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Catalysis, Reactors and Control Research Group (CRC), Department of Chemical and Environmental Engineering, University of Oviedo, Julián Clavería s/n, 33006 
Oviedo, Spain   

A R T I C L E  I N F O   

Keywords: 
Hydrogen chemical storage 
Dehydrogenation kinetics 
Kinetic model 
Carbochemistry 

A B S T R A C T   

The use of the naphthalene/decalin pair as a liquid organic hydrogen carrier has gained increasing interest due to 
its high hydrogen loading capacity and industrial availability. However, a major challenge in its application is 
the fact that naphthalene is a solid at ambient conditions, leading to the solidification of the unloaded organic 
carrier. To address this limitation, small amounts of light organics, such as monoaromatics or cycloalkanes, can 
be added. In this study, we investigated the dehydrogenation of decalin over various supported precious catalysts 
(Pt, Pd, Rh, Ru; supported on both activated carbon and alumina) in a stirred batch reactor at 200 ◦C. Initial 
experiments were conducted with pure decalin, and we found that Pt/C provided the best performance. Sub-
sequently, we studied the dehydrogenation of decalin in mixtures with different solvents (cyclohexane, meth-
ylcyclohexane, benzene, and toluene in the concentration range of 10–40% of the light hydrocarbon). Our results 
show that the addition of cycloalkanes did not affect the main reaction, while aromatic compounds exhibited 
weak inhibition. A Langmuir-Hinshelwood kinetic model has been proposed for predicting this behavior, taking 
into account the significant inhibitory impacts of naphthalene and, when present, the aromatic additive.   

1. Introduction 

Decarbonizing industrial processes is very challenging under the new 
environmental regulations, such as the European Green Deal [1]. 
Hydrogen could be an efficient energy carrier to achieve climate 
neutrality in the EU by 2050, as it only produces water when converted 
into energy. However, the low volumetric density of hydrogen hinders 
its current use in mobile and stationary applications [2]. Liquid organic 
hydrogen carriers (LOHC) are a promising alternative, as they offer 
inherent safety and advantages over cryogenic and compression-based 
strategies [3]. LOHCs consist of pairs of high-boiling point organic 
molecules that can be catalytically hydrogenated and dehydrogenated 
[4]. Occasionally, low-melting solids can also be dehydrogenated 
counterparts. Homocyclic compounds, such as toluene/methyl-
cyclohexane and benzene/cyclohexane, have been proposed as LOHC 
pairs due to their low cost and high compatibility with existing in-
frastructures [5]. However, they require high temperatures for dehy-
drogenation, leading to the concomitant presence of cracking reactions, 
which hinder the reusability of the loaded/unloaded LOHCs for a 

realistic number of cycles [4,6]. Other potential LOHCs include 
biphenyl/bicyclohexyl, terphenyl/perhydroterphenyl [7] and diben-
zyltoluene/perhydrodibenzyltoluene, the last pair being commercial-
ized by Hydrogenious [8]. Another option is naphthalene/decalin 
(ΔHreaction = 66.3 kJ/mol H2), which has a high hydrogen capacity (7.3 
%) and reduced losses by evaporation during storage, due to the high 
boiling points: 187–196 ◦C for trans- and cis-decalin, and 218 ◦C for 
naphthalene [9,10]. However, the naphthalene melting point, 80 ◦C, 
makes it solid at ambient conditions, requiring mixtures with light 
compounds to maintain a liquid state. 

Several works dealing with decalin dehydrogenation have been 
published, especially using platinum or palladium as catalytic active 
phase [6,9,11,12], although nickel [10], with lower cost, was also 
tested. Concerning the supports, activated carbon is the preferred 
[13–14], as side reactions (ring opening, cracking, or isomerization) are 
reported to be promoted with more acidic supports, such as mesoporous 
alumina [6,15,16]. Comparing Pd and Pt, Kim et al. [11] reported that Pt 
is more active for the decalin to tetralin conversion, whereas Pd is more 
active for the tetralin to naphthalene reaction. Likewise, concerning 
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dehydrogenation rates, decalin dehydrogenation is slower than tetralin 
dehydrogenation [17,18]. 

