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Hydrogen storage

established.

Hydrogen storage in form of liquid organic hydrides, e.g. 9-ethylcarbazole, is a relatively novel method.
In the present work, the hydrogenation kinetics of 9-ethylcarbazole over Raney-Ni catalyst was stud-
ied by investigating the influences of the reaction temperature, pressure and catalyst concentration on
the mass transfer-reaction processes. The results show that the kinetics of reaction is controlled by the
chemical process on the catalyst surfaces. The hydrogenation reaction followed first-order kinetics with
an apparent activation energy of 65.17 KJ/mol. The apparent kinetics model of the hydrogenation was

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen has often been suggested as a potential energy car-
rier in automotive applications. It is thought to be one of the most
promising clean energy without emissions of greenhouse gases,
which can be renewable, efficient and produced from a variety of
sources including fossil fuels, and even water (by means of nuclear,
wind or solar energy). However, there are still many problems to
implement hydrogen economy in daily life, out of which hydro-
gen storage is major bottleneck. Due to these reasons tremendous
efforts have been made to search hydrogen storage materials which
can hold hydrogen reversibly with high energy density [1,2]. As a
target given by the U.S. Department of Energy (DOE), the storage
criteria for vehicular applications are 5.5 wt.% storage capacity and
H, release at temperatures below 473K in low cost and low tox-
icity [3]. According to a study funded by DOE, for traditional PEM
fuel cell, it would require 3.58 kg payload of hydrogen when driv-
ing 480 km. At present, the working temperatures of the novel high
temperature PEM fuel cells can be as high as 393-453 K. By translat-
ing vehicle performance requirements into storage system needs,
the energy density of hydrogen should approach the storage criteria
described by DOE to achieve a comparable driving range [4].

Hydrogen gas has a low density, low temperature of its liquefac-
tion, as well as high explosive risk in combination with its negative
influence on the properties of design materials. In addition, metal
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containers easily form hydrides with hydrogen, making it become
brittle. Therefore, it is an important research to explore effective
and safe hydrogen storage methods [5].

Hydrogen storage in form of liquid organic hydrides (namely
storing hydrogen covalently as part of a molecule) is a relatively
novel method. Compared to other hydrogen storage approaches
including compressed hydrogen gas, cryogenic and liquid hydro-
gen, metal hydrides and high surface area sorbents, the advantages
of hydrogen storage in form of liquid organic hydrides are high
energy density, safe transportation, etc [6]. Table 1 shows the list of
some liquid hydrogen storage materials and reports the gravimetric
hydrogen storage value.

In spite of its many advantages the attractive possibility of using
an organic liquid as storage medium has not yet received sufficient
attention in the past, even widely excluded from consideration
because low temperature H, release has not been thought feasible
(reaction temperatures require 600-700K) [7-9]. Recently, Alan
Cooper and Guido Pez at Air Products [10] first reported using the
aromatic molecules with heteroatom(s) for new hydrogen storage
media in a series of patents [11,12]. 9-Ethylcarbazole is an example
of these heterocyclic compounds. In their research, it was shown
that incorporation of N in the 9-ethylcarbazole can decrease the
endothermicity of the reaction and bring down dehydrogenation
temperature. Thus, the possibility of hydrogen storage and release
can be realized according to reaction equation of 9-ethylcarbazol
hydrogenation at Table 1.

Nowadays the available literature data concerning hydrogen
storage properties of 9-ethylcarbazole are very limited. Fur-
thermore, there is no in-depth study about the hydrogenation
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Table 1
Hydrogen storage properties of some hydrogen storage materials.

Hydrogen storage Reaction equation The theoretical

system gravimetric storage
capacity (%)

Benzene CeHe +3H, © CeHy 7.19

Toluene C7Hg +3Hy « C7Hys 6.16

Naphthalene CioHg +5H; © CioHys 7.29

9-Ethylcarbazole Ci14H13N+6H; < Ci4HasN 5.8

kinetics of 9-ethylcarbazole. In present work, the kinetics of 9-
ethylcarbazole have been studied over Raney-Ni catalyst. The
influences of the temperature, system pressure, catalyst concen-
tration on the hydrogenation reaction rates of 9-ethylcarbazole
were investigated. Moreover, the apparent kinetics model of the
hydrogenation reaction was established.

2. Experimental
2.1. Materials

The reactions were conducted in a 0.3L FYX-DO03 stainless steel autoclave with
magnetic stirring, as seen in Fig. 1. The hydrogen reservoir has a certain capacity, the
reactor was filled with ultra high purity hydrogen (99.99% pure) from the hydrogen
reservoir. Thus, the hydrogen absorption capacity was calculated by measuring the
hydrogen pressure decrease in the hydrogen reservoir.

