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Biomass-derived hydrogen is frequently contaminated with CO and CO,, which limits its direct utilization
in downstream applications. Cyclic hydrogenation/dehydrogenation of liquid organic hydrogen carriers
(LOHCs) such as benzyltoluene (BT) provides a pathway to simultaneously store hydrogen and purify such
“low-grade” hydrogen feeds. In this context, Ni-based catalysts are particularly attractive because they can
hydrogenate aromatic systems under CO-containing atmospheres while representing a relatively cheap
alternative to noble metal catalysts. Here, we systematically investigate BT hydrogenation over a
commercial Ni/Al,Oz/SiO, catalyst under process-relevant LOHC conditions (T = 170-230 °C, p = 10-50
bar) in the presence of CO (0-6%) and demonstrate that BT conversion remains feasible even at high CO
levels, while the hydrogenation rate decreases due to competitive CO adsorption. Time-resolved analysis
of both gas- and liquid-phase compositions further reveals CO methanation during BT hydrogenation,
indicating that both reactions proceed in parallel while competing for active sites. By varying temperature
and total pressure, the balance between BT hydrogenation and methanation can be steered, with 230 °C
and 50 bar identified as the most favorable conditions for efficient BT hydrogenation under CO presence.
In addition, introducing CO, at biomass-typical concentrations (30 vol%) shows that it likewise adsorbs
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competitively on Ni and is also converted to methane. Collectively, these results highlight Ni-based
catalysts as a robust catalyst for mixed-gas hydrogenation and LOHC-enabled purification/storage of
DOI: 10.1039/d6cy00216a biogenic hydrogen, while underscoring an inherent trade-off between competitive (co-)methanation, that
consumes a fraction of hydrogen as CH4 that cannot be recovered upon LOHC dehydrogenation, yet

rsc.li/catalysis constitutes an energy-dense coproduct stream that may be valorized.
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Introduction

The conversion of waste-derived biomass into hydrogen is
emerging as a pivotal strategy in the transition to a
sustainable, circular energy economy.'” This approach
leverages biogenic residues, such as agricultural by-products,
organic waste, sewage sludge, and forestry residues, thereby
mitigating the competition with food production and
contributing to carbon-neutral hydrogen production.*”

The gas mixture resulting from biomass conversion, e.g.
by gasification, predominantly comprises hydrogen (H,),
carbon monoxide (CO), carbon dioxide (CO,), methane (CH,),
and nitrogen (N,).*'® While hydrogen is the desired energy
carrier, the presence of these impurities poses significant
challenges for its direct utilization in, e.g, fuel cell
applications. Carbon monoxide is a potent catalyst poison,
even at low concentrations, leading to irreversible
deactivation of platinum- or nickel-based catalysts in
membrane fuel cells (PEMFCs and HEMFCs)."'™"* Carbon
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dioxide acts on the one hand as an inert diluent, reducing
the hydrogen partial pressure and thereby decreasing the
electrochemical conversion efficiency."'® On the other hand,
certain catalysts can promote the formation of CO from CO,
in the presence of hydrogen, for example, via the reverse
water-gas  shift reaction.”” Methane, formed during
incomplete reforming or at low temperatures, increases the
calorific value of the gas but is unsuitable for direct fuel cell
utilization and requires additional processing, such as steam
reforming, to release usable hydrogen." Nitrogen, introduced
during, e.g. air-based gasification, significantly dilutes the
syngas and does not participate in electrochemical reactions,
further reducing the energy density per unit volume and
complicating downstream processing."®'®  Conventional
hydrogen purification methods such as pressure swing
adsorption (PSA), cryogenic separation, and chemical
scrubbing are energy-intensive and costly.”’”*! PSA alone
typically cannot achieve PEM fuel cell-grade hydrogen purity
(>99.0%) and therefore, requires additional purification
steps.”* ! Cryogenic separation demands substantial
refrigeration energy, while chemical scrubbing involves
continuous reagent consumption and added operational
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complexity.>® These technologies also perform poorly under
fluctuating gas compositions typical of biomass-derived
streams.”®?” High capital and operating costs along with
multi-stage process integration limit their suitability for
small- and medium-scale decentralized biomass-to-hydrogen
applications.**>*  Hydrogen purification can also be
accomplished through cyclic hydrogenation/dehydrogenation
of unsaturated hydrocarbons. In this process, hydrogen
present in a mixed gas stream is selectively bound covalently
to a liquid carrier via catalytic hydrogenation, while
accompanying impurities are removed through the gas phase
(see Fig. 1). Subsequent catalytic dehydrogenation enables
the recovery of hydrogen in high purity, and the carrier liquid
is regenerated for repeated use, forming the cyclic process.
Liquid organic hydrogen carriers (LOHCs), so far investigated
for hydrogen storage and transportation, can consequently
also be applied to accomplish hydrogen purification. Among
these organic carriers, benzyltoluene (BT) has emerged as an
especially promising substance due to its high hydrogen
storage capacity, favourable hazard profile, wide liquid-phase
temperature range and commercial availability on a large
scale. Hydrogen-lean BT (HO-BT) is converted to its hydrogen-
rich form perhydro-benzyltoluene (H12-BT) via -catalytic
hydrogenation at 150-180 °C and 20-30 bar hydrogen
pressure.”®*®  Subsequent catalytic dehydrogenation at
280-300 °C near atmospheric pressure enables the
recovery of hydrogen in high purity, while the benzyltoluene
carrier is regenerated for repeated use.***

