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Abstract − In this study we propose hybrid system consisting of membrane steam reactors and a layered PSA process, and

carry out theoretical analysis by means of modelling and process simulation. The proposed system is comprised of the reaction

part including membrane reactors and separation part including a layer PSA column. Detailed mathematical description for

each process is developed and dynamic simulation for the combined process is performed. The reaction part contains two mem-

brane reactors and the methane conversion of the system is improved more than 1% comparing with the conventional one mem-

brane reactor system. The hydrogen mole fraction at the exit of the membrane reactor is approximately 0.31 but in order to use

it for a commercial purpose, layered PSA process, which includes two adsorbents, is employed. The purity of hydrogen gas at

the exit of the layered PSA is 99.999%. By recycling all useful gases from the layered PSA except hydrogen to the membrane

reactor as a feedstock, the process efficiency is highly improved. In particular, the hydrogen recovery is improved as much as

9% comparing with the non-recycle system. It is, therefore, concluded that the proposed hybrid system contributes to the effi-
cient production of high purity hydrogen.
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Fig. 1. Hybrid membrane-PSA system.
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Fig. 2. Principle of membrane reforming.

Fig. 3. Pressure history in the bed for the layered PSA process.

Fig. 4. Flow direction in the bed for the PSA process.
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Table 1. Operating sequence for valves

STEP Valve 1 Valve 2 Valve 3-R Valve 3-P Valve 4

I Open Close Close Close Close
II Open Open Close Close Close Product
III Close Close Open Close Close Recycle
IV Close Close Close Open Open Purge

Table 2. Parameters used in the simulation

Physical properties of bed and adsorbent

AC layer ZE layer

Bed length (cm) 5
Bed inner dia. (cm) 1
Bed density (g/cm3) 544 691
Bed porosity 0.36 0.36
Particle density (g/cm3) 850 1,080
Heat capacity of adsorbent (cal/g⋅Κ) 6.590 6.904

*AC: Activated carbon, ZE: Zeolite 5A
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� s ~�Su PSA �� ��� Q� �� �«5 � �": ��

purityH2

u L( )
tad_start

tad_end∫ CH2
L( )dt

u L( )
tad_start

tad_end∫ Ci
i 1=

NoComp

∑ L( )dt
--------------------------------------------------------------=

recoveryH2

u L( )
tad_start

tad_end∫ CH2
L( )dt

u 0( )
tcycle_start

tcycle_end∫ CH2
0( )dt

------------------------------------------------------=

Table 3. Langmuir isotherm parameters, mass-transfer coefficient of LDF model and heats of adsorption

Component
ai,1×103[mol/g] ai,2[K] b i,0×107[1/mmHg] bi,1[K] −∆Ha[cal/mol] ki[1/sec]

AC ZE AC ZE AC ZE AC ZE AC ZE AC ZE

CH4 −1.78 −0.29 1.98 1.04 26.60 6.44 1,446.7 1,862.1 4,482 4,635 0.4 0.2
CO2 −14.2 02.09 6.63 0.63 33.03 0.67 1,496.6 3,994.3 6,112 12,128 0.1 0.1
H2 04.32 01.24 0.0 0.36 06.72 2.20 1,850.5 1,159.3 1,879  1,486 1.0 1.0
CO 00.92 −0.58 0.52 0.83 07.86 2.53 1,730.9 2,616.3 3,986  6,954 0.3 00.15

*AC: Activated Carbon, ZE: Zeolite 5A

Fig. 5. Membrane reactor system.

Fig. 6. Methane conversion profile for Case 1 and Case 2.
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 �B� Z07. õö

÷: product end(z=L)�- ��: ¿�¡; 4�úÅ� MM 34
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Fig. 7. H2 mole fraction profile of PSA inlet and outlet.

Fig. 8. Component mole fraction profile at adsorption step(cyclic steady-
state).

Fig. 9. Component mole fraction profile for one cycle at cyclic steady-state.

Fig. 10. Hydrogen recovery profile.
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A : cross-sectional area of bed, area of the membrane [m2]

b : Langmuir isotherm parameter [mmHg−1]

C : gas-phase concentration [mol/m3]

cp : heat capacity [J/g · K]

dp : particle diameter [m]

D : apparent diffusion coefficient [m2/hr ]

D : bed diameter [m]

Dz : diffusivity [m2/sec]

∆H : heat of adsorption [J/mol]

k : mass-transfer coefficient [sec−1]

Kz : thermal conductivity [J/m · sec · k]

l : membrane thickness [m]

P : pressure in the bed, at each step [Pa]

Patm : Atmospheric Pressure [Pa]

q* : equilibrium adsorbed-phase concentration [mol/g]

q : concentration of adsorbate in solid phase [mol/g]

qs : saturation concentration of adsorbate in solid phase [mol/g]

Q : volume flow-rate [m3/sec]

R : ideal gas constant [m3 · Pa/mol · K]

T : gas-phase temperature [K]

t : time [sec]

U : overall heat transfer coefficient [W/m2 · K]

u : interstitial velocity [m/sec]

y : mole fraction [-]

z : length of the bed [m]

���� ��

ε : porosity [-]

bar

Fig. 11. Hydrogen purity profile.

Fig. 12. Temperature profile in 3-dimensional field for cyclic steady-state.
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00,

 of
ρ : density [g/m3]

µ : gas viscosity [Pa · s]

���

a : adsorbent

AD : adsorption step

b : bed

BD : blow-down step

D : desorption step

g : gas phase

i : component

p : permeation side

RE : repressurization step

r : reaction side

s : particle

t : total bed

����
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