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Abstract

A palladium membrane reactor was applied to recover the hydrogen from cyclohexane as one of the promising chemical
hydrogen carriers. The operation conditions of the palladium membrane reactor to obtain a higher hydrogen recovery were
predicted by computer simulation. As a result, it was shown that the hydrogen recovery rate becomes higher as the pressure
on the hydrogen permeation side is lowered below atmospheric pressure or as the reaction pressure increases. This was
confirmed experimentally. As the perm-side pressure was lowered, the conversion as well as the hydrogen recovery rate at
573 K was found to increase. About 80% of the hydrogen contained in cyclohexane, depending on the operation condition
was successfully recovered.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction drogenated products, benzene and toluene, can be
reversibly hydrogenated and reused, and those are all
Although great concern has been concentrated on liquids at ordinary temperatures: these are technically
hydrogen as a clean secondary energy, there are probimportant factors for establishing a hydrogen storage
lems in its transportability and storability. Because and transmission system. An additional advantage
hydrogen is gas and for liquefaction a temperature that there is no C®emission in the dehydrogenation
as low as 20K is necessary, hydrogen carriers con- process will be rated highly in terms of environmen-
venient for handling have been desired. In this sense, tal issues, whereas the steam reforming process of
chemical carriers such as cyclohexane, methyl cy- methanol produces not only hydrogen but also,CO
clohexane, etc., are considered suitable for hydrogen It is well-known that the dehydrogenation, limited
storage and transmission from the following view- by the thermodynamic equilibrium, can be enhanced
points [1-3]. First, a higher hydrogen content (e.g., very much by using a composite reactor incorporated
7.1wt.% of cyclohexane) is very attractive compared with a membrane permselective for hydrodér10].
with metal hydrides (at most 3wt.%). The dehy- For that, hydrogen separation membrane, which is
stable under any reaction conditions is needed. Pal-
* Corresponding author. Fax:81-298-61-4733. ladium is believed to be the best material for a hy-
E-mail address: itoh.n@aist.go.jp (N. ltoh). drogen separation membrane because of its infinite
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CeHi2 2 CsHe + 3H2 sary for the reactor analysis. The operation conditions
_ of the palladium membrane reactor to obtain a higher
PR He?c Side (pw) hydroggn recovery rate were then preqlicted by com-

(illustrated)——————t22 puter simulation and followed by experiments.

Perm-side (Pp)
inlet outlet
CeH12 Br — CoHs+CéH12 2. Experimental
— Hz pHr= Pp

% ﬁﬂ_' Hiz fper} First, the kinetic analysis of cyclohexane dehydro-
/ L Ho (Pp) genation was carried out at 523-573K and 1-4bar
Pdmembrane o to establish the rate expression. An integral reac-

tor (8mnml4 x 75mm long) packed with 5.18g of

Fig. 1. Operation mode of the palladium membrane reactor for 0.5wt.% Pt/ApO3 catalyst pellets (supplied by N.E.

recovering pure hydrogen from the perm-side, where in principle  CHEMCAT Ltd., Japan) was used. To regulate the

the dehydrogenation of cyclohexane can proceed = Fp. feed concentration, argon as an inert gas was added
through a mass-flow controller.

