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ARTICLE INFO ABSTRACT
Keywords: The implementation of the liquid organic hydrogen carrier (LOHC) technology for efficient energy storage re-
Liquid organic hydrogen carrier quires the development of a reliable kinetic model for both hydrogenation and dehydrogenation processes. In this
Dibenzyltoluene

research study, the catalytic hydrocarbon saturation for a dibenzyltoluene (DBT) mixture solution, containing
dibenzylbenzene (DBB), dibenzylethylbenzene (DBEB) and impurities has been performed in the presence of Ru/
Aly03 particles. The influence of different reaction conditions, such as temperature, pressure, initial reactant
concentration, catalyst amount and stirring speed has been examined. A measurement-based system micro-
kinetics, based on the Langmuir-Hinshelwood mechanism with dissociative Hy surface adsorption, has been
derived. Hy thermodynamic solubility equilibrium was defined through Henry’s law. The adsorbing, desorption
and reactivity of inert solvent molecules was not considered to be relevant. The mass transfer resistance over
1000 rpm stirring speed was negligible. Relative- and mean squared error of representation were 40.9% and
1.00 x 1074, respectively. Expressions gave an excellent data prediction for the profile period trends with a
relatively accurate estimation of Hy intermediates’ rate selectivity, Ho-covered area approximation and pathway
rate-determining steps. Due to the lack of commercially available standard chemical compounds for quantitative
analysis techniques, a novel experiment-based numerical calibration method was developed. Mean field (micro)
kinetics represent an advancement in the mesoscale mechanistic understanding of physical interface phenomena.
This also enables catalysis structure-activity relationships, unlocking the methodology for new LOHC reaching
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beyond traditional, such as ammonia, methanol and formate, which do not release Hy alone. Integrated multi-
scale simulations could include fluidics later on.

1. Introduction

Global expansion of industrial, transportation and commercial ac-
tivities in past decades has resulted in a rapid increase in energy con-
sumption. Despite their negative impact on the climate and the
environment, fossil-based fuels are still predominantly used to meet
these energy requirements [1]. In 2019, the European Commission
proposed the European Green Deal, which sets a path for a 55%
greenhouse gas (GHG) emission reduction by 2030 and complete cli-
mateneutrality by 2050 [2]. The realization of these goals depends on
the exploitation of renewable sources, which have been widely explored
[3]. However, the fluctuating energy production represents the main
issue which imposes a need for reliable storage systems. A possible so-
lution is the use of batteries, but their limitations, such as slow charging,
unavailability and negative impact on the environment from exploita-
tion of certain materials, make this option less sustainable. One of the
alternatives could be to use electrical energy from renewables to pro-
duce a secondary energy carrier, such as green hydrogen gas [4 - 7].

From the environmental standpoint, hydrogen represents an excel-
lent energy source with carbon-free combustion. This gas exhibits great
potential for energy storage with a high specific energy of 120 MJ/kg
[8,9]. However, approximately 95% of produced hydrogen is immedi-
ately used at the production site, due to its unfavorable characteristics
related to storage and transportation [10]. Low gas density results in
significantly lower volumetric energy density (8 MJ/I), compared to
conventional fuels (32 MJ/I for gasoline) [9]. Thus, the use of hydrogen
as an energy carrier depends on the efficient storage methods, which
enable higher volumetric energy content. The most commonly used
options include gas compression (200-700 bar) and liquefaction at
cryogenic conditions (— 253°C). Both processes have high energy re-
quirements, in order to achieve the necessary pressure and temperature.
Moreover, boil-off losses in case of liquid hydrogen further reduce the
efficiency of this storage method [7,8,11,12]. Hydrogen is also stored in
the form of metal hydrides, but its release can be challenging and often
requires additional heat [13].

Lately, research has been focused on another storage method - liquid
organic hydrogen carriers (LOHC). They represent a group of organic
liquids or low melting point solids, with unsaturated covalent double
bonds. Hydrogenation of LOHC molecules is an exothermic heteroge-
neous catalytic process, usually conducted at elevated pressure (10 —
50 bar) and temperature (100 — 250°C), in the presence of Ru-based
catalysts [12,14]. This process is reversible, which allows for a
hydrogen release at the point of consumption. Endothermic catalytic
dehydrogenation is conducted at even higher temperature (150-400°C)

Table 1
Composition of dibenzyltoluene mixture.

and low pressure (1 — 5 bar), usually over Pt or Pd catalysts [12,14,15].
LOHC should reach high energy density values upon hydrogenation, be
liquid in a wide temperature range, have low toxicity and high thermal
stability [5,16]. It is important that dehydrogenation temperature does
not exceed the boiling point of the selected LOHC, in order for high
purity hydrogen to be generated. Since hydrogen release requires
elevated temperatures, LOHC manifest negligible hydrogen losses
[1,3,14,15].

Oligomers of toluene have shown great hydrogen storage potential
and were proposed as the third generation of LOHC [12]. Dibenzylto-
luene (DBT) has first been considered as an LOHC by Briickner et al. [17]
in 2014. With a storage capacity of 6.2 wt%, low melting (— 34°C) and
high boiling point (390°C), this compound remains one of the most
researched LOHC. However, fast hydrogen release requires higher
dehydrogenation temperatures, which in return promotes by-product
formation and reduces hydrogen purity. Considerable efforts have
been made in attempts to resolve this issue by selecting the most effi-
cient catalyst design (usually Pt-based) and optimal dehydrogenation
temperature [18-24]. LOHC technology has shown great potential for
practical use in fuel cell systems, which has been thoroughly researched
[25 — 28]. Significant improvement in hydrogen production was re-
ported by Ali et al. [29] upon continuous dehydrogenation of H18-DBT
inside a microchannel reactor.

DBT hydrogenation has also attracted attention, although it has not
been as extensively researched as DBT dehydrogenation, which less
thermodynamically favorable and can suffer from different issues
regarding catalyst deactivation and product purity. In 2016, Do et al.
[30] have identified the most probable reaction pathway for hydrogen
loading in the presence of Ru/Al;03 by H NMR spectroscopy and HPLC.
Detailed spectral analysis confirmed side-ring preference for hydroge-
nation, with middle-ring hydrogenation as the final reaction step. In
their parametric study, Ali et al. [31] have hydrogenated DBT over
various catalysts and have found that Raney-Ni showed the highest ac-
tivity. Other reaction conditions, such as temperature, pressure, stirring
speed, Raney-Ni and DBT loading were also varied and their optimal
values defined. The same group of authors has expanded this parametric
study [32] by examining the influence of temperature on different cat-
alysts’ activity. Kim et al. [33] have recommended a Ru/MgO catalyst
for fast hydrogenation of toluene oligomers at low temperatures. They
concluded that this catalyst promotes both homolytic and heterolytic
hydrogen adsorption, which was confirmed by density functional theory
calculations. Further research by Kim et al. [34], focused on the K-added
Ru/MgO catalyst for hydrogenation of aromatic LOHC at low tempera-
tures and this catalyst expressed maximum activity with 0.02 wt% K.

Compound Abbreviation Chemical formula Structure Molar mass (g/mol) Molar fraction (%)
1 1,4-dibenzylbenzene 1,4-DBB CyoH1g O O @ 258 ~ 15%
X
2 dibenzyltoluene DBT Co1Hao 272 ~ 63%
.
oA
3 dibenzylethylbenzene DBEB CaoHao N 286 ~ 19%
4 4-benzyl-2-ethyl-1-(3-methylbenzyl)-benzene MDBEB Ca3Hag 300 ~ 3%
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Large-scale application of LOHC technology is highly dependent on
the existence of reliable kinetic models for both hydrogenation and
dehydrogenation reactions. To the best of the authors’ knowledge, ki-
netic models for DBT hydrogenation have not been reported in present
literature. This study presents the first microkinetic model for hydro-
genation of a DBT-based mixture in the presence of a Ru/Al,Og3 catalyst.
An extensive experimental investigation of the hydrogenation reaction
was performed, covering a wide range of reaction conditions (temper-
ature, pressure, catalyst loading, initial LOHC concentration and stirring
speed). The Langmuir-Hinshelwood mechanism with dissociative
hydrogen adsorption was proposed and the microkinetic model was
derived from the obtained experimental data. The model parameters
were estimated using two optimization methods: genetic algorithm
followed by the damped least-squares method (Levenberg-Marquardt
algorithm).

