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The partial dehydrogenation (PDh) of hydrocarbon blends may be a suitable way to produce H, on-board
of automotives or airplanes to feed fuel cells and produce electric power, avoiding storage problems. In
this work very interesting data have been collected using Jet A-1 surrogate and Pt-Sn/y-Al,0s3 catalysts,
operating at 450 °C and feeding the vaporised hydrocarbon blend without any carrier gas. The use of Pt/Sn
catalyst with 1:1 (w/w) ratio leads to the best compromise between activity and stability with time-
on-stream, due to the formation of Pt-rich alloys. Nevertheless, all studied catalysts exhibited limited
thio-tolerance. In optimized reaction conditions, H, productivity of 3000 NL/kg..¢/h, sufficient to produce
3 kW of electric power, considering purification steps and a fuel efficiency of 50%, was obtained.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

To avoid problems of storage and transport, on-board efficient
H, production technologies are drawing more and more atten-
tion [1-5]. The dehydrogenation of cyclic hydrocarbons with high
hydrogen content, known also as “chemical hydrides” or “organic
hydrides” is a promising method for storing and transporting
hydrogen [4,6-8]. Moreover, the idea to use fuels like diesel or
kerosene cuts as a H, source is attracting increasing interest [9,10],
with the goal to further upgrade an already valuable energy carrier
(the fossil fuel) by extracting another energy carrier (Hy).

The lack of oxygen in hydrocarbon fuels make them suit-
able for partial dehydrogenation products which are liquid phase
dehydrogenated hydrocarbons and gas phase Hj, easy to sep-
arate. Therefore, because of the absence of carbon oxides, the
gas stream may be directly fed without any further purification
to on-board PEM fuel cells to supply electric energy to auxil-
iary systems on heavy duty transportation systems, such as ships
and aircraft. The liquid mixture, composed of partially dehydro-
genated hydrocarbons, still maintains its original fuel properties
making hydrocarbon fuels appealing H,-storage media. Although
several different metal-supported catalysts have been investigated
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for cycloalkane dehydrogenation, Ni and Pt are among the most
used metals [4,6,10-14]: Ni is cheaper than Pt, but less selective in
dehydrogenation reactions and favours cracking reactions at high
temperatures. The support also plays a key role and different types
have been investigated, like alumina [6,10,15], alumina-sulfated
zirconia[10], silica[17], activated carbon [11,13,16], carbon nanofi-
bres [8,18,19] or nanotubes [14].

The set-up of the catalyst for hydrocarbon fuel dehydrogenation
to produce H, without compromising the original fuel properties
is a key-point; the tailored catalyst has to favour dehydrogenation
or reforming (isomerisation, cyclisation, aromatisation) reactions,
avoiding polymerisation or cracking reactions, responsible for coke
deposition and catalyst deactivation. The open literature is rather
poor on this topic, and it appear that only Wang et al. have stud-
ied this subject [10]. The aim of the work described below was
the preparation and characterisation of alumina supported Pt-Sn
catalysts for partial dehydrogenation of Jet A-1 surrogate fuel to
produce H, to feed on-board PEM fuel cells.

2. Experimental
2.1. Catalyst preparation
Three catalysts, 1wt.% Pt/y-Al,O03, and 1wt %Pt-1wt.%Sn/vy-

Al, 03 and 1 wt.%Pt-3 wt.%Sn/y-Al, 03, hereinafter called Cat1, Cat2
and Cat3 respectively (Table 1), have been prepared by two
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Table 1
Composition and surface characterisation data for fresh and spent catalysts.

Sample Pt (wt.%) Sn (wt.%) BET surface area (in? g) BJH pore volume (cm?/g) BJH pore width (A)
Cat | fresh 1 - 138 0.432 91
Cat 2 fresh 1 1 135 0.419 90
Cnt 3 fresh 1 3 136 0.422 88
Cat | spent 1 - 128 0.389 94
Cat 2 spent 1 1 125 0.366 92
Cat 3 spent 1 3 126 0.372 93

successive incipient wetness impregnations. The y-Al,03 support
(Al,03-SCFa140 Sasol, BET surface area=140m?/g) was at first
impregnated by a solution of H,PtClg (Johnson Matthey) and dried
under vacuum in rotavapor; then it was further heated at 110°C
for 2 h and calcined at 500°C (10 °C/min) for 8 h. A second impreg-
nation was performed using a solution of SnCl,-H,0 (Alfa Aesar)
in the appropriate amount for the desired Pt/Sn ratio, the product
was dried in rotary evaporator, then heated at 110°C for 2 h and
calcined at 500°C (10°C/min) for 8 h.