The palladium membrane reactor used is shown
permselectivity for hydrogen and a comparatively in Fig. 2 The palladium membrane with a thickness
large permeability over a wide range of temperatures. of about 4um was prepared on aa-alumina tube
Here, it is considered that a membrane reactor using (2 mm in outer diameter, 1.6 mm in inner diameter,
palladium should be operated as shownrFig. 1in 100mm long, void fraction of 0.43, average pore
order for hydrogen to be recovered in high purity. size of 0.15um) by a metallorganic chemical va-
To ensure the driving force for hydrogen permeation por deposition (MOCVD) techniqud.1]. To prevent
through the membrane, the reaction pressure must beany damage due to direct contact between the mem-
kept higher than that on the recovery-side, which is brane tube and the catalyst pellets, a porous sintered
usually atmospheric pressure or less. Because such gube (of stainless steel) was placed inside the reac-
complicated reaction system has many operating pa-tor. In the annular space around the sintered tube,
rameters, the operation conditions must be optimized 51.9 g of 0.5 wt.% Pt/AlO3 catalyst pellets were uni-
to recover as much hydrogen as possible. As a matterformly packed. The membrane reactor was placed
of course, kinetic information on cyclohexane dehy- inside a thermostat as shown fiig. 3. Cyclohexane
drogenation at higher pressures, less in the literaturewas fed to an evaporator with a high-pressure sy-
is also necessary for parametric analysis. ringe pump, vaporized and sent to the catalyst bed

This study is concerned with the recovery of hydro- of the reactor. The reaction pressure was controlled
gen from cyclohexane as one of the promising chem- in the range of 2—4 bar with a back-pressure regula-
ical hydrogen carriers. First, the kinetic analysis of tor while the perm-side (recovery-side) pressure was
cyclohexane dehydrogenation under higher pressurescontrolled in the range of 0.1-1bar with a vacuum
was carried out to establish the rate expression neces-controller.

Porous
sintered metal Catalyst *

Reactant

(CeH 1—2L 0

=
Permeate
(H2)

Fig. 2. Cross-sectional view of the palladium membrane reactor used.
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Fig. 3. Experimental set-up.
3. Results and discussion condition at the outlet of the reactopyr = Pp, as
follows:
3.1. Limiting hydrogen recovery Or

Ph————— =P 3
"1+ Qi+ Or P 3
whereP; is the total pressure on the reaction side and
Qi (mol/s) is the amount of inert gas added. Rearrang-
ing Egs. (1)-(3) the next expression for RH is ob-

Referring toFig. 1, itis easily understood that dehy-
drogenation of cyclohexane can in principle proceed
until the partial pressure of hydrogen on the reaction
side, pyr, becomes identical with the pressure on the

tained:
perm-sidePy, as long as the reactor length is sufficient K. /P2
for the reaction to reach such a dynamic equilibrium Ry — /o (Pp/P(L+ 0D 4)
state. Here, let us define the limiting hydrogen recov- 1+ Kp/P3 31— Pp/Pr)

ery rate, RH, on the basis of 1 mol/s of cyclohexane,

Based on the ab tion, the limiting hyd
corresponding to 3 mol/s of hydrogen as follows: ased on e sbove equarion, e Iimiting hyerogen

recovery rate, RH, was calculated and is presented in
O1— 0Or ) Fig. 4 when Q; = 0. It is clear that the hydrogen
3 recovery rate increases with increasing reaction pres-
whereQ; (mol/s) is the total amount of Hproduced sure anqi decreasing pgrm-side pressure. In particular,
and Q; (mol/s) is the amount of b remaining on decre_asmg the pgrm-&de pressure is found to be very
the reaction side. It has already been shown from the effective. Also, it is presumed that 100% of RH will

standpoint of dynamic equilibrium consideration that be rkea“fﬁd arp = 0. Inctre?smg tbh? f[(ra]ac'tlon press;uret
the first termQ, can be given by the following equa- makes ne recovery rate large but the increment rate

RH =

tion [12]: becomes small at reaction pressures higher than 4 bar.
3Kp/P3 3.2. Kinetic equation for cyclohexane
Qr= 1+ Ko/ P3 @ dehydrogenation
p/Pp
whereK, (P&) is the equilibrium constant. The sec- To obtain higher hydrogen recovery, the above re-

ond termQ, is derived from the dynamic equilibrium  sult suggests that the dehydrogenation is preferably
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Fig. 4. Limiting hydrogen recovery rate calculated usiBg. (4) RH, when cyclohexane dehydrogenation is carried out in a palladium
membrane reactor.

