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Abstract: Pt/ Al,O; catalysts prepared via supercritical deposition (SCD), with supercritical CO,, wet
impregnation (WI) methods and a selected benchmark catalyst, were evaluated for the dehydrogena-
tion of perhydro-dibenzyltoluene (H18-DBT) at 300 °C in a batch reactor. After ten dehydrogenation
runs, the average performance of the catalyst prepared using SCD was the highest compared to
the benchmark and WI-prepared catalysts. The pre-treatment of the catalysts with the product
(dibenzyltoluene) indicated that the deactivation observed is mainly due to the adsorbed HO-DBT
blocking the active sites for the reactant (H18-DBT). Furthermore, the SCD method afforded a catalyst
with a higher dispersion of smaller sized Pt particles, thus improving catalytic performance towards
the dehydrogenation of H18-DBT. The particle diameters of the SCD- and WI-prepared catalysts
varied in the ranges of 0.6-2.2 nm and 0.8-3.4 nm and had average particle sizes of 1.1 nm and 1.7 nm,
respectively. Energy dispersive X-ray spectroscopy analysis of the catalysts after ten dehydrogena-
tion runs revealed the presence of carbon. In this study, improved catalyst performance led to the
production of more liquid-based by-products and carbon material compared to catalysts with low
catalytic performance.

Keywords: supercritical deposition; wet impregnation; supercritical CO;,; liquid organic hydrogen
carriers; dibenzyltoluene; dehydrogenation

1. Introduction

The establishment of a cost-competitive and efficient infrastructure for hydrogen stor-
age and distribution is required to promote a hydrogen economy. This is important, as
governments and industries are working towards implementing decarbonization strategies,
such as utilizing hydrogen as a vector for clean energy. Hydrogen storage and distribution
in the form of liquid organic hydrogen carriers (LOHCs) has become a ‘hot topic” recently.
This is because LOHCs can store large volumes of hydrogen for long periods and without
self-discharge at ambient temperature and pressure. Traditional hydrogen storage tech-
nologies require high-pressure steel tanks, expensive composite cylinders, energy-intensive
gaseous compression and liquefaction processes [1-6]. Unlike in traditional technologies,
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hydrogen is not readily available when utilizing LOHCs—energy is required for the release
of hydrogen from the hydrogen-rich molecules.

To date, the most preferred LOHC molecule is dibenzyltoluene (HO-DBT) due to its
high hydrogen storage capacity (6.2 wt %, 57 kg-H, /m3 LOHC), availability on a multi-
ton scale, low melting point (—30 °C), high boiling point (380 °C) and its many other
favorable properties [7-10]. Hydrogen is stored via the catalytic hydrogenation of HO-
DBT to produce perhydro-dibenzyltoluene (H18-DBT), and hydrogen is released by the
catalytic dehydrogenation of H18-DBT to produce HO-DBT. Other LOHC molecules, such
as perhydro-N-ethylcarbazole, octahydroindole and octahydro-7-ethylindole, appear to be
competitive in terms of low dehydrogenation temperature (<200 °C) compared to HO-DBT
(>300 °C) [11-13]; however, their cost and availability are disadvantageous.

The main challenges associated with H18-DBT are high viscosity at low temperature,
which could cause pumping issues, a high dehydrogenation temperature and catalyst
deactivation during the dehydrogenation reaction. The viscosity issue is addressed by
mixing perhydrobenzyltoluene (H12-BT) and H18-DBT at a ratio of 80:20 [14]. The high
dehydrogenation temperature of H18-DBT is also problematic as a substantial fraction of
the hydrogen produced could be used to supply heat to the reactor [15]. Moreover, catalyst
deactivation has been reported to occur when Pt/ Al O3 is used for the dehydrogenation of
H18-DBT [16,17].