2. Experimental
2.1. Materials

For the experimental part of this research, commercially available
substances have been used, without additional purification. Commercial
dibenzyltoluene mixture (63%, Biosynth AG Rietlistrasse 4, Staad, St.
Gallen, Switzerland, reference number FD171211) was selected as the
LOHC of interest. Its composition, identified by the GC-MS analysis
(described in section 2.4), is presented in Table 1. Note that the struc-
tural isomers of these compounds have not been identified and that the
structures presented in Table 1 represent arbitrarily selected structural
isomers. Since the molar fraction of MDBEB (DBEB with an additional
methyl-group, thus MDBEB) in the initial mixture is negligible, this
compound has been excluded from further analysis.

Hexane (n-hexane, > 98.5%, Emparta ACS) was chosen as the
appropriate solvent and dodecane (n-dodecane, 99.0%, TCI Chemicals)
as the internal standard for quantitative sample analysis. Hydrogenation
has been performed with commercial hydrogen (5.0, Messer, Bad Soden
am Taunas, Germany) in the presence of fine Ru/Al,O3 powder (5 wt%
Ru, Sigma Aldrich, St. Louis, MO, USA, reference number 439916;
average particle diameter 53 ym), which served as a catalyst. Commer-
cially available nitrogen (5.0, Messer, Bad Soden am Taunas, Germany)
was used to purge the reactors prior to the introduction of hydrogen to
the system.

2.2. Experimental procedure

The experiments were conducted in batch mode, using a Parr 5000
Multi Reactor System with six parallel reactors (75 ml). This system
enables individual pressure and temperature control, while mixing is
achieved with a magnetic stirrer (up to 1000 rpm). Temperature and
pressure were measured automatically in 30 s intervals. The initial re-
action mixture, containing LOHC components and n-hexane, was
introduced to the reactor and agitated with a magnetic stirrer. Upon
reaching sufficient homogenization, the first sample was collected. Next,
the catalyst was introduced to the reaction mixture and the system was
then purged with nitrogen (at 50 bar). The system was then pressurized
with hydrogen and heating was initiated. Due to safety concerns, all
available hydrogen was introduced to the system before heating up and
no additional pressurization was performed. Upon reaching the set
temperature, the second sample was taken and, from that point, the
sampling was conducted every 30 min for 3.5 h. The samples were
withdrawn through a dip-tube and filtered with PET filters (CHROMA-
FIL Xtra PET, 13 mm, 20 ym) to remove catalyst particles. Quantitative
analysis was performed with gas chromatography equipped with a mass
spectrophotometer (GC-MS). Prior to analysis, samples were diluted six
times with n-hexane, according to literature [35]. The internal standard
was added to the initial reaction mixture (1 ml), since dodecane was
expected to remain stable throughout the reactions.

Applied Energy 365 (2024) 123262

Table 2
Experimental conditions.
# T, D, LOHC : Ru (mol N, V (LOHC), V (hexne),
N bar ratio) rpm ml ml
1. 210 75 800 1000 10 30
2. 180 75 800 1000 10 30
3. 150 75 800 1000 10 30
4. 120 75 800 1000 10 30
5. 180 50 800 1000 10 30
6. 210 50 800 1000 10 30
7. 150 50 800 1000 10 30
8. 120 50 800 1000 10 30
9. 180 75 800 1000 15 25
10. 180 75 800 1000 5 35
11. 180 75 1600 1000 10 30
12. 180 75 800 600 10 30
13. 180 75 800 200 10 30
14. 180 75 400 1000 5 35
15. 210 75 800 1000 5 35
16. 210 75 400 1000 5 35
17. 180 100 800 1000 10 30
18. 150 100 800 1000 10 30
19. 180 100 400 1000 10 30

2.3. Experimental conditions

This investigation of DBT-based mixture hydrogenation was per-
formed with 19 experiments at different reaction conditions. Reaction
parameters, varied in these experiments, included temperature, pres-
sure, catalyst loading, initial reactant concentration (reactant/solvent
ratio) and stirring speed. Pressure and temperature ranges were selected
in accordance with the literature, with slight modifications based on the
preliminary experimental results [17,36]. The adopted pressure values
were significantly higher than those reported in literature, to compen-
sate for the fact that hydrogen could not be continuously supplied. The
amount of catalyst was calculated with respect to the initial quantity of
LOHC, within the literary recommended range [17,36,37]. After the
examination of single reaction parameter influences (# 1-5 and 9-13),
simultaneous variation of temperature and pressure was explored (#
6-8). The third set of experiments aimed at best possible hydrogenation
from LOHC to their fully hydrogenated forms (# 13-16). Finally, three
additional experiments (# 17-19) were performed in attempts to verify
model predictions (not used for parameter estimation). Experiment
number 2 was selected as a reference (base-case) experiment. Reaction
conditions for each of these experiments are presented in Table 2:

As previously mentioned, the temperature in the reactor has been
automatically measured every 30s during the entire reaction. The
period between first two samples was the heating-up period (until steady
reaction temperature was achieved) for all experiments. In order to
simplify the initial temperature profile, the measured temperature
values from the heating-up period have been used to form a linear
correlation between temperature and reaction time, for different tem-
perature set-points. The parameters of this linear function are given in
Table S1 in Supplementary material.

2.4. Quantitative analysis

Samples from the liquid phase have been analyzed using gas chro-
matography with a mass spectrophotometer (Shimadzu, GCMS-QP2010
Ultra, Kyoto, Japan). Since calibration standards were not commercially
available for the chemical species involved in this reaction, GC-MS was
not traditionally calibrated. Instead, the response factors for each
organic compound present in the system were found numerically. Given
the structural similarity of the organic reactants (fully dehydrogenated
LOHCQ), response factors for these compounds were assumed to be equal.
A sample of the initial reaction mixture was analyzed, and structural
isomers were not detected. Based on the resulting chromatogram, the
areas of all peaks for a single fraction, corresponding to all isomers of a
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Fig. 1. Intermediates (left — H6-LOHC, middle — H12-LOHC) and final hydrogenation products (right — H18-LOHC).

given compound, were identified. It was then assumed that the ratio of
the single fraction area, with respect to the sum of areas for all fractions,
is approximately equal to the molar fraction of that fraction (compound)
in the initial reaction mixture. The molar fractions were calculated as
follows:

Arj _ krj Cri Cri

- - LA 1
Z?:IAU Z?:l(kﬁi Cr,i) i W

Z?:l Cri

Where k; ; is the response factor of a reactant i and all response factors
areequal (k,; =k;» =k.3 =k.4 =k;), A, is the surface of all peaks of a
single fraction, c,; is the concentration of the fraction, and x;; is the
molar fraction of the reactant i in the initial sample. The next step
focused on finding the correction factors for each intermediate and final
hydrogenation product (Fig. 1). The process of determining the correc-
tion factors for each LOHC compound was based on the structural dif-
ference between the two intermediates and the product and is presented
in Supplementary Material.

