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Abstract: Methylcyclohexane-toluene system is one of the most promising methods for hydrogen
transport/storage. The methylcyclohexane dehydrogenation can be exceeded by the equilibrium con-
version using membrane reactor. However, the modularization of the membrane reactor and manu-
facturing longer silica membranes than 100 mm are little developed. Herein, we have developed silica
membrane with practical length by a counter-diffusion chemical vapor deposition method, and mem-
brane reactor module bundled multiple silica membranes. The developed 500 mm-length silica mem-
brane had high hydrogen permselective performance (H, permeance > 1 x 107® mol m~2s~! Pa~1,
H, /SFg selectivity > 10,000). In addition, we successfully demonstrated effective methylcyclohexane
dehydrogenation using a flange-type membrane reactor module, which was installed with 6 silica
membranes. The results indicated that conversion of methylcyclohexane was around 85% at 573 K,
whereas the equilibrium conversion was 42%.

Keywords: methylcyclohexane dehydrogenation; silica membrane; counter-diffusion chemical vapor
deposition; membrane reactor module

1. Introduction

In order to create a hydrogen energy-based society, transport and storage of hydro-
gen in one of the most important issues. Recently, the development of liquid hydrogen,
ammonia, and organic chemical hydrides methods for hydrogen transport/storage have
progressed in the world. Above all, organic chemical hydride methods such as the methyl-
cyclohexane (MCH)-toluene system can be expected as the most practical ones, because
they are liquid at normal temperature and pressure, and the existing infrastructure can
be utilized.

The dehydrogenation of MCH is the equilibrium reaction. Its conversion ratio can ex-
ceed the equilibrium by removing hydrogen from the reaction system using the membrane
reactor with hydrogen permselective membrane. Palladium-based or silica membranes
which show hydrogen selective permeation performance are developed for MCH dehy-
drogenation membrane reactors. Palladium-based membranes are mainly prepared by
electroless plating [1,2] and electroplating [3,4]. Because the reaction temperature of MCH
dehydrogenation is operated at 573-673 K, Pd—Ag alloy membrane was usually applied to
the membrane reactor owing to the suppression of hydrogen embrittlement [5,6]. On the
other hand, the palladium-based membranes have the disadvantage that membrane costs
are high. Amorphous silica membranes are prepared by sol-gel [7-9] or chemical vapor
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deposition [10-12] method. Hydrogen permeation performance of membranes greatly
affects the reaction efficiency when we use membrane reactors; therefore, higher hydrogen
permeance is desirable for the practical application of membrane reactors for the MCH
dehydrogenation. It is possible to obtain high hydrogen permeance by loosely tuning the
pore diameter. For both preparation methods, pore size of the silica membrane can be con-
trolled relatively easily by changing silica precursor [13-15]; therefore, these membranes
can be applied to the membrane reactor for MCH dehydrogenation [16,17]. Durability
of silica membranes is also important. Durability of the membrane reactor using silica
membranes was already evaluated by Akamatsu et al. [18]. These results show promising
possibility of membrane reactors; however, they are all results at laboratory scale level.

From the view point of practical use of membrane reactors, developing silica mem-
branes with practical length, approximately 500 mm, and modular structures of the mem-
branes, are very important. However, there are very few researchers who have attempted
to develop such silica membranes or module structures. Since MCH dehydrogenation is an
endothermic reaction, a method and module structure for efficiently supplying the reaction
heat is important.

In this study, to advance social implementation, we have developed long-scale
DMDPS—derived silica membrane having high H, permselective performance prepared by
counter-diffusion chemical vapor deposition method, and module of six silica membranes.
We also evaluated the performance of bench—scale membrane reactor including multiple
silica membranes for methylcyclohexane dehydrogenation. In addition, improvement of
heat transfer to catalyst layer was also investigated.

2. Materials and Methods
2.1. Preparation and Permeation Perfomance Measurement of DMDPS-Derived Silica Membranes

Longer silica membranes having practical length were prepared and evaluated. We
employed counter-diffusion chemical vapor deposition method for silica membranes
preparation up to 500 mm long.