To our knowledge, the use of the decalin/naphthalene pair for 
hydrogen chemical storage has been poorly investigated, mainly 
because the resulting product of dehydrogenation, naphthalene, is solid 
under typical conditions. However, it is worth noting that both naph-
thalene and decalin exhibit complete miscibility with aromatic solvents, 
as well as their hydrogenated counterparts (cycloalkanes). In this 
research, we aim to address these gaps by conducting a comprehensive 
analysis of the kinetics of decalin dehydrogenation in both pure form 
and mixtures with organic solvents, which promote the solubilization of 
the resulting naphthalene. Our approach involves using noble metal 
active phases supported by activated carbon and alumina, since these 
are the most common and widely available catalysts using for catalytic 
dehydrogenation of pure LOHCs. 

2. Experimental 

2.1. Dehydrogenation reaction 

Decalin dehydrogenation experiments were conducted in a glass 
stirred batch reactor (50 mL) at boiling conditions (200 ◦C, atmospheric 
pressure). In order to avoid the loss of organic molecules, the reactor is 

connected to an open-ended water-chilled condenser, operating under 
reflux conditions. Unless otherwise stated, magnetic stirring at 1000 
rpm was applied in all the experiments. Decalin (cis- and trans- mixture, 
>99 %) was purchased from Sigma–Aldrich, as well as tetralin and 
naphthalene (99 %). Typically, 20 mL of liquid, pure decalin or the 
corresponding mixture, were introduced in the reactor, that was heated 
to the desired temperature using a commercial heat-transfer fluid. The 
reaction begins with the introduction of either 0.5 or 1.5 g of previously 
reduced catalyst (4 h at 300 ◦C for Pt catalysts and 250 ◦C for the other 
catalysts, in flowing hydrogen gas), Table 1, and reaction was conducted 
for either 4 or 8 h. A fraction of 80–100 μm was selected unless other-
wise stated. Previously, a blank experiment was carried out observing 
null tetralin or naphthalene production. Initially and periodically, 
samples of 0.5 mL we extracted, filtered with a syringe filter (0.1 μm) 
and dissolved in 4 mL n-hexane to analyzed by a gas chromatography in 
a Shimadzu GC-2010 equipped with a FID detector (30 m long CP–Sil 8 
CB capillary column). Calibration of reactant and products was done 
using commercial standards. Conversion (x) was calculated from the 
difference between the initial and final decalin concentration (Eq. (1), 
whereas selectivity (S) to each product was calculated as the ratio of the 
moles converted to the product considered over the total moles con-
verted (Eq. (2). Finally, the yield (η) of the different compounds was 
calculated by Eq. (3). Concerning the hydrogen production, it was 

Table 1 
Main physicochemical properties of the catalysts used in this work.  

Catalyst Manufacturer Metal loading (wt %) SBET (m2/g) Dispersion (%) dp (nm) Reference 

Pt/C Prepared according to [19] 0.5 1716 21.3 4.7 [19] 
Pt/C Doduco 5 778 7.3 15.5 [20] 
Pt/Al2O3 Engelhard 0.5 116 23.9 4 [21] 
Pt/Al2O3 Engelhard 5 168 25 4.5 [22] 
Pd/Al2O3 Engelhard 0.5 92 34 3.3 [23] 
Rh/Al2O3 Engelhard 0.5 117 35 2.9 [24] 
Ru/Al2O3 Engelhard 0.5 118 28 4 [24]  

Scheme 1. Simplified reaction mechanism for decalin dehydrogenation reactions.  

Fig. 1. Hydrogen evolution during decalin dehydrogenation at 200 ◦C as function of reaction time: a) H2 generated on 1.5 g alumina supported catalysts [0.5 wt% 
Pt/Al2O3 ( ); 5 wt% Pt/Al2O3 ( ); 0.5 wt% Pd/Al2O3 ( ); 0.5 wt% Rh/Al2O3 ( ); 0.5 wt% Ru/Al2O3 ( ); 0.5 wt% Pt/Al2O3 + 0.5 wt% Pd/Al2O3 ( )]; b) H2 

generated on carbon supported catalysts [0.5 g, 0.5 wt% Pt/C ( ); 1.5 g, 0.5 wt% Pt/C ( ); 0.5 g, 5 wt% Pt/C ( ); 1.5 g, 5 wt% Pt/C ( )]. 
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calculated from tetralin and naphthalene formed according to the re-
action stoichiometry, Scheme 1. 

x (%) =

(

1 −
C1

C0

)

⋅100 (1)  

Si (%) =
ni⋅Ci

∑
(ni⋅Ci)

⋅100 (2)  

ηi = χ i⋅Si (3)  

2.2. Catalysts characterization 

The pore properties and specific surface area were measured by a 
Micromeritics ASAP 2020 nitrogen adsorption apparatus at 77 K. High- 
resolution transmission electron microscopy (HRTEM, JEOL JEM2100F) 
analyses of the fresh materials were carried out to determine the 
nanoparticle size and distribution, as well as the metal dispersion. 