2.5. Catalyst characterization methods

X-ray diffraction (XRD) spectra were achieved using PW3040/60
X’Pert PRO MPD diffractometer at 35 kV and 45 mA with Cu Ko radi-
ation source in the 20 range from 10° to 80°. The JCPDS database was
used for reference. Both hydrogen temperature programmed reduction
(H2-TPR) and carbon monoxide temperature programmed (CO-TPD)
were carried out on a Chemisorption Analyzer (AutoChem II, Micro-
metrics). The catalyst sample (100 mg) was placed inside a quartz U-
tube and was initially pretreated in an inert atmosphere (40 mL min " of
Ar) at 200 °C for 1 h. Following the pretreatment during Ho-TPR, the
catalyst was subjected to a flowrate of 40 mL min~! of 5 vol% H, in Ar
up to 900 °C with a heating rate of 10 °C/min. A TCD detector calibrated
with CuO was implemented to determine hydrogen consumption. Dur-
ing CO-TPD, the catalyst sample was reduced under similar conditions
that occurs in situ at the most relevant reaction temperature used for
activity tests (210°C for 2 h). Following reduction, catalysts were cooled
to —70 °C with liquid Na, then exposed to 40 mL min " of 5 vol% CO in
He, purged in pure He, then heated up to 700 °C at a heating rate of
10 °C/min ! where mass spectrums (m/z = 28) were measured by GSD
301 T3 Thermostar Mass Spectrometer. Field-emission scanning elec-
tron microscopy (FE-SEM) was conducted to obtain morphological and
structural properties of catalyst particles and to determine particle size

OH;

mm

H6-DBT

- ===

distribution. Particle size distribution was estimated by the empirical
number-weighted distribution functions and were fitted with a normal
distribution function. High-resolution transmission electron microscopy
(HR-TEM) analysis was conducted at 200 kV applying a thermionic
electron-source.

3. Microkinetic modeling
3.1. Model assumptions

An LOHC mixture for hydrogenation predominantly contains DBT.
As described above, besides DBT, this mixture also contained DBEB, DBB
and MDBT, all structurally similar to DBT. MDBT has been excluded
from modeling, due to its low molar fraction. Catalytic hydrogenation of
dibenzyltoluene on Ru/Al;O3 particles consists of three reaction stages,
which produce stable compounds. In the first stage, dibenzyltoluene
undergoes hydrogenation of one side-ring and converts into hexahydro-
dibenzyltoluene (H6-DBT). Further hydrogenation of the remaining side
ring produces dodecahydro-dibenzyltoluene (H12-DBT). This interme-
diate reacts to form the final hydrogenation product, perhydro-
dibenzyltoluene(H18-DBT), through middle-ring hydrogenation which
is considered to be the last reaction step due to steric hindrance caused
by the presence of two side-rings [30]. For the selected experimental
conditions, it is reasonable to assume that hydrogenation of DBT will be
an irreversible process since dehydrogenation occurs at higher temper-
atures and significantly lower pressure [38]. Fig. 2 presents the most
probable reaction pathway for this reaction [30]. As noted above, during
the samples analysis, structural isomers have not been identified, thus
Fig. 2 presents an arbitrarily selected isomer of DBT and its hydroge-
nation products.

Because of their structural similarity to DBT, the reaction pathways
for DBB and DBEB are considered analogous to the one presented for
DBT.

After initial analysis, the following assumptions were used for the
kinetic model:

1. Hydrogenation is a heterogeneous catalytic process which occurs
only on catalyst surface

2. All active sites on catalyst surface are identical and evenly
distributed

HlS-DBT

Ok
—

{112-DBY

O LO-3-0"00

H12-DBT H18-DBT

Fig. 2. Most probable reaction pathway for DBT hydrogenation with hydrogen and reactant diffusion and adsorption on catalyst active sites [30].
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Table 3

DBT hydrogenation mechanism.
DBT adsorption DBT + SﬁDBT— s (@3]
H, adsorption Hy+ 258 o s 3)

DBT— S+ H- S8 H-_DBT—5+5
H—DBT—S+H-S<H,— DBT— S+

s
H,-DBT-S+H-SSH, DBT-s+
s ®)
“ ©®
DBT to H6-DBT hydrogenation Hy —DBT-S+H-S<Hy—DBT-S+ (7
s . (8)
Hy—DBT—S+H—-S<Hs—DBT—S+ (9)
s (10)
Hs—DBT—S+H-S<H; - DBT— S+
s

He — DBT— S Hg — DBT+ S

Hs— DBT+ H— S H, — DBT—S+S§
H,— DBT— S+ H— S8 Hy — DBT —

5+§
Hy— DBT— S+ H- S%H,—ppr— (D
S+s a2
13)
H6-DBT to H12-DBT Ho— DBT— S+ H—§'SHip— DBT— (14
hydrogenation S+ S 1s)
Hy—DBT—S+H-S%H,-DBT—  (16)
S+S a7)
Hyy — DBT— S+ H— S8 Hy, — DBT -
5+5§

Hys— DBT— S Hy, — DBT+ S

Hy;— DBT+ H- S Hy; - DBT— S+

s
Hi3 — DBT—S+H- S Hy,4 — DBT -
5+5S
Ko (18)
Hy4— DBT— S+ H—-S < Hys — DBT — 19)
S+S
H12-DBT to H18-DBT . @0
hydrogenation His—DBT-S+H-S & He—DBT— (D
5+5S (22)
23
My DBT—S+H-S%H, ppr— 2
5+8§ 29
Hiy — DBT— S+ H— §'% Hyg — DBT —
S+S

Hyg — DBT— S' & Hyg— DBT+ S

3. Hydrogen solubility has been defined based on the solubility in
pure n-hexane (Henry’s law)

4. Ideal gas law has been used for hydrogen in the gaseous phase

5. Mass transfer resistance between gaseous and liquid phase is
considered negligible due to sufficient mixing

6. Internal (diffusional) mass transfer resistance in particles has
been neglected (due to small catalyst particles)

7. All reactants and their hydrogenation products have the same
adsorption equilibrium constant
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8. Adsorption and desorption of solvent molecules are not consid-
ered (assumed negligible)
9. Adsorption and desorption processes are not temperature
dependent
10. Decomposition of LOHC and their hydrogenation products is not
occurring (possibly not accurate for H18-DBB)
11. Reaction rate constants follow the Arrhenius law

Reaction mechanism has been defined using the Langmuir-
Hinshelwood approach, with dissociative adsorption of hydrogen. Par-
tial reaction order with respect to hydrogen was assumed to bep =1,
based on preliminary parameter estimation. Based on the experimental
results for stirring speed variations and literature reports [31], external
mass transfer limitations have been considered negligible (see section
4.3). As for the internal mass transfer, it has been assumed that this
process had negligible influence on overall LOHC hydrogenation due to
the small Ru/Al;O3 particles used in these experiments (average d, =
53 ym) [39]. This was also confirmed by calculating the Weisz-Prater
criterion (Nyp) for hydrogen and DBT, which were 0.13 and 0.028,
respectively (see Supplementary material). Since the criterion is defined
as Nyp < 0.3, the assumption of negligible mass transfer resistance in
catalyst pores was verified. Temperature influence on adsorption/
desorption rates was determined to be minimal, since the introduction of
temperature dependence of equilibrium constants had very little effect
on the fit quality.

3.2. Reaction mechanism and model setup

3.2.1. Langmuir-Hinshelwood mechanism with dissociative adsorption of
Hy

This reaction mechanism includes dissociative adsorption of
hydrogen on the catalyst surface, as shown in Eq. (3), where S indicates
the free active site. It is assumed that the rate determining step for single
ring hydrogenation is addition of the first hydrogen atom, which breaks
the stable benzene ring structure, as supported by literature [40]. The
following equations, given in Table 3, represent the hydrogenation
mechanism for DBT hydrogenation.

