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A B S T R A C T

Hydrogen production via dehydrogenation of cyclohexane is regarded as one of the most promising on-
board hydrogen supplier system for hydrogen vehicles. In this study, the deactivation mechanism of
Raney-Ni catalyst under “wet-dry” multiphase reaction conditions was studied by means of
characterizations. The fresh and deactivated Raney-Ni catalyst was characterized by scanning electron
microscope (SEM), thermogravimetry analysis (TGA), X-ray spectroscopy (XRD), Brunauer-Emmett-Teller
(BET), mercury porosimetry and granularity analysis. It was found that the deposition of the filamentous
carbon, which came from the side reactions of cyclohexane, on the outer layers of Raney-Ni particles was
the main reason for the catalyst deactivation. Due to the strong external diffusion resistance during the
multiphase reaction process, the carbon was concentrated in the orifices, and the amount of carbon was
about 3.25 wt.% of the catalyst. The decay of Raney-Ni was a typical orifice coking deactivation. The
experimental study also showed that the deactivated Raney-Ni catalyst could be regenerated by coke
elimination with water and recovered its activity. In addition, a regeneration mechanism of the
deactivated catalyst by coke elimination was proposed.

ã 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Liquid organic hydride (LOH) is regarded as one of the most
promising on-board hydrogen storage carrier due to its advantages
of high hydrogen storage density, easy transportation and organics
recyclable [1–4]. Benzene-cyclohexane pair is a typical example of
LOH hydrogen storage and release system, in which the hydrogen
could be stored and released through the reversible hydrogenation
and dehydrogenation reaction between benzene and cyclohexane
[5,6]. At the present stage, the LOH hydrogenation technology has
been fully developed and reaches its maturity stage [7,8], while the
reverse dehydrogenation technology is still not solved and
becomes a bottleneck for the practical engineering application
of LOH. Especially for the on-board LOH hydrogen storage system, a
high effective and miniature dehydrogenation reaction technology
is of great concern. The “wet-dry” multiphase dehydrogenation
reaction technology was put forward specially for LOH with the
advantages of high reaction temperature, large hydrogen

production and effective inhibition of the reverse reaction, etc.,
which has been regarded as a potential prototype for hydrogen
release of the on-board LOH hydrogen storage system [9–11].
Under the “wet-dry” multiphase reaction conditions, catalyst will
experience the alternate changes between “wet” and “dry” state,
which heightens the demands for both mechanical strength and
structural stability of the catalyst [6]. Thus, it is significant to study
the deactivation and regeneration properties of catalyst under
multiphase reaction conditions.

Nobel metal catalysts, such as Pt [12,13], Pd [14] and Rh [14],
etc., are usually used as the dehydrogenation catalysts for LOH.
While, from a practical standpoint, the non-nobel metal based
catalysts has a broad prospect for engineering application not only
for its acceptable price but also for its high dehydrogenation
catalytic activity [15,16]. Raney-Ni, a typical nickel-based non-
nobel metal catalyst, is a sponge-like and porous metal catalyst
with large specific surface area, high catalytic activity and strong
mechanical strength [17]. Our previous research indicated that
during the “wet-dry” multiphase dehydrogenation reaction of
cyclohexane, Raney-Ni has exhibited high dehydrogenation
catalytic activity, the highest hydrogen production rate per unit
reaction area could reach 0.23 mmol cm�2min�1 [18]. Unfortu-
nately, the deactivation of Raney-Ni catalyst during the reaction
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was also observed, the relative catalytic activity dropped to be
50–70% of the fresh catalyst after 6 h reaction. The deactivation
kinetic research showed that, the order of deactivation decreased
with the increase of the external mass transfer resistances, which
indicated that the decay of Raney-Ni catalyst has the parallel
deactivation characteristic. However, the deactivation mechanism
of Raney-Ni catalyst in continuous dehydrogenation of cyclohex-
ane under “wet-dry” multiphase reaction conditions is still not
clear, which is very important for regenerating of the deactivated
Raney-Ni catalyst and improving the overall performance in
longtime dehydrogenation reaction.