3. Results and discussion 

3.1. Decalin dehydrogenation on different catalysts 

Hydrogen releases during decalin dehydrogenation experiments 
performed at 200 ◦C are shown in Fig. 1. All the curves show an initial 
fast H2 evolution, which in the case of carbon supported catalysts rea-
ches a maximum after three hours, and further decrease in the hydrogen 
release, Fig. 1b. From comparison between both supports it is observed 
that the reaction proceeds slower for alumina support, whereas Pt is the 
active phase providing the highest reaction rates (Fig. 1a), although Pd 
also presents a significant activity. Catalyst activity is nearly negligible 
for the other metallic phases considered (Ru, Rh), Fig. 1a. From these 
results, two Pt catalysts (0.5 and 5%) were tested, observing that at 3 h 
the 0.5% catalyst stopped producing H2, while the 5% catalyst 
continued with the same rate. The effect of both catalyst weight and Pt 
loading was also studied for activated carbon, Fig. 1b. For the lowest 
catalyst loadings, 0.5%, an upward trend in hydrogen formation is 
observed throughout the 4 h of reaction, while its formation is inter-
rupted at three hours for the 5% Pt catalyst. From the comparison of the 
H2 formation rate at three hours, it can be deduced that tripling the mass 
of the 0.5% Pt catalyst practically triples the H2 formation rate (from 0.5 
mmol/h to 1.4 mmol/h), while for the 5% Pt catalyst, it advances from 
5.5 mmol/h to 9.5 mmol/h, thus, it is barely multiplied by 1.7. What is 

more, for the catalysts mass loading of 0.5 g, the increase in Pt content 
from 0.5 to 5%, multiplied the H2 production of H2 by 10, whereas for 
1.5 g mass loading, it no longer follows the proportion. 

Liquid products yield is plotted in Fig. 2, evidencing that Pt catalysts 
present the highest yield for both products, in agreement with hydrogen 
production represented in Fig. 1. Likewise, the tetralin/naphthalene 
ratio is a key parameter for catalyst comparison, since the activation 
energy for dehydrogenation of decalin to tetralin is higher than the 
corresponding to tetralin dehydrogenation to naphthalene [16,25]. 

The mechanical mixture of Pd/Al2O3 and Pt/Al2O3 presents a poor 
behaviour in comparison with Pt catalyst, although improved with 
respect to noble metals different from Pt. This catalysts mixture was 
tested to reach higher naphthalene selectivities, since Pt is preferred in 
the conversion of decalin to tetralin whereas Pd in the conversion of 
tetralin to naphthalene [11], however the amount of Pt seems to be the 
limiting factor. Concerning the role of support, carbon supported cata-
lysts present increased yields, in agreement to Fig. 1. In fact, the rate of 
H2 production over Pt/carbon catalysts was estimated to double Pt/ 
Al2O3 one [13]. 

To compare the intrinsic activity of the catalysts, results are 
expressed in terms of turnover frequencies (TOF), defined as molecule of 
decalin converted by exposed metal atom and time (Fig. 3). A marked 
increase of TOF with crystallite size is observed for Pt catalysts, being 
this trend more marked for the Pt/Al2O3 catalyst. 

The observed TOF evolution with dp for Pt catalysts contrast with 
previous works where dehydrogenation reactions were described as 
structure sensitive, exhibiting a negative correlation between dehydro-
genation ability, of decalin and dodecahydro N-ethylcarbazole, and the 
metal particle size [15,26]. However, in other works about cyclohexane 
and dodecahydro N-ethylcarbazole dehydrogenation [27,28], a volcano 
shaped trend of TOF with metal crystallite size is observed, centered at 
1.9 and 9 nm, respectively, being justified by the different reactivities of 
edges and terraces of the metal crystallite. Thus, small molecules are 
more sensible to the interaction with surface irregularities (as crystallite 
edges, more concentrated at the lowest crystal sizes), leading to a cat-
alytic overperforming. As molecule size increases, interaction of this 
molecule with these irregular sites is hindered, and molecule–metal 
interaction is controlled with metal surface availability, leading to a 