As previously mentioned, due to the structural similarity, hydroge-
nation mechanism for DBB and DBEB are analogous to that of DBT.
Therefore, reaction steps defined in Egs. (2-24) are the same (DBB and
DBEB replacing DBT) and are presented in Supplementary material.

Additionally, this mechanism assumes that adsorption/desorption
processes have achieved equilibrium and these steps are defined by
equilibrium constants K; — Ka3 for DBT, K; — K, for DBB, and K; — Ky,
for DBEB. Based on the rate determining steps for DBT (Egs. (4), (11) and
(18)), the following reaction rates are defined as:

ry = ks[DBT — S|[H — S)’ (25)
ry = kio[H6 — DBT — S|[H — S’ (26)
ry = ki7[H12 — DBT — S|[H — S}’ 27)

where r; is the reaction rate of DBT conversion to H6-DBT, r,, is the rate
of H6-DBT to H12-DBT conversion, rs is the rate of H18-DBT production
from H12-DBT. Reaction rates for rate determining steps in DBB and
DBEB hydrogenation are analogous to the ones derived for DBT and are
presented in Supplementary material. According to the adsorption
equilibrium constants, the following expressions, given in Table 4, can
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Table 4
Adsorption equilibrium constants
Constant expression Concentration of adsorbed species #
K = [DBT — 5] [DBT — S| = Ky Cpgr [S)] (28)
Cpar [S]
2
K, = - S]Z [H-S] = /K:Ch, 8] (29)
Ch, [S]

1 [H6—DBT-S5) 1
1 _H6-DBT -5 H6 — DBT — S| = —Cue_psr [S (30)
Ky Cri6-pBr [S] [ ] Ky HepET sl

1 [H12-DBT-S§] 1
A H12 — DBT — S| = —Cpn2-psr [S] 31
Ko Crnzosr 5] [ ] K 'H12-pBT [S]

1 _ [H18—-DBT-S§] 1 32
B e kit H18 — DBT — S] = ——Cins_psr [S| (32)
K3 Crs-psr [S) [ ] Kz 8 osr [5]

K, —1DBB— S [DBB — 8] = K, Cops [S] (33)
Cpag [S]

1 _[H6—DBB -S| 1 a4
—_— = H6 — DBB — S| = —Cpo- S|
K, Cre-pBB [S] [ ] I(g to-oo3 [S]

_DBB— 1

’17 — w [H12 — DBB — s] = ——CH12-DBB [S] (35)
Kig Cr2-pgs [S] Ky
1 _[H18-DBB-S| [H18 — DBB — §] = ——Cins o5 [S] (36)
Ky Cris-pes [S] Ky
K, — [DBEB S| [DBEB — S| = K, Cppp [S] 37

Cpaes [S)

1  [H6 — DBEB - S 1 38
— 0= == = H6 — DBEB — S| = —Crpe-— S|
K; Cro-paEs [S] [ ] K; wo-pzs [5]

_ — 1

# - [H12 — DBEB — S} [H12 — DBEB — S| = ——Crn2_psrs [S) 39)
o s ogs s e
= H18 — DBEB — S| = ——Cms_pses [S 40
K, [p— [ ] Ky, ‘ms-DpEB [S] (40)

be derived.

Where [S] is the concentration of free active spaces. Based on the Egs.
(28-32), the reaction rates for rate determining steps of DBT hydroge-
nation can be written as:

1 = ks K, Cosr (v/K2Cry ) P[] (41)
1 ,
= k]()FCH()—DBT (\/ KZCHZ) p[S]] * (42)
9
1
= k17K_CH]2—DRT(\/ K2CH2) ,,[S]p+1 (43)
16

The concentration of free active sites ([S]) can be determined based
on the total active sites balance (44) and expressions (28-40) as follows:

[S] + [H — S| + [DBT — S| + [H6 — DBT — S| + [H12 — DBT — 5]
+[H18 — DBT — S| + [DBB — S] + [H6 — DBB — §] + [H12
—DBB — S|+ [H18 — DBB — S| + [DBEB — S| ++ [H6 — DBEB — |
+[H12 — DBEB — S|+ [H18 — DBEB — S| = 1

(44)

Applied Energy 365 (2024) 123262

ch;;DBT . “7)
dCHZ;DBr _ ﬁ (rs—r3) (48)
dCH:;DBT e (49)
‘l/d’:z;lz - _13_85 (ntrtrtnntntntntn) G0

where ny, represents the molar amount of hydrogen in the gaseous
phase and ¢ represents the volumetric fraction of the catalyst in the
liquid phase volume. The analogous material balances are derived for
DBB and DBEB and are presented in the Supplementary material.

The relationship between ny, and total pressure has been described
using ideal gas law:

Pe Vo = ny,RT (51

where p, is the total pressure (approximately equal to the partial pres-
sure of hydrogen),V, the volume occupied by hydrogen, T absolute
temperature and R is the ideal gas constant.

Henry’s law has been used to describe the relationship between
partial hydrogen pressure and its molar fraction:

_ PH, (bd}")
XHyeq = W (52)

€hexane

where Henry’s constant for n-hexane was determined from [41]:

814.371094

ln(H T(K)

€ hexane

(atm) ) = 30.841476 — —3.709661InT(K) (53)
The concentration of dissolved hydrogen is then calculated using the
molar fraction of hydrogen and the total concentration:

Ch, = Xty eqCrotal 54

The total concentration is calculated as the sum of all components
present in the liquid phase, as follows:

N
Cow =Y, Ci (55)

where i represents each individual compound (DBT, DBB, DBEB, their
hydrogenation products and solvent) and N is the total number of
components.

The yield of different hydrogenation products was used in result
analysis and calculated with the following expression:

Y, = %’“100% (56)

OLOHC

1

(]

Since the experiments have been conducted in three-phase batch
reactors, the following differential equations represent material bal-
ances for DBT, its hydrogenation products and hydrogen:
dCppr - £

dt 1—- er' (46)

= 1 1 1 ] 1 1 1 . i i 1
1+ +/KxCpy, + K, Cppr + K_QCHﬁ—DBT + K_IGCHIZ—DET + K_ﬂCHIS—DBT + K, Cpps + K_'CHG—DBB + TCHIZ—DBH + FCHIS—DBE + K, Cppes + FCHG—DBEB + TCHIZ—DBEB + FCHIS—DHEB
2 ) 16 x s 16 21

(45)

Where Cpyy ronc is the concentration of the said hydrogenation
product and C, is the initial concentration of the corresponding
LOHC.

OLOHC

3.2.2. Experiments for modeling and optimization parameters

The reaction conditions in experiments used for parameter estima-
tion are listed in Table 2 (# 1-11 and 14-16). The experiments with
different stirring speed were used to explore the influence of external
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Fig. 3. XRD spectra of the 5%Ru/Al,O3 catalyst.

mass transfer (see section 4.3) and these experiments have not been used
for parameter estimation. Additionally, three experiments at 100 bar
were used to verify the quality of model predictions (section 4.9).

The Arrhenius parameters for the constants of the rate determining
steps have been estimated. Given the assumption of similar adsorption
equilibrium for all organic molecules, four constants have been esti-
mated: three for all organic species (DBT, DBB and DBEB and their
corresponding products) and one for hydrogen. Therefore, the equilib-
rium constants for DBT-species presented in Egs. (28) and (30—32) are
reduced to:

1 1 1

- - - (57)
Ky Kis Ky

1

Equilibrium constants for DBB, DBEB and their products were
defined analogously.

In total, the number of parameters per hydrogenation reaction of an
initial reactant (i.e. DBT) was six kinetic parameters for three reaction
steps and two equilibrium constants for reactant and hydrogen adsorp-
tion. Parameter estimation was based on the 17 experiments (see
Table 2), each with around 100 experimental points (for each reactant,
intermediate and final product at different times).