Of importance/note is that the mechanism of catalyst deactivation is not yet fully
understood—this could be due to blockage of the active sites by the reactants, products,
or by-products. Reducing the acidity of the Al;O3; support material by modification
with Mg has led to slightly improved catalyst stability, but with a decline in productivity
from 0.09 to 0.07 gH, /gPt/min [18]. In that study, the dehydrogenation of H18-DBT at
300 °C was carried out using a fixed-bed reactor packed with 0.5 wt % Pt/Mg-Al,Os3. The
modification of the catalyst with optimized quantities of dopants, such as sulphur, resulted
in the improved catalytic performance of Pt/Al,O3 and a reduction in the formation of
by-products [19-22].

The development of efficient catalysts for the H18-DBT dehydrogenation reaction
is crucial for the commercialization of LOHC technology. In 2020, the SHERLOHCK
consortium (an EU subsidized consortium) embarked upon such catalyst development
research—they set the following targets: the desired catalyst efficiency in terms of produc-
tivity should be higher than 3 gH, /gPt/min while maintaining stability; high conversion
(>90%) and selectivity (>99.8%) [23]. The catalyst could be improved by a wide variety
of strategies, such as the addition of doping metals, the modification of the chemical and
textural properties of the support material, increasing the active surface area by obtaining
highly dispersed and uniform particles and utilizing the synergistic effect of bimetals.
The control of nanoparticle dispersion, size and distribution in the support material is
considered a major challenge in conventional synthetic methods.

The application of supercritical deposition (SCD), especially the use of supercritical
CO;y (s¢CO»), for the preparation of catalysts offers advantages over conventional catalyst
preparation methods. ScCO; is inexpensive, inert, non-flammable and non-toxic; further-
more, it has a moderate critical temperature and pressure (T = 304.15K, P. = 7.38 MPa) [24].
S5cCO;, exhibits gas-like diffusivity; hence, its mass transfer rates are higher than a liquid-
based solvent [24]. The zero-surface tension and gas-like viscosity of scCO; lead to good
penetration into porous catalyst support materials [25]. Consequently, scCO, has been
successfully used for the deposition of different metal species on porous supports for use
as catalysts for a wide variety of reactions [26,27].

In this work, we evaluate the catalytic performance of Pt/ Al,Os catalysts prepared via
SCD using scCO, (SCD/scCO,) and by wet impregnation (WI), against a selected bench-
mark catalyst, for the dehydrogenation of H18-DBT. To study the effect of the synthesis
method on the physicochemical properties of the thus prepared catalysts, the catalysts were
characterized using the temperature-programmed desorption of ammonia (NH3-TPD), CO
pulse chemisorption, scanning electron microscopy—energy dispersive X-ray spectroscopy
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(SEM-EDX) and high-angle annular darkfield scanning transmission electron microscopy
(HAADEF-STEM). To the best of our knowledge, our study describes, for the first time, a
catalyst prepared via SCD/scCO; (Pt/Al,O3) used for the dehydrogenation of H18-DBT.

2. Results and Discussion
2.1. Catalytic Dehydrogenation

For all experiments, the dehydrogenation temperature and the ratio of Pt to H18-DBT
were kept constant at 300 °C and 0.05 mol % based on 20 mL H18-DBT and 1.36 g Pt/ Al,Os.
Figure 1 shows a comparison of catalysts prepared using WI (CAT-B) and SCD/scCO,
(CAT-A); data for the benchmark catalyst (CAT-C) are included. Catalyst comparison,
based on the dod over 10 runs, revealed initial catalyst stability: see Figure 1a. Successive
runs were carried out by decanting the reaction mixture after a pre-determined reaction
time (100 min) and replacing with fresh HO-DBT whilst re-using the catalyst. Therefore,
the number of dehydrogenation runs performed was equivalent to 17 h of catalyst contact
time with LOHC. We established that this effort is important—numerous publications
addressing catalyst evaluation in the dehydrogenation of H18-DBT report on only the first
run (fresh catalyst) [10,14,19,22,28-30].

The dod was calculated using Equation (1).

Vh,,
dod = —Hzrreleased 10 )
Vszmax

where Vi, ,eleased 1S the volume of hydrogen produced during dehydrogenation and Vi, ,max
is the volume of hydrogen in the H18-DBT placed in the reactor.

