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Abstract— The separation of H,/CO mixture by pressure swing adsorption(PSA) process packed by SA zeolite was stu-
died experimentally and theoretically, and the both results were compared. To study the PSA process, adsorption equilibrium
for the H,/CO mixture, adsorption rates, and breakthrough curves were studied. Based on these results, the PSA process was
analysed numerically by the model using the linear driving force(LDF) model and the overall heat transfer coefficient, and
compared with experimental results. The breakthrough curves showed mostly to be almost symmetrical, and the movement
of mass transfer zone(MTZ) was found to follow the proportionate pattern behavior. Lengths and rates of movement of
MTZ calculated by new definition for bulk separation were 14.50-51.46 cm and 0.25-0.62 cm/s, respectively. The results of
a four-step PSA process consisting of pressurization, adsorption, countercurrent depressurization and purge, were compared
with those of the five-step PSA process with additional cocurrent depressurization following adsorption. The five-step PSA
process showed improvement in the purity and recovery of CO, while the recovery of H; was decreased. The maximum tem-
perature variation(AT) in the adsorption column(inside diameter of 2.2 cm) was found to be about 7.5°C, and the theoretical
results based on the overall heat transfer coefficient predicted the thermal behavior of the column quite well. Since the
desorption of CO in the purge step was found to be rather slow, a plenty of purge gas and long purge time was needed to
regenerate the column. Finally, it was found that the numerical model provides a reasonable prediction of adsorption /desorp-
tion dynamics of the column and PSA process performances.
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Table 1. The properties of single gases and their mixture

Single gases CO H,
Molecular weight 28 2
Kinetic diameter[A] 3.76 2.89
Critical properties
TJ[K] 132.9 332
P [atm] 35.0 12.8
V Jem®*/mol] 923 64.3
Z[-] 0.295 0.305
Molar volume at n.b.p., V,,[cm’/mol} 33.0 22.6
Normal boiling temperature, T,,[K] 81.7 20.3
*Compressibility factor, Z 0.9968  1.0006
Acentric factor, ® 0.049 0.22
Polarizability] x 10 ¥ ¢m’] 19.5 7.9
Quadrupole moment[x 10 *esu-cm’] 2.50 0.66
*Heat capacity, C,[cal/g K] 0.249 4432
Isosteric heat of adsorption(avg.) 5.4 28

on zeolite 5Afkcal/mol]
Mixture(H, : CO=70:30) at 293.15 K, 11 atm
**Heat capacity, C,(cal/mol-K) 6.975
Thermal conductivity, k,(cal/cm-s) 3.176E-4
*at 300 K and 11 atm.
**Calculated from the mixing rule and C,, = Cp +(AC,, YO -~ @(AC,, YV

Table 2. Characteristics of adsorbent and adsorption bed

Adsorbent
Form zeolite 5A(sphere, C-521)
Nominal pellet size 4-8 mesh
Average pellet size R,=1.57{mm]
Pellet density p,,=1.16[g/cm3]
intracrystal void fraction £=0.29[ ]
*Macropore void fraction £,=0.36[ - ]

*Average macropore radius R,=986[A]
Heat capacity C,=0.22[cal/g-K]
Weight fraction of crystals w=0.83[ - ]

Adsorption bed

**Internal heat transfer coefficient
Thermal conductivity
***External heat transfer coefficient
Inside radius
Qutside radius
Wall thickness

h,=6.198E-4[cal/cm’ k- s]
k,=0.03824[cal/cm -k -s)
h,=1.663E-4[cal/cm” k5]

Re=1.1{cm}
Rg,=1.275[cm}
x,=0.175{cm}

Bed length L=100{cm]

Wall heat capacity C,.=0.12[cal/g k]

Bulk(bed) density ps=0.795[g/em’}

External(interpellet) void fraction — a=0.315[ -]

Total void fraction o'=0.76] - |

*These values were obtained from mercury porosimetry
w1 1

h, h, h
where, h,_, = ke s £::S*—().lRe,,, Pr
RB kg

Nu,,, =

«D ,
2~ 1.6Rep Prd

.4

***Griffiths & Davis Eq.: h, =0.5(AT,/Do)*¥, AT,[F] Dolin.]=2R,,

A} of] 4 A % (thermocouple)s A3l dle] 712Aol o)) Lo g
7] 25 E% stol o], EAMEe)oll 247 (pressure transducer)s-
Azste] sfee] WistE A7ke wet 7|83k g siich A3 o
FAAY A AFF A E A2 (2010504 FHYH LS 6-16
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Fig. 1. Schematic diagram of apparatus for pressure swing ad-
sorption process.