Fig. 2. Summary of the tetralin (blue) and naphthalene (orange) productivities 
(expressed as mmol of product obtained by time and catalyst loading) obtained 
with the different catalysts studied in this work (T = 200 ◦C; pure decalin as 
reactant, 4 h reaction time). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. Decalin dehydrogenation TOF evolution at 200 ◦C with crystallite size. 
Shadow area corresponding to Pt/C catalysts, whereas blue line includes the Pt 
catalysts. Symbols: 0.5 g, 0.5 wt% Pt/C ( ); 1.5 g, 0.5 wt% Pt/C ( ); 0.5 g, 5 wt 
% Pt/C ( ); 1.5 g, 5 wt% Pt/C ( ); 1.5 g, 0.5 wt% Pt/Al2O3 ( ); 1.5 g, 5 wt% 
Pt/Al2O3 ( ); 1.5 g, 0.5 wt% Pd/Al2O3 ( ); 1.5 g, 0.5 wt% Rh/Al2O3 ( ); 1.5 
g, 0.5 wt% Ru/Al2O3 ( ). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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positive effect of crystallite diameter on reactor performance [29]. 
The best dehydrogenation performance (in terms of TOF values), 

exhibited by 0.5 % Pt/C and 0.5 % Pt/Al2O3, corresponds to a crystallite 
size of the interval 4–4.7 nm. The flat configuration of the decalin 
molecule could explain the better performance of the larger crystallites, 
in contrast to cyclohexane, a much smaller molecule, or dodecahydro N- 
ethyl-carbazole which is larger but has ethyl group out of the ring plane. 
It should be noted that crystalline morphology is not the only explana-
tion for these effects, since 5 % Pt/Al2O3 catalyst present a largely 
poorer performance, in spite of its similar metal dispersion. 

Considering these preliminary results, subsequent experiments were 
performed only with 5 % Pt/C (providing the best results on terms of 
conversion and selectivity) and 5 % Pt/Al2O3 for comparison purposes, 
since competitive adsorption effects can also depend on support 
chemistry. 

3.2. Kinetics of decalin dehydrogenation 

According to the literature, the dehydrogenation of decalin includes 
several reversible reactions: tetralin formation from both cis-decalin and 
trans-decalin; conversion of tetralin to naphthalene; and isomerization 
of cis- and trans-decalins [10]. In this work, the contribution of both 
decalin isomers were considered together, thus, the reaction could be 
described according to Scheme 1. 

Reaction data was preliminary fitted to single power-law models 
(first and second order reactions, both considering reversible and irre-
versible reaction for both steps), these models not providing good fit of 
the experimental results. Thus, a Langmuir-type equation compatible 
with a first order reaction, was proposed, in which the inhibition effect 
of the aromatic products is considered. These Langmuir approaches are 
widely used and accepted for modelling catalytic reactions in presence 
inhibition effects caused by reactants, products or spectator species. 
These assumptions are compatible with previous works [25,30], which 
suggest a non-negligible inhibitory effect of the aromatic intermediates, 
being usually stronger the interaction of a polycyclic molecule as the 
number of aromatic rings increases. The same authors also suggest that 
these effects are negligible with completely or partially hydrogenated 
polyaromatics (as decalin and tetralin, respectively). 

Likewise, the reversibility of both reactions was also tested, 
observing total irreversibility in the decalin dehydrogenation reaction, 
which agrees with the irreversibility observed in the tetralin hydroge-
nation reaction by other authors [31]. Regarding the dehydrogenation 
of tetralin to naphthalene, although several authors consider that this 
step could be reversible, kinetic constant for the reverse reaction was in 
all the cases one order of magnitude lower than the forward reaction. 

This fact is in a good agreement with the main results published on 
naphthalene hydrogenation using precious noble metal catalysts. Re-
ported conditions for obtaining significant hydrogenation rates are 
larger catalyst loadings (most of the times with fixed bed reactors) and 
higher operation pressures (50–70 bar) [32–34]. 

Therefore, both reactions have been considered as irreversible in the 
present work (Eqs. (4)–(6). 

dCD

dt
=

− k1CD

1 + KNCN
(4)  

dCT

dt
=

k1CD − k2CT

1 + KNCN
(5)  

dCN

dt
=

k2CT

1 + KNCN
(6) 

where CD, CT and CN represent decalin, tetralin, and naphthalene 
concentrations, respectively, and k1 and k2 are the apparent reaction 
rate constants and KN is the naphthalene adsorption constant. Consid-
ering additional inhibition terms for tetralin or decalin adsorption do 
not provide better fits despite using a larger number of model 
parameters. 