2.2. Catalyst characterisation

Specific surface area determinations were performed in a
Micromeritics ASAP 2020 instrument. The samples were previ-
ously outgassed at 120 °C until a pressure of 0.04 bar was reached
and maintained for 30 min. Calcined solids were heated at 150°C
until 0.04 bar was reached, then kept 30 min at this temperature
and finally heated up to 250°C and maintained for 30 min. X-ray
diffraction powder (XRDP) patterns were recorded on a Philips
PW 1050/81 goniometer, equipped with a PW 1710 unit, using
Cu-Ka radiation (A =0.15418 nm, 40 kW, 25 mA). Raman analysis
were performed using a Renishaw 1000 instrument equipped with
aLeica DMLM microscope, laser source Diod (780 nm) on both fresh
and spent samples, in the last case the samples were pretreated
under vacuum at 350 °C into desorb surrogate molecule adsorbed.
Thermal-programmed-oxidation (TPO) and reduction (TPR) char-
acterisations were performed using a Thermoquest TPDRO1100
instrument. The fresh and spent samples were loaded in a quartz
reactor and pre-treated in nitrogen at 150 °C for 30 min to eliminate
weakly adsorbed species. After cooling at room temperature, N;
was replaced by the analysing gas (5% H, in argon for TPR tests, 5%
0O, in He for TPO), and the temperature was increased up to 500°C
(10°C/min) for H,-TPR and up to 600 °C (10 °C/min) for O,-TPO and
maintained for 20 min.

2.3. Catalytic activity tests

Catalytic tests were performed in a continuous tubular steel
reactor (length 530 mm; internal diameter 8 mm) placed in a pro-
grammable furnace. Catalytic bed temperature was controlled by
a thermocouple sliding internally. 3 cm3 of catalyst (14/20 mesh)
were loaded in the reactor and activated at 350°C for 2 h under
a 200 mL flow of Hy /N, (40/60, v/v). Liquid reactants (JetA1 surro-
gate or JA1-S) were vaporised before mixing with preheated diluent
N,, if applied. The JA1-S blend used in the present tests includes
five components in the following volume percentages: dodecane
65%; methyl-cyclohexane 14%; ter-butylbenzene 10%; decalin 6%;
tetralin 5%; 50 ppm of sulfur (when used) were introduced feeding
3-methylthiophen (all reactants were from Aldrich, purity grade
>98%, and used without any further purification). Tests were per-
formed in the 350-550 °C range, varying the feed composition from
10to 100% of JA1-Sin N5 : Finally also pure JA1-S containing 50 ppm
of S was fed. The contact time and pressure were 2's and 0.5 MPa in
all tests. Effluent gases were analysed on-line by a Agilent 7890A
gas-chromatograph equipped with a TCD, while the liquid products
were analysed off line by the same GC using a FID detector.

3. Results and discussion
3.1. Catalyst characterization

Fig. 1A and B shows the XRDP patterns for Cat1-3, fresh and
spent catalysts, i.e. samples downloaded after reaction in the fol-
lowing conditions: T=450 °C; feed composition (93% surrogate-7%
H2); contac time=2s; P=0.5MPa; time on stream=5h. All the
fresh catalysts (Fig. 1A) show the presence of traces of crystalline
Pt cubic phase on the support (mixture of y and 3-Al,03), while
the Sn-containing samples (Cat2 and Cat3) also provide evidence
for the presence of traces of various alloys of Pt and Sn, in par-
ticular a Pt-rich alloy, PtgSn-like. According to Lieske and Volter
[20], the formation of Pt-Sn alloys on y-Al, 03 depends on the Sn-
concentration, because the metallic Pt catalyses the reduction of
Sn(II) to Sn(0) and stabilises it as an alloy.