In direct hydrogenation of liquid carriers with impure
hydrogen (mixed gas hydrogenation), the gas phase
contains H,, CO, and CO,, which can undergo the
(reverse) water-gas shift reaction (1) and methanation
reaction (2) and (3) in parallel.*®

CO + H,0 = CO, + H, (1)
CO + 3H, = CH, + H,0 )
CO, + 4H, = CH,4 + 2H,0 (3)

Hydrogen-rich mixed gas
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Fig. 1 (De)hydrogenation cycle to purify hydrogen with the use of
benzyltoluene as a purification liquid.
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These processes alter the hydrogen partial pressure and
gas composition near the liquid-gas interface, thereby
influencing  hydrogen  availability for the LOHC
hydrogenation. Depending on operating conditions and
catalyst, the extent of these gas-phase conversions can

significantly —affect the overall hydrogen utilization
efficiency.>**> Understanding these coupled gas-phase
reactions is therefore essential for optimizing the

performance and  selectivity of mixed-gas LOHC
hydrogenation systems. The hydrogenation process is
typically catalysed by noble metals like Pt or Pd, due to their
superior activity and selectivity.*****” However, these noble
metal catalysts are highly susceptible to impurities—
especially CO—which strongly adsorb on active sites and
severely  reduce  hydrogenation  efficiency.  Recent
investigations on LOHC systems by Jorschick et al
demonstrated that Pd/Al,O; maintains BT hydrogenation
activity in gas mixtures containing low amounts of CO and
CO,, while Pt centres are completely poisoned under the
applied conditions.*® Seitz et al found that phosphate
modification of Pd/Al,O; significantly enhances catalytic
activity and stability in aromatic hydrogenation under CO-
contaminated hydrogen, attributing this to the expression of
poisoning-resistant Pd sites due to small particle diameters.*’
Nickel represents a valid alternative to Pd for hydrogenation
catalysts: economically, Ni is orders of magnitude less
expensive than Pd, and catalytically, Ni-based catalyst have
demonstrated competitive activity in the hydrogenation of
aromatic compounds.*® Moreover, when used in tandem with
noble metals, these systems exhibit enhanced resistance to
CO poisoning while maintaining high hydrogenation
performance.”’ Regarding the performance under a CO-
containing atmosphere, liquid-phase naphthalene
hydrogenation was investigated by Sekine et al over a
supported Ni catalyst, showing that Ni retains measurable
aromatic hydrogenation activity despite CO adsorption and
concurrent CO hydrogenation.”” Additionally, Le et al
evaluated Ni/SiO, catalysts using benzene hydrogenation
alongside CO methanation to assess Ni functionality for
aromatic saturation alongside CO conversion under process-
relevant conditions.*®

In this study, the hydrogenation of benzyltoluene in the
presence of CO- and CO,-containing hydrogen gas mixtures
is demonstrated by using a commercial nickel-based catalyst.
The effects of temperature, total pressure, and the partial
pressures of the aforementioned impurities on HO-BT
conversion, selectivity and stability are discussed. The
progression of gas and liquid phase composition is
monitored to enable a comprehensive understanding of the
parallel reaction pathways.

Experimental
Materials

All chemicals were commercially sourced and utilized
without additional purification. A nickel, silica and alumina

This journal is © The Royal Society of Chemistry 2026
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extrudate (Ni/Al,03/SiO,, loading 50 wt%, Clarinat®) was
used as the hydrogenation catalyst. HO-Benzyltoluene
(Hydrogenious Technologies®) is used as the LOHC. For the
hydrogenation experiments, hydrogen (H,, Air Liquide,
99.99%), a carbon monoxide/hydrogen mixture (2% CO in
H,, Air Liquide; 99.99%), carbon dioxide (CO,, Air Liquide,
99.99%), nitrogen (N,, Air Liquide, 99.99%) and argon (Ar,
Air Liquide, 99.99%) were used as reaction gases. Liquid
samples were dissolved in acetone (C3;H¢O, =99.8%, Merck
KGaA) for further analysis. Chemicals used for catalyst
characterization are mentioned below.