The activated Raney-Ni catalyst was purchased from Zhejiang Metallurgical
Research Institute. The apparent density and the mean particle size of Raney-Ni
catalyst are 3.0g/cm® and 16.58 wm, respectively. 9-Ethylcarbazole (99.5%) was
purchased from ShangHai Infine chemical company.

2.2. Catalytic hydrogenation of 9-ethylcarbazole

Ten grams of 9-ethylcarbazole followed by the activated Raney-Ni catalyst were
putted in the stainless steel autoclave with continuous monitoring of stirrer speed,
temperature and pressure. The reactor was then sealed, evacuated for about 15 min,
flushed with hydrogen and then heated to the desired temperature. Afterwards, the
reaction was started at the desired temperature and pressure while stirring at a
speed of 1000 rpm. As the reaction proceeds, the pressure in the reactor was held
constant over the entire experiment by adding the hydrogen continuously from
the reservoir. The quantity of the consumed hydrogen was recorded by the pres-
sure gauge and the reaction time was measured. The liquid reaction products were
analysed using a gas chromatograph-mass spectrometer (HP6890/5973GC-MS).

3. Results and discussion

3.1. Influence of temperature on the hydrogenation of
9-ethylcarbazole

From Fig. 2, which showed the hydrogen absorption curves of 9-
ethylcarbazole at 120°C, 140°C, 160°C, 180°C, 200°C, 220°C and
240°C with 1.0 g Raney-Ni catalyst and 5.0 MPa reaction pressure,
it can be seen that the reaction rate accelerates with increased
temperature from 120°C to 200 °C, which reaches the maximum

¢

1

Fig. 1. Schematic diagram of the experimental system. 1, hydrogen source; 2, 5,
pressure gauge; 3, hydrogen reservoir; 4, stainless steel autoclave; 6, vent pipe; 7,
thermocouple.
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Fig. 2. Hydrogen absorption in 9-ethylcarbazole measurements at 240°C, 220°C,
200°C, 180°C, 160°C, 140°C and 120°C at 50 bar H, over 10 wt.% Raney-Ni.

reaction rate at about 200°C, whereas the hydrogen uptake of 9-
ethylcarbazole reaches the maximum value (5.0wt.%) at 180°C.
However, when the temperature further increases to 240°C, the
hydrogen uptake decreased to 4.08 wt.%. The decrease in reaction
rate may be caused by the drop of the catalyst activity at high tem-
perature. On the other hand, the mass transfer of hydrogen might
be limited at high temperature in this system, as also reported in
Ref. [13]

3.2. Influence of reaction pressure on the hydrogenation of
9-ethylcarbazole

The hydrogen absorption curves (Fig. 3) were measured under
various pressures at 200 °C to investigate the effect of the reaction
pressure on the reaction rate. It was exhibited that with the rise
in the reaction pressure, the reaction rate increases, as well as the
hydrogen absorption capacity. When the hydrogen pressure is 2.0,
3.0, 4.0, 5.0, and 6.0 MPa, the hydrogen uptake reaches 3.55 wt.%,
4.21wt%, 436wt.%, 4.92wt.%, and 5.0 wt.%, respectively. Hydro-
genation of 9-ethylcarbazole is the reaction of volume reduced,
therefore increment of the reaction pressure is beneficial for the
hydrogenation reaction, with the improvement of the hydrogen
solubility, which leads to higher reaction rate and the shifting
of reaction equilibrium to product direction, and also with the

Hydrogen Capacity (wt%)
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Fig. 3. Hydrogen absorption in 9-ethylcarbazole measurements at 2.0 MPa, 3.0 MPa,
4.0 MPa, 5.0 MPa and 6.0 MPa H; at 200 °C over 10 wt.% Raney-Ni.
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Fig. 4. Hydrogen absorption in 9-ethylcarbazole measurements at 200°C and at
5.0 MPa H; over 1 wt.%, 4 wt.%, 7 wt.%, and 10 wt.% Raney-Ni.

restraint of the carbon deposition on the catalyst, which extends
the life of the catalyst.

3.3. Influence of catalyst concentration on the hydrogenation of
9-ethylcarbazole

The hydrogenation of 9-ethylcarbazole was carried out using
a range of Raney-Ni catalyst dosage from 1wt% to 10wt.% at
200°C to determine the effect of catalyst concentration on reac-
tion rate (Fig. 4). The hydrogen absorption curves over time at
200°Cand 5.0 MPa, as shown in Fig. 4, suggested that the concentra-
tion of catalyst could influence the reaction rate in certain content.
Accordingly, with the increasing of the Raney-Ni catalyst dosage,
the reaction rate gradually increased and the hydrogen absorption
capacity was raised from 1.85 wt.% to 4.92 wt.%.

