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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.

Key words: Membrane Reactor, PSA, Modeling, Simulation, Hybrid System, Novel Configuration

1

LN B o= g A A5l A 71 T
o) ol AHgH T glov], 53] Mg 55

W

Sok A4H0EY L vEed grYch % WEe AZE 98 2
A B BHASA AREF AL glew Regh 318}, AF, AA A Tl 2 Faf F59 F8 S o S
A ARl 9= SUME T Qe S0l dRRA $4e) A-e & Akele e et At g
NOy, SQ, CO, CQ 59 3] =& WiEs A dezs njefe) & 7188 o] 831 e AL 37 o] 9}
& 77 oA g o) AR e QA SUEsHL v 148 A 2 stjolh. kg =g o83 557

' el e W] WiRoE Wt 3
TTo whom correspondence should be addressed. T G Fat Zele] 28 hedd
E-mail: minoh@hanbat.ac.kr gow Malxom Hia] AAHC e

550

~

Y

lo

o AL 9 S Sl i)

T

o1.
2 %
09;2
i)
i
X0,
lo
=
B

mt ¢y f

mi

rlo

e

o

o 1o

N
Tk
24 o e
S

o_? i
T

o

¢



B ohe Eale dEdon Reldons gelehy wgo] AT &

o= §A Ao R ol o B3| AR, 5357 A

& 279 QL WA e LxolA o] sPsEA Hrky)
FHZ U g 557) A el whe AHES P71

& ARG, 5 Fnf 2 whgrldAle] v 57 AE vhge st
o ARA d7E YA, Xust Froment[5, 6 W+ d}
7 BE 987 (plug flow reactor)e. 22 A-&-ste] 159 A A7}
Hlw, AESIHT) o] 59 Aol o]oiA Barbierk} Di Maio[7}= 273
3 Wiet 57 A g e Sebe-t vk T e A
7l MFE ol & Bof, 3 7k £, T £, &

Q
42 2 H50) UF BHE AT oI5 S5kl G 2

T 2
o
=2
>
(e}
1
[
Mronet
ol
9,

HE JA9 i ForRTE 93]8 HoprA
7t Ao, o] Az Aekge] vt puk 8 -2 &
adia’z[8]2 Pd-Ag ¥} RE-g-71o4] &%, Wh-&-E3} @1t 7
24 & BFH 2 od 7 A iRE WA
A hgolxe] 4 Bl st A2 A

FE e dAgo] uhgr)e] EFAe] e 8kg ufg-
3hH Zghgo] whgre] Aok wE 2= ol ZAl &
) 3T REE fAIE]
& A5, AR wgre] hadhg &

B4
o&@?ﬁ‘—lm
g Z
T

rg:im%jliieﬁr
o of ~
fo ko to fo | 4

O

X2

=) =
AA Aeshs 9AY AgS nsly dAg 2de dAsk] w
$7) oA 9 vled 248 AE8te] RABIHLH, $4E ukEY]
9] & akog dofuhz o 7shg ARt gk o] E o8-8t
] H,O/CH, ¥], &R} 7k& -8 8|2 A &4 9 8-/ A
& wHE 98-S A=A

Az Aok & g e] A AFFEdeld AFaEEdEola

MIKS
CH;. Hi0

CH,, Ha, HoGR CHs Ho HoLH,

—f i, L1 ol 100

= oA ukerlek 34 PSAR AW B3-S Fig. B 7
orsla ofe] gk o] &4 2 AT AME HPTEe
209 Hei o w12 Y e 219 2 IR &

7F PSAR FAE BEF-EoE v o] Xt
HhSRA AL 2719 EEHE o 9kg7] A28 ChoiS{11e] ¢
3 ddpsle] 71% Whgr]o) s YEe W Ae-S 4 & vk
Zlo] B ¥} gl wEb B oM Choig[11)9 28] 2xd
Hetg v ukg7) AlsHle] e} whgte] 5k mdl-g AN
HEREGA W& Jtae F 5EA4EQ fa Yo 1] 9hEEQ]
F57], wlEr Hab A EQ] AAslEA, ofakaleka Fof AdRo] X
L8] FAE FY] 9t 9] Jhie FEAAE A% 97