Catalyst characterisation

The crystal structure of the catalyst was investigated using
powder X-ray diffraction (XRD). The measurements were
carried out in angles of 10-90° 26, a scanning speed of 0.02°
s, a step size of 0.015° and 100 s time per step on an X'Pert
Pro diffractometer (Malvern Panalytics). Cu-Ko was used as
the radiation source and X'Celerator as the detector. The data
were processed utilizing X'Pert HighScore Plus software and
compared to simulated reflexes from the Inorganic Crystal
Structure Database (ICSD). The elemental composition of
the catalysts was measured via inductively coupled
plasma-optical emission spectroscopy (ICP-OES).
Approximately 100 mg of the samples were dissolved
using microwave-assisted digestion at 220 °C in a solution
containing HCl (32%; Merck KGaA), HNO; (65%, Merck
KGaA) and HF (40%, Merck KGaA) (6:2:2 ml). The
solutions were measured in an ICP-OES Ciros CCD
(Spectro Analytical Instruments GmbH). The instrument
was calibrated using standard nickel-containing solutions
(nickel ICP standard, based on nickel(n) nitrate; Merck
KGaA). Three consecutive measurements of the dissolved
samples were carried out, and an average value was
calculated. The surface area and the pore volume of the
catalysts were determined by N,-sorption on a
Quantachrome Quadrasorb SI-MP-8 instrument. The samples
were degassed at approximately 2 x 10 > bar for 12 h at 250
°C. The relevant values were determined by applying the
Brunauer-Emmett-Teller (BET) theory. H, temperature-
programmed reduction (H,-TPR) was performed on a Thermo
Scientific TPDRO 1100 instrument (Thermo Electron
Corporation). During the measurement, the sample was
heated to a final temperature of 600 °C at a rate of 5 °C
min~" under a hydrogen flow of 20 em® min™".

As this work aimed to assess the effect of CO on HO-BT
hydrogenation in an industrially relevant system, a
commercially available technical nickel -catalyst was
deliberately chosen to demonstrate a catalyst concept with
practical potential for mixed-gas hydrogenation rather than
to develop or optimize a model catalyst. For this reason, the
characterization of the commercial catalyst was intentionally
restricted to XRD, ICP-OES, N, physisorption and H,-TPR.
These methods were considered sufficient to identify the
crystalline phases, determine the bulk Ni content, describe
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the textural properties and guarantee a reduced and active Ni
under reaction conditions which were deemed relevant for
reproducibility and comparison of catalytic results. A
more detailed analysis of morphology, dispersion, and
metal-support interaction by methods such as XPS, TEM
or in situ DRIFT measurements was beyond the scope of the
present study. Notably, in-depth characterization of supported
Ni catalysts on Al,O; and SiO, is intensively reported in the
literature, whereas activity loss due to sintering, coking or
phase changes are recorded at temperatures >300 °C.***°

Hydrogenation experiments

Hydrogenation experiments were carried out in a 300 mL
batch autoclave (Parr type 4566) equipped with a four-blade
gas-inducing stirrer, an electric heating mantle, and a cooling
coil connected to a cryostat (Huber Unichiller 022). The setup
also included a type J thermocouple, a pressure recorder
(Ashcroft type G2), and a process controller (Parr type 4875).
A liquid sampling line fitted with a filter and needle valve
(Nova Swiss) and a loop for continuous gas sampling were
utilized. After the initial loading with 100 g HO-BT and Ni
catalyst in an ny;: nge-pr ratio of 0.045 the reactor was sealed
with a Kalrez© 4079 O-ring and the setup was purged
multiple times with Ar. The reactor was subsequently heated
to a reaction temperature between 170 and 230 °C while
stirring at 450 rpm. After the desired temperature was
reached, the liquid sample line was flushed with 1 ml
reaction solution. 30 bar CO/H, mixture was introduced to
the reactor and 20 bar pure H, was added to reach the
desired 50 bar hydrogenation pressure. Experiments were
conducted in dead-end mode, maintaining constant H,
pressure by continuously supplying H, to compensate for its
consumption during the reaction. The reaction was initiated
by increasing the stirrer speed stepwise to 1200 rpm,
ensuring sufficient gas entrainment as well as mixing of the
catalyst and the reaction fluids. The intervals for liquid and
gas sampling are listed in Table S1. In additional
experiments 15 bar CO/H, mixture was replaced by 15 bar
either CO, or N,. The step of adding a third gas was carried
out after the target temperature had been reached. 30 ul of
liquid sample were dissolved in 1 ml acetone and analysed
via gas chromatography (Shimadzu GC-2010 Plus, FID, Restek
Rxi-17Sil column). Calibration of the BT peaks in their
different hydrogenation states is described elsewhere.’” The
gas samples were analysed via gas chromatography with
coupled mass spectroscopy (Shimadzu Nexis GC-2030, FID,
TCD, HAYESEP N60/80 precolumn, ShinCarbon main
column). The calculation of performance parameters
conversion, selectivity, degree of hydrogenation and molar
hydrogen utilization is listed in the SI.