3.4. Kinetic analysis of 9-ethylcarbazole hydrogenation reaction

3.4.1. Mass transfer process of the hydrogenation reaction

The hydrogenation process of 9-ethylcarbazole over Raney-Ni
catalyst is a gas-liquid-solid tri-phases mass transfer process, as
shown in Fig. 5. The hydrogen gas transfers from bulk gas through
the gas film to the gas-liquid interface, where it is absorbed by the
surrounding liquid, then the absorbed hydrogen diffuses from the
bulk liquid to the surface of the solid catalyst, where the catalytic
hydrogenation takes place. Due to the use of pure hydrogen as reac-
tant, the mass transfer resistance occurred in the gas film side of
the gas-liquid interface can be ignored.

Gas-liquid interface Liquid-solid interface
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Fig. 5. Schematic diagram of concentration distribution in the gas-liquid-solid
reaction process.
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Fig. 6. Relationship between c./robs and 1/m (T: 473 K, p: 5.0 MPa, N: 1000rpm, 10 g
Ci4H13N in the slurry).

In combination with our previously studies on mass-transfer
and reaction process in similar system [14,15], the apparent
reaction rate equation of 9-ethylcarbazole hydrogenation can be
written as:

e 1 ppdp<l 1)

Tobs - ki Qg 6m

ke " ks
in which rp,g is the apparent reaction rate, ¢, is the concentration of
the hydrogen in the liquid phase, k. is the liquid-solid mass transfer
coefficient, k; is the gas-liquid mass transfer coefficient on the lig-
uid side at the gas-liquid interface, ks is the reaction rate constant
at the solid surface (m/s), ag is the specific surface area of bubbles
per unit liquid volume, m is the catalyst load per unit liquid volume,
op is the density of the solid particle and d,, is the mean particle size.
The Eq.(1)shows thatin hydrogenation process of 9-ethylcarbazole
the total resistance (ce/rops) mainly includes: the mass transfer
resistance on the liquid side at gas-liquid interface (1/k;ag), the
mass transfer resistance of hydrogen from bulk liquid to the surface
of the catalyst particles ((opdp/6m)(1/kc)), the reaction resistance
at the surface of the catalyst particles ((ppdp/6m)(1/ks)).

For the 9-ethylcarbazole hydrogenation reaction in present
study, according to Eq. (1), the mass transfer resistance on the
liquid side at gas-liquid interface (1/k.ag) is determined by linear
regression according to the c.[rqps Vs 1/m plot. Moreover, the mass
transfer resistance at the liquid-solid interface (ppdp/6m) (1/k¢) is
obtained based on the calculation of k.. Because of the existence
of strong stirring during the hydrogenation reaction process, it is
actually a mass transfer between flowing liquid and moving par-
ticles [16]. Thus, liquid-solid mass transfer coefficient k. can be
calculated from Sherwood Number, using the following equation:
kidp

= )
With a view to the effect of fluid turbulence caused by the intensely
stirring, the mass transfer coefficient k. is usually revised by double
the calculated value ki [17,18]. Subsequently, the total resistance
is compared with the sum of the liquid-solid mass transfer resis-
tance ((ppdp/6m) (1/kc)) together with the gas-liquid mass transfer
resistance (1/k;ag) in order to obtain the reaction resistance at the
surface of the catalyst particles ((ppdp/6m) (1/ks)).

(1)

Sh =

3.4.2. Parameters calculation of kinetic model

According to Eq. (1) together with the experimental data
obtained at various catalyst concentrations (Fig. 4), ce/rops Was
plotted versus 1/m in Fig. 6, which showed a good linear rela-
tionship correlations between the two terms, with the slop
(ppdpl6)((1/kc)+(1/ks)) being 920.34sgL-!, and the intercept
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Table 2
Comparison of the mass transfer resistance (1/k.) and reaction resistance (1/k;).

T(K) D*x10°(cm?/s)  Peb She ke'dx10* (m/s)  1/kc (s/m)

¢ (mol/L) Tobs (MOI/mM3S)  CofTops (S) 1/ks® x 1076 (s/m) ks x 107 (m/s)

393 2.981
413 4.554
433 6.404
453 8.694
473 11.267

0.629
0.602
0.577
0.554
0.533

2.211
2.205 6.06
2.199 8.50
2.195 115
2.189 14.9

3.98 1258
825.4
588.5
4344

3359

0.0735
0.0792
0.0849
0.0909
0.0971

0.7575

1.938

5.4949
15.684
23.507

97.07
40.84
15.46
5.79
4.13

1.1277
0.4691
0.1753
0.06472
0.04549

8.868
21.32
57.06

154.5
219.8

18] _

3 Diffusivity of hydrogen in 9-ethylcarbazole D[l,z

gd3-Ap
b pe[l7] — 15

¢ Sh2(16171=4,0 +1.21Pe253(0 < Pe <1000).

d kﬁ[m = %: usually, k. = 2kZ, according to Ref. [17], Chap.8.
¢ Calculated using Eq. (1).

