
1 h of reaction time. For dehydrogenation, pressure needs to be
lowered considerably; at 1 bar, dehydrogenation to significant
amounts of H0-BT is thermodynamically possible only above
230 °C. Partial dehydrogenation (i.e., H6-BT formation from
H12-BT) and thus, hydrogen release occurs already at temper-
atures lower by 50–75 K than full unloading of the LOHC (i.e.,
H0-BT formation). Based on these results, the technical appli-
cation of the LOHC process can be optimized. First, pressure is
decisive for the loading as well as the unloading. By pressure ad-
justment, the hydrogenation and dehydrogenation process can
be performed at lower temperatures. Second, the consideration
of partly loaded conditions is crucial for real applications where
the amount of hydrogen to be stored does not always match
with the amount of hydrogen for full hydrogenation. Analo-
gously, during the hydrogen release, the amount of required
hydrogen can correspond to partial dehydrogenation. Moreover,
depending on the technical process, it can be attractive to oper-
ate the LOHC system mostly within partly loaded or unloaded
conditions to opt for moderate temperature conditions. The re-
quirement of high temperatures is currently a major drawback
of the LOHC technology [15, 19]. Especially, reduction of the op-
eration temperature and hence, reduction of the energy demand
for heating, can increase the efficiency of the overall process. As
shown by life cycle assessments for the similar LOHC systems

dibenzyl toluene or toluene, heating of the dehydrogenation unit
by burning natural gas or even hydrogen significantly increases
the greenhouse gas emissions of the process [65, 66]. There-
fore, temperature reduction by using low pressures together with
suitable catalysts and by allowing for partly loaded conditions
can be a game changer in hydrogen storage and transport for a
sustainable hydrogen economy.

5 Conclusions

In this study, we have investigated partial and full hydrogen
loading and unloading of the LOHC system benzyltoluene
(H0-BT)/perhydro benzyltoluene (H12-BT). We have studied
experimentally obtained hydrogenation kinetics for the hydro-
genation of H0-BT using Pt/TiO2 catalyst for various reaction
times and temperatures. Chemical equilibrium compositions as
limiting asymptotes of the kineticmeasurements have been com-
puted from ab initio and statistical mechanics methods. For
the isomers of H0-, H6-, and H12-BT, thermochemical data
have been computed, and the meta and para chair isomers
were proven to be the most stable at all temperatures stud-
ied herein. For molecular geometries from DFT optimizations,
energies were computed from DLPNO-accelerated and extrapo-
lated coupled cluster theory. The two single bonds linking the
MR and SR of HX-BT showed various conformations, which
have been included within a hindered rotor treatment. This pro-
vided reliable enthalpies and entropies over a wide temperature
range. Liquid phase data, including absorption of H2, were cal-
culated from the COSMO-RS model. From the law of mass
action for the (de-)hydrogenation reactions, we computed equi-
librium compositions as functions of temperature and pressure.
BT-based hydrogenation and dehydrogenation equilibria were
shown to be largely influenced by pressure. At loading conditions
of 30 bar, chemical equilibrium favored complete hydrogenation
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at all temperatures under study. Under vacuum at around
200 °C, dehydrogenation gets favored, increasingly at higher
temperatures.

The experimental results for the hydrogenation of H0-BT
demonstrated that the reaction proceeds via the partially hy-
drogenated species H4-, H6-, and H10-BT to H12-BT. The
intermediate H6-BT occurred in relevant amounts, whereas H4-
and H10-BT could be neglected. Under the equipped reaction
conditions of 30 bar hydrogen pressure and temperatures up
to 200 °C, the calculated equilibrium composition has not
been reached, indicating kinetic control of the reaction. Up
to this temperature, the equilibrium composition is largely
temperature-independent and consists practically only of fully
loaded H12-BT. In turn, in a long-term experiment in a closed
vessel where pressure dropped due to H2 being consumed
by hydrogenation, substantial amounts of H0- and H6-BT
were obtained, which is in accordance with the calculated
amounts of these species in the equilibrium composition for low
pressure.

The kinetic measurements showed how an increase in tem-
perature allows to approach equilibrium conditions much faster.
For the technical application of hydrogen loading ofH0-BT, tem-
perature can be raised above 200 °C to enhance the reaction rate
while still enabling full loading. If partly loaded HX-BT condi-
tions are tolerable, temperature can be chosen 50–75 K lower
than needed for almost complete hydrogenation or dehydro-
genation. The results obtained in this study indicate a tradeoff
between maximum usage of the LOHC material and the oper-
ating temperature: e.g., loading and unloading the LOHC only
between degrees of hydrogenation of 1/3 and 2/3 can allow it
to operate below 200 °C but require supplying and transporting
thrice as much LOHCmaterial as for full use. Depending on the
application of the LOHC technology, operating under partially
loaded conditions can be feasible or even desirable.

Supporting Information

Supporting information for this article can be found under
DOI: https://doi.org/10.1002/ceat.12002.

Supporting_Information: Preparation of the Pt/TiO2 Catalyst;
Deviation of Experimental Results of Hydrogenation, Condi-
tions and Assumptions for the Computational Model, Chemical
Equilibrium Theory for the Computational Model, Determina-
tion of Liquid Mixture Composition from the Computational
Model, Influence of Additional Inert Gases, Optimized Geome-
tries of HX-BT Species, Hindered Rotor Profiles.

Additionally, a spreadsheet containing the following informa-
tion is available on the repository Zenodo (see https://doi.org/10.
5281/zenodo.14143841):

◦ Ideal gas data (enthalpy, entropy, heat capacity, and Gibbs free
energy) for all isomers in this study

◦ Relative ideal gas fractions (for xH2 ≈ 1 in the gas phase) of all
HX-BT isomers for H0-BT, H6-BT, and H12-BT in chemical
equilibrium for a given pressure that can be altered by the user

◦ Reaction equilibria for the liquid phase for given pressures
that can be altered by the user

◦ Low-pressure data at 200 °C to produce a degree of hydro-
genation similar to the values obtained in the experimental
results reported in Fig. 4

◦ Composition-dependent data for mixture compositions of
H0-BT and H12-BT in molar fraction steps of 0.2 at standard
temperature
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Symbols Used

H(T) [bar] Henry constant
K [–] equilibrium constant
p [bar] pressure
T [K] temperature
t [min] time
X [–] number of H bonded to carrier

compound
x [–] molar fraction
{x} [–] composition as set of molar fractions

Abbreviations

B3LYPD3BJ Becke–Lee–Yang–Parr density functional with
Grimme’s D3 dispersion correction and Becke–
Johnson damping

CCSD(T) coupled-cluster theory with single, double, and
perturbative triple excitations
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DLPNO delocalized pair natural orbital
DOH degree of hydrogenation
H0-BT benzyltoluene
H6-BT partly hydrogenated benzyltoluene
H12-BT perhydro benzyltoluene
LOHC liquid organic hydrogen carrier
LOHC− hydrogen-lean liquid organic hydrogen carrier
LOHC+ hydrogen-rich liquid organic hydrogen carrier
MR main ring
RRHO rigid-rotor harmonic oscillator
SI Supporting Information
SR side ring
TZVP triple-zeta valence polarizable (basisset)

Data Availability Statement

Data are available on Zenodo, link to pre-publication version in
the Supporting Information section.
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