Results and discussion
Impact of CO content in hydrogenation gas

A series of experiments was conducted using a Ni/Al,05/SiO,
catalyst with varying CO content in hydrogen to study its
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Fig. 2 Conversion (left) and selectivity (right) of benzyltoluene hydrogenation using a commercial nickel catalyst without CO impurities
(blue), with 1.2% CO gas fraction (red) and 6% CO gas fraction (black) (reaction conditions: Ni/BT ratio 0.045, mgt = 100 g, T = 170 °C, t

=6 h; p = 50 bar).

influence on BT conversion and selectivity towards fully
hydrogenated H12-BT. CO fractions in the feed gas of 1.2%
and 6% were adjusted and compared to a CO-free benchmark
experiment. The results presented in Fig. 2 display the
conversion (left) and the selectivity (right) for the
hydrogenation with different CO concentrations at 170 °C.
Comparison of the turnover after 6 h reaction time reveals
that a substantially lower conversion of 12.1% was obtained
at a CO gas fraction of 6%. Nearly all active sites on the
catalyst are occupied by competitively adsorbed CO, leading
to a pronounced suppression of BT hydrogenation activity.
For the experiments without CO and at 1.2% CO gas fraction,
almost full conversion of HO-BT can be achieved after 6 h
reaction time. In contrast to the CO-free experiment, the
introduction of 1.2% CO gas fraction results in a markedly
reduced initial hydrogenation rate. After approximately 3 h of
reaction time, a nearly exponential increase in hydrogenation
activity is observed, followed by a slower approach to full
conversion state. Although complete conversion is achieved
in both cases, the presence of CO significantly delays the
overall hydrogenation process, as reflected by a substantially
lower DoH of 72.2% compared to 97.4% for pure H,. A
further increase in CO content results in a DoH of 6.4%.
Table 1 lists the composition of the C1 components in the
gas phase after 6 h reaction time. The results support the
presence of a parallel reaction pathway by hydrogenation of

Table 1 Composition of the Cl1 components of the gas phase of
benzyltoluene hydrogenation using a commercial nickel catalyst without
CO impurities, with 1.2% and 6% CO gas fraction (reaction conditions:
Ni/BT ratio 0.045, mgr = 100 g, T = 170 °C, t = 6 h; p = 50 bar)

Ratio [%]

No CO 1.2% CO 6% CO
co — 13.2 14.5
CH, — 82.4 85.2
Co, — 43 0.3

Catal. Sci. Technol.

CO to methane occurring alongside BT hydrogenation.’® On
the one hand, this additional hydrogen consumption and
competition for active sites may contribute to the reduced
hydrogenation rate. However, the partial CO conversion
(mainly to methane and to a lesser degree to CO,) gradually
liberates the catalyst surface and makes it available for
ongoing BT hydrogenation. The enhanced hydrogenation rate
observed in the experiment with 1.2% CO gas fraction after 3
h might be due to reduced CO-induced blocking of active
sites. Regarding the catalyst stability, no loss of active metal
or reduction of surface area could be detected post reaction
(see Table S2). At the beginning of the reaction, the nickel
catalyst is still covered by a superficial oxide layer. It was
previously reported that this oxide layer is removed under
reaction conditions during the hydrogenation.”® After the
reaction and handling of the catalyst under ambient air and
subsequent washing, this oxide layer reforms on the catalyst
surface (see Fig. S14 and S15). H,-TPR measurements suggest
that the catalyst is present predominantly in its reduced state
under the applied reaction conditions, as the observed
reduction peaks occur within the temperature window of
150-250 °C, which overlaps with the reaction temperature
range (see Fig. S16).

Temperature variation

The temperature theoretically influences the rates of the
competitive reactions and the adsorption strength of CO. To
investigate these combined on hydrogenation
performance, temperature variation experiments were
conducted. Fig. 3 shows BT conversion (left) and selectivity
(right) to hydrogenation products at 7= 170 °C, 200 °C and
230 °C with 1.2% CO content. At 230 °C, full conversion was
reached after 60 min, while 120 min and 6 h were required at
200 °C and 170 ©°C, respectively. Consequently, all
temperatures allow BT hydrogenation with the Ni catalyst in
the presence of CO. While the hydrogenation at 170 °C

effects

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Conversion (left) and selectivity (right) of benzyltoluene hydrogenation using a commercial nickel catalyst at 170 °C (blue), 200 °C (black)
and 230 °C (red) (reaction conditions: Ni/BT ratio 0.045, mgt = 100 g, t = 6 h; p = 50 bar, CO gas fraction 1.2%).