1. Feed gas cylinder 9. B.PR.

2. Pressure regulator 10. Wet gas meter

3. Flowmeter 11. Sampling port

4. Pressure gauge 12. Thermocouple

S. Needle valve 13. Pressure transducer
6. Adsorption bed 14. Vacuum pump

7. Purge gas cylinder 15. Recorder

8. Solenoid valve
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T T {
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PRESS ADS CO-DE CO-BD PURGE
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T ) 23 L
feed feed product 2 product 2

I I mi v v

Pressure

Time

Fig. 2. Cyclic flow directions and pressure history of typical five
steps for PSA process.
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Amount adsorbed, [mmol/g]

OOO;?/ H | 1 L | 1

0 5 10 15 20 25 30 35
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Fig. 3. Equilibrium adsorption for pure H, gas on zeolite SA.
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Amount adsorbed, [mmol/g]
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Fig. 4. Equilibriumn adsorption for pure CO gas on zeolite 5A.
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Table 3. LRC parameter values correlated with temperature

CO H,
q=k+k,T k,=5.051, k,=—9.054E-3 k,=4.314, k,=- 1.060E-2
B=k, exp (k,/ T)k,=1.137E-3, k,=1.617E+3 k,=2.515E-3, k,=4.582E+2
n=ks+k,/ T k;=0.5245, k,=2.565E+2 k,=0.9860, k=4.303E+1
4= [mmol/g}, B=[1/atm], n,;=[ -], k,=[mmol/g], k,=[mmol/g K], k,
=[1/atm], k=[K], k=[], k=[K]

Table 4. Rate of movement and length of main mass transfer zone
(MTZ) by breakthrough experiment

6 atm, 11 atm, 16 atm, 16 atm, 16 atm,
2 LSTP/ 2 LSTP/ 2 LSTP/ 3 LSTP/ 4 LSTP/
min min min min min
Superficial 1.57 0.86 0.59 0.88 1.18
feed velocity
(cnvs)
Rate of 0.36 0.27 0.25 0.41 0.62
movement of
MTZ(cm/s)
Length of 29.88 17.01 14.50 29.11 51.46
MTZ(cm)
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BAR v E4E Lol s XA ok AdE 23S
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3 F3g ol Tdshs Al7bo] ¥ go] a7 Aol FH dge
2 alasd, f5o] gdAstm ghe) E713 A% F MTZ7L #
ofA v 012 ¥ Axbe FHEGEI) 2olA 28 M FAA RiFte]
HE22A 7S A sho] SAADHNA ) ot F2ape F74
717] wfj-F-olct.

4-3. PSA ZHHM U Ms

PSA 3 2] FAl-S pressurization, adsorption, “12] 3. depressuri-
zation AS A4 o2 pgshy], TAFTE 918 purge DAl
pressure equalization ©HAlE ©413}7| 5 ghr}[4,28,34]. ¥ A ol 4]
L chalgtol ofsl ZhshtAl (step 1, 60 s), F-2FdAl(step 11, 180 s), &
E7rebA (step 1V, 90 sy 23] 2 A 3}tAl(step V, 120 s)& FAH
44 ZAHQA cycle A QA7H=450 sy 7IgFHA|(60 ), FAA
(180 ), WE-7abtA (step 111, 60 s), FF2bA(90 5), 28l A
BdAI(120 5)E FAR Sk TAHAE(A cycle 28 A7=510 s)&
stdct. ZiskdAlel B Belslmal she TEE(feed) 2 7IRISHA
on, AatAAE £ oAl E o] 83kt

S #ANE 1Este] HyCO 7|4 #e & 1% PSA A
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Fig. 5. Bulk gas phase H, concentration predicted by Glueckauf
LDF model at the end of different steps of run F in a steady
state[(A) pressurization step, (B) adsorption step, (C) co-
current depressurization step].
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Fig. 6. Bulk gas phase H, concentration predicted by Glueckauf
LDF model at the end of different steps of run F in a steady
state[(D) countercurrent blowdown step, (E) purge step].
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Fig. 7. Interstitial velocity distribution predicted by Glueckauf LDF
model for each step of run F in a steady state[(A) pres-
surization step, (B) adsorption step, (C) cocurrent depres-
surization step].
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Fig. 8. Interstitial velocity distribution predicted by Glueckauf LDF
model for each step of run F in a steady state[(D) coun-
tercurrent blowdown step, (E) purge step].
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experimental, ---; simulated).
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Glueckauf LDF model.