Before further proceeding with kinetic modelling, the absence of 
both external and internal mass transfer effects must be ensured. As the 
reaction is performed in a boiling liquid, hydrogen is rapidly removed 
from reaction medium, being negligible the effect of this gas in the mass 
transfer. Reactions are performed in pure decalin, at low conversions 
(<10%), and the reactions are irreversible. Thus, external reactant film 
gradients will be negligible and the external mass transfer effects can be 
discarded. In good agreement with this fact, similar results were ob-
tained when working without stirring (decalin boiling conditions) and 
when working with a magnetic stirrer at different spinning velocities 
(500–1500 rpm, for 5 % Pt/C). 

Concerning to the internal mass transfer effects, it should be noted 
that decalin diffusion through the pore could be limiting, especially for 
Pt/C (smaller pore diameter and high catalytic activity). So, this catalyst 
has been selected for a more detailed study of internal mass transfer (5 % 
Pt, experiment performed at 200 ◦C). As the reaction takes place at 
liquid phase conditions, diffusion effects depend only on molecular 
diffusion. For estimating molecular diffusion coefficients, it should be 
noted that reaction is performed in an almost pure liquid reactant media. 
Thus, self-diffusion coefficient of decalin at reaction conditions was 
estimated using the Stokes-Einstein approximation (1.8 × 10− 9 m2/s). 
Effective diffusion coefficient was calculated considering reported 
values of catalyst particle porosity and tortuosity for these particles (ε =

Fig. 4. Comparison between experimental (dots) and fitted results (lines) in the dehydrogenation of decalin at 200 ◦C with 1.5 g of: (a) Pt 5 wt% supported on 
activated carbon, (b) Pt 5 wt% supported on alumina. Results correspond to decalin ( ), tetralin ( ) and naphthalene ( ). 
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0.3, and τ = 4, respectively, which lead to an effective diffusivity of 1.8 
× 10− 10 m2/s). According to these assumptions, and applying the 
Wheeler-Weisz criterium, the reaction is clearly controlled by the 
chemical reaction (Weisz number, We = 10− 4≪0.1). Accordingly, ex-
periments repeated with lower particle size (50–80 μm vs 80–100 μm) 
provide similar results in terms of activity and selectivity. 

The MATLAB function “lsqcurvefit” using the Levenberg-Marquardt 
algorithm was used for fitting the experimental results. The fitting of the 
unknown parameters from the model is accomplished by the least- 
square method. The coefficient of determination was calculated with 
the MATLAB function “rsquare”. 

According to the highest activity observed for the 5 % Pt/C catalyst, 
this catalyst, as well as 5 % Pt/Al2O3, for comparative purposes, have 
been selected to carry out the kinetic studies. The kinetic constants, and 

the goodness of the fit are shown in Fig. 4. The best performance of the 
carbon-supported catalysts cannot be explained neither in terms of the 
metal dispersions (as previously discussed) nor in terms of the role of the 
support reactivity. This last point can be discarded because both the 
weakness of the acidity of the alumina acid sites and the absence of 
cracking or ring-opening products among the reaction products. These 
reactions have been observed in the literature in other dehydrogenation 
reactions [35]. Thus, the positive role of carbon-supported catalysts 
seems to be related with a promotional effect of the high-surface area 
support on the decalin adsorption, increasing the local concentration of 
reactants and products on the crystallite vicinity. 

Kinetic constants evidenced that decalin dehydrogenation is slower 
than the equivalent tetralin reaction, and both reaction rates are more 
favoured on Pt/C catalyst, especially the first one. Likewise, the inhib-
itory effect of naphthalene is higher on carbon supported catalysts (KN), 
suggesting that π-π interactions between the naphthalene and the 
graphitic planes of the activated carbon enhances the chemisorption of 
this chemical on the metal active sites. The same effect can also justify 
the higher reactivity of the carbon-based catalysts in comparison with 
the alumina-supported ones. 

A comparison of our kinetic constants with those obtained from 
published data is useful for contrasting the performance of our catalysts 
and reaction system with the state of the art. Although this comparison is 

Table 2 
Properties of decalin solvents [37].   