displays a DoH of only 72.2%, the other experiments reach
full hydrogenation after 4 h at 200 °C and 3 h at 230 °C,
respectively. CO conversion (see Table 2) of 82.4% at 170 °C
and almost total conversion at 200 °C with 99.6% and 98.0%
at 230 °C are recorded after 6 h reaction time. At 170 °C, as
mentioned in the previous section, two distinct kinetic
regimes can be identified during the reaction. An initial
regime characterized by reduced hydrogenation activity is
consistent with strong CO co-adsorption and concurrent CO
methanation, which limits hydrogen availability and blocks
active sites. From an Arrhenius perspective, this behaviour
can be attributed to the relatively high apparent activation
energy of aromatic BT hydrogenation compared to the lower
activation energy associated with CO methanation and the
strong temperature dependence of CO adsorption. Table 2
shows the composition of the C1 components in the gas
phase after 6 h reaction time. Higher temperatures lead to a
pronounced increase in methanation activity, leading to
nearly full conversion of CO at 200 °C and 230 °C.

Schmider et al. postulated that at lower temperatures and
high hydrogen partial pressure the hydrogenation of
unsaturated compounds is favoured over the otherwise
thermodynamically favoured CO methanation on Ni
surfaces.”® Furthermore, they reported an increased surface
coverage of CO at lower temperatures, leading to site
blocking and reduced hydrogen adsorption, which further
suppresses methanation as well as the BT conversion in the
case of our study.’® The temperature variation was further
conducted with a CO content of 6% and otherwise identical

Table 2 Composition of the Cl components of the gas phase of
benzyltoluene hydrogenation using a commercial nickel catalyst at 170
°C, 200 °C and 230 °C (reaction conditions: Ni/BT ratio 0.045, mgt = 100
g, t =6 h; p =50 bar, CO gas fraction 1.2%)

Ratio [%]

170 °C 200 °C 230 °C
co 13.2 0.4 1.3
CH, 82.4 99.6 98.0
Co, 4.3 0 0.8

This journal is © The Royal Society of Chemistry 2026

reaction conditions. To obtain insights into the progression
of gas phase composition during the experiment gas samples
were taken over the course of the experiment (Fig. 4). The
respective selectivity plots can be found in the SI (Fig. S1-S3).

At 200 °C, complete conversion of HO-BT and full
hydrogenation were achieved within 6 h of reaction time.
Increasing the reaction temperature to 230 °C significantly
accelerated the process, with full HO-BT conversion after 3 h
and complete hydrogenation to H12-BT after 4 h. In contrast,
a conversion of only 12.1% was reached at 170 °C after 6 h
(final DoH of 6.2%). Nearly complete CO conversion is
achieved at 200 °C (Xco = 98.1%) and 230 °C (Xco = 98.9%),
whereas only 85% is observed at 170 °C. This behaviour can
be attributed to accelerated CO methanation kinetics at
elevated temperatures, which enhance CO consumption and
partially regenerate the catalyst surface.”® Furthermore, a
temperature of 170 °C seems to be insufficient to provide
adequate surface mobility regarding CO desorption while also
being too low to promote sufficient CO methanation to
liberate surface centres.

CO, CH, CO
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Fig. 4 BT conversion (black) and ratio of the C1 components CO,
(purple), CH4 (green) and CO (yellow) of benzyltoluene hydrogenation
using a commercial nickel catalyst at 170 °C (A), 200 °C (B), and 230
°C (C) (reaction conditions: Ni/BT ratio 0.045; mgr = 100 g, p = 50 bar,
t = 6 h, CO gas fractions 6%).
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When increasing the CO concentration from 1.2% to

6%, the hydrogenation is markedly inhibited. This
inhibitory  effect is more pronounced at lower
temperatures, where at 200 ©°C the reaction time

increases by 200% (ie., the reaction proceeds threefold
more slowly), whereas at 230 °C the hydrogenation is
only 100% slower (i.e.,, approximately twofold more
slowly). The initial deviation can be attributed to the
higher CO concentration, which results in a larger
fraction of active sites being blocked by strongly
adsorbed CO species. Although the increased temperature
accelerates both CO methanation and benzyltoluene
hydrogenation, the sustained CO availability maintains a
high  surface  coverage, thereby limiting further
improvements in BT conversion despite intrinsically
faster  hydrogenation  kinetics.>*  The  subsequent
steepening of the conversion profile, after approximately
90 min for the experiment at 200 °C and after 10 min
at 230 °C, reflects partial surface reactivation, reinforcing
the conclusion that CO acts as a strong inhibitor by
competitively blocking active sites on the nickel surface.
At lower CO partial pressures, CO conversion is limited
by gas-liquid mass transfer and competitive adsorption
between CO and H, on the catalyst surface.’

Regarding the catalyst stability, no loss of active metal or
reduction of surface area could be detected (see Table S2).
At the beginning of the reaction, the nickel catalyst is still
covered by a superficial oxide layer. It was previously
reported that this oxide layer is removed under reaction
conditions during the hydrogenation.’ After the reaction,
handling of the catalyst under ambient air and subsequent
washing, this oxide layer re-forms on the catalyst surface
(see Fig. S14 and S15).