In this work, a detailed characterization of deactivated Raney-
Ni catalyst after 6 h dehydrogenation reaction was made to
investigate the deactivation mechanism of Raney-Ni catalyst
under multiphase reaction conditions. Furthermore, a regenera-
tion experiment was carried to evaluate the performance of Raney-
Ni catalyst during longtime cyclohexane dehydrogenation under
multiphase reaction condition.

2. Experimental

2.1. Deactivation properties tests of Raney-Ni catalyst

Raney-Ni catalyst was provided by the Metallurgy Institute of
Zhejiang Province, with an apparent density about 3.0 g cm�3 and a
mean particle size of about 16.58 mm. The deactivation property
experimental study as well as the performance evaluation of
Raney-Ni catalyst in the continuous dehydrogenation of cyclohex-
ane under multiphase reaction conditions could refer to our
previous work [6]. The fresh Raney-Ni catalyst and the deactivated
catalyst after 6 h dehydrogenation reaction without regeneration
process were sampled and characterized, respectively.

2.2. Regeneration of the deactivated Raney-Ni catalyst

The experimental apparatus used for the deactivated catalyst
regeneration in this work is illustrated in Fig. 1 with some
modification compared to our previous experimental apparatus
[6]. In this work, an atomization nozzle (MT-G02, Tongxiang
Jinghua Humidifying Equipment Co., China) was installed for the
better dispersion of reactant on the Raney-Ni catalyst surface. A tee
joint was equipped on the pipeline between the reactant container
and pump for a quick feeding switch from LOH to distilled water.

Before dehydrogenation reaction, a weighed quantity (15 g) of
Raney-Ni was put into the flask under the protection of the
nitrogen gas, and the salt bath was first slowly heated to 120 �C to
remove the water in Raney-Ni catalyst. After that, the salt bath was
heated to 365 �C, and the cyclohexane (analytical grade) as LOH
was intermittently sprayed onto the catalyst surface by the
atomization nozzle with a frequency of 0.042 Hz and an average
feeding rate of 0.7 ml min�1. After 2 h dehydrogenation reaction,
ceasing the cyclohexane feed, and switched the tee joint to the
distilled water ready for feeding. Once the catalyst surface
temperature was recovered to the initial reaction temperature,
0.4 ml distilled water was sprayed onto the catalyst surface for
regeneration of the deactivated Raney-Ni catalyst, and a small
amount of gas was evolved which could be measured by the wet
gas flow meter. The water spray process was repeated for 5 times
until there was no outlet gas measured. After the regeneration,
additional 2 h dehydrogenation reaction was performed to
investigate the catalytic activity of the regenerated Raney-Ni,
during which, the salt bath temperature, cyclohexane feeding
method and spray frequency were all the same as the previous
dehydrogenation operation.

2.3. Characterization

The surface morphology of catalyst samples was characterized
by a SIROIN-100 field-emission microscope Scanning electron
microscope (SEM) (FEI Co., Netherlands), the working voltage was
25.0 kV and the gold thickness coated on the sample surface was
10 nm.

Thermogravimetry analysis (TGA) measurements were per-
formed on a Pyris 1 TGA thermogravimetric analyzer (Perkin-
Elmer Co., USA) and heated from 40 �C to 800 �C at a rate of
20 �C min�1 in air calcination (100 mL min�1).

X-ray diffraction (XRD) was performed on an X’Pert PRO X-ray
diffractometer (PANalytical Co., Netherlands) using nickel-filtered
Cu Ka (l = 1.541 Å) as the radiation source. The intensity data were
collected over a 2u range of 10–80� with a step size of 0.0167� using
a counting time of 10 s per point.

The Brunauer–Emmett–Teller (BET) surface area of dried
samples was analyzed by nitrogen adsorption in an Autosorb-1-
C nitrogen adsorption apparatus (Quantachrome Instrument Co.,
USA) at �196 �C with pre-degassing at 250 �C for 3 h.

Fig. 1. Schematic diagram of experimental apparatus.
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