3.2.3. Fitness function and optimization properties

The optimization has been conducted using MatlabR2021a software.
The system of differential Eqs. (46-50) and the analogous equations for
DBB and DBEB species was solved using odel5s for highly non-linear
differential equations. The initial conditions included initial DBT,
DBB, DBEB concentrations and the initial hydrogen amount (derived
from initial partial pressure using ideal gas law), while the concentra-
tions of all hydrogenation products were zero. Two different optimiza-
tion algorithms have been used to determine the optimal values of the
parameters: genetic algorithm (ga), followed by the damped least-
squares method (Isqnonlin). Detailed optimization settings are given in
Supplementary Material.

The same objective function was used for both optimization algo-
rithms, defined as:

2
It IV (Cienp — Ciimod)
Fop = MZi:lﬁZj:l Cij)upz (58)

Where M is the number of experiments and N is the number of
samples for a given experiment. To avoid division by zero, the experi-
mental points with Cj., = 0 have been excluded from the calculation.

Since initial guesses for parameter values could not have been made
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Fig. 4. H,-TPR profile of the Ru/ Al,O5 catalyst.
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Fig. 5. CO-TPD-MS profile (m/z = 28) of 5%Ru on alumina catalyst.

with enough certainty, optimization started with a broad search. The
search domain for all estimated pre-exponential factors was 1—
1081 mol 'min~! and 1 — 105kJ mol for all activation energies. The

domain for all equilibrium constants was 10~7 — 10°lmol™!. These
preliminary estimations also provided information with respect to the
optimum sensitivity to different initial guesses for model parameters.
Another varied parameter in the initial optimizations was the partial
reaction order with respect to hydrogen and based on the results, the
best fit was obtained with p = 1. This partial order has been adopted for
all consequent modeling.

Parameter estimation procedure started with the estimation of ki-
netic and equilibrium constants for experiments at different tempera-
tures and reference initial pressure of 75 bar. Based on the obtained
kinetic constants for each temperature, pre-exponential factors and
activation energies were obtained using the Arrhenius equation. The
obtained parameter values were then used as the initial values for esti-
mation based on the experiments at different temperatures and different
pressures (experiments # 6-8). After this estimation, the experiments
with varied amount of catalyst and initial LOHC concentration (LOHC:
solvent ratio) were included and the parameters were estimated simul-
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Fig. 6. SEM image of fresh 5wt.%Ru/Al,O3 (left) where the inset is the calculated particle size distribution. TEM images (right) of the catalyst where the inset image

at a higher magnification shows the distinct Ru particles.

Table 5
Optimal parameter values.
Parameter Units Value

1. Pre-exponential factor for k3 As l 3.92*108
mol min

2. Activation energy for ks Eaz E 24.23
mol

3. Pre-exponential factor for k;o Ao L 2.15%108
mol min

4. Activation energy for kio Eajo L2 25.33
mol

5. Pre-exponential factor for ki7 Az L 1.57*10°
mol min

6. Activation energy for k;7 Eay7 ﬁ 19.65
mol

7. Pre-exponential factor for k, Ay _ 1.22%10"3
mol min

8. Activation energy for k; Ea, kJ 28.83
mol

9. Pre-exponential factor for kj, Al o 1.73*108
mol min

10. Activation energy for k'10 Ea'10 ﬁ 25.46
mol

11. Pre-exponential factor for k;, A, L 1.10*10"
mol min

12. Activation energy for k;, Ea,, k. 59.21
mol

13. Pre-exponential factor for k; A, L 4.53*107
mol min

14. Activation energy for k; Ea; k. 21.79
mol

15. Pre-exponential factor for kj, Al _t 1.91%10%
mol min

16. Activation energy for k, Eay, K 32.01
mol

17. Pre-exponential factor for k;, A, L 1.41*106
mol min

18. Activation energy for k;, Ed,, EI 19.19
mo

19. Equilibrium constant for HX-DBT K R 1.19%107
mol

20. Equilibrium constant for hydrogen K> 2 7.64%10°
mol

21. Equilibrium constant for HX-DBB K'1 i 3.08%107
mlol

22. Equilibrium constant for HX-DBEB K1 ol 1.67%107

taneously for all experimental conditions, with previously obtained
values as the initial guesses. The obtained optimum can be considered
global with great certainty because of the initial broad domain search
and the use of genetic algorithm as the primary optimization method.
This algorithm has the ability to expand the domain search even upon
reaching a local optimum, as opposed to the traditional gradient-based
optimization algorithms.

4. Results and discussion
4.1. Catalyst characterization

Fig. 3 depicts the XRD spectra of the Ru-based catalyst. Peaks asso-
ciated with both 6 (JCPDS #11-0517) and y-alumina phases (JCPDS
#29-63) were present [42,43]. No Ru peaks were observed in the XRD
analysis, likely due to RuyO being below the XRD detection limit (<4
nm) [44]. The TPR profile for the 5 wt% Ru/ Al,Og3 catalyst is displayed
in Fig. 4 which indicates 3 major peaks centered around 107 °C, 417 °C
and 804 °C. The first peak is likely associated with highly dispersed
RuO,, the second peak related to bulk RuO,, whereas the third peak is
related with RuO particles that had a strong interaction with the
alumina support [45,46]. Based on the reduction profile of this specific
catalyst, it is expected that only the highly dispersed RuO; particles were
readily reduced in situ since the reaction temperature never exceeded
210°C. The resulting CO-TPD-MS spectra (m/z = 28 with deduction from
CO4 contribution) is shown in Fig. 5, and displays a broad profile be-
tween approximately 100 °C up to 600 °C. The estimated number of
metallic sites was determined to be 111 pmol/g. SEM image of the 5 wt%
Ru/Al,03 catalyst, presented in Fig. 6 (left), indicates that the average
particle diameter of the catalyst particles was 53 pm. Furthermore, it can
clearly be seen in the TEM image Fig. 6 (right) that the individual Ru
particles are all generally below 5 nm.

4.2. Model parameters

Parameter estimation resulted in optimal values, presented in
Table 5. Total relative mean error (RME) for all organic species was
41.49%, while RME for DBT, DBB and DBEB were 40.93%, 47.28% and
38.5%, respectively. This fit gave a mean squared error (MSE) of
1.00 ¢ 10~*. MSE for DBT, DBB and DBEB were 2.48 ¢ 1074, 2.28 ¢ 1075
and 1.29 ¢ 107, respectively.

In regards to fit quality, it is important to point out that the deviation
of the fit for the lowest concentrations partially accounts for the high
relative errors. Moreover, the initial reactant mixture contained three
different reacting species, whose hydrogenation reactions were modeled
simultaneously. Lastly, the lack of commercially available standards was
another issue which could have decreased the reliability of experimental
data. Having all of this in mind, the model still gave good predictions,
especially with regards to the experimentally obtained qualitative
trends.

