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Abstract

Decalin dehydrogenation for efficient hydrogen production over platinum catalysts
supported on different types of silica was studied. The catalytic properties of the
prepared catalysts were tested under conditions of a flow installation. It was found
that from a thermodynamic point of view, high temperatures will favor dehydroge-
nation, and low temperatures will favor the isomerization of cis-decalin to trans-
decalin. It negatively affects the rate of decalin dehydrogenation; therefore, kinetic
control is required. It was shown that the catalysts supported on mesoporous silica
MCM-48 and SBA-15 showed a significantly higher catalytic activity during deca-
lin dehydrogenation compared to catalysts supported on amorphous SiO,. The high
surface area and small pore size of these supports positively affect Pt particles’ dis-
persion and result in the production of high-active catalysts for dehydrogenation of
decalin to naphthalene. The maximum decalin conversion was observed over the 2%
Pt/MCM-48 catalyst at a pressure of 0.5 MPa, a 325 °C temperature, and an LHSV
of 20 h™!. This study provides a rationale for the proper support selection for effi-
cient utilization of decalin as a LOHC.
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Introduction

Hydrogen is one of the most promising energy carriers nowadays due to its high
energy density and low pollutant effects in its use [1]. However, it is important to
solve hydrogen storage for the practical application of the hydrogen energy system
in the near future. Several strategies have been proposed for hydrogen storage, such
as storing hydrogen at high pressure or cryogenic temperature, but it still leaves a
question in logistics and safety. Storage systems based on metal hydrides are charac-
terized by a high theoretical capacity of hydrogen, but the hydrogen generation from
the hydrides still requires further research [2, 3].

Another high-potential technology for hydrogen storage is the reverse stor-
age of hydrogen through its chemical bonding in molecules of organic compounds
(i.e., hydrogenation and dehydrogenation). According to this concept, a hydrogen-
depleted liquid organic hydrogen carrier (LOHC) molecule is hydrogenated in a
place where there is an excess of cheap hydrogen. The hydrogen-enriched molecule
can then be stored for a long time or transported using current infrastructure and, if
necessary, be released at energy consumption [4, 5].

LOHCs are high boiling organic molecules that can be easily and reversibly
hydrogenated and dehydrogenated during the catalytic processes. There are several
requirements for LOHC systems: thermal stability, a suitable melting point, favora-
ble thermodynamics of dehydrogenation, wide availability, low toxicity, and a rea-
sonable price [6]. Various kinds of LOHC materials have been proposed and investi-
gated. The first studied system for the technology of LOHC was based on a toluene/
methylcyclohexane pair [7]; then many other paired systems were studied, for exam-
ple, biphenyl/bicyclohexyl [8], dibenzyltoluene/perhydro-dibenzyltoluene [9],
N-heterocyclic hydrocarbons [10], and many others. Polycyclic and condensed com-
pounds are promising organic substrates-carriers of H, for LOHC systems since they
have some advantages: low volatility (compared with toluene) and higher stability
(compared with heterocycles like N-ethylcarbazole). Decalin is often considered in
the literature as a promising candidate among polycyclic aromatic compounds [11,
12] because it meets most of the requirements for LOHC. The theoretical amount of
hydrogen obtained from one mole of decalin is 5 mol of H,, corresponding to 7.3
wt%. An additional advantage of decalin dehydrogenation is the final product of the
dehydrogenation of decalin is naphthalene, which can be easily converted back to
decalin by catalytic hydrogenation using a well-studied industrial process.