Figure 1 shows a schematic diagram of apparatus for longer membrane preparation
and their permeation performance measurement. The silica membrane derived from
dimethoxydiphenylsilane was formed on a porous alumina tube. An a—alumina tubular
support was purchased from Nikkato corporation, Osaka, Japan, and a y—alumina layer
was coated on the support by sol-gel method. Saturated dimehoxydiphenylsilane (DMDPS,
Shin-Estu Chemical Co., Ltd., Tokyo, Japan) vapor was fed to the exterior of the y-alumina
coated support with Nj, as carrier gas, and the vapor concentration was regulated at
0.1 mol/m? by controlling the temperature of a bubbler. O, at rate of 250 mL/min, was
introduced to the interior of the support. An amorphous silica layer derived from DMDPS
was deposited into the pores and surface of the support. Reaction temperature and time
for CVD were 873 K and 60 min, respectively. Permeation performance of obtained silica
membrane was evaluated at 573, 473, 373, and 298 K, using single component Hj, N, and
SFg gases. Flow rate of Hy and N in permeation side was measured by soap film flow
meter, and permeances were calculated from these rates. Determination of SF permeance
was performed with a pressure difference method.

2.2. Bench—Scale Membrane Reactor Test for Methylcyclohexane Dehydrogenation

Bench-scale membrane reactor tests using a module in which multiple silica mem-
branes are bundled were conducted. The experimental apparatus for methylcyclohexane
dehydrogenation membrane reactor is shown in Figure 2. Pt catalysts were placed outside
of the membranes, and the reactor module included silica membranes was heated using
hot oil to reaction temperature. Before the reaction tests, the catalysts were reduced under
hydrogen atmosphere. Methylcyclohexane, which is a reaction raw material, was fed to
the exterior of the membranes through a vaporizer, and the dehydrogenation reaction was
conducted at 573 K. The pressure of the reaction and permeation sides were maintained
at 0.4 MPaA and 0.1 MPaA, respectively. To calculate methylcyclohexane conversion, the
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concentrations of methylcyclohexane, toluene, and hydrogen in the retentate and permeate
side were measured by a gas chromatograph (7820A, Agilent Technologies Japan, Ltd.,
Tokyo, Japan). During membrane reactor tests, no sweep gas was flowing to the permeation
side. In addition, the overall heat transfer coefficient was calculated using temperature of
the inlet and outlet.
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Figure 1. Schematic diagram of experimental apparatus for 500 mm-length silica membrane preparation and performance

measurement.

' H, (Permeate)

— H, (Retentate)

Vaporizer b_’TOL

Gas liquid
———] Separator

Figure 2. Picture and schematic diagram of small-scale membrane reactor for methylcyclohexane dehydrogenation.

3. Results and Discussion
3.1. Permeation Performance of 500 mm-length DMDPS-Derived Silica Membrane
Comparative permselective performances of DMDPS—derived silica membranes formed

on different effective membrane lengths as 70, 200, and 500 mm-length are shown in
Figure 3. Permeation measurement of these membranes was conducted at 573 K. H, per-
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meances of 70, 200, and 500 mm-length membranes were 1.20 x 107, 1.00 x 107, and
1.30 x 107® mol m~2 s~ ! Pa~!, respectively. Hy/SF selectivity of these membranes was
12,000, 10,000, and 12,000, respectively. Here, the Hy /SF; selectivity is used as an indica-
tor for Hj /toluene selectivity, because the kinetic diameter of toluene is similar to that
of SFg. All membranes showed approximately the same H, permselective performance
despite different membrane lengths. From these results, we successfully formed long—scale
silica membrane.
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Figure 3. Hydrogen permeation performance of DMDPS-derived silica membrane having different
effective membrane lengths at 573 K.

Figure 4 shows temperature dependence of Hy, Ny, and SF4 permeation through
500 mm-length silica membrane in the temperature range of 573-298 K. Permeances of
Hj, N3, and SF¢ showed an approximately constant value regardless of this temperature
range. At 573 K, the permeances of Hy, N», and SFs were 1.30 x 10~ molm—2s~1 Pa—}!,
1.31 x 107" mol m~2 57! Pa~!, and 1.07 x 107 mol m~2 s~ ! Pa~!, respectively. The se-
lectivity of Hy /N, was 10, and that of H, /SFg was 12,000 at 573 K. The temperature depen-
dence and permselectivity of this 500 mm-length silica membrane showed approximately
similar performance as in a previous report of developed 100 mm-length DMDPS-derived
silica membrane [19,20].

