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Abstract. The backfill cycle of two-bed PSA process using activated carbon beds, zeolite 5A beds, and layered
beds was studied experimentally and theoretically to recover high pusifyokh coke oven gas. In a layered bed

PSA, acomparison was made between two PSA processes with/without a backfill step before the feed pressurization
step. Since the backfill step made the adsorption bed richyiantd this led to a rather steep concentration wave

front at the feed pressurization step, incorporating a backfill step resulted in an increase in product purity with a
decrease in recovery. Each step of the single-adsorbent and layered bed PSA processes with a backfill step was
simulated with a dynamic model incorporating mass, energy, and momentum balances. The model agreed well with
the experimental results in predicting the produgtddrity and recovery, thus giving a basic understanding of the

bed dynamics of a backfill cycle. While the concentration and temperature profiles of a layered bed in each step
showed characteristic behavior of each adsorbent in each layer, the product purity of a layered bed was not between
the limits of two single-adsorbent bed processes. The concentration profiles predicted by simulation showed that
CO and N played an important role in obtaining high idurity.

Keywords: backfill step, single-adsorbent bed, layered bed, coke oven g&SH

Introduction equalizations, product pressurization, backfill, and lay-
ered adsorption beds.

There has been a tremendous growth in pressure swing When only one gas component is being recovered,
adsorption (PSA) during the past three decades throughcommercial units favor the backfill step to supplement
the modification of established processes and the de-the feed gas mixture. This is because it is a much sim-
velopment of new adsorbents. Thus, PSA is currently plerand cheaper process than using a portion of product
used to separate a wide range of gas mixtures, andgas. However, to obtain a high purity product, the back-
the largest plants are those built fop Idurification. fill step involves the pressurization of the adsorption
In the H, PSA process, many versions of the pro- bed with the product in a direction opposite to that of
cess incorporating three to twelve adsorption beds hadthe feed gas mixture. Skarstrom (1963) used the prod-
been developed for 99.99-99.9999% plrity with uct to repressurize the bed in a PSA process separating
70-90% recovery (Yang, 1987; Ruthven et al., 1994). H, from hydrocarbons using activated carbon. Kirkby
The high purity and recovery of the,HPSA processes  and Kenney (1987) carried out equilibrium modeling
are largely due to the innovative and effective operation and experimental studies on the backfill step showing
of multibed PSA processes including several pressure that there was no clear optimum backfill pressure above
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0.53 ratio of the backfill pressure to feed pressure. They each step in these three different beds was also com-
also pointed out that the simultaneous use of the backfill pared through model simulation.

and purge steps gave high product recovery and purity.

This indicates that it would therefore be possible for
the backfill step to maintain product purity and recov-
ery when pressurization and product release steps ar
combined. The backfill step with a light product in a
zeolite 5A oxygen PSA process under the isothermal
condition was studied by Liow and Kenney (1990).
In their study, the effect of the backfill pressure rang-
ing from purge pressure to adsorption pressure was
investigated by a two-bed PSA process without pres-
sure equalization and purge steps. This study showed
that, after a rapid increase of oxygen concentration with
increasing backfill pressure, the oxygen concentration
does not vary much with backfill pressure. This backfill
step or product pressurization step has commercially
been used to increase product purity (Chou and Huang,
1994).

PSA Process Description

®wo kinds of PSA processes with/without a backfill
step were employed to obtain high purity hydrogen
from COG. A typical six-step two-bed PSA process
goes through the following steps: (l) feed pressuriza-
tion (FP), (I1) high-pressure adsorption (AD), (Ill) de-
pressurizing pressure equalization (DPE), (IV) coun-
tercurrent depressurization (DP), (V) purge with a light
product (PG), and (VI) pressurizing pressure equaliza-
tion (PPE). The cycle sequence for the six-step process
and a simple flow diagram were illustrated in Fig. 1(a).
This PSA process was described elsewhere in detalil
(Yang et al., 1997a).