The catalysts used in LOHC systems significantly affect the operational char-
acteristics of such systems, especially the rate and conditions of the dehydrogena-
tion process. Therefore, selecting an efficient catalyst able to withstand repeated
cycles of hydrogenation/dehydrogenation is also in the spotlight. Platinum is most
often used as an active phase of catalysts for the decalin dehydrogenation reac-
tion [11-17]; less commonly is used nickel [18, 19] or palladium [20-22]. It is
well known that the type of carrier has a significant impact on the properties of the
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catalyst: the properties of the support directly affect its interaction with the metal,
the dispersion of the active component, which largely determines the catalyst activ-
ity, its selectivity, and its productivity. Alumina and activated carbon are the most
used catalyst supports for dehydrogenation. Studies show that hydrogenation/dehy-
drogenation occurs at metal sites, while cycle opening, cracking, and isomerization
reactions (including cis-decalin to trans-decalin isomerization) occur at acidic sites
[23]. From this point of view, it seems attractive to use silica with low acidity as
support. Besides the nature of the support, the support structure can also affect the
activity of the catalyst. In our previous study [24], it was already reported that Pt
catalysts supported on mesoporous silica MCM-48 and SBA-15 are more active for
decalin dehydrogenation than catalysts supported on traditional SiO, and Al,Os;.
These mesostructured materials with high surface area, ordered pore structure, and
uniform pore size distribution has attracted considerable attention as catalyst sup-
port. Moreover, in work [25] is shown that metal nanoparticles confined in well-
defined mesoporous materials showed unusual thermal stability, which is essential
to their applications, especially for high-temperature catalytic reactions.

The present research is aimed at investigates the activity of the Pt/SiO,, Pt/SBA-
15, and Pt/MCM-48 catalysts in decalin dehydrogenation and a more detailed study
of the kinetic and thermodynamic characteristics of this reaction. The obtained
results provide useful data concerning the silica type’s role as a support for Pt cata-
lysts for dehydrogenation reactions.

Experimental section
Support and catalyst preparation

A commercial sample of silica (CAS 7631-86-9, Sigma-Aldrich), and the
mesoporous silica SBA-15 and MCM-48 (were synthesized ourselves) were used as
supports.

SBA-15 was synthesized according to a typical procedure described earlier by
Zhao et al. [26] using a Pluronic P123 (CAS 9003-11-6, Sigma-Aldrich) copoly-
mer as a structure-directing agent and tetraethyl orthosilicate TEOS (CAS 78-10-4,
Sigma-Aldrich, purity 98%) as a silica source. Pluronic P123 (4 g) was dissolved
in 30 g of water and 120 g 2 M HCI solution with stirring at 25 °C. Then 8.50 g of
TEOS was added into that solution with stirring at 35 °C for 20 h. Then the mixture
was aged at 80 °C overnight without stirring. The solid product was recovered by
filtration, washed, and air-dried at room temperature. The calcination was carried
out by the slowly increasing temperature from the room temperature to 500 °C in 8 h
and heating at 500 °C for 6 h. The nominal molar composition used in the synthesis
was 1TEOS: 0.017P123: 5.95 HCI: 171H,0.

MCM-48 was prepared by a room temperature synthesis described previously
[27]. A 5.2 g of cetyltrimethylammonium bromide CTAB (CAS 57-09-0, Sigma-
Aldrich, purity >98%) was dissolved in 240 mL of deionized water and 100 mL of
ethanol (CAS 64-17-5, purity 95%). After the solution became clear, 24 mL of aque-
ous ammonia (CAS 1336-21-6, Vekton, 25 wt%) was added to the solution. The
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solution was stirred for 10 min (450 rpm), and 7.2 g of TEOS was added under
vigorous stirring. The gel’s molar composition was 1 M TEOS:12.5 M NH;:54 M
EtOH:0.4 M template:417 M H,O. After being stirred for 15 h respective at room
temperature, the solid product was recovered by filtration, washed, and dried at
room temperature during the night. To remove the template the dried material was
calcined at 560 °C for 6 h.

Catalysts were prepared by incipient wetness impregnation technique. 2 or 6 wt%
of platinum was loaded from the aqueous solution of chloroplatinic acid H,PtClg
(CAS 26023-84-7). The impregnated samples were dried at 60 °C (2 h), 120 °C
(6 h), and calcined at 450 °C in air for 1 h (with a heating rate of 1 °C/min). Cata-
lysts reduction was carried out in excess of pure hydrogen at 400 °C for 2 h in the
chemical reactor, in which the catalytic test of the prepared sample was then carried
out.