Table 5. Experimental and simulated results for four-step PSA processes
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Fig. 11. Steady state results of four-step PSA separation with dif-
ferent P/F ratio(experimental; symbols, simulated; lines).

adsorption pressure=11 atm,

feed/cycle==10.13 LSTP,

feed rate=2 LSTP/min

Run no. A B C D
Purge rate(mLSTP/min) 100 256 504 -
P/F ratio 0.020 0.051 0.099 0.000

Step purity(H, %)

Overall performance

*H, purity for
step II only

*CO purity for
step IV & V

step 11=94.37(90.4)
step [V=50.64(51.77)
step V=33.03(11.74)

H,=94.37(90.94)
C0=52.39(64.15)

H,=62.66(65.32)
C0=96.20(92.68)

primary=492
secondary=5.58

step 11=97.00(93.69)
step 1V=54.14(52.06)
step V=37.83(15.86)

H,=97.00(93.69)
C0=49.59(64.10)

Purity(%)

step 11=99.79(96.19)
step IV=50.40(52.43)
step V=54.59(21.97)

H,=99.79(96.19)
C0=48.37(62.68)

Recovery(%)

H,=57.49(67.44)
C0=95.46(97.80)

H,=50.81(70.71)
C0=97.09(99.95)

Product amount(LSTP)

primary=4.73
secondary=5.85

primary=4.62
secondary=6.10

step 11=86.21(87.35)
step [V=38.14(47.25)
step V= - ()

H,=86.21(87.35)
CO=61.86(52.75)

H,=61.64(63.82)
CO=82.11(79.41)

primary=5.07
secondary=4.82

( ); simulated resuits
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Fig. 12. Steady state results of five-step PSA separation with dif-
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Table 6. Experimental and simulated results for five-step PSA processes
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she A gAle] da 4 FRAT R o B dlEetn
SRR
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gl aghA FAge] felstd e,
358712 E§sled waig B9 suiA Ao o) £& ARE B

2oz PSA AN WHATS) A3 WA s 43b]
A o] k& B8l ozx A x(purge extentyE Fo]x glch 2y
FU% Z7hol Slal SIS w57 oA %
wshe 7o) GHal % golch.

FA-E A (run ESE run Gyell chs] A AakelollA] A

adsorption pressure=11 atm,

feed/cycle=10.13 LSTP,

feed rate=2 LSTP/min

Run no. E
Purge rate(mLSTP/min) 100
P/F ratio 0.020

Step purity(H, %) step 11=96.20(91.49)
step 111=89.96(88.64)
step TV=48.83(40.72)

step V=25.78(8.10)

Overall performance H,=95.29(91.28)
C0=56.88(68.33)
*H, purity for

step Il & i H,=74.72(69.99)
C0=83.19(80.57)
*CO purity for

step IV & V primary=5.77

secondary=4.72

F

256

0.051

step [1=96.40(94.28)
step 111=89.93(91.06)
step 1V=41.26(41.29)
step V=35.82(41.29)

G

504

0.099

step 11=97.74(96.73)
step 111=93.47(94.02)
step IV=48.67(41.95)
step V=43.57(23.47)

Purity(%)

H,=95.53(94.05)
C0=54.34(67.96)

H,=97.09(96.54)
CO=53.20(65.91)

Recovery(%)

H,=67.56(72.03)
CO=88.34(88.23)

H,=65.35(75.23)
C0=94.08(94.98)

Product amount(LSTP)

primary=5.55
secondary=5.19

primary=5.81
secondary=5.66

H

0.000

step 11=84.19(87.24)
step 11=82.27(85.96)
step 1V=36.68(41.04)
step V= - (-)

H,=83.91(87.15)
C0=63.32(58.96)

H,=70.29(68.61)
CO=77.09(77.40)

primary=5.94
secondary=3.70

( ); simulated results
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o} 95% o|Ato B §& Y 4 gldch ol AspdAM &

22 A8k CO 7AS) LSS A 122)7] witelu, of
S} 2o A PSA A FARAG) ShFslo] $RBel FHE

v 2 A ¥lch Knaebel 5[33]e] N./O;-zeolite 4AA| |4 &halgl 7] A
H 2 Az A g ol om FANE AN dalMe P
Fu)E F71A1715 7 ol 2ol 388 B 8hA)ate] 275t