CAT-A showed the highest average dod of 45%, calculated by dividing the sum of the
dod values by the total number of runs: see Figure 1a. This is 10% higher than the dod
value of CAT-C (benchmark) and 28% higher than the dod value of CAT-B. However, for
all catalysts, there was a similar declining trend in the dod, more severely between runs 1
and 2: see Figure 1la. For example, a decline in dod from run 1 to 2 was 14% for CAT-A,
12% for CAT-C and 6% for CAT-B; from runs 2 to 10, it was 15% for CAT-C, 8% for CAT-A
and 4% for CAT-B. It was expected that from runs 2 to 10, the decline in dod should be
less than that from run 1 to 2, but this was not the case for CAT-C; the decline in dod was
still high for runs 2-10. This suggests that the dod for the CAT-C catalyst could decline
further if the reaction time is extended. The CAT-B catalyst exhibited low dod, and it was
more stable compared to the other two catalysts. However, the CAT-A catalyst could also
be advantageous due to its high dod values. The average dod values for all the catalysts
here were below 50%, which means that more than half of the storage capacity of H18-DBT
is not fully utilized.

The catalyst activity was calculated based on the productivity (P) calculated by
Equation (2).

p=_8H_ )

gp min

where P is the mass of released hydrogen per mass of Pt per minute. For a batch reactor, the
maximum hydrogen flow was converted to the number of grams of hydrogen produced
per minute. In a single dehydrogenation run, a fast decline in the hydrogen flow rate
will result in a low dod. As shown in Figure 1b, the CAT-C catalyst had the highest
productivity (3.48 gH, /gPt/min) in run 1, but this did not result in the highest dod in run 1.
Furthermore, the CAT-C catalyst showed a steep decline in productivity from run 1 to 2
and thereafter a further decline from runs 2 to 10. Both CAT-A and CAT-B catalysts showed
stable productivity after run 2, although the CAT-B catalyst had the lowest productivity.
Data from run 2 indicated that the productivities of CAT-A and CAT-C were close to the
SHERLOHCK target of 3 gH, /gPt/min [23]: see Figure 1b. In the work of Jorschick et al.,
productivity declined by 40% from run 1 to 2, while from runs 2 to 13, the productivity
further declined by 65% [31,32]. The reason for this deactivation was the blockage of the
active sites by by-products [31,32].
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Figure 1. Catalytic performance evaluation of CAT-A, CAT-B and CAT-C: (a) Comparison of the
initial stability of the catalysts based on the dod over 10 dehydrogenation runs; (b) initial activity and
stability of the catalysts based on productivity vs. number of runs; (c) conversion of H18-DBT based
on runs 1 and 10; (d) selectivity of catalysts towards HO-DBT based on runs 1 and 10; (e) deactivation
over 10 dehydrogenation runs; (f) turnover frequency of catalysts for dehydrogenation of H18-DBT.
Reaction conditions: batch reactor, reaction time 100 min for each run, reaction temperature 300 °C,
catalyst Pt/ AlO3, mol. ratio: np;/N118.DBT (99.7doh) = 0-05 mol %.

The H18-DBT conversion (X) and HO-DBT selectivity (S) were calculated using
Equations (3) and (4), respectively.

mol y1s. o — mol 5.
Xens.opr (%) = H18-DBT in H18-DBT out 1

molg18-DBT in

®)

mol go-pBT
molpo-ppT + Molpe-ppr + Mol 12-pT + MOl H18-DBT + MOl products

The dehydrogenation of H18-DBT is a stepwise reaction: H18-DBT-3H, —+H12-DBT-
3H,—H6-DBT-3H,—HO0-DBT. In run 1, the CAT-A and CAT-C catalysts exhibited high
H18-DBT conversion (>90%), whereas CAT-B exhibited low conversion (62%): see Figure 1c.
However, this was not maintained up to run 10. The CAT-A catalyst exhibited a 13%

x 100 @)
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decline in H18-DBT conversion, while CAT-B and CAT-C showed 27% and 23% declines,
respectively. Run 10 provided results that offer a more meaningful comparison. The
selectivity towards HO-DBT was high for CAT-A (32%), followed by CAT-C (17%) and
CAT-B (6%): see Figure 1d. The deactivation parameter (AX) in Equation (5) was used to
calculate the extent of deactivation of the catalysts.