1/kpag being 0.2890s. Through comparison, it was found that in
the hydrogenation process of 9-ethylcarbazole under the catalyst
concentration of 1-10wt.%, the value of 1/k;ag was significantly
smaller than (ppd,[6)((1/kc)+(1/ks)). As a result, the mass transfer
resistance on the liquid side at gas-liquid interface (1/kag) in Eq.
(1) could be negligible.

Based on the obtained rate of 9-ethylcarbazole hydrogenation
at each temperature (Fig. 2), the apparent reaction rate constant ks,
as well as the liquid-solid mass transfer coefficient k. were derived.
The data used in the calculation are summarized in Table 2 together
with the calculated result. The comparison between 1/k. and 1/k;
in Table 2 shows that 1/k. which is significantly smaller can be
neglected, with the whole process controlled completely by sur-
faces reaction. Subsequently, kinetic model described by Eq. (1) can
be simplified as follows:

6m
Tobs = Ks - - - Ce (3)

pUp
in which ks, the apparent reaction rate constant, follows the Arrhe-
nius equation:

ks = k o - e~ AE/RT (4)

Using the obtained rate constants ks at each temperature in
Table 2, the logarithm of the kinetic rate constants was plotted
versus the reciprocal temperature, as shown in Fig. 7. The fre-
quency factor ks and the apparent activation energy AEa were
estimated to be 4.06 x 102 m/s and 65.17 KJ/mol, respectively. For
9-ethylcarbazole hydrogenation at a range of reaction tempera-
ture from 120°C to 200°C on 10wt.% catalyst concentration, the

-10.5 1

-11.0 1
y=6.0054-7838.09x

J11.54 R™=0.9849

-12.0 1
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Fig. 7. Relationship between Inks and 1/T (p: 5.0 MPa, N: 1000 rpm, slurry compo-
sition: 10 g C14H;3N +1 g Raney-Ni).
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Fig. 8. Relationship between Inr,,s and Inc. (T: 473 K, N: 1000 rpm, slurry compo-
sition: 10 g C;4H13N +1 g Raney-Ni).

apparent kinetics model can be written as:

6m
Ppdp

In order to test and verify the above kinetic model using the
experimental data obtained at various hydrogen pressures and a
temperature of 200°C shown in Fig. 2, it was assumed that the

reaction was nth order in the liquid-phase hydrogen concentration
as follows:

Tobs = 4.06 x 107 . ~6.517x10%/RT 2, (5)

Tobs = Ksap - " (6)

Subsequently, Inr,,s was plotted versus Inc. to obtain the linear
regression profile shown in Fig. 8, which gave:

Tobs = 0.3279 - c,1:06 (7)

On the other hand, ksa, can also be determined by the obtained
apparent kinetic model. According to Eq. (5), the value of ksap at
the temperature of 200°C was estimated to be 0.299s~!, which
was in agreement with the value in Eq. (7). Considering the exper-
imental errors in actual measurement ands and the simplification
in calculation, it is reasonable to envisage that the reaction is first
order in the liquid-phase hydrogen concentration and the model
gave the best fit of experimental data.

4. Conclusions

(1) 9-Ethylcarbazole hydrogenation over Raney-Ni catalyst was
studied in the temperature range 120-240°C and the pressure
range 2.0-6.0 MPa. The whole reaction process is controlled by
the surface reaction of the catalyst particles. The mass transfer
resistance at gas-liquid interface and that from the bulk liquid
phase to the surface of the catalyst particles can be ignored.
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(2) Raney-Ni catalyst exhibited strong performance to the hydro-
genation of 9-ethylcarbazole. The reaction rate accelerated with
increased temperature, and the initial reaction rate reached the
maximum at about 200 °C, whereas the hydrogen uptake of 9-
ethylcarbazole reaches the maximum value (5.0 wt.%) at 180 °C.
However, when the temperature exceeded 200 °C, the reaction
rate went down.

(3) The apparent reaction rate was zero order for the con-
centration of 9-ethylcarbazole and first order for hydrogen
concentration in the liquid phase. In the temperature range
of 120-200°C, the apparent kinetics model can be written
as:

Fobs = 4.06 x 102 - o~6.517x10%/RT | 6m Ce
Ppdp
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