Benzene Cyclohexane Toluene Methyl- 
cyclohexane 

Napthalene solubility at 
25 ◦C (g/L) 

809 450 673 430 

Melting point (◦C) 5 6 − 95 − 127 
Boiling point (◦C) 80 80 110 74  

Fig. 5. Conversion (%) and tetralin (blue) and naphthalene (orange) selectivity 
for decalin dehydrogenation on 10 % vol. solvent, at 200 ◦C, 1.5 g catalyst and 
after 4 h reaction time: (a) Pt 5 wt% supported on activated carbon, (b) Pt 5 wt 
% supported on alumina. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Decalin conversion (blue) and tetralin (orange) and naphthalene (grey) 
selectivity at diferent decalin:methylcyclohexane vol./vol. ratio on: (a) 5 wt% 
Pt/C catalyst, (b) 5 wt% Pt/Al2O3 catalyst,1.5 g catalyst, at 200 ◦C, 4 h. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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not straightforward (different reactor configuration, catalyst loadings 
and operation conditions), our results are congruent with the obtained 
with other research groups. For example, Kalenchuk et al. [36], studying 
decalin dehydrogenation in a fixed bed at 320 ◦C (3 %Pt/C) propose 
first-order kinetic constants of 0.03 h− 1 for cis-decalin and 0.416 h− 1 for 
trans-decalin. The equivalent parameter for our case (initial conditions, 
neglecting the influence of naphthalene) leads to a first order kinetic 
constant of 0.026 h− 1 (200 ◦C, 5 %Pt/C). Looking at batch reactors, data 
provided by Hodoshima et al. [9] leads to a kinetic constant of 0.2 h− 1 at 
210 ◦C, but working with a catalyst concentration of 0.3 g/mL, whereas 
we are working at 200 ◦C with a catalyst concentration of 0.075 g/mL of 
a similar catalyst (5% Pt/C). 

3.3. Decalin dehydrogenation in presence of solvents 

Decalin dehydrogenation yields both tetralin and naphthalene, being 
the product formed in the second reaction solid at ambient temperature, 

hindering its application as LOHC (storage and transport of the LOHC is 
easier working with liquids). To overcome this problem, adding an 
organic solvent can allow to work with liquid streams. The situation is 
even better if this solvent can also storage hydrogen. At this point, the 
influence of temperature on naphthalene solubility in different solvents 
was previously studied between − 25 and 25 ◦C [37], with the aim to 
cover the most common temperatures on the European continent, from 
the Nordic countries with temperatures around − 20 ◦C in winter to the 
warmest ones, being especially critical to the solubility the lowest ones. 
The naphthalene solubility is maximum for benzene, followed by 
toluene, solvents traditionally used in the industry. However, the ben-
zene melting point, 5 ◦C, could limit this application. Considering that 
decalin dehydrogenation is carried out at much higher temperatures, 
both compounds as well as their hydrogenated pairs, cyclohexane and 
methylcyclohexane, with H2 content of 7.13 and 6.16 wt%, respectively, 
where essayed as decalin solvents. Their properties are summarized in 
Table 2. 

Table 3 
Estimated kinetic parameters for decalin dehydrogenation from mixtures. Regression coefficients > 0.88.  

Solvent 5 % Pt /C 5 % Pt /Al2O3 

k1 (h− 1) k2 (h− 1) KN (L/mol) KL (L/mol) k1 (h− 1) k2 (h− 1) KN (L/mol) KL (L/mol) 

–  0.026  0.13 20 –  0.012  0.098 15 – 
10 % Benzene  0.025  0.20 41 0.30  0.008  0.11 55 43 
10 % Cyclohexane  0.024  0.19 49 0.00  0.009  0.15 57 3.3 
10 % Toluene  0.023  0.19 25 0.42  0.012  0.17 29 33 
10 % Methylcyclohexane  0.026  0.17 28 0.00  0.009  0.22 23 4.0  

Fig. 7. Comparison between experimental (dots) and fitted results (lines) in the dehydrogenation at 200 ◦C with 1.5 g of 5 % Pt/C of 90 % decalin/10 % the 
following solvents: (a) benzene, (b) cyclohexane, (c) toluene, and, (d) methylcyclohexane. Results correspond to decalin ( ), tetralin ( ) and naphthalene ( ). 
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The effect of these solvents in decalin dehydrogenation was initially 
considered from mixtures containing 90 % decalin and 10% solvent, by 
volume. Reactions were conducted with both 5 wt% Pt/C and 5 wt% Pt/ 
Al2O3 catalysts, 1.5 g, 8 h and at 200 ◦C. 