3.2. Bench—Scale Membrane Reactor including Multiple Silica Membranes for Methylcyclohexane
Dehydrogenation Reaction

First, dehydrogenation membrane reactor, which was included a single silica mem-
brane having 70 mm-length, was evaluated under 0.2 MPaA to compare between per-
formance of packed-bed reactor and membrane reactor, as shown in Figure 5. The MCH
conversion ratio with membrane reactor was much larger than that with packed-bed reactor
in all temperature range, owing to the hydrogen extraction by the silica membrane. In order
to obtain the MCH conversion of 90%, the reaction temperature required was 583 K in the
packed-bed reactor; however, it was experimentally shown that the reaction temperature
could be reduced to 553 K by using the membrane reactor.
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Figure 4. Temperature dependence of permeation performance through 500 mm-length silica mem-
brane derived from DMDPS at 573-298 K.
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Figure 5. Temperature dependence of the MCH conversion to compare between packed-bed reactor

(PBR) and membrane reactor (MR) which was included in a single silica membrane.
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A novel membrane module in which 6 silica membranes having 200 mm-length
were directly bonded with glass sealant to a metal flat plate was developed as one of
the modularization technologies with mass production possibility, as shown in Table 1.
Permselective performances of 6 silica membranes derived from DMDPS at 573 K are
shown in Table 1. These membranes were prepared using the same conditions. All
the membranes had over 1 x 107® mol m~2 s~! Pa~! of hydrogen permeance. On the
other hand, the H; /SFg selectivity of 6 silica membranes was slightly different. The SFq
permeance showed an extremely low value (around 1 x 1071 mol m~2 s~! Pa~!), which is
closed to the measurement limit; therefore, it was considered that there are few significant
differences in the Hy/SFy selectivity between 6 silica membranes. Table 2 shows the
permselective performances of our previous silica membranes for MCH dehydrogenation.
Compared with previous works, H, permeance was around 2 times higher because of
changing to tubular alumina support having relatively high gas permeation performance.
These membranes were applied to the flange—type membrane module. In addition, this
membrane module structure had confirmed hydrogen tightness under 573 K, 0.5 MPa.

Table 1. Hydrogen permselective performances of silica membranes for membrane reactor module.

No. H, Permeance [mol m—2 s—1 Pa—1] Selectivity (H,/SFg) [-]
1 2.84 x 107° 21,300
2 2.00 x 10~° 15,100
3 1.94 x 1076 13,100
4 2.09 x 107 9930
5 2.04 x 107° 39,300
6 1.87 x 107° 10,300

Picture of a novel
module using
No.1 ~ 6 membranes

Table 2. Hydrogen permselective performances of our previous silica membranes for MCH

dehydrogenation.
Ref. H, Permeance [mol m—2 s—1 Pa—1] Selectivity (H,/SFg) [-]
[18] 1.2 x 107° 9300
[19] 1.17 x 10~ 4980
[20] 1.09 x 106 19,300

The MCH dehydrogenation is an endothermic reaction. When the reaction is con-
ducted with a membrane reactor, the conversion ratio is decreased owing to reaction
temperature reduction. Therefore, we evaluated the effect of heat conductive fins to im-
prove the temperature uniformity of catalyst layer. We tried two different structures of
heat conductive fins, as shown in Figure 6.

Results of bench—scale membrane reactor tests using different structure of heat con-
ductive fins are shown in Figure 7, and the overall heat transfer coefficient calculated from
temperature of the inlet and outlet is shown in Figure 8. In both cases, the MCH conversion
ratio exceeded the equilibrium conversion; however the reactors with heat conductive fins
were performed relatively high MCH conversion ratio to compared with that without heat
conductive fin. In addition, the reactor using Fin B showed higher conversion than that
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using Fin A under relatively high LHSV condition. The overall heat transfer coefficients
of the reactor without fin, with Fin A, and with Fin B were 80, 90, and 110 W m 2 K1,
respectively. These results suggested that the installation of heat conductive fins effectively
transferred heat to the catalyst layer, and promoted the MCH dehydrogenation reaction.