0|

718 AR F 59 202 FAAE 3 PSAN =YF] a4 7Tt
29tk PSA= ZISH &2, A%, 23] 4= s o] B
EAAA A 99.99%01/F9] AT TS D-g 4 olon, IHA
NA e g W ERIIAE w9 TR AwBAA 98E
A 4 vk

o9} 7he B3 o] o]EA ATE 95, B AylrE 7k 34
of st A& +84 ndg $Hd T FHEAES FABTE BAL
9] A5 1ol vl A3sk) vlnsigloy o) Bale 8 B
D3} T RARY] =S AFETE 45 4 T4 FEky Bl
7|zste] W) NAZRY ere] $AS Ak AA B9kEA
of gt FEE AFstaL ool st TAEARE FasIgeH, o)F 7]
o 2 slo] BAE Pk 93 B AAF 248 &5

2.0 =&

o kg7l Sk FAve] A whge] dols PR Bg B

Produe

vialve 4 | valve 2 P
H

Fig. 1. Hybrid membrane-PSA system.
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Fig. 2. Principle of membrane reforming.

o
ok
2 8

o

LR 8 ol F 2
; et e 9U 55 2
371 WolA] kst 8w} Bk BAIO) Lofeie. }w
AU ATE U AREE PUE 39| 59
JF A2 ko g
o] A2 AA 4@
3 9% @ 4 5 %9 29

o,

rn: FE ri,
)
©
i
2
lo
il
4 e

2
>

Xt Wt o op
o 8
1o
i)
5
Iy
i)
£
oo

g

o
9 8
o)
ofl
tlo
o,
ot
>
)
o
X

e
B e U A=)

o
=

M

o
o,
Ch
e

0
it

o
M
il
fl
o,
i,
N
o
r\q,
ﬁ{z ]

H
ek
A
&
B
Hm
_E
S
_&

re Ao
k)

X
9‘L
X
il
o
iy
®
o
]
i
g@ .
F>
N
ﬂ
Olt
4
OPH P

|

A
‘o o rfg i o

% b
do k1
kD
m

#AA= L}EMVJE}[Z].

F= %( e o= [P, ) INm*/h] @

2 HYxow $o s Bk v w49 v
2 VEelth. BekE e S
Sag ﬁé@ AR 3% B L
1

& 18 ok BefE

o ek qrEe) A uk Fas %zﬂ@% %
|7 FoHg 59 7Holth § volrt, A EA Q] FEHr 2o A
ARH L e FFoMY g S} g £} g7 o) vlwsl
o s oy, A & AR S5 /R 2 ukgv)EY i
Aol % a7dt AT £ B S/ FE Hdd e
o] FAE Fol ACE g ule- §R Bty ©E Al o)
g A7t FHo Eof ulg- EasiAl FE AL givH2).

2-2. PSAZH

B dpels AMgEE 4 PSATAES A A9 AAE] A

o AT B TEEY| FEE YU AL BHOR 5 9O
RS R A, MR ol ol ol2s

olol that o) e
e e FA 5L

g FAA 54 3

7PX1U1?—_ 01

e A5k 28R Fa8 A7) ofgtt. o] A9 the 4d9 §3
A FAS T FAGS AT F Qou), FAuEFH £ o
B8 AT 1 ool A 20 HE FHAE SN

ol r
o }ll
O—r‘
Eloll

3 2292 AR Zlo] Mg A s, §2A

10+
II

8 1 o
—_ I . Repressurization
S 5l : " II. Adsorption
qs’ III. Blow-down
g 44 IV. Desorption
o

21 A%

0

0 10 20 30 40 50 60 70 80 90 100
Time [sec]
Fig. 3. Pressure history in the bed for the layered PSA process.
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Fig. 4. Flow direction in the bed for the PSA process.
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1
LA 7 Physical properties of bed and adsorbent