Reaction behaviour of decalin dehydrogenation in solvents after 4 h 
are depicted in Fig. 5, whereas temporal profiles are discussed in the 
next section, where a kinetic model is proposed. For both catalysts, it is 
observed that the presence of solvent in the media scarcely influences 
the selectivity towards both the intermediate and final reaction product, 
being more active the Pt/C catalysts. Likewise, although decalin con-
version varies in a fairly narrow interval, is slightly higher in the pres-
ence of hydrogenated solvents, matching the conversion to the reaction 
of pure decalin, whereas the addition of aromatics to decalin would 
decrease the decaline conversion. This fact is related to the strongest 
adsorption of the aromatic structure, [38], and is in a good agreement 
with the abovementioned inhibition effect of the naphthalene in this 
reaction. Dehydrogenation of cyclohexane or methylcyclohexane is not 
observed, in agreement with the higher temperatures usually necessary 
to carry out the reaction for similar catalysts [39]. 

Considering that from the studied solvents, methylcyclohexane of-
fers the most promising behavior, the influence of methylcyclohexane 
content was deeply studied, Fig. 6. Although a pernicious effect of 
methylcyclohexane is evidenced on Pt/Al2O3 catalyst, attending both to 
decalin reactivity and selectivity of the final reaction product, a bene-
ficial effect is observed for Pt/C catalyst, especially for 60:40 ratio. 
These results suggest that controlled addition of these light chemicals 
can improve the physical properties of the LOHC with a minor effect on 
the dehydrogenation performance. 

3.4. Kinetic modelling of decalin dehydrogenation in mixtures 

Kinetics of decalin dehydrogenation in presence of benzene, toluene, 
and the compounds resulting from its dehydrogenation were described 
by a Langmuir-type model in an analogous way as pure decalin. In the 
kinetic modelling, add to naphthalene inhibition, the solvent one was 
also considered, Eqs. (7)–(9). 

dCD

dt
=

− k1CD

1 + KLCL + KNCN
(7)  

dCT

dt
=

k1CD − k2CT

1 + KLCL + KNCN
(8)  

dCN

dt
=

k2CT

1 + KLCL + KNCN
(9) 

where CL represents light organic concentration, and KL is the 
adsorption constant of the solvent. 

Table 3 summarizes the kinetic constants obtained for dehydroge-
nation reactions, whereas the goodness of the fit is illustrated in Fig. 7 
and Fig. 8. 

Kinetic constants of decalin-solvent (90:10 vol./vol.) solutions, 
Table 3, show that reaction rates are similar to pure decalin, although 
with some variations. The values of k1 are very similar for the experi-
ments performed in absence and presence of solvents (within the sta-
tistical error for Pt/C, and with minor variations for Pt/Al2O3). Thus, 
differences on the reactant conversions are mainly due to inhibition 
effects caused by the naphthalene or the added solvents, suggesting that 
the mechanism of the surface reaction (assumed to be rate-controlling 
step) is essentially the same in all the cases. The analysis of the second 

Fig. 8. Comparison between experimental (dots) and fitted results (lines) in the dehydrogenation at 200 ◦C with 1.5 g of 5 % Pt/Al2O3 of 90 % decalin/10 % the 
following solvents: (a) benzene, (b) cyclohexane, (c) toluene, and, (d) methylcyclohexane. Results correspond to decalin ( ), tetralin ( ) and naphthalene ( ). 
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step is a little bit more complex since the values of k2 present larger 
variations. In the case of Pt/C, this kinetic constant is very similar for all 
the binary mixtures, but significantly higher than the obtained working 
with pure decalin. In the case of Pt/Al2O3, the benzene-decalin mixture 
seems to be a similar behavior than the pure decalin, following in the 
other cases the same behavior than the observed in the case of Pt/C. 
These results indicate that the mechanism of the surface reaction is more 
complex than in the first step, involving adsorbed species and/or in-
termediate than could act as hydrogen scavengers or donors, promoting 
the reaction. The distinctive behavior of benzene when using alumina- 
supported catalysts can be caused by a stronger interaction with 
alumina Lewis acid sites, minimizing its effect on the metallic sites. In 
both steps, the reaction seems to be strongly tuned by adsorption effects, 
both from naphthalene (as previously demonstrated working with pure 
decalin) and the added solvent. Looking at the effect of the solvent, the 
trends observed for the inhibition constants follows the expected trend: 
aromatic solvents (benzene and toluene) present the strongest interac-
tion with the active sites (larger values of KL) for both catalysts, whereas 
the inhibition effects of cyclohexane and methyl-cyclohexane are less 
marked, being even negligible for Pt/C. Comparing the value of these 
inhibition coefficients between both catalysts, the values are always 
higher for Pt/Al2O3, which could be justified by the higher surface of the 