Without fin Fin A FinB

Figure 6. Structures of heat conductive fins to improve heat transfer from the heat medium to the
catalyst layer.
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Figure 7. Comparison of MCH conversion using membrane reactor with different structure of heat

conductive fins.
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Figure 8. Comparison of the overall heat transfer coefficient using different structure of heat conduc-
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4. Conclusions

We successfully demonstrated the preparation of practical long silica membranes with
high hydrogen permselective performance, and effective MCH dehydrogenation using a
novel membrane reactor module bundled with 6 silica membranes. Developed 500 mm-
length silica membrane had over 1 x 107® mol m~2 s~! Pa~! of hydrogen permeance, and
over 10,000 of H, /SFg selectivity. The membrane reactor module was evaluated at 573
K, 0.4 MPaA. The MCH conversion using membrane reactor exceeded the equilibrium
conversion owing to hydrogen extraction effect. In addition, we clarified that improvement
of heat transfer to catalyst layer was an important issue by using the membrane reactor
module improved overall heat transfer coefficient, because MCH dehydrogenation is an
endothermic reaction.

Author Contributions: Conceptualization, S.-LN.; methodology, H.N. Y.Y., and R.N.; validation,
S.-LN.; formal analysis, H.U. and K.S.; investigation, M.S. and H.N.; data curation, M.S.; writing—
original draft preparation, M.S.; writing—review and editing, R.N. and S.-I.N.; supervision, S.-L.N.;
project administration, R.N.; funding acquisition, R.N. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was financially supported by New Energy and Industrial Technology Develop-
ment Organization (NEDO) as an “Advancement of Hydrogen Technologies and Utilization Project”.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Membranes 2021, 11, 326 90f9

References

1.  Catalano, J.; Guazzone, F.; Mardilovich, I.P.; Kazantzis, N.K.; Ma, Y.H. Hydrogen Production in a Large Scale Water-Gas Shift
Pd-Based Catalytic Membrane Reactor. Ind. Eng. Chem. Res. 2012, 52, 1042-1055. [CrossRef]

2. Seshimo, M.; Ozawa, M.; Sone, M.; Sakurai, M.; Kameyama, H. Fabrication of a novel Pd/y-alumina graded membrane by
electroless plating on nanoporous y-alumina. J. Membr. Sci. 2008, 324, 181-187. [CrossRef]

3.  Tong, ].; Shirai, R.; Kashima, Y.; Matsumura, Y. Preparation of a pinhole-free Pd—Ag membrane on a porous metal support for
pure hydrogen separation. ]. Membr. Sci. 2005, 260, 84-89. [CrossRef]

4. Allemand, M.; Martin, M.H.; Reyter, D.; Roué, L.; Guay, D.; Andrei, C.; Botton, G. Synthesis of Cu-Pd alloy thin films by
co-electrodeposition. Electrochem. Acta 2011, 56, 7397-7403. [CrossRef]

5. Ali, JK,; Newson, E.; Rippin, D. Deactivation and regeneration of Pd Ag membranes for dehydrogenation reactions. J. Membr. Sci.
1994, 89, 171-184. [CrossRef]

6.  Ali, J.K,; Baiker, A. Dehydrogenation of methylcyclohexane to toluene in a pilot-scale membrane reactor. Appl. Catal. A 1997, 155,
41-57. [CrossRef]

7.  Cao, G, Lu, Y, Delattre, L.; Brinker, C.J.; Lopez, G.P. Amorphous silica molecular sieving membranes by sol-gel processing. Adv.
Mater. 1996, 8, 588-591. [CrossRef]

8.  De Vos, RM.; Maier, W.E,; Verweij, H. Hydrophobic silica membrane for gas separation. . Membr. Sci. 1999, 158, 277-288. [CrossRef]

9. DaCosta, ].D.; Lu, G.; Rudolph, V.; Lin, Y. Novel molecular sieve silica (MSS) membranes: Characterisation and permeation of
single-step and two-step sol-gel membranes. J. Membr. Sci. 2002, 198, 9-21. [CrossRef]

10. Gavalas, G.R.; Megiris, C.E.; Nam, S.W. Deposition of Hy-permselective SiO, films. Chem. Eng. ]. 1989, 44, 1829-1835. [CrossRef]

11.  Yan, S.; Maeda, H.; Kusakabe, K.; Morooka, S.; Akiyama, Y. Hydrogen-Permselective SiO2 Membrane Formed in Pores of
Alumina Support Tube by Chemical Vapor Deposition with Tetraethylorthosilicate. Ind. Eng. Chem. Res. 1994, 33, 2096-2101.
[CrossRef]

12. larikov, D.D.; Hacarlioglu, P.; Oyama, S.T. Amorphous Silica Membranes for H2 Separation Prepared by Chemical Vapor
Deposition on Hollow Fiber Supports. Membr. Sci. Technol. 2011, 14, 61-77.