Support and catalyst characterization

The textural characteristics of the synthesized supports and catalysts were studied by
N, physisorption using a Quantochrome Autosorb-1 system. Specific surface areas
were calculated by the Brunauer—-Emmett-Teller (BET) method (Sggy), the total
pore volume (V) was determined by nitrogen adsorption at a relative pressure P/
PY=0.98, and the pore size distribution curve came from the analysis of the desorp-
tion branch of the isotherm from by the BJH (Barrett-Joyner—Halenda) method.

The reduced catalysts were studied by high-resolution transmission electron
microscopy (HRTEM) using a Tecnai G2 20 electron microscope with a LaB6 cath-
ode, a resolution of 0.14 nm, and an accelerating voltage of 200 kV.

Catalytic activity tests in decalin dehydrogenation

The commercially available decalin (Vekton, Russia) was used as a substrate. It con-
tains cis-, trans-isomers, and tetralin in 83.7 wt%, 8 wt%, and 8.3 wt%.

Catalytic decalin dehydrogenation was carried out on supported Pt catalysts in
a laboratory fixed-bed tubular reactor at temperatures of 300-335 °C, a pressure of
0.5 MPa, a liquid hourly space velocity of 1-120 h™!, and an Hy/feed ratio of 500
nL/L. A process flow diagram and the configuration of each continuous reactor are
shown in Fig. S1 in supplementary material. Mass flow controllers controlled the
gas feeds, and a reciprocating pump fed the liquid. The reaction temperature was
controlled by the electric furnace and was measured by thermocouples in the middle
of the catalytic bed. Into the isothermal zone of the reactor 0.37—4 cm? of catalyst
(fraction 0.25-0.5 mm) and silicon carbide (the same size) were loaded in the ratio
of 1/1. In a typical run, the solution of decalin in n-heptane (1 wt%) was used as a
feed mixture. Product mixtures were cooled and separated at a vapor-liquid separa-
tor at room temperature. The reaction was followed by withdrawing of samples (at
least once per hour) and analyzing them in the Crystal-2000M gas-liquid chroma-
tograph equipped with a flame ionization detector (Chromatek, Russia) and capil-
lary column ZB-35 (30 mx0.25 mm X 0.25 pm film thickness, 35% phenyl and 65%
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dimethylpolysiloxane); carrier gas—helium. To corroborate product identification
the reaction mixture was analyzed on GCMS-QP2010 Ultra instrument (Shimadzu).
Decalin conversion was calculated using the equation:

Cop—C
Xop = % x 100, (1)

where Cg, is the initial concentration of cis- and trans-decalins, mol/L; Cy, is the
concentration of cis- and trans-decalins in the reaction mixture, mol/L.
The selectivity of the dehydrogenation reaction was calculated using the equation:

5= < x 100

i= A > 2)
where C; and Cg; are the concentration of the individual products and all the reaction
products, mol/L.

According to [11, 12, 28], a Langmuir-type rate equation (Eq. 3) has been suc-
cessfully applied to describe the catalytic dehydrogenation of decalin:

k
"TIYK-Cy @)

where r is the hydrogen evolution rate, mmol/s, k is the reaction rate constant,
mmol/s, Cy is the naphthalene molar concentration, (mmol/mL), K is the retardation
constant, mL/mmol.

The dispersion of platinum on the catalyst surface was calculated from the total
metal loading and the average particle size obtained by HR TEM analysis, assuming
that the platinum particles are spherical shape.

[Pt]surf
D= x 100%, 4
P, @

where [Pt],,is the amount of surface Pt atoms of the metal nanoparticles, evaluated
from average particles size; [Pt],,, is the total amount of platinum loaded for the cor-
responding catalyst, mol%.