carried out at pressures of several bars. Therefore, it
was examined regarding whether the following rate
equation that was determined at atmospheric pressure

60

[13] was available at even higher pressures: Feed 0.3mlimin

[ Diluent 82.6 ml/min
o= ke(pc — pepiy/Kp) 0
(P%/Kp + Kepc) ~ ol | Cee
(C : cyclohexaneB : benzeneH : hydrogen (5) & UL \‘/\,\546K
s L Exp.
. o /

wherek; (mol/(m® s Pa)) is the rate constaitg (1/Pa) % 30 L ~
the adsorption equilibrium constant with benzene, %’ [ \. 335K
and p; the partial pressure of componentAnalyti- S 20t ——
cally, the conversion was obtained by integrating the ! Eﬁ%

rate equation numerically, where an ideal flow reactor 10 [
with isothermal and isobaric conditions was assumed. [ 0
Fig. 5 shows the experimental results and the com- [
parisons with the analytical results over the range of 0 0 1 2 3 4 5

514-546 K and 1-4bar. Both are in a good agree-
ment; therefore, it is considered that the rate equation

(5) can be applied at least up to 4 bar of the reaction Fig. 5. Comparison of the conversions observed (symbols) with
pressure. varying temperatures and pressures with the calculated lines.

Reaction pressure [ bar ]
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Fig. 6. Effects of the reaction temperature on the conversion and the hydrogen recovery rate simulated.
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Fig. 7. Changes in conversion obtained experimentally with varying reaction and perm-side pressures.
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Fig. 8. Effects of the reaction pressure on the hydrogen recovery rate when the reaction side is

solid line: calculated).
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Fig. 9. Effects of the perm-side pressure on the hydrogen recovery rate when the reaction side is kept at 3.99 bar (symbols: experimental,

solid line: calculated).
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3.3. Hydrogen recovery by the membrane reactor examined using a palladium membrane reactor. First,
the rate expression for the cyclohexane dehydrogena-
First, a computer simulation based on the mathe- tion under higher pressures, necessary for the reac-
matical model describing the mass balance within the tor design and analysis was established. The operation
reactor{12] was done to seek the better conditions for conditions of the palladium membrane reactor to ob-
operating the palladium membrane reactor with the tain a higher hydrogen recovery were then predicted
highest performance possible. As a result, it becomes by computer simulation. As a result, it was shown
clear that the reaction temperature significantly af- that the hydrogen recovery rate becomes higher as the
fects the improvement in the conversion as shown in pressure on the hydrogen permeation side is lowered
Fig. 6. Based upon this simulated result, the reaction below atmospheric pressure or as the reaction pressure
was carried out at 573 K. increases. Also, it was found that the reaction temper-
The conversions obtained are plotted Hig. 7 ature significantly affects the conversion of cyclohex-
when the reaction and the perm-side pressures wereane to benzene, and preferably, the temperature should
varied. It is obvious that the conversions without be around 573K for accomplishing a higher recovery
removing hydrogen are in good agreement with the rate of hydrogen.
equilibrium ones calculated thermodynamically. As Based upon the simulated results, the reaction was
the perm-side pressure is lowered, the conversion is carried out at 573 K and 1—4 bar while the perm-side
found to increase. This is because the amount of hy- pressure was kept in the range 0.1-1 bar. It was clearly
drogen removed increases with decreasing pressureshown that as the perm-side pressure is lowered, the
on the perm-side, thereby increasing the driving force conversion as well as the hydrogen recovery rate in-
for hydrogen permeation, which is proportional to the creases. Near 0.1 bar of perm-side pressure, about 80%
difference between the square root of the partial pres- of the hydrogen contained in cyclohexane was suc-
sure of hydrogen on the reaction side and that on the cessfully recovered.
perm-side. Next, the results with respect to the hydro-
gen recovery are shown Irigs. 8 and 9lt is clearly
seen that the flow rate of the hydrogen recovered References
increases with a decrease in the perm-side pressure.
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