The other PSA process incorporated a backfill step

The important characteristic of the,HPSA pro- .(BF.) asthe Seven thstepinto the above process as shown
. ; .. inFig. 1(b). In this process, the feed pressurization step
cess is that many different adsorbents are used either s . . o
. . . was divided into backfill and feed pressurization steps.
through using multiple-layered beds or through incor-

porating two groups of adsorption beds with different During the backiill step, the adsorption bed was pres-

. : surized with a part of a light product from a product
adsorbents. The typical layered beds used in commer- :
. . tank. And the backfill pressure was done up to the aver-
cial H, PSA have a carbon layer and a zeolite layer,

: age pressure of the final pressure of pressure equaliza-
while a guard layer can also be located under the car- _; ; :
. : . .. tion step and the adsorption pressure. According to the
bon layer in order to prevent the detrimental impurities . S
. . pressurization method used in this PSA process, the bed
from entering the main bed. Recently, Yang and Lee : .
. . ; is pressurized by a three-staged pressurization (pressur-
(1998) studied the adsorption dynamics of a layered .”. o )
. izing pressure equalization, backfill, and feed pressur-
bed using coke oven gas (COG) through breakthrough .~ _ ;
) ) . ization) like the four-bed PSA process (Kumar, 1994).
experiments and non-isothermal dynamic model. Al- The effluent in step |1 the high-pressure adsorotion
though the initial conditions were different, Yang et al. b gn-p P

(1998) also pointed out that the concentration profiles step, was a high-purity iproduct. The product pu-
in the layered bed PSA were very similar to those of rity and recovery of alight component were used when

) L separation performance of the two processes was com-
the breakthrough experiments. However, in spite of the ared. The step times of the two processes are also
wide utilization of a layered bed with a backfill step P ' P P

. . shown in Fig. 1. The combined step time of backfill
in @ commercial 4 PSA, there are very few works and feed pressurization in the seven-step PSA process
which have studied the influence of the backfill step in P P P

alayered bed PSA was set equal to the step time of feed pressurization in
Inthis study, the two-bed PSA process for high purity the six-step PSA process so that two different PSA pro-

H, recovery from COG which consists 06HCH,, CO., cesses hgd an |de_nt|cal total cycle tlme._The pressure

. . . equalization step time, 20 s, was determined from the
CO,, and N was studied experimentally and theoreti- .

. previous work (Yang et al., 1997a).

cally. By using alayered bed, a seven-step PSA process
with a backfill step was compared with a conventional
six-step PSA process without a backfill step. The ex- Mathematical Modeling
perimental results were analyzed numerically by using
a non-isothermal dynamic model incorporating mass, A mathematical modelincluding mass, energy, and mo-
energy, and momentum balances. Furthermore, to un-mentum balances was constructed to develop a com-
derstand the role of the backfill step in single-adsorbent plete non-isothermal PSA model with the following
and layered PSA processes, the dynamic behavior ofassumptions: (i) the flow pattern is described by the
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Feed \Ifc_nt> Tﬂ; Feed
BED 1
g;duct gduct
BED 2
Vet Feed Feed Vent
BED 1 AD(180) DPE(20) DP(8) PG(180) PPE(20) FP(8)
BED 2 PG(180) PPE(20) FP(8) AD(180) DPE(20) DP(8)
(a)
Feed \,/g \,Ie_nt> Feed
BED 1
Pgoduct \L Pmd_“:l’: IFPEOdUCt Eoduct
BED 2
Vent Feed Feed Vent
BED 1 AD(180 s)| DPE(20 s DP(8 s) PG(180s)| PPE(20 s) BF(4s)| FP(4s)
BED 2 PG(180 s)| PPE(20s)] BF(4 s) | FP(4s) | AD(180s)] DPE(20 s DP(8 s)

(b)

AD, adsorption ; DPE , depressurizing pressure equalization ; DP , depressurization ;
PG . purge : PPE , pressurizing pressure equalization ; BF . backfill ; FP . feed pressurization