Results and discussion
Characterization of supports and catalysts

The textural properties of the used supports and catalysts are shown in Table 1. The
characteristics of synthesized mesoporous materials are consistent with previously
published results [29-31]. Mesoporous silica SBA-15 and MCM-48 have a higher
specific surface area and narrow pore size distribution compared to SiO,. For all
catalysts, it is possible to observe a decrease in the values of pore size, pore-volume,
and total area in relation to the support.
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Table 1 Textural and structural characteristics of supports and prepared catalysts

Sample Sger [mz/g] Vp [em?/ g] Dp [nm] Average particle  Dispersion [%]
size [nm]

Sio, 360 0.99 9.5 - -

SBA-15 849 0.86 5.6 - -

MCM-48 1561 0.64 2.7 - -

2 Pt/SiO, 339 0.93 8.3 2.5 61

6 Pt/SiO, 344 0.97 8.6 3.1 49

2 Pt/SBA-15 634 0.61 5.3 22 69

2 Pt/MCM-48 1348 0.55 2.6 2.0 76
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Fig. 1 Nitrogen adsorption isotherms of the supports (a) and catalysts (b)

Fig. 1 shows nitrogen adsorption—desorption isotherms of supports and catalysts.
The MCM-48 displays a type IV isotherms in the IUPAC classification and a sharp
inflection on the range of P/P°=0.2-0.4, which occurs due to capillary condensation
of nitrogen in the mesoporous [32]. For PtYMCM-48, a progressive decrease in the
amount of adsorbed nitrogen and mesopore volume was observed with the impreg-
nation of Pt species on the surface. This decrease, in general, can be related to the
deposition of Pt nanoparticles inside of the MCM-48 pores and also due to partial
loss of structural ordering of the mesoporous channels [33].

SBA-15 and Pt/SBA-15 showed a type IV isotherm with an H1 hysteresis loop
characteristic of a well-formed SBA-15 structure with cylindrical pore channels,
with a small pore difference size. Impregnation of Pt species on the surface pro-
duced some changes in the shape of the hysteresis loop at relative pressures P/
P’=0.4-0.7 and decreased surface area and pore volume. It can be due to the depo-
sition of the impregnated Pt species inside the SBA-15 support mesopores, as in the
case of MCM-48.
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10 nm

Fig.2 TEM images of synthesized catalysts. a 6% Pt/SiO,, b 2% Pt/SiO,, ¢ 2% Pt/SBA-15, d 2% Pt/
MCM-438

Insight into the average particle size and the reduced Pt species’ dispersion
was made by high-resolution transmission electron microscopy. Fig. 2 shows the
obtained images of the catalysts. In the micrograph of all catalysts, a considerable
number of metallic Pt particles can be seen on the support’s external surface. The
size of particles for catalysts supported on amorphous SiO, did not exceed 3 nm, as
determined by TEM analysis. Catalysts supported on mesoporous silica SBA-15 and
MCM-48 were characterized by smaller particle size and correspondingly greater
dispersion compared to catalysts on SiO, (Table 1). The average Pt particle size val-
ues determined by TEM were used to reveal the structure sensitivity in decalin dehy-
drogenation. Dispersion of metal was calculated on the basis of TEM data using an
approximation from [34].
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Scheme 1 Dehydrogenation of decalin to tetralin and naphthalene

Catalytic activity in the dehydrogenation of decalin

The dehydrogenation reaction of decalin (a mixture of cis- and frans-isomers)
is shown in Scheme 1. The reaction of decalin dehydrogenation includes several
simultaneous reactions: the formation of tetralin from frans- (1) and cis-decalin
(2), the conversion of tetralin to naphthalene (3), and isomerization of cis- and
trans-decalins (4).

Kalenchuk et al. [15] published a theoretical study on the chemical equilibrium
of the decalin dehydrogenation reaction. It was shown that for both cis- and trans-
decalin, the temperature dependencies of equilibrium concentrations of dehydro-
genation products on temperature are entirely identical. However, the same values
of equilibrium concentrations in the dehydrogenation of trans-isomer are reached
at higher temperatures than in dehydrogenation of cis-decalin, which indicates a
lower rate of trans-decalin dehydrogenation.