! P AC layer ZE layer
DZ6C.(Z) = £,u(0) I:E/RE_OJ RE_O—Ci(L)H @2=0 (7a) y y
0z Bed length (cm) 5
PO = P -0 b Bed inner dia. (cm) 1
(0= Preo @z= (7b) Bed density (glc) 544 691
aC,(L) Bed porosity 0.36 0.36
T =0 @z=L (7c) Particle density (g/cBy 850 1,080
Heat capacity of adsorbent  (cé@#({y 6.590 6.904
gyu(L) =0 @z=L (7d) *AC: Activated carbon, ZE: Zeolite 5A
Table 1. Operating sequence for valves
STEP Valve 1 Valve 2 Valve 3-R Valve 3-P Valve 4
| Open Close Close Close Close
Il Open Open Close Close Close Product
1 Close Close Open Close Close Recycle
v Close Close Close Open Open Purge

HWAHAK KONGHAK Vol. 40, No. 5, October, 2002



554 HA - ol5E -

¢ W . Axgel

- [=e)

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

c ) g ,x10%mol/g] a K] b; (x10°[1/mmHg] R ,IK] -AH,[cal/mol] k[1/sec]
omponen : : ’ ’
P ZE AC ZE AC ZE AC ZE AC ZE AC ZE
CH, -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
Co, -14.2 2.09 6.63 0.63 33.03 0.67 1,496.6 3,994.3 6,112 12,128 0.1 0.1
H, 4.32 1.24 0.0 0.36 6.72 2.20 850.5 1,159.3 1,879 1,486 1.0 1.0
Cco 0.92 -0.58 0.52 0.83 7.86 2.53 1,730.9 2,616.3 3,986 6,954 0.3 0.15
*AC: Activated Carbon, ZE: Zeolite 5A
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Fig. 5. Membrane reactor system.
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A : cross-sectional area of bed, area of the membrafie [m
b : Langmuir isotherm parameter [mmHpg
C : gas-phase concentration [mof]m
Cp : heat capacity [J/g - K]
d, : particle diameter [m]
D : apparent diffusion coefficient [ihr./bar]
D : bed diameter [m]
D, : diffusivity [m¥sec]
AH : heat of adsorption [J/mol]
k : mass-transfer coefficient [séE
K, : thermal conductivity [J/m - sec - K]
| : membrane thickness [m]
P : pressure in the bed, at each step [Pa]

=4 Pam - Atmospheric Pressure [Pa]

T q* : equilibrium adsorbed-phase concentrafioml/g]
4-2-3.5% 9 F4E vl q : concentration of adsorbate in solid phase [mol/g]
Fig. 1014w PSAZA S BFddA AN E2td 738 v gk 0 : saturation concentration of adsorbate in solid pfrast/g]

$712 Aes AL W} AFIR| Bokg A 49 HFEE A Q : volume flow-rate [rfsec]
7l e 3] e JERAT) 27 2007 e B 5488 R : ideal gas constant fiPa/mol - K]
Hol7 9lon}, I Fele Aad Aol & 3488 Ho|W glon F T : gas-phase temperature [K]
714 Aol o] 232 wj(¢F 1,300%)0 A 0.695,H]58H2] t : time [sec]
739 0.63£ A8 oF 9.6% 71 /18-S & 4 vk Fig. 11 u : overall heat transfer coefficient [W#mK]
& AsgAY vlegdAANA Y] 4 S eI F A 25 u : interstitial velocity [m/sec]
o 9o} F48) EE 99.999% UENGoH Awgke] ASdE &= y : mole fraction [-]
=9 o}f-#H EAV gl Zlo® Vet z : length of the bed [m]
4-2-4. AT S Lr=Hs)
Fig. 12= F&EelM e 2=H31E 33k F bl vrehisiet. 2+ Jzjola =X}
zhe] A whe} 7i2AkEe] FAA F3 9 eI AXEA € : porosity [-]
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p : density [g/m]
1] : gas viscosity [Pa - s]
=Ry
a : adsorbent
AD  : adsorption step
b : bed
BD : blow-down step
: desorption step
g . gas phase
: component
p : permeation side
RE : repressurization step
: reaction side
: particle
: total bed
EHozsl
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