Variation of total pressure

Additional experiments at reduced total pressure of 10 bar

and 30 bar have been conducted at 200 °C. The CO
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Fig. 5 Conversion of benzyltoluene in hydrogenation using a
commercial nickel catalyst at 10 bar (black), 30 bar (red) and 50 bar
(blue) (reaction conditions: Ni/BT ratio 0.045; mgt = 100 g, T = 200 °C,
t = 6 h, CO gas fraction 1.2%).
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concentration was kept constant at the beginning of these
experiments, while CO partial pressure increased with total
pressure accordingly. A decrease in BT conversion was
observed with decreasing pressure (Fig. 5, selectivity in
Fig. S4-S6). While all experiments reached total conversion
of HO-BT, only the 30 bar (DoH =99.9% after 6 h) and 50
bar (DoH >99.9% after 4 h) experiments achieved full
hydrogenation to H12-BT. A DoH of 77.3% was reached in
the 10 bar experiment after 6 h reaction time. Alongside
the kinetics of BT conversion, the CO conversion was
monitored over the reaction time (Fig. 6). About 90% of
CO was converted into methane at all pressures after 30
min of operation. This proves the high activity of the Ni
catalysts in the competing methanation reaction. At lower
pressures, the CO conversion is influenced by gas-liquid
transfer processes or by competitive adsorption between
CO and H, on the catalyst surface.”®> However, at elevated
pressures, where gas solubility and partial pressures are
sufficiently high, these effects become less pronounced.
Consequently, increasing the total pressure beyond this point
does not enhance CO conversion, indicating that the surface
reaction kinetics or adsorption equilibrium govern the overall
reaction rate under these conditions.>® CO, formation by the
reverse water-gas shift reaction could not be observed in the
experiments, even though methanation produces water as a
stoichiometric by-product.

Hydrogenation with multiple impurities

In a subsequent series of experiments, CO, was introduced
as an additional gas impurity, to investigate its effect during
BT hydrogenation with Ni catalysts. As CO, constitutes a
major product of biomass gasification alongside hydrogen,
its concentration was set to 30%, in accordance with values
reported in the literature.”” This resulted in a gas
composition of 30% (15 bar) CO,, 0.6% (0.3 bar) CO and
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Fig. 6 BT conversion (black) and ratio of the C1 components CO,
(purple), CH4 (green) and CO (yellow) of benzyltoluene hydrogenation
using a commercial nickel catalyst at 10 bar (A), 30 bar (B) and 50 bar
(C) (reaction conditions: Ni/BT ratio 0.045; mgr = 100 g, T = 200 °C, t
=6 h, CO gas fraction 1.2%).
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Fig. 7 Conversion of benzyltoluene in hydrogenation using a
commercial nickel catalyst at 170 °C (blue), 200 °C (red) and CO, and
N, as additional gases compared to a hydrogenation experiment with
CO as the only impurity (reaction conditions: Ni/BT ratio 0.045; mgt =
100 g, p = 50 bar, py,/co, = 15 bar, t = 6 h, CO gas fraction 0,6%).

69.4% (34.7 bar) H, at the start of the experiment. The
corresponding  HO-BT  conversion is presented in
Fig. 7 (square) at 170 °C and 200 °C and is compared to
experiments without CO, (Fig. 7, triangle) under otherwise
identical reaction conditions (selectivity shown in the SI, Fig.
S7, S8, S11 and S12). For the reference experiments without
additional CO, full conversion of HO-BT after 5 h at 170 °C
and 3 h at 200 °C was recorded. Additionally, a DoH of
88.4% was achieved at 170 °C after 6 h, while complete
hydrogenation was observed after 4 h at 200 °C. The presence
of CO, had a pronounced negative impact on the total
conversion, resulting in a DoH of only 25.7% at 170 °C.
Raising the temperature had only a minimal effect with an
increase of DoH to 32.6% at 200 °C. The reduced conversion
observed upon the addition of CO, could be attributed to
multiple parallel effects. Dilution of the feed gas lowers the
hydrogen partial pressure and thereby reduces the intrinsic
BT hydrogenation rate. Beyond this, CO, may influence the
reaction indirectly through surface-mediated parallel
reactions, such as the reverse water-gas shift reaction,
resulting in in situ CO formation and its subsequent
competitive adsorption on the catalyst surface. Moreover,
while CO, binds less strongly than CO, its adsorption can
partially occupy active sites, thereby limiting H, activation
and the hydrogenation of BT.>® To further assess the role of
CO,, additional experiments were conducted in which the 15
bar CO, fraction was replaced by N,, thereby providing a
chemically inert reference to isolate purely dilution-related
kinetic effects. The results are shown in Fig. 7 (circles). In
contrast to the CO, experiments, the addition of N, results in
full conversion after 6 h at 170 °C and after 4 h at 200 °C.
Thereby, the DoH reached 62.3% at 170 °C and 84.0% at
200 °C, substantially lower than that in the experiment with
pure hydrogen. The reduced degree of hydrogenation
observed in the N,-diluted experiments can be attributed to
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Fig. 8 BT conversion (black) and ratio of the C1 components CO,
(purple), CH4 (green) and CO (yellow) in benzyltoluene hydrogenation
using a commercial nickel catalyst and N, (A) and CO, (B) as additional
gases, compared to a hydrogenation experiment with CO as the only
impurity (C) (reaction conditions: Ni/BT ratio 0.045; mgr = 100 g, p =
50 bar, pn,/co, = 15 bar, T = 200 °C, t = 6 h, CO gas fraction 0,6%).