Xi— Xy
AX (%) = ——= x 100 ®)
Xi

where X; and Xy are the initial (run 1) and final (run 10) conversions of H18-DBT. As evident
in Figure le, the CAT-B catalyst was the most deactivated (AX = 27%), followed by CAT-C
(AX =22%) and then CAT-A (AX = 12%). Therefore, in the dehydrogenation of H18-DBT,

based on the results of runs 1-10, the CAT-A was the least deactivated catalyst here.
Turnover frequency (TOF) is defined as the number of molecules reacted at each
available catalytic active site per unit of time. TOF for the dehydrogenation of H18-DBT
was calculated using Equation (6) and based on run 1 (initial 100 min) and run 10 (after

17 h catalyst contact time).

H, released (mol)

TOF =
Xpt X DPt X t

(6)

where xp; is the Pt loading (mol), f is the reaction time (s) and Dp; is the platinum dispersion
determined using CO pulse chemisorption. Figure 1f shows the relationship between TOF
and the catalyst contact time or number of dehydrogenation runs. As shown in Figure 1f,
in run 1, TOF was found to be high for CAT-A (4.5 s) and decreased to approximately 3 s in
run 10. The TOF values for CAT-B declined from 2 sinrun 1 to 1.3 s in run 10. Therefore, the
decline in TOF values is relative to the deactivation observed. This suggests the blockage of
some of the available active sites. The comparison of catalytic performance is summarized
in Table 1.

Table 1. Catalyst performance for the dehydrogenation of H18-DBT: summary. Reaction conditions:
batch reactor, reaction time 100 min for each run, reaction temperature 300 °C, catalyst Pt/ Al,O3,

Npt/NH18-DBT (99.7doh) 0-05 mol %.

Catalyst Productivity Degree of H18-DBT Conversion SIe;Il(::-clt)i]j;I;y TOF (s-1)
gH,/gPt/min Dehydrogenation (%) (%) (%)
Run1 Run 10 Run1 Run 10 Run1 Run 10 Run1 Run 10 Runl Run10
CAT-A 2.77 1.82 60 38 89 67 38 25 4.5 29
CAT-B 1.42 0.71 25 15 31 3 15 5.6 2 1.3
CAT-C 3.50 1.30 54 27 88 38 42 13 - -

2.2. Characterization
2.2.1. Temperature-Programmed Desorption of Ammonia (NH3-TPD)

The acidity of the catalysts before and after the dehydrogenation reaction was mea-
sured using NH;-TPD. The acidic strength of the catalysts was obtained via the deconvolu-
tion of the NH3-TPD curves using a log-normal fitting method, found in the Autochem II
software. However, NH3-TPD experiments do not distinguish between Lewis and Brensted
acid sites—they only provide the total acidity of the catalyst.

Two peaks appeared at low and high temperatures for fresh CAT-A, and three peaks
for fresh CAT-B: see Figure 2. For CAT-A, the low temperature peak at <300 °C is due to
weak acid sites, and the high temperature peak above 500 °C can be attributed to the strong
acid sites [33-35]: see Figure 2a. The peak appearing at 820 °C for CAT-B could be due to
strong acid sites, and the peak below 300 °C and above 500 °C could be due to the weak
acid and medium acid sites, respectively: see Figure 2b. For all fresh catalysts, the peak
fraction B (strong acid site) was higher than the peak fraction A (weak acid site): see Table 2.
Furthermore, as indicated in Table 2, the peak fraction values of CAT-B catalyst were higher



Catalysts 2022, 12, 489

6 of 16

than for the CAT-A catalyst. Interestingly, both spent catalysts showed a decrease in the
fraction of weak acid sites compared to fresh catalysts; see Figures 2b and 3b. The spent
CAT-A showed an additional peak at temperatures > 700 °C; however, this did not result
in significant changes in the total acidity (see Table 2). The three peaks observed for the
CAT-B profile suggest the presence of weak, medium and strong acid site distribution; see
Figure 3. Moreover, the fraction of strong acid sites of CAT-B increased from 14 to 40% after
the reaction; see Table 2. This suggests that the dehydrogenation reaction affects the acid
site distribution of the catalyst. The effect of catalyst acidity on the dehydrogenation of
H18-DBT requires further investigation.