The first tested catalyst 6% Pt/SiO, showed high activity in the dehydrogena-
tion reaction; however, at the increase of liquid hourly space velocity (LHSV)
from 1 to 30 h™!, the reaction mixture’s composition remained almost the same
(Fig. 3). Replacing the feed mixture with a solution of decalin (1 wt%) and naph-
thalene (1 wt%) in heptane and increasing the LHSV to 60 h~! did not have any
significant effect on the composition of the reaction mixture (white symbols
in Fig. 3). It is evident that the catalyst 6% Pt/SiO, ensures the achievement of
chemical equilibrium at relatively low values of LHSV under experimental condi-
tions. This catalyst’s experimental data made it possible to calculate the thermo-
dynamic and kinetic parameters of the decalin dehydrogenation reaction.

Equilibrium constants for decalin dehydrogenation were calculated using
experimental data for every step of dehydrogenation (1-4) in the temperature
range 300-335 °C, and the pressure range 0.5-2 MPa. The obtained correlations
of the equilibrium constants with temperature make it possible to calculate the
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Fig.3 The concentration of decalin and products of its dehydrogenation as a function of residence time;
6% Pt/SiO,, 0.5 MPa, 325 °C; black symbols—for a feed mixture of decalin in heptane; white symbols—
for a feed mixture of decalin and naphthalene in heptane

enthalpic and entropic effects of the reaction according to the isotherm equation
of chemical equilibrium:

—RTIn(K,) = A,H; — T - A,S; )
From which

_-AHp 1 AS;
ll’l(Kp) = R . ? + R >

(6

where R is the gas constant 8.314472, kJ/(mol K); Kp is the equilibrium constant in
the gaseous phase; T is temperature, K; A H; is the enthalpy of the reaction, J/mol;
A,S; is the entropy of the reaction, J/(mol K). Equilibrium constants and reaction
enthalpies are shown in Table 2.

The obtained results related to the equilibrium constants and the enthalpies indi-
cate that the reverse reactions play a significant role in the decalin dehydrogenation

Zig'z nzt hi‘é‘i‘:s‘zrflzglc ;ﬁ;‘“am Reaction K,at300°C A, H; [K/moly,]

dehydrogenation steps trans-Decalin & Tetraline +3H, ~ 18.7+19  67.3+19
cis-Decalin < Tetraline + 3 H, 168.6+39.9 59.5+2.8
Tetraline < Naphtalene +2 H, 5.1+£0.6 63.4+1.9
trans-Decalin < cis-Decalin 0.12+0.01  153+1.0
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reaction. The equilibrium constants at 300 °C for isomerization of trans-decalin into
cis-decalin and reverse reactions were 0.12 and 9.1, respectively, which consistent
with the results published in other studies [15, 35] and confirms that isomerization
of cis- to trans-decalin is more likely than reverse reaction. The equilibrium con-
stants at 300 °C for the reactions of dehydrogenation of frans-decalin to tetralin,
cis-decalin to tetralin, and tetralin to naphthalene were 18.7, 168.6, and 5.1, which
confirms the easier dehydrogenation of cis-decalin compared to trans-isomer.

The dependence of the equilibrium constant on temperature shows that the equi-
librium constants of all reactions occurring during the dehydrogenation of decalin
increase with increasing temperature. Thus, with an increase in the temperature, the
less active trans-isomer is converted into the more active cis-decalin, which posi-
tively affects the rate of decalin dehydrogenation. A decrease in temperature under
chemical equilibrium conditions will favor the isomerization of cis-decalin to trans-
decalin. Therefore, hydrogen production from decalin requires kinetic control.

The conversion of trans-(a) and cis-decalin (b) as a function of the residence
time (1/LHSV, h) over 6% Pt/SiO, in the temperature range 300-325 °C is shown in
Fig. 4. It can be seen that the conversion of trans-decalin increases with increasing
residence time, and when the residence time is>0.05 h (LHSV <20 h™"), the con-
version is reduced to the equilibrium value. In the case of cis-decalin, at a residence
time > 0.05 h the conversion decreases more rapidly compared to trans -decalin. As
shown in the figure, the lower is the reaction temperature, the faster the conversion
decreases. This result confirms that the cis/trans-isomerization equilibrium constant
increases with decreasing temperature.