the lower hydrogen partial pressure, as nitrogen remains
chemically inert.>® This observation is further substantiated
by gas phase analysis (see Fig. 8A), which reveals a
substantially slower conversion of CO compared to that in
the reference experiments (see Fig. 8C). Since the
substitution of CO, with N, resulted in vastly higher BT
conversions, it is assumed that CO, in an active compound,
competed with H,-BT for active sites and maybe even
participated in a parallel reaction. This 1is further
substantiated by the results of the gas phase analysis of the
CO, substituted experiment (see Fig. 8B). CO, is gradually
converted into methane over the Ni catalyst. Several
mechanistic pathways may contribute to this transformation.
One possibility is an associative, formate-mediated route, in
which CO, is first activated on the surface to form *HCOO
species, which undergo stepwise hydrogenation via
intermediates such as *HCO, *H,CO, and *CH;0, ultimately
yielding CH,.”* Schmider et al. reported that CH, formation
via the RWGS pathway is accompanied by an increase in CO
partial pressure.’® In contrast to that, Fig. S13 shows the CO
content in ppm over the reaction time for the experiment
displayed in Fig. 8. This indicates that CO did not
accumulate in the gas phase to a measurable extent. This
observation does not exclude transient CO formation at
the catalyst surface, but it suggests that any CO formed
was rapidly consumed and did not persist as a
detectable gas-phase intermediate. Studies on closely
related Ni/SiO,-Al,O; systems further show that the support
composition can significantly affect catalyst performance and
CO, adsorption behaviour, underlining the relevance of
support-dependent CO, activation on such Ni-based
catalysts.*®*? Accordingly, the present experiments do not
allow an unambiguous distinction between a direct CO,
methanation pathway, an associative formate-mediated route,
and an RWGS/CO methanation sequence involving only
transiently formed CO. Nevertheless, independent of the
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exact mechanistic pathway, CO, conversion to methane
competes with H,-BT hydrogenation for hydrogen and
catalytically active surface sites, which is consistent
with the observed hydrogenation rate and
reduced DoH.