0.02
0018 { (a)
0.016 1
0.014 1
0.012 1
0.01 -
0.008 1
0.006 1
0.004 1
0.002

0

275°C
560 °C

TCD signal, au

0 200 400 600 800 1000
Temperature, °C

0.025

0.02

o
[=}
=
o}

0.01 A

TCD signal, au

0.005

0 200 400 600 800 1000
Temperature, °C

Figure 2. Ammonia TPD profiles of CAT-A before (a) and after (b) the dehydrogenation reaction.

Table 2. Physico-chemical properties of catalysts before and after dehydrogenation of H18-DBT,
including the quantity of carbon impurities.

NH;3-TPD
. . Carbon
Catalyst ~ Dispersion Content Peak Peak Peak Acidity
ID (%) (%) * Fraction Fraction Fraction mmol

A (%) B (%) C (%) NH3/g
CAT-A+ 45 - 42 58 - 0.79
CAT-B* 32 - 33 56 14 0.98
CAT-A $ 37 32 14 42 44 0.74

CAT-B % 22 23 17 43 40 0.85
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Figure 3. Ammonia TPD profiles of CAT-B before (a) and after (b) the dehydrogenation reaction.

2.2.2. Catalyst Deactivation

It has been reported that the acidity of the catalyst support hinders the desorption
of olefin products and enhances their residence time on the catalyst surface [36]. The
higher the dod, the more aromatic compounds are produced, and these compounds are
susceptible to reaction on the acidic sites of the catalyst. Deactivation is, therefore, observed
because there is the possibility of competitive adsorption between reactants and products.
To test this hypothesis, a sample of fresh catalyst (CAT-A) was left overnight in pure
HO-DBT at rt, and another sample of fresh catalyst was left for 100 min in pure HO-DBT
at 300 °C. The latter was performed in an effort to mimic the run that we used for the
actual dehydrogenation experiments. These samples of catalysts were separated from
HO-DBT and then tested in the dehydrogenation of H18-DBT. The catalyst sample without
pre-treatment in HO-DBT exhibited a high dod in the first run followed by a decrease in the
second run, which suggests catalyst deactivation: see Figure 4.
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Figure 4. Results of investigation into the effect of the product (HO-DBT) on the catalyst deactivation.
Reaction conditions: batch reactor, reaction time 100 min for each run, reaction temperature 300 °C,
CAT-A (Pt/Al,O3), npt/NH18.DBT (99.7 doh) 0-05 mol %.

We then investigated whether this deactivation could result from the HO-DBT blocking
some of the active sites and inhibiting the adsorption of the H18-DBT within the catalyst.
Interestingly, both catalysts pre-treated in HO-DBT already exhibited low dod in run 1.
Furthermore, in run 1, the dod of the catalyst treated in HO-DBT at rt was 19% lower than
in the case of the untreated catalyst, while the dod of the catalyst pre-treated at 300 °C
was 42% lower than the untreated catalyst: see Figure 4. This suggests that during normal
dehydrogenation, the HO-DBT product dis not completely desorb in run 1, thus hindering
the adsorption of the H18-DBT reactant in run 2—hence, a loss in the catalyst activity
was evident.

2.2.3. Analysis of Reaction Mixtures

Samples of reaction mixtures obtained after the dehydrogenation of H18-DBT revealed
the presence of low-boiling (LB) point and high-boiling (HB) point by-products: see Figure 5.
These by-products are known to be due to the cracking and cyclization of HO-DBT during
the dehydrogenation reaction [17]. It has been reported earlier that the higher the dod
the more aromatic products are formed [17]. Aromatic by-products are also known to be
susceptible to adsorb and react on the acid sites of the catalysts; hence, cracking occurs. The
LB point by-products are toluene, benzyltoluene and xylene, and the HB point by-products
are derivative of benzylmethylfluorene [17].
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Figure 5. Quantity of by-products produced using CAT-A, CAT-B and CAT-C for dehydrogenation of
H18-DBT. Reaction conditions: batch reactor, reaction time 100 min for each run, reaction temperature
300 OC, catalyst Pt/Aleg, npy /nH18—DBT (99.7 doh) 0.05 mol %.