4.3. Influence of stirring speed and mass transfer

Influence of the possible external mass transfer has been explored
through three experiments (# 2, 12 and 13 in Table 2), with different
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Fig. 7. Influence of stirrer speed on: a) DBT conversion b) DBB conversion ¢) DBEB conversion.

stirring speeds. The experimental results for DBT, DBB and DBEB con-
version for these conditions are presented in Fig. 7. It can be observed
that the lowest conversion for all three initial reactants is obtained with
200 rpm, which confirms the existence of mass transfer resistance. The
increase of stirring speed to 600 rpm significantly increased DBT and
DBEB conversion. Stirring speed of 1000 rpm resulted in slight increase
in DBEB conversion in the first two hours of the reaction and no
noticeable influence on either DBT or DBB conversion. The slightly
higher initial conversion rate for DBB at 200 rpm compared to higher
stirring speeds could be contributed to the experimental imprecision and
the fact that initial conversion rate for this fast-reacting compound
would require more experimental points within the first 60 min of hy-
drogenation. The obtained results verify that the highest stirrer speed
enables fast external mass transfer, compared to the reaction rates of
hydrogenation. Furthermore, the difference of DBEB conversion be-
tween experiments with 600 and 1000 rpm stirring speed could be the
result of experimental imprecision. Ali et al. [31] had investigated the
influence of stirrer speed on DBT hydrogenation in the presence of
Raney-Ni catalyst, at 170°C and 0.8 MPa. The implemented four stirring
speeds, ranging from 200 to 1100 rpm, had little effect on hydrogen
uptake over the course of 10 h. Based on experimental findings in this
study, as well as the literature reports, it was concluded that external
mass transfer can be neglected above 1000 rpm. Calculation of the
Weisz-Prater criteria for hydrogen and DBT (see model assumptions in
section 3.1 and Supplementary Material) has confirmed that internal

mass transfer can also be neglected. Therefore, the obtained kinetic
parameters are considered to be intrinsic.

4.4. Effect of temperature

DBT hydrogenation was conducted at four different temperatures
ranging from 120 to 210°C (other conditions at reference values). After
the initial heating-up period (until the collection of the second sample),
the temperature was kept constant as the reaction progressed. Concen-
tration profiles for DBT and its hydrogenation products are given in
Fig. 8, for each of these experiments. Experimental data shows fast DBT
to H6-DBT conversion at higher temperatures, with nearly complete
conversion within the first 100 min of the reaction. At 120 C, the reac-
tion rate of this step is noticeably slower, but conversion over 95% is still
achieved within the first 2 h. These results are expected, considering that
both of the side benzene rings can hydrogenate in this reaction step.
Preference of side rings is caused by steric hindrance and has been
confirmed by Do et al. [30] for the temperature range of 120 to 210 C at
50 bar, over Ru/Al;O3 catalyst. Experimental profiles for H6-DBT
change distinctly with temperature, which suggests a relatively strong
temperature dependence of reaction rates for both the first and the
second hydrogenation step. Finally, H18-DBT profiles have a similar
experimental trend at all reaction temperatures, suggesting less promi-
nent impact of temperature on the final hydrogenation step. Addition-
ally, due to the side ring preference, significant formation of H18-DBT
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Fig. 10. DBEB profiles at 180°C (left) and 150 °C (right).

starts only after a substantial amount of H12-DBT has been formed,
which is in accordance with literature [30]. Another interesting effect
can be identified when looking at H18-DBT production for experiments
at 180and 210°C. At 180°C, the achieved H18-DBT yield was 14.65%,
whereas at 210°C H18-DBT yield reached only 9.12%. The decrease in
H18-DBT production at 210°C can be explained by catalyst deactivation,
confirmed by Jorschick et al. [47] for Ru-based catalyst at temperatures
over 210°C. The value of H18-DBT yield also suggests that the temper-
ature of 180°C is most suitable for DBT hydrogenation. Ali et al. [31]
have reached a similar conclusion in their experimental study, where the
optimal temperature for DBT hydrogenation in the presence of Raney-Ni
catalyst was 170°C. The choice of catalyst for DBT hydrogenation will
obviously have an impact on the optimal temperature value for this
reaction.

Fig. 8 also illustrates model predictions for the influence of tem-
perature on DBT hydrogenation. The model shows excellent agreement
with the experimental trends, with slight deviations for H6-DBT con-
centrations, which may be the result of the quality of experimental data
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analysis. The estimated activation energies for the first and the second
hydrogenation step are slightly higher than the activation energy for the
last hydrogenation step, which corresponds well with the experimental
trend of lowest temperature sensitivity for the final hydrogenation step,
as seen in Fig. 8. The main difference in kinetic parameters can be
observed for the pre-exponential factor of the last step, which was
estimated to be three orders of magnitude lower than the values for the
first two reaction steps.

Fig. 9 presents experimentally obtained results and predicted con-
centration profiles for DBB and all of its hydrogenation products at 150
and 180°C. Within the first hour of the reaction DBB conversion above
95% is reached for each reaction temperature. Moreover, <5% of the
formed H6-DBB remains in the reaction mixture after the first 60 min for
all temperatures except the lowest. Very subtle change in H6-DBT con-
version with temperature illustrates slight temperature dependence of
the reaction rates of the first two steps. Compared to DBT, DBB un-
dergoes hydrogenation more easily since no additional functional
groups can be found on the middle benzene ring (reduced steric hin-
drance). Thus, after 2 h of hydrogenation, only H12-DBB and H18-DBB
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Fig. 11. Pressure influence on: a) H18-DBT yield b) H18-DBB yield.
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can be found in the reaction mixture, as shown in Fig. 4. Experimental
data for H12-DBB and H18-DBB concentrations suggest that the final
hydrogenation step is slightly more sensitive to the reaction temperature
than the previous two steps. The degree of total hydrogenation of DBB to
H18-DBB is evidently much higher compared with DBT to H18-DBT
hydrogenation. To illustrate, at 180°C the achieved H18-DBT yield
after 3.5 h was 13.55%, whereas the production of H18-DBB reached a
yield of 37.89%. These results indicate that DBB might be a better LOHC
candidate than DBT, from the perspective of fast and complete hydro-
genation. Nonetheless, further research regarding DBB stability, dehy-
drogenation conditions and kinetics are necessary to examine all
potential limitations of DBB use for efficient hydrogen storage.
Experimentally identified fast hydrogenation of DBB to H12-DBB is
well described by the model, which gives good predictions for DBB and
H6-DBB conversions. Predicted concentration profiles for H12-DBB and
H18-DBB follow a similar trend as the experimental data, but they
deviate to a certain degree from the experimental points. This deviation
is more prominent at higher temperatures, as seen from Fig. 9. This
could be caused by the potential H18-DBB degradation, which has been
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identified in the following experiments (section 4.5). In their research,
Briickner et al. [17] have reported no significant by-product formation
(< 0.01%) within 72 h of H18-DBT dehydrogenation at 270°C, in the
presence of Pt/Al,O3 catalyst. However, Jorschick et al. [47] have re-
ported methane formation during DBT hydrogenation over Ru/Al,O3
catalyst, for temperatures above 200 C. Since most of the experiments in
this study have been conducted at temperatures below 200’ C, potential
DBT decomposition has been left out of the proposed model and the
same was assumed for both DBB and DBEB. Nevertheless, the structural
difference and the presence of the solvent could have led to some H18-
DBB degradation in this study, which is not accounted for by the model.
Since DBB accounts for only about 15% of the initial reaction mixture,
the increase in model complexity was not deemed justifiable.

Influence of temperature on DBEB hydrogenation is displayed in
Fig. 10, for experiments at 180and 150°C. Experimental data shows that
DBEB hydrogenates more slowly than DBT, which is probably due to the
presence of an ethyl group in the molecule. For the experiment at 180°C,
experimental results show a decrease in H6-DBEB concentration due to
significant H12-DBEB formation after the first 60 min of the reaction.
The final value of the H12-DBEB yield at the end of the reaction was
66.75% for this experiment, while the final hydrogenation step yielded a
small quantity of H18-DBEB (10.23% yield). For the reaction conducted
at 150°C, the reaction rate of the second step decreased noticeably,
leading to the final H12-DBEB yield of only 46.50%. These results
demonstrate that the second hydrogenation step is most sensitive to
temperature. This has also been confirmed by the model, which predicts
the highest activation energy for the second reaction step
(32.01 kJ/mol). The model also agrees relatively well with the experi-
mental trends for both DBEB and all of its products.