For catalyst 6% Pt/SiO, selectivity to the final product of dehydrogenation—
naphthalene—increases with increasing temperature. Thus, as the temperature rises
from 300 to 325 °C, the selectivity to naphthalene increases from 31 to 55%, and
selectivity to tetralin decreases from 69 to 45%.

90
a 90 b
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T - AAA A A < 80 P A 5 R
£ A = 70
S 60 e
g g 604
? 50 9
§ h.- - §50 r* | - .
o 40 &
E R |
4 30 “ n | £ 30 | 0®
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Fig.4 Cis-decalin conversion (a), trans-decalin conversion (b) as a function of residence time; 6% Pt/
Si0,, 0.5 MPa, ¢—300 °C, ll—310 °C, A—325 °C, a feed mixture—decalin in heptane

@ Springer



Reaction Kinetics, Mechanisms and Catalysis (2021) 133:713-728 723

The catalyst 2% Pt/SiO, showed lower activity than 6% Pt/SiO, under the same
conditions, and as a result, it did not ensure the achievement of chemical equilib-
rium. For this catalyst, only the kinetic parameters were calculated. The dehydroge-
nation reaction’s kinetics was calculated at a pressure of 0.5 MPa, H,/feed ratio of
500 nL/L, varying LHSV from 1 to 120 h~!, and temperature from 300 to 335 °C.
The kinetic parameters for the 6% Pt/SiO, catalyst were studied at LHSV >40 h™!
to avoid chemical equilibrium. Under experimental conditions, all the components’
fugacity coefficients are close to one, which allows applying partial pressures and
concentrations. Table 3 shows decalin conversion, selectivity to reaction products,
rate constants k, and the naphthalene retardation constants K obtained for catalysts
6% Pt/Si02 and 2% Pt/SiO,. It was shown that decalin conversion decreases with
an increase in the LHSV (with a decrease in the residence time). The selectivity to
naphthalene and tetralin stays almost unchanged with an increase in the volumetric
flow rate. A higher amount of platinum predictably leads to a higher catalyst activ-
ity; therefore, the highest decalin conversions and rate constants were observed for
the 6% Pt/SiO, catalyst. The maximum decalin conversion value was about 75% at
LHSV of40h~!, a pressure of 0.5 MPa, and a temperature of 325 °C.

Activity tests of catalysts 2% Pt/SBA-15 and 2% Pt/MCM-48 showed that the use
of mesoporous silicas with the same metal loading increases the catalytic activity
compared with the catalyst 2% Pt/SiO,. These data are consistent with the results

Table 3 Activity of silica-supported Pt catalysts in the dehydrogenation of decalin

t[°C] LHSV [h™'] (cis+trans) Deca- Selectivity to Selectivity to ~ kx 10> K [mL/mmol]

lins conversion [%] tetralin [%] naphthalene [mmol/s]
[%]
6% Pt/SiO,
300 40 28 66 34 2.3 1.37
310 40 52 59 41 5.6 1.53
325 40 75 45 55 9.3 1.65
2% Pt/SiO,
300 20 19 71 29 0.5 1.35
310 20 35 61 39 1.1 1.42
325 20 59 44 56 2.6 1.61
335 20 68 33 67 4.0 1.65
2% Pt/SBA-15
300 20 26 69 31 0.6 1.32
310 20 48 57 43 1.8 1.53
325 20 75 43 57 4.8 1.67
335 20 76 41 59 6.1 1.69
2% PtYMCM-48
300 20 40 61 39 1.3 1.45
310 20 62 49 51 2.5 1.60
325 20 85 36 64 5.8 1.72
335 20 86 31 69 8.1 1.74

@ Springer



724 Reaction Kinetics, Mechanisms and Catalysis (2021) 133:713-728

obtained in our previous work [16] and indicating that mesoporous silicas, due to
their textural characteristics, improve the dispersion of oxide and metal Pt nano-
particles on the surface of supports. The dehydrogenation reaction rapidly reaches
chemical equilibrium, as in the case of 6% Pt/SiO, catalyst.