We compared the catalysts based on the number of by-products produced during
the dehydrogenation of H18-DBT. In run 1, CAT-A showed the highest number of total
by-products (1.8 mol %: 53% LB and 47% HB); in run 10, the total by-products decreased
by 50%. In run 1, CAT-B gave 0.86 mol % as the total number of by-products; in run 10,
this decreased by 21%. The number of LB point by-products was higher than that of HB
by-products. In run 1, the by-products obtained using CAT-C totalled 0.92 mol %; in run 10,
the by-products decreased by 21%. The LB by-products constituted a greater number of
by-products, compared to the HB by-products. For all three catalysts, run 1 showed high
numbers of by-products because more aromatic compounds were formed—then, as the
catalyst became less active from run 2, fewer by-products were formed.

2.2.4. HAADF-STEM Imaging and STEM-EDX Mapping

The morphologies of the prepared samples were characterized by HAADF-STEM
imaging and STEM-EDX mapping. Examples of data are shown in Figures 6 and 7, together
with the corresponding particle size distribution histograms. The CAT-A catalyst showed
numerous Pt clusters, compared to the CAT-B catalyst. The mean particle sizes of CAT-A
and CAT-B catalysts are 1.1 nm and 1.7 nm, respectively. The average particle sizes obtained
using SCD/scCO; are slightly smaller than those obtained using the WI method. This
is probably due to the thermal reduction in the metal precursor, rather than chemical
reduction with hydrogen gas [37]. The smaller the Pt particle size, the higher the dispersion
and the high surface area for the reaction [16]. Hence, CAT-A with a mean particle size of
1.1 nm and dispersion of 45% showed higher catalytic activity compared to CAT-B, with a
mean particle size of 1.7 nm diameter and dispersion of 32%.
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Figure 6. HAADF-STEM imaging, elemental EDS mapping images and particle size distribution

from CAT-A catalyst prepared using SCD/scCO,.
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Figure 7. HAADF-STEM imaging, elemental EDS mapping images and particle size distribution
from CAT-B catalyst prepared using WI.

3. Materials and Methods
3.1. Catalyst Preparation

The materials and methods applied in the preparation of Pt/ Al,O3 catalysts using the
SCD method (catalyst ID: CAT-A) and the conventional WI method (catalyst ID: CAT-B)
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are explained in detail below. A Pt/Al,Oj catalyst supplied by OEM (catalyst ID: CAT-C)
was used as a benchmark.

3.1.1. Chemicals

Dimethyl(1,5-cyclooctadiene)platinum(Il) (Pt(cod)Me,) (MW 333.33 g/mol, metal con-
tent 59 mol %, purity 97%, melting point 105 °C) was purchased from STREM Chemicals Inc
(MA, USA). CO;, and N gases were purchased from Air Liquide (Istanbul, Turkey). Hex-
achloroplatinic acid (38% Pt basis, melting point 60 °C, MW 409.81 g/mol anhydrous basis)
was purchased from Sigma-Aldrich (Schnelldorf, Germany). HO-DBT (MW 272 g/mol,
concentration 100% w/w, boiling point 390 °C, melting point —39 °C) was purchased from
Sasol (Marl, Germany), under the trade name Marlotherm-SH (currently sold by Eastman
Chemicals, Marl, Germany). HO-DBT was hydrogenated in-house to obtain H18-DBT
with a degree of hydrogenation (doh) of 99%. The catalyst support material (y-alumina
trilobes) of ~2 mm in diameter was obtained from Clariant (Johannesburg, South Africa).
As determined in an earlier study, using the N physisorption technique [16], the y-Al,O3
trilobes employed here have a specific surface area, pore volume and pore diameter of
190 m?/g, 0.6 cm®/g and 11 nm, respectively. WI and SCD/scCO, catalyst preparation
methods were carried out utilising the same y-Al,O3 support material.