13. Ohta, Y.; Akamatsu, K.; Sugawara, T.; Nakao, A.; Miyoshi, A.; Nakao, S.-I. Development of pore size-controlled silica membranes
for gas separation by chemical vapor deposition. J. Membr. Sci. 2008, 315, 93-99. [CrossRef]

14. Li, G,; Kanezashi, M.; Tsuru, T. Preparation of organic-inorganic hybrid silica membranes using organoalkoxysilanes: The effect
of pendant groups. J. Membr. Sci. 2011, 379, 287-295. [CrossRef]

15. Zhang, X.L.; Yamada, H.; Saito, T.; Kai, T.; Murakami, K.; Nakashima, M.; Ohshita, J.; Akamatsu, K.; Nakao, S.-I. Development
of hydrogen selective triphenylmethoxysilane-derived silica membranes with tailored pore size by chemical vapor deposition.
J. Membr. Sci. 2016, 499, 28-35. [CrossRef]

16. Oda, K.; Akamatsu, K.; Sugawara, T.; Kikuchi, R.; Segawa, A.; Nakao, S.-I. Dehydrogenation of methylcyclohexane to produce
high purity hydrogen using membrane reactor with amorphous silica membranes. Ind. Eng. Chem. Res. 2010, 49, 11287-11293.
[CrossRef]

17.  Niimi, T.; Nagasawa, H.; Kanezashi, M.; Yoshioka, T.; Ito, K.; Tsuru, T. Preparation of BTESE-derived organosilica membranes for
catalytic membrane reactors of methylcyclohexane dehydrogenation. J. Membr. Sci. 2014, 455, 375-383. [CrossRef]

18. Akamatsu, K.; Tago, T.; Seshimo, M.; Nakao, S.-I. Long-term stable H, production from methylcyclohexane using a membrane
reactor with a dimethoxydiphenylsilane-derived silica membrane prepared via chemical vapor deposition. Ind. Eng. Chem. Res.
2015, 54, 3996-4000. [CrossRef]

19. Seshimo, M.; Saito, T.; Akamatsu, K.; Segawa, A.; Nakao, S.-I. Influence of toluene vapor on the Hj-selective performance of
dimethoxydiphenylsilane-derived silica membranes prepared by the chemical vapor deposition method. J. Membr. Sci. 2012,
415-416, 51-56. [CrossRef]

20. Seshimo, M.; Akamatsu, K.; Furuta, S.; Nakao, S.-I. H, purification durability of dimethoxydiphenylsilane-derived silica

membranes with Hy-toluene mixtures. Ind. Eng. Chem. Res. 2013, 52, 17257-17262. [CrossRef]


http://doi.org/10.1021/ie2025008
http://doi.org/10.1016/j.memsci.2008.07.007
http://doi.org/10.1016/j.memsci.2005.03.039
http://doi.org/10.1016/j.electacta.2011.05.052
http://doi.org/10.1016/0376-7388(93)E0219-A
http://doi.org/10.1016/S0926-860X(96)00343-2
http://doi.org/10.1002/adma.19960080713
http://doi.org/10.1016/S0376-7388(99)00035-6
http://doi.org/10.1016/S0376-7388(01)00565-8
http://doi.org/10.1016/0009-2509(89)85125-5
http://doi.org/10.1021/ie00033a011
http://doi.org/10.1016/j.memsci.2008.02.008
http://doi.org/10.1016/j.memsci.2011.05.071
http://doi.org/10.1016/j.memsci.2015.09.025
http://doi.org/10.1021/ie101210x
http://doi.org/10.1016/j.memsci.2014.01.003
http://doi.org/10.1021/acs.iecr.5b00527
http://doi.org/10.1016/j.memsci.2012.04.036
http://doi.org/10.1021/ie4024512

	Introduction 
	Materials and Methods 
	Preparation and Permeation Perfomance Measurement of DMDPS-Derived Silica Membranes 
	Bench–Scale Membrane Reactor Test for Methylcyclohexane Dehydrogenation 

	Results and Discussion 
	Permeation Performance of 500 mm-length DMDPS-Derived Silica Membrane 
	Bench–Scale Membrane Reactor including Multiple Silica Membranes for Methylcyclohexane Dehydrogenation Reaction 

	Conclusions 
	References