The catalysts after reaction (Fig. 1B) show a significant evolu-
tion of the active phase, depending on the Sn-content. Exposure to
a reducing atmosphere, at relatively high pressure and tempera-
ture, leads to the further formation of Sn®, which is stabilised in
different Pt/Sn alloys. In particular, while the spent Sn-free sample
(Cat1) displays an XRDP pattern comparable to that of the fresh
sample, significant differences are visible on increasing the Sn-
content. The spent sample containing the higher Sn-amount (Cat3)
shows the further formation of Sn-rich alloys, probably hexago-
nal Pt-Sn- and/or cubic Sn-Pt3-like alloys. The formation of these
phases causes the decrease of peak intensities relative to Pt9. For
all samples a little amount of crystalline graphite is also detectable,
formed during the reaction tests.
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Fig. 1. (A) XRD powder patterns for fresh catalysts; phase identification: y-Al,03
00-050-0741 (# ); 3-Al03 00-046-1131 (| ); Pt 00-001-1190(¢); PtoSn 03-065-9538
(®@). (B) XRD powder patterns for spent catalysts; phase identification: graphite (O);
Pt 00-001-1190 (0); PtgSn 03-065-9538 (@); SnPt3 00-035-1360 (v); PtSn 01-089-
2056 ().
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Fig. 2. (A) Raman spectrum of Cat2 fresh and spent, respectively. (B) TPO of spent
Cat2 (Cyx = surface tar).

The surface area for fresh samples (Table 1) is about 135 m?2/g
and volume and pore diameter are similar for samples (about
0.420mL and 90 A, respectively), indicating that the different Sn-
content does not affect the surface properties. The catalysts after
reaction show a slight decrease (10% ca) of surface area and pore
volume, mainly due to coke deposition. The presence of coke on the
catalyst surface is confirmed by Raman spectra (Fig. 2A) that show
two broad bands centered at 1588 and 1320 cm™, attributable to
crystalline and disordered graphite [21], respectively. The TPO ther-
mograms show for all samples (Fig. 2B) two negative peaks at about
500 and 600 °C, due to the combustion of adsorbed coke, suggest-
ing that the catalysts may be easy regenerated by calcination. The
H,-TPR thermograms for fresh Cat1 and Cat3 (Fig. 3) show for the
former catalyst, containing only Pt as active phase, the presence
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Fig. 3. TPR of fresh Cat1 (dot line) and Cat3 (full line).
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Fig. 4. H, productivity versus time at different temperatures for Cat2: 350°C
(0); 450°C (m); 550°C (a) (reaction conditions: 0.5 MPa; JetA1 surrogate (JA1-S):
N> =10:90 (v/v); contact time=2s).

of two peaks, the first one attributable to the reduction of surface
PtV to Pt? and the second, at higher temperature, probably due
to a core and shell effect [20,22] or a strong interaction of the Pt
with the support [23,24]. The addition of Sn significantly modify the
reduction profile; Cat3 show a shoulder at low temperature again
attributable to PtV reduction, with further three peaks at higher
temperatures. The most intense first peak may be attributed to the
presence Pt-containing species easier reducible in presence of Sn,
the second to the reduction of Pt/Sn alloys (also evidenced by XRD
analysis) [20,25,26] and, finally, the peak at higher temperature to
the reduction of surface SnO, to Sn" or to Sn° [26].

3.2. Catalytic tests

Preliminary tests were performed on Cat2 (Pt/Sn=1:1, w/w) to
define the optimum temperature to maximize the H, production
(Fig.4), feeding a 10% (v/v) mixture of vaporised JA1-S diluted in N,.
The activity strongly increases with the temperature up to 450°C,
while a further increase of temperature quickly decreases the H,
production, with a relevant catalyst deactivation. This behaviour
may be correlated to the promotion by the high temperatures of
sidereactions, such as cracking and isomerisation, followed by cata-
lyst surface coverage by coke. Thus, 450 °C may be considered a best
compromise temperature for the reaction in terms of catalyst sta-
bility and H, productivity; thus subsequent tests were performed
at this temperature.

H, for PEM fuel cells has to be very pure (~99.99%) and sepa-
ration of H, from nitrogen may be not simple; moreover, to reach
a defined amount of H,, the volume of reactant fed to the reactor
should be high, and thus, concentrated JA1-S feed appears most
suitable. Fig. 5 shows the results of tests performed at 450°C,
feeding diluted and concentrated JA1-S. It is noteworthy that on
increasing the feed concentration the H, production increases by a
factor 3-4, although the catalyst life with time-on-stream slightly
decreases. Thus these results indicate that it is possible to work
with pure JA1-S and obtaining encouraging H, productivity per L
of reactor.