3.1.2. Wet Impregnation Method (WI)

Catalyst preparation using the WI method is described in our previous work [18]. A
solution of chloroplatinic acid (0.025 M) was added to alumina extrudates to produce a
0.5 wt % Pt loading. A Biichi Rotavapor® R300 (Flawil, Switzerland) was used to remove
water, under vacuum, from the extrudates (heating bath temperature 50 °C, evaporating
flask under 46 mbar vacuum pressure, rotation speed 40 rpm). The impregnated pellets
were dried in an Espec SU-22 oven (Espec North America Inc., MI, USA) at 120 °C for
4 h. Thereafter, extrudates were calcined at 350 °C (temperature ramp rate 5 °C/min) in a
stream of air (150 mL/min) for 5 h, in a furnace (Carbolite, Sheffield, UK). The calcined
catalysts were reduced in a stream of 10% H;/Ar (50 mL/min) over a period of 4 h at
350 °C, to afford a yield of 50 g Pt/ Al,O5 catalyst. The same alumina support was used as
for the SCD method.

3.1.3. Supercritical CO, Deposition Method (SCD/scCO5)

For catalyst preparation using the SCD method, a custom-made high-pressure stainless
steel (SS) vessel (57 mL) was used. It had two sapphire windows (diameters 2.5 cm), a rup-
ture disc assembly, a vent line, a thermowell and a pressure transducer. The experimental
set-up is shown in Figure S1 (Supporting information).

Prior to the SCD process, AlO3 was dried in an oven at 120 °C for 2 h (to remove
moisture). Pt/Al,O3; was prepared by filling the vessel with ~3 g Al,O3 and a certain
quantity of Pt(cod)Me; to yield 0.5 wt % metal loading after conversion of the precursor
to its metal form. A stirrer bar was placed in the vessel to ensure homogeneous mixing
during the deposition. An Al,O3 support was placed on a grade 316 SS screen, which was
placed along the centre line of the vessel, to avoid contact between the support material
and the stirrer bar. The vessel was then sealed with polyether ether ketone O-rings inside
and outside of the sapphire windows and placed on a magnetic stirrer. Since the presence
of air may interfere with the SCD process, air was displaced by low-pressure CO; before
deposition commenced. The vessel was then heated to 35 °C by means of a circulating
heater. Throughout the SCD process, the temperature of the vessel was controlled by this
circulating heater, in which water was used as the heating medium. The temperature of
the vessel was monitored by means of a thermowell that reached the centre of the vessel.
Once the temperature had reached the deposition temperature, CO; was pumped into the
vessel (using a syringe pump) until the pressure inside the vessel reached 15.5 MPa, thus
ensuring the dissolution of the precursor in the scCO, and adsorption of the precursor
onto the porous support. The vessel was held under these conditions for 22 h, whereafter
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it was depressurised at a rate of 0.7 MPa/min under isothermal conditions at 35 °C. A
Pt(cod)Me; / Al,O3 composite was thus obtained.

The conversion of Pt(cod)Me, was conducted thermally in a tubular furnace. The
composite was placed in a porcelain combustion boat for easy handling. The combustion
boat was positioned at the centre of a quartz process tube, which was then placed inside a
tubular furnace. Pt(cod)Me, was converted to form Pt nanoparticles under the following
conditions: flowing N, (100 mL/min; NTP), 400 °C, atmospheric pressure, 4 h. On com-
pletion of the conversion process, the system was cooled to room temperature (rt) under
flowing Nj. The Pt/ Al,O3 catalyst yield of 3 g was subsequently obtained.