4.5. Effect of pressure

For the reactor system used in this study, the entire quantity of
available hydrogen was introduced via pressurization at the beginning
of the reaction. After a desired pressure was obtained, the heating-up
process was initiated and this marked the beginning of the reaction.
The initial hydrogen pressures implemented in this study were 50 and
75 bar, while additional experiments at 100 bar were conducted for
model verification (section 4.9).

The influence of initial hydrogen pressure on H18-DBT and H18-DBB
yields is presented in Fig. 11. The initial amount of hydrogen introduced
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Fig. 13. DBT concentration profiles at 50 bar and: a) 180°C b) 150 °C.
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at 75 bar was not sufficient for complete DBEB hydrogenation, so the
pressure influence was illustrated with H12-DBEB yield profiles in Fig. 8.
The initial pressure in the system dictates the amount of the limiting
reactant (hydrogen) for the LOHC hydrogenation. Having that in mind,
it is expected that higher pressure values will promote hydrogenation
significantly, as shown in Figs. 11 and 12. H18-DBT and H12-DBEB
yields at 50 bar hardly change after the first 90 min are almost con-
stant, indicating that nearly all of the introduced hydrogen has reacted
with LOHC molecules. H18-DBB profile at 50 bar (Fig. 11, right) has a
distinctive maximum at about 60 min, which suggests that some
decomposition processes reduce the quantity of H18-DBB present in the
system, as the reaction progresses. It is safe to assume that H18-DBB
dehydrogenation does not occur in this experiment due to the high re-
action pressure (final pressure above 13 bar). As previously mentioned,
DBB and its products could be more prone to by-product formation in the
presence of Ru/Al;O3 catalyst compared to DBT, even at temperatures
lower than 200°C.

Drastic changes in H18-DBT values are observed after the first 90 min

13

of the reaction, when H12-DBT concentration becomes substantial. After
this point, H18-DBT yield increases almost linearly until the reaction is
terminated. This indicates that relatively fast complete hydrogenation
could be achieved with continuous hydrogen supply at pressures around
50 bar, which is also recommended in literature [17].

Based on the predicted concentration profiles, presented in Figs. 11
and 12, it can be observed that the model accurately predicts the trends
for H18-DBT and H12-DBEB production, especially after the first hour of
the reaction. The model deviation for H18-DBB yield are likely the result
of the present H18-DBB decomposition, not described by the model, and
simplified hydrogen solubility description, based on the solubility of this
gas in n-hexane (solvent).

A set of experiments (# 5-8 in Table 2) was performed at lower
initial pressure (50 bar) for four temperatures in the range of 120 to
210°C, to include both temperature and pressure influence. Fig. 13 gives
concentration profiles for DBT and its hydrogenation products for ex-
periments at 50 bar and temperatures of 180and 150°C. In these ex-
periments, less hydrogen was available for the reaction, which led to
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Fig. 16. Influence of the initial reactant concentration on: a) H6-DBT yield b) H12-DBT yield c¢) H18-DBT yield.

lower DBT conversions. At 150°C, DBT conversion after 4 h remained
just under 95%. Despite the temperature variations, lower hydrogen
pressure had a more pronounced influence on this reaction, since
hydrogen was the limiting reactant. This is supported by the similar
trends for H6-DBT and H12-DBT concentration profiles at two different
temperatures, when the initial hydrogen pressure is reduced (compared
to the reference value). Lastly, for both of these reactions, insufficient
amount of hydrogen resulted in low H18-DBT production with yields
under 5% for both presented temperatures.

At 50 bar, the quality of the predicted trends for these concentration
profiles decreases with temperature increase. It is worth noting that in
each experiment, the pressure in the system decreased as LOHC mole-
cules hydrogenated, which lead to final pressures slightly above 10 bar
for these experiments. Pressure reduction at higher temperature could
have led to some solvent evaporation.

The possibility of solvent evaporation at low pressure and high
temperature was further analyzed. Fig. 14 gives the comparison of
measured and model-predicted hydrogen pressure in the system at 50
and 75 bar initial total pressure and 180°C. For the lower initial pres-
sure, the model predicts complete hydrogen conversion and the pressure
decrease to zero, although the measured pressure at the end of the re-
action was 13.42 bar. In the case of solvent evaporation, the measured
pressure should correspond to the partial pressure of n-hexane at the
reaction conditions. Calculation of n-hexane partial pressure can be
done using Raoult’s law, with the vapor pressure obtained by using the
Lee-Kesler equation (this procedure can be found in Supplementary
material) [48]. The calculated vapor pressure at these conditions is
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13.10 bar, while the partial pressure of n-hexane was found to be 11 bar.
On the other hand, in case of the higher pressure, solvent evaporation is
suppressed and the model gives significantly better predictions for
hydrogen partial pressure (Fig. 14: right). These results strongly suggest
that significant solvent evaporation occurs for the reactions at high
temperatures and low initial hydrogen pressure.

4.6. Effect of the catalyst amount

The next reaction parameter, whose influence was investigated, was
the amount of Ru/Al,O3 catalyst present in the system. Fig. 15 repre-
sents experimental results and model predictions for the reference
experiment (Fig. 15: left) and the experiment with half of the reference
catalyst amount (Fig. 15: right). Since the reaction occurs only at the
available active sites of the catalyst, it was expected that the reduction of
the catalyst amount would slow down all of the reaction steps. For the
reference experiment, nearly complete DBT conversion is achieved
within 2 h, whereas with the lower catalyst amount DBT conversion
achieves 97.39% after 4 h. H6-DBT concentration profile has a more
pronounced maximum when a larger amount of the catalyst is present
and this peak is reached within the first hour of the reaction. At the end
of the reaction with higher catalyst amount (0.0972 g) H6-DBT converts
almost completely, leaving only H12-DBT and H18-DBT in the reaction
mixture. For the experiment with lower amount (0.0486) of the catalyst,
H6-DBT is still present after 4 h, with the yield of H18-DBT < 5.5%.
These results prove that the reaction depends strongly on the number of
available active sites, as expected. Additionally, for the experiment with
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Fig. 17. Influence of the initial reactant concentration on: a) H6-DBEB yield b) H12-DBEB yield c) H18-DBEB yield.

less catalyst, 62.70% of H12-DBT is formed after 4 h of hydrogenation.
Compared to that, the yield of H12-DBT obtained in the base case
experiment reached 71% after just one hour, which promoted further
hydrogenation and noticeable H18-DBT production.

Fig. 15 also presents the modeling results for these two experiments.
The obtained fit follows the experimental trend well for the experiment
with a smaller amount of catalyst. The model accurately predicts DBT
conversion for this experiment, but slightly overestimates H6-DBT
conversion in the second reaction step. This results in somewhat
higher predictions for H12-DBT concentrations, compared to the
experimentally obtained values. A possible reason for this deviation
could be the difference in adsorption equilibrium constants for less and
more hydrogenated molecules. In case of the reference experiment, DBT
converts to H6-DBT almost completely within the first hour, while H6-
DBT concentration decreases rapidly in the second hour of the reac-
tion. Furthermore, quick DBT conversion is present in most of the con-
ducted experiments. The results indicate that the estimated equilibrium
constant actually better describes adsorption/desorption of H12-DBT
and H18-DBT, than DBT and H6-DBT. That could also be the reason
for some deviation in case of the experiment with a smaller catalyst
amount, since H6-DBT is present in more significant concentrations.