The role of the active phase composition was investigated in
reactions at 450 °C, feeding pure JA1-S to axaminate the role of Sn
in modulating the activity of Pt (Fig. 6). The Cat1 (Pt/Al,03) catalyst
has a high initial conversion, but deactivates quickly after few hours
of time-on-stream, with a low overall H, production. The addition
of Sn produces significant increases of catalyst activity and stability;
however, while of the deactivation rate is enhanced by increasing
the Sn-content (Cat3), the activity worsens moving from 1 wt.% of
Sn (Cat2) to 3 wt.% (Cat3). The conversion values for the different
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Fig. 5. H, productivity versus time for Cat2 feeding pure (B) or N, diluted (¢) JA1-S
(reaction conditions: 0.5 MPa, 450 °C, contact time=2s).
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Fig. 6. H, productivity versus time for Cat1l (a), Cat2 (W) and Cat3 (@) (reaction
conditions: 0.5 MPa; 100% JAI-S; 450°C, contact time=2s).

components of JA1-S (Fig. 7) reflect the H, productivity, showing
higher reactivities for the cyclic compounds (methylcyclohexane,
decalin and tetralin), while ter-butylbenzene almost does not react
regardless of reaction conditions and catalyst compositions.

On the basis of these results, Cat2 seems to be the best
compromise between H, productivity and stability with time-on-
stream. Although the specific application does not require very long
catalyst-life time, nevertheless first results show a good stability for
some hundreds hours with, furthermore, the possibility to regen-
erate catalyst. Anyway in this preliminary work, the attention was
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Conversion (%)
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Me-Cyclohexane T-butylbenzene

Deealin Tetralin Dodecane
Fig. 7. Conversion values for the different components of JA1-S as a function of the

Sn content (reaction conditions 0.5 MPa, 100% JA1-S, 450°C; contact time=2s).
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Fig. 8. H2 productivity versus time for Cat2 feeding S-free or 50 ppm of S JA1-S
(reaction conditions: 0.5 MPa; 100% JA1-S; 450 °C; contact time=25s).
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Fig.9. Hydrogen productivity distribution as a function of the component present in
the JA1-S (reaction conditions: Cat2; 0.5 MPa; 100% JA1-S; 450 °C; contact time=2s).

mainly focused on the role of reaction parameters and active phase
composition on catalytic activity in order to verify the feasibility of
the project. Its thio-tollerance was also investigated, considering
that jet-fuels normally contain significant amounts of S-containing
compounds, that may affect the activity of Pt. Fig. 8 provides a com-
parison between tests performed feeding JA1-S with and without
50 ppm of sulfur. The results show a significant and rapid deactiva-
tion in presence of S, probably due to the formation of platinum
sulfide [27]. Thus, these Pt-containing catalysts may be applied
using sulfur-free jet fuel, already available on the market, or require
further improvement to increase their thiotolerance.

4. Conclusions

Very encouraging H, productivity values may be obtained in the
partial dehydrogenation (PDh) of hydrocarbon blends, simulating
jet fuel compositions, using a (1:1, w/w) Pt-Sn/alumina catalyst
(Cat2) operating at 450 °C and feeding the sulfur-free surrogate Jet
A1 fuel. Although at this temperature the catalyst deactivation is
somewhat faster, it represents a good compromise between activ-
ity and deactivation rate. The presence of Sn tailors the reactivity of
Pt by the formation of different Pt-Sn alloys, increasing the activ-
ity and reducing the undesired side reactions. The composition and
reactivity of these alloys depend on the Sn-content; however, all
these catalysts deactivate significantly in presence of S-contents
lower than those present in the currently employed jet fuels. Cat2
shows a H, productivity of about 3000 NL/kgcat/h, which is suffi-
cient to produce 3 kW of electric power, considering purification
steps and a fuel cell efficiency of 50%; this result is encouraging for
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real applications on automotive or aviation transports. On the basis
of JetA1-S composition and catalytic data it is possible to calculate
the contribution of the different compounds to this H, productivity
value (Fig. 9).
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