3.1.4. Determination of Catalyst Performance

The determination of the catalyst performance for the dehydrogenation of H18-DBT
was carried out using a 250 mL three-necked round bottom flask as a batch reactor. A digital
temperature controller (PL524 Pro; Wiggens, Beijing, China) was used to measure, control
and monitor the temperature of the dehydrogenation reaction. The hydrogen flow rate was
measured using a mass flow meter (EL-Flow F11B-500-AGD-22V; Bronkhorst High-Tech
B.V., Ruurlo, The Netherlands), which was also integrated with the LabView system for data
logging. A schematic representation of the dehydrogenation set-up is shown in Figure S2
(Supporting information). The liquid samples were analysed to determine the degree of
dehydrogenation (dod) using calibrated refractive index equipment (Abbemat 300; Anton
Paar, Johannesburg, South Africa). Furthermore, single quadrupole gas chromatography—
mass spectrometry (GC-SQ-MS) was also used for the analysis of the liquid samples to
determine the H18-DBT conversion, HO-DBT selectivity and formation of by-products. The
GC-5Q-MS method is described in more detail in our previous work [38]; it was based on
the analytical method described by Aslam et al. [39].

3.2. Characterization

The catalysts prepared using the WI and SCD methods were characterised as described
below. The benchmark catalyst (supplied by OEM) was not characterised, to avoid the
disclosure of confidential information.

Chemisorption experiments were performed using a chemisorption analyser (Au-
toChem II 2920; Micromeritics, GA, USA) equipped with a thermal conductivity detector
(TCD). The fresh and used catalyst samples were weighed to a mass of ~0.3 g and loaded
into a quartz U-tube fitted with quartz wool at the bottom. For the carbon monoxide (CO)
pulse chemisorption experiments, the catalyst was first reduced to allow the reaction to
take place on the Pt nanoparticles. CO chemisorption was carried out at 35 °C under a He
stream (flow rate 50 mL/min), using a pulsed chemisorption technique (0.5 mL pulses of
CO injected).

NH;3-TPD experiments were performed to determine the acidity of the catalysts.
Samples were pre-treated at 500 °C for 1 h under a He stream (flow rate 30 mL/min). This
was followed by the saturation of samples with a 10% NH3/He at 120 °C. The desorption of
NH; was determined using a TCD, at temperatures ranging from 100 to 900 °C (temperature
ramp rate 10 °C/min).

HAADEF-STEM images were recorded using a Titan Themis probe-corrected STEM, in-
strument operated at an accelerating voltage of 300 kV. At least 100 particles were measured,
using image J to obtain the particle size distribution histograms. From the histograms,
a lognormal distribution curve was fitted and used to determine the mean particle size.
STEM X-ray maps were also obtained using the Titan Themis STEM instrument. The latter
is equipped with a Super-X silicon drift detector system that allows for the rapid acquisi-
tion of energy-dispersive X-ray spectroscopy (EDX) data. Impurities in the catalysts were
determined by SEM-EDX, using a FEI Quanta 250 field emission gun scanning electron
microscope (ThermoFisher Scientific, Waltham, MA, USA), operating at an accelerating
voltage of 15 kV. However, SEM imaging was not performed because the coating material
was carbon, which would have interfered with the analysis.
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4. Conclusions

A Pt/ Al,Oj3 catalyst, for the dehydrogenation of H18-DBT, prepared using the SCD
method with scCO; (SCD/scCO;) exhibited improved catalytic performance and less
deactivation compared to the benchmark catalyst and the one prepared using the WI
method. For all three catalysts studied, the significant deactivation between runs 1 and
2 can be attributed to the low desorption of the product (HO-DBT) and, therefore, the
blockage of the reaction sites. The SCD/scCO;-prepared catalyst produced the highest
number of by-products and carbon impurities on the catalyst surface. The higher the dod,
the more aromatic products are formed, which are susceptible to reacting on the acidic sites
of the catalyst; hence, cracking occurs. In conclusion, it is recommended that the further
modification of the catalyst is required to optimize the acidity of the support material, and
also to promote the desorption of the HO-DBT product and the diffusion of HO-DBT from
the catalyst pores.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal12050489 /s1, Figure S1. Schematic representation of the
experimental set-up used for supercritical deposition; Figure S2. Schematic representation of the
dehydrogenation set-up
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