activated carbon, promoting adsorption on the support far from the 
active phase and minimizing the interaction with this active phase. In 
agreement, the solvent inhibition is higher for benzene than toluene, 
which could be justified attending to its adsorption enthalpies on acti-
vated carbons, which is higher for toluene than benzene [40]. The most 
striking fact of the reported kinetic model is related to the naphthalene 
adsorption constant. According to a conventional Langmuir- 
Hinshelwood mechanism, this constant should be similar for a given 
catalyst, irrespective of the presence of other organics. However, this 
constant is largely higher in presence of the solvents in all the cases, but 
being this difference more marked for benzene and cyclohexane 
(whereas for toluene and MCH the difference is clearly lower). This fact 
suggests that geometrical constraints are more relevant than electronic 
effects. The presence of non-alkylated rings seems to promote the 
adsorption of naphthalene, being this effect attenuated in presence of 
alkylations. 

The model constants obtained for the decalin dehydrogenation re-
action in the presence of methylcyclohexane (90/10), Table 3, were used 
to simulate the results of the dehydrogenation carried out with decalin/ 
methylcyclohexane ratios of 80/20 and 60/ 40. As can be seen in Fig. 9, 
the accuracy of the prediction of the experimental values is very high in 
the case of the reactant and the intermediate product, presenting larger 

Fig. 9. Comparison of the experimental values and model predictions for: (a) decalin, (b) tetralin, and (c) and naphthalene concentrations. Symbols: 5 %Pt/C 
catalyst, with decalin/methylcyclohexane vol./vol. ratio: 90/10 ( ), 80/20 ( ) and 60/40 ( ); 5 %Pt/Al2O3 catalyst, with decalin/methylcyclohexane vol./vol. 
ratio: 90/10 ( ), 80/20 ( ) and 60/40 ( ). 
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variations in the case of naphthalene, which is a good agreement with 
the global lower concentration of this reaction products. This fact sug-
gests that the proposed models can effectively predict the behaviour of 
the decalin dehydrogenation in presence of other lighter hydrocarbons. 

4. Conclusions 

Decalin dehydrogenation on several metal actives phases and on two 
supports (activated carbon and alumina) was conducted in this work. 
Among the studied catalysts, Pt active phase presents the highest yield 
for both products, tetralin and naphthalene. Concerning the role of 
support, carbon supported catalysts present increased yields. Although 
metal crystallite size plays a key role in the catalyst activity, suggesting 
an optimal value about 4 nm, support surface chemistry effects must be 
also considered. 

In this work, a hypothesis based on the influence of naphthalene 
solubility on the reaction extension is exposed. In this way, the reaction 
was studied both as pure decalin and in decalin-solvent (90:10 vol./vol.) 
solutions with both 5 wt% Pt/C and 5 wt% Pt/Al2O3 catalysts. The 
concentration evolution of reactant and intermediate and final products 
in presence of the solvents reveals that the presence of any solvent 
decrease the conversion of both decalin and tetralin, probably due to the 
competitive adsorption of H-acceptor and donor molecules on catalytic 
sites. Kinetic analysis of the reaction results suggests a Langmuir-type 
mechanism for the pure decalin, where the naphthalene adsorption 
causes inhibition. For mixtures, add to the product, solvent inhibition is 
also detected, especially in the case of aromatic ones (benzene and 
toluene) and on Pt/Al2O3 catalyst. 

Finally, the influence of decalin:methylcyclohexane vol./vol. ratio 
was deeply studied, observing that for Pt/C catalyst, 80:20 ratio is the 
most beneficial, so a compromise must be found between favoring the 
dissolution of naphthalene and the occupation of the catalytic centers by 
solvents that can compete with the own reagents of interest. From these 
results it is evidenced that a binary mixture of the potential LOHC with 
an saturated compound could improve its yield, which could be profit 
from the point of view of using aromatic compounds as LOHCs. 

CRediT authorship contribution statement 

Eva Díaz: . Pablo Rapado-Gallego: . Salvador Ordóñez: Supervi-
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hydrodechlorination in water using formic acid as hydrogen source: selection of 
catalyst and operation conditions. Environ Prog Sustainable energy 2012;32: 
1217–22. https://doi.org/10.1002/ep.11730. 
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