4.7. Effect of the initial reactant concentration

Two experiments with varied initial LOHC concentration have been
conducted and the obtained results compared to the base case experi-

ment, in attempts to identify the influence of this parameter. It is
important to note that LOHC:catalyst ratio remained the same for each
of these experiments. However, since the experiments were all per-
formed at initial pressure of 75 bar, these experiments have different
LOHC:hydrogen ratios. Fig. 16 displays yields for all DBT hydrogenation
products, obtained in these three experiments. Decrease of the initial
LOHC concentration promoted hydrogenation, because less hydrogen
was needed for full LOHC hydrogenation, as hydrogen is the limiting
reactant. For this experiment, a drastic decrease in H12-DBT yield can be
observed, due to the significant H18-DBT production. These results
indicate that improved continuous hydrogen supply could significantly
promote the reaction even for higher initial LOHC concentrations.

The predicted concentration profiles follow the experimental trends
relatively closely, especially in case of H18-DBT yield. For the lowest
initial concentration, the model gives best quantitative predictions,
which could again be explained by the large molar fraction of H12-DBT
and H18-DBT in the mixture.

Influence of the initial LOHC concentration on yields of DBEB hy-
drogenation products is presented in Fig. 17. The obtained experimental
trends for DBEB hydrogenation products have a similar trend to the
corresponding DBT species, but with strong indication of slower hy-
drogenation in case of DBEB. This is most evident from the experiments
with the highest initial LOHC concentration, where H6-DBEB does not
decrease throughout the reaction, as is the case with H6-DBT (Fig. 16),
while H12-DBT and H12-DBEB yields reach 65.70 and 12.27%,
respectively. This is due to the fact that hydrogen is slightly more
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selective towards DBT, compared to DBEB. However, when enough
hydrogen is available for the reaction, as in the case of lowest initial
LOHC concentration, the difference in achieved yields for DBT and DBEB
products is smaller.

The predicted yields for DBEB products follow the experimentally
obtained trends relatively well, as shown in Fig. 17. The quantitative
imprecision of the predicted yield values could be contributed to the
presence of the experimental error, as well as the fact that the model
does not differentiate between hydrogenation products adsorption
equilibrium constants.

4.8. Maximum hydrogenation experiments

Three experiments (#14-16 in Table 2) have been performed in at-
tempts to achieve the highest possible hydrogenation degree of the
initial LOHC. In these experiments, the lowest initial LOHC concentra-
tion of 0.473 mol/l was used (5 ml of LOHC). One of the experiments was
conducted at the reference temperature and LOHC:catalyst ratio of
400(reference value: 800), i.e. 0.0972 g of Ru/Al;03. The remaining two
experiments were conducted at 210°C, with LOHC:catalyst ratio of
400and 800 (0.0972 and 0.0486 g of Ru/Al»0s3, respectively). It is worth
noting that industrial practice would promote hydrogenation by intro-
ducing larger quantities of hydrogen continuously, but this approach
was not possible in laboratory conditions due to safety risks. Instead,
hydrogenation has been promoted by decreasing the initial LOHC con-
centration and increasing the amount of the catalyst present in the
system, at appropriate reaction temperatures.

Among selected, the highest degree of hydrogenation has been
reached for the experiment at reference temperature, with the initial
LOHC concentration of 0.473 mol/l and 0.0972 g of Ru/Al,O3 catalyst.
The concentration profiles for all LOHC and their hydrogenation prod-
ucts for this experiment are given in Fig. 18. The obtained yields for
H18-DBB, H18-DBT and H18-DBEB were 100%, 85.75% and 82.98%,
respectively. Apart from the difference in the obtained yields for final
hydrogenation products, it is important to notice that complete DBB
conversion to H18-DBB occurs after only 2 h of the reaction, which is
shorter than for other LOHC and again demonstrates easiest DBB
hydrogenation.

The predicted concentration profiles, presented in Fig. 18, agree
excellently with the experimental data for all organic species. This
experiment has been conducted at reference initial pressure of 75 bar,
which minimizes the model inaccuracy due to pressure influence (see
section 4.5). Consistent with the previous discussion, the estimated
values of equilibrium constants of LOHC molecules probably correspond
better to the actual values for the higher hydrogenation products (H12-
LOHC and H18-LOHCQ). In light of this, it can further be concluded that
the quality of predictions for this model increases with the degree of
LOHC hydrogenation.

4.9. Model verification at higher pressures

In order to determine the degree of pressure influence on model
prediction quality versus the potential issue of equivalent equilibrium
constants for LOHC hydrogenation products, three experiments (#
17-19 in Table 2) at 100 bar were kept for model verification (not
included in parameter estimations). The first experiment was conducted
at 100 bar and 180°C, with all other conditions at reference values. The
next experiment was conducted at 150°C, while the only change in the
last experiment was the increase of catalyst mass to 0.1945 g (LOHC:
catalyst ratio of 400).

Fig. 19 shows the predicted concentration profiles for DBT (left) and
DBB (right) and their hydrogenation products for the experiment at
100 bar and 180°C. In this experiment, LOHC hydrogenation has been
promoted by introducing a larger amount of hydrogen (50% more
hydrogen than in the reference experiment) in the reactor, which
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resulted in very fast complete conversion of initial reactants to H12-DBT
and H12-DBB. Nearly complete H6-DBT conversion is achieved after
1.5 h, whereas after just one hour, no DBB or H6-DBB has been detected
in the reaction mixture. Based on the previous results, it has been
concluded that the quality of model predictions increases with hydro-
genation degree for experiments at the initial reaction pressure of 75 bar
(see section 4.8). Since higher hydrogenation products are almost
exclusively present in the experiment at 100 bar, the deviation of model
predictions are more likely the result of the inaccurately described
pressure influence (see section 4.5). However, the model still manages to
give good predictions for concentration profile trends, with some de-
viations for DBT hydrogenation products.

5. Conclusions

The experimental part of this study explored the option of using DBB
and DBEB as potential LOHC, alongside DBT. The results have shown
that, despite slightly slower hydrogenation rates, DBEB could success-
fully be used as an LOHC. Reduced steric hindrance in case of DBB
resulted in faster hydrogenation, compared to DBT. However, the use of
DBB could be limited due to its low thermal stability, which is especially
significant for the dehydrogenation process. This study also explored the
influence of various experimental conditions, discovering that the
optimal temperature in the presence of Ru/Al;03 is 180°C. Due to safety
measures, hydrogen was introduced through initial pressurization,
making it the limiting reactant in most experiments. However, relatively
high product yields obtained at 100 bar (44.22% of H18-DBT) after 4.5 h
suggest that fast and complete hydrogenation could be achieved with
continuous hydrogen supply at significantly lower pressures. The dif-
ference in DBT conversion for experiments at stirring speeds of 600 and
1000 rpm was <1%, which confirms that external mass transfer resis-
tance becomes negligible for stirring speeds above 600 rpm.

The first microkinetic model for hydrogenation of DBT, DBB and
DBEB in the presence of Ru/Al,03, for different reaction temperature,
pressure, initial reactant concentration and catalyst amount was suc-
cessfully developed. The model gave very good prediction for concen-
tration trends, confirming that this reaction can be described using the
adopted Langmuir-Hinshelwood mechanism with dissociative hydrogen
adsorption. Despite relatively high error values, the model gave accurate
predictions of the temperature influence on each reaction step and the
quality of the fit is notably better for the experiments with higher hy-
drogenation degree. The highest hydrogenation rates have been ach-
ieved for low initial LOHC concentration of 0.0473 mol/l and LOHC:
catalyst ratio of 400, at 180°C and 75 bar. The achieved yields for the
H18-DBB, H18-DBT and H18-DBEB were 100%, 85.75% and 82.98%,
respectively, while the model predictions showed excellent agreement
and the total RME was 17.46% for this experiment. Further development
of the model would, aside from quantitative analysis improvement,
require exploration of hydrogen solubility in the DBT-based mixtures
and adsorption properties of the present LOHC molecules.
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