lower

Hydrogen utilization

Another important consideration is the degree of hydrogen
utilization towards the desired purification reaction.
Complete hydrogenation of 100 g HO-BT requires 3.29 mol
H,, whereas methanation of 0.3 bar CO (corresponding to a
0.6% CO gas fraction at 50 bar total pressure) consumes only
4.89 x 107 mol H,. This corresponds to a hydrogen
utilization of 99.86% with respect to the purification step. An
increase in CO content to 0.6 bar (corresponding to 1.2% CO
gas fraction at 50 bar) consumes 9.2 x 10> mol H, with a
utilization degree of 99.72%. The highest CO partial pressure
in this work was 3 bar (corresponding to 6.0% CO gas
fraction at 50 bar) and consumed 4.89 x 10> mol H,,
corresponding to a utilization degree of 98.54%. These
results indicate that hydrogen losses due to CO methanation
are negligible at such low CO concentrations in hydrogen
and that the observed acceleration in reaction rate is
primarily associated with the removal of CO as a strongly
adsorbed catalyst inhibitor, leading to progressive
reactivation of the nickel surface. In comparison, the
addition of 15 bar CO, leads to the consumption of 0.31 mol
H, during the methanation reaction, reducing the utilization
degree to 90.6%. It should be noted, however, that the
resulting gas stream constitutes an energy-rich, combustible
mixture that can be valorized in downstream processes,
offering a potential route for energy recovery that is not
available in the original CO,/CO feed impurities. In
summary, while Ni displays clear advantages including low
material cost and the absence of irreversible deactivation by
CO or CO, due to their conversion via methanation, which
continuously regenerates active surface sites. This behavior
represents a limitation for mixed-gas hydrogenation of the
LOHC benzyltoluene, as methanation is associated with
hydrogen consumption, particularly in gas mixtures
containing high concentrations of CO and/or CO,.
Consequently, for typical biomass-derived gas mixtures, an
upstream CO, removal step is necessary to significantly
reduce the CO, concentration prior to hydrogenation. From a
process-engineering perspective, this requirement is realistic
because upstream CO, removal is already an established unit
operation in industrial hydrogen and syngas processing, with
amine scrubbing, physical solvent absorption, and pressure
swing adsorption (PSA)-based polishing representing the
most relevant options in this context.”®®° For H,-rich shifted
syngas, MDEA-based amine scrubbing is widely used and
reported to achieve roughly 90-99.8% CO, capture,
depending on process design and optimization.®® Applied to
the feed composition in this study (containing 30 vol% CO,),
such capture levels the residual CO,
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concentration to approximately 3.0 vol% at 90% and up to
0.06 vol% at 99.8% capture rate. However, deeper capture is
associated with higher solvent-regeneration duty, additional
CO, compression work, and larger absorber/stripper
equipment.®® In the optimized MDEA process reported by
Antonini et al., the specific equivalent work increased from
about 0.585 M] 1<gco2'1 at 90% capture to about 0.681 M]J
kgco, ! at 99.8% capture, while feasible packed-column
designs remained below 15 m packing height but increased
substantially toward deeper capture.® For pressurized
syngas, physical solvents such as Selexol or Rectisol are
attractive alternatives for bulk CO, removal because they
perform well at elevated CO, partial pressure and generally
require less thermal regeneration than chemical solvents,
although they are less suitable for very deep polishing.®>®
PSA, in contrast, is widely used as a final hydrogen
purification step in biomass-to-hydrogen process chain, but
is less attractive as the sole front-end option for a stream
containing higher CO, content.® In this context, the practical
potential of the investigated Ni catalysts lies in process
chains in which CO, is removed upstream while residual CO
remains, since the present results show substantially stronger
inhibition by 30 vol% CO, than by 1.2 vol% CO. The
corresponding limitation is that the economic advantage of
cheap commercial Ni catalysts may be partly offset if very
deep CO, removal is required to suppress the pronounced
COy-induced loss in hydrogenation performance, because
deeper capture is associated with higher regeneration
energy, additional CO, compression duty, and larger
absorber/stripper equipment.®'

Conclusion

In this study, a commercially available Ni catalyst was
investigated regarding its activity in benzyltoluene (BT)
hydrogenation with impure hydrogen containing CO (0.6-6%
gas fraction) as well as CO, (30% gas fraction). These were
chosen as relevant impurities in biomass-derived hydrogen
and being known to kinetically inhibit typical noble metal
hydrogenation catalysts. CO strongly affected HO-BT
and degree of hydrogenation. Complete
conversion was still achieved in the absence of CO and at 1.2
vol% CO, although with delayed kinetics and reduced
selectivity due to competitive adsorption and parallel CO
methanation; 6 vol% CO led to severe inhibition and a
pronounced suppression of hydrogenation activity. Additional
temperature- and pressure-dependent experiments showed
that CO inhibition is largely reversible and governed by
surface kinetics. Increasing temperature promoted CO
conversion and catalyst surface reactivation, while lowering
the pressure from the standard condition of 50 bar reduced
HO-BT hydrogenation performance. Since hydrogen
consumption by CO methanation remained negligible in the
overall balance, the detrimental effect of CO is mainly
attributed to temporary blocking of active sites rather than to
a substantial loss of hydrogen.

conversion
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In contrast, CO, caused a much stronger deterioration in
HO-BT hydrogenation performance. Besides competitive
adsorption, the parallel methanation of CO, reduced the
hydrogen available for H,-BT hydrogenation and thereby
significantly lowered the final degree of hydrogenation and
hydrogen utilization. Comparison with N,-containing
reference experiments confirmed that the inhibitory effect of
CO, cannot be explained by simple dilution alone. Overall,
the results demonstrate that Ni catalysts are promising for
LOHC-based purification of CO-containing hydrogen streams,
while effective upstream CO, removal remains necessary for
CO,-rich biomass-derived feeds.

In conclusion, nickel catalysts combine low cost with
resistance to irreversible CO/CO, poisoning due to continuous
surface regeneration via methanation; however, this advantage
becomes a limitation in mixed-gas hydrogenation because
methanation preferentially consumes hydrogen, especially at
high CO/CO, levels. Therefore, biomass-derived gas streams
require upstream CO, removal, for example by amine
scrubbing, to enable efficient hydrogenation.
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Abbreviations

BT Benzyltoluene

HO-BT  Fully dehydrogenated benzyltoluene

H,-BT Partially hydrogenated benzyltoluene

*X Substance X adsorbed on the catalyst surface

DoH Degree of hydrogenation

He Partially hydrogenated benzyltoluene with a DoH
of exactly 50%

H12 Fully hydrogenated benzyltoluene
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