5. & =
A& zeolite SA F&Aol 23 HyCO E3}7|4|(70:30 vol%)E
Belalr] $1g Fatetel ] sy, PSA FA A Y, 2] LDF
3ol o3k mapedp R e chgah & 2EE dgch

() 8% 4%59(MT'Z)4 o] T2 nlHl M AFE vl HA R

z] 9] A RE- A sldel 9g B Ale] 2AER7Is ol A
MTZZ 3} o] % ;LE: 7}7}+ 14.50-51.46 cm} 0.25-0.62 cm/so) i}

(2) 4570 = 524 PSA TSI PFNIZE Z14kel wet Byl 4]
o s} Co7l e 3448 Zoteladeh. sk WRARIA S
QU3 S| THE 4sA) Bl ulsl ool HEEE 10% o4
Frkstel e, CO7IA e ANEFE 94 Friske Aabs Jehd
ct

(3) £BHAASE £ 4 TAHE PSA FAHACIY L5)
Hg sl fAlsAl ol Ssigi, Askeblela COTIAIY A ¢
EHH“ FE A3 Ao R "‘ ofuiz} dAelate] At
FaWsz gl

(@) atAls} sl PAE PSA A FAHRALE S8 2 Al
Sl SR U $SEE 5o FEH A8 %A 4 Qe
E’% __1«14/%3‘:..0“ _461— 24&]-2—101 736\:__ aq]-;o:n]— _/75 QJ‘%{E]»

AIZ712
B : Langmuir constant {1/atm]
C,.. C,, C,.:gas, pellet, and wall heat capacity, respectively [cal/g-
K]
D, s effective diffusivity in zeolite pellet defined by solid dif-

fusion model [cm’/s]

D, D,, D, : inside, outside, and logarithmic mean diameter of the bed,
respectively [cm]

h, h, :heat rransfer coefficient for inside and outside of bed,
respectively [cal/em’ K s

k,, k. :thermal conductivity of gas mixture and wall, respectively

[cal/em-K-s]

: proportionality parameter [-]

: bed length [cm]

- no. of ¢xperimental points

: tota] pressure [atm}

: critical pressure [atm]

£ WU Z O R

q"  :amount adsorbed and equilibrium amount adsorbed, respec-
tively [mol/g]

Q » isosteric heat of adsorption [kcal/mol]

T : radial distant in zeolite pellet [cm]

R : gas constant [cal/mol- K]

R

. .
. : average macropore diameter [A]

B18t29 H343 H3& 19%6H 63

- oaped -

ol%al - ol

R, : radius of pellet [cm]
: inside and outside radius of the bed, respectively [cm]
S, : overall rate of sorption per unit volume of the bed [mole/
cm’-s]
: time [s} or [min]
: pellet or bed temperature [K]
. : critical temperature [K]
o : ambient temperature [K]
W : wall temperature [K]
: superficial velocity [cm/s]
U, : overall heat transfer coefficient based on inside area of the
bed [cal/cm’ K -s]

v : amount adsorbed in volume(STP) [cm’/g]

V. : critical molar volume [Cm“/mol]

X : mole fraction of component i in adsorbed phase {-]
X, : thickness of the wall [cm]

¥ : mole fraction of species i [-]

z : axial distance in bed from the inlet [cm]

Z : compressibility factor or dimensionless bed length [-]
a2|olA 2Rt

o, o' interpellet and total void fraction, respectively [-]

£, €, :macropore and pellet void fraction, respectively [-]

6, 0, :time to breakthrough and bed exhaustion [s]

6, : half cycle time [-]

P Ppr Pa: gas density, pellet density and bulk density, respectively
[g/em’]

® : acentric factor [-]

Sl&x}

i,j, k :component i, j, k

m : mixture

0 : inlet or external position

oFx}

ADS  : Adsorption Step

CO-BD : Countercurrent Blowdown Step
CO-DE : Cocurrent Depressurization Step
FCS : Flux Carrected Scheme

G.C.  : Gas Chromatography

LDF  : Linear Driving Force

LRC : Loading Ratio Correlation

LSTP : Liter at Standard Temperature(273.15 K) and Pressure(1 atm)
MTZ : Mass Transfer Zone

P/F : Purge amount/Feed amount

PRESS : Pressurization Step

PSA  : Pressure Swing Adsorption
PURGE : Purge Step

T.CD.
T.G.A. : Thermal Gravimetric Analyzer
W-VSM : Wilson-Vacancy Solution Model

#nEZ8

: Thermal Conductivity Detector
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