Table 3 shows decalin conversions’ values, selectivity to reaction products,
the overall rate constants, and retardation constants for Pt catalysts supported on
SBA-15 and MCM-48. By comparing these two catalysts, it can be seen that at
the almost similar decalin conversions (325 °C, LHSV 60 h_l), the selectivity to
naphthalene is higher for the Pt/MCM-48 catalyst. At the same time, at tempera-
tures of 300-310 °C for both catalysts were observed almost the same distribution
of reaction products and low selectivity for naphthalene. This is probably due
to the fact that Pt catalysts are preferable in the conversion of decalin to tetra-
lin, whereas Pd is preferable in the conversion of tetralin to naphthalene [22].
The reason for this difference in catalytic activity on Pd and Pt catalysts was the
preference for the formation of adsorption modes during the sequential decom-
position of hydrogen. The dependence of rate constants on the Pt dispersion is
visualized in Fig. 5. It is evident that the rate constant in dehydrogenation gradu-
ally increases with Pt dispersion. Moreover, for catalysts supported on MCM-48,
rate constant is approximately two times higher than for Pt/SiO,. The obtained
dependence indicates that the decalin dehydrogenation is structurally sensitive
and the particle size affects the reaction kinetics.

The Arrhenius plots was used to determine the apparent activation energies
for decalin dehydrogenation on all catalysts. This reaction’s apparent activation
energy in the temperature range from 300 to 335 °C is 180 +26 kJ/mol. This
value is consistent with the literature data, according to which the activation
energy for this type of reaction is on average 150-188 kJ/mol [36, 37].

Experimental data show that over catalyst 2% Pt/MCM-48 at a temperature of
325 °C, and an LHSV of 20 h™!, the maximum decalin conversion was observed

Fig.5 Effect of Pt dispersion 7

on the rate constants of decalin

dehydrogenation for decalin 6 PYMCM-43
dehydrogenation over Pt cata- '.

lysts, 0.5 MPa, 325 °C, a feed
mixture—decalin in heptane

Pt/SBA-15 *

PUSIO, g

Rate constant*102 [mmol/s]
w

2

1

O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J
50 60 70 80

Dispersion of Pt, [%]
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without the formation of by-products. The decalin conversion under these con-
ditions was 85%, and selectivity to naphthalene was about 60%. The maximum
selectivity for naphthalene (74%) was observed under the same conditions at
LHSV=60h"".

Conclusion

The kinetic and thermodynamic parameters of the decalin dehydrogenation reac-
tion over Pt catalysts supported on different types of silica were investigated. The
dehydrogenation of decalin includes four reversible reactions: in addition to the
sequential dehydrogenation of decalin through tetralin to naphthalene, isomeriza-
tion of the cis—trans isomers of decalin also occurs. It creates additional difficul-
ties in implementing the process because the cis-isomer’s activity significantly
exceeds the activity of the trans-isomer in the dehydrogenation reaction. Under
thermodynamic reaction control, the equilibrium constant of cis- into trans-
decalin isomerization decreased with temperature. Consequently, high tempera-
tures will favor dehydrogenation, and low temperatures will favor the isomeriza-
tion of cis-decalin to trans-decalin. Therefore, hydrogen production from decalin
requires kinetic control.

The catalysts supported on mesoporous silica SBA-15 and MCM-48 showed
a significantly higher catalytic activity during dehydrogenation compared to the
catalyst supported on amorphous SiO,. The high surface area and small pore size
of these supports have a positive effect on Pt particles’ dispersion and result in
the production of high-active catalysts for dehydrogenation of decalin to naph-
thalene. The maximum decalin conversion was observed over the 2% Pt/MCM-48
catalyst at a pressure of 0.5 MPa, a 325 °C temperature, and an LHSV of 20 h™'.
In this case, catalyst deactivation was not observed, as well as the formation of
by-products. The obtained data can be used for the design and optimization of
the dehydrogenation—hydrogenation reaction of potential liquid organic hydrogen
carriers.
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