Figure L  Flow diagrams and cycle sequences of (a) a six-step and (b) a seven-step processes. (values in the parenthesis are step times.)
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axially dispersed plug flow model, (ii) thermal equi- The Ergun’s equation was applied to the pressure
librium is assumed between fluid and particles, (iii) drop across the bed (Lu etal., 1993; Alpay et al., 1993;
the mass transfer rate is represented by a linear driv- Yang et al., 1998).

ing force (LDF) model, (iv) the gas phase behaves as

an ideal gas mixture, and (v) radial concentration and _a@r = auv + bpv|v| (5a)
temperature gradients are negligible. z

The material balance for the bulk phase in the ad- _150(1-¢)? b1 75(1 — &) (5b)
sorption column and the overall mass balance could be B 4Rs &% T T 2Rye3

represented as follows: _ o _
wherev is superficial velocity.

_ ﬂ dyi  dyi  RT1l-—¢ The sorption rate into the adsorbent pellet was de-
L2 ot 0z P ¢ Pr scribed by the following LDF model with a single
_ nooas lumped mass transfer parameter,(Ruthven et al.,
x (ﬂ — Vi Z aﬂ) -0 1) 1994; Hartzog and Sircar, 1995).
ot 4 ot
i=1 _
aq; . =
92P 9P _ou 9P ot — @@ -a) ©
DL+ ——+P—-+u—
0z2 ot 9z "oz The equilibrium of mixtures was predicted by fol-
92 1 9 /1 9 /1 lowing the extended Langmuir-Freundlich model:
+PT|-DL— —| = u—| =
072 at\T 9z R ph
g =—mBA (7a)
I — 7~ b ph
0 (1)oP 1- 0 1+>7 ,BjP’
—-D.T— RT = I= !
L az<T> 0z e — Z ke
®) On=ki+kT, B=ke“T, n=k+=
(7b)

The energy balance for gas and solid phases was
given by The axial dispersion coefficier,, in Egs. (1) and

(2) was calculated by a Wakao equation using inter-
stitial feed velocity at the adsorption pressure and this
constant value was used for all the steps (Wakao and
Funazkri, 1978; Ruthven, 1984):

D, 20
2u F?p ReSc

3°T aT
_KLF + (Olpg(cp)g + o8 (Cp)s)_

Gle]
+ Pg(cp)ggu —rB Z Ql q

2h; + 05 (8)

+_(T_TW)=O (3)
Re The effective axial thermal conductivityK,, in

whereK, is the effective axial thermal conductivity —Ed. (3) was estimated by the following empirical cor-

(Suzuki, 1990). relation (Suzuki, 1990).

Due to the small diameter of the adsorption bed used
inthe present study, another energy balance for the wall KL/kg = Kio/kg + SPrRe (92)
of the adsorption bed was used. However, the axial 1—s
conductivity in the stainless steel wall was neglected Kio/kg = ¢+ W)(kg/k) (9b)
because the wall axial conduction in this study was not s
significant in comparison with the heat amount caused —0.26
by the heat of adsorption: ¢ =2+ (¢ - ¢2)( 0.216 >

9Ty for 0.260< ¢ <0.476 (9c)
:OW(Cp)WAw = 2 Rgi i (T — Tw)

_ ZnRsoho(Tw . (4a) The well-known Danckwerts boundary conditions
were applied to the steps which had influent streams.
Ay = n(Réo — Rél) (4b) The boundary conditions and parameters used in the
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PSA simulation were the same as the previous work Table 1 Characteristics of the adsorption bed and adsorbents.

(Yang and Lee, 1998). Activated carbon bed ~ Zeolite 5A bed
To develop a mathematical model for a layered bed

PSA process, the layered adsorption bed packed with Adsorption bed

zeolite 5A and activated carbon was assumed to be Length 100 cm 100 cm
made of two independent beds with a single adsorbent Inside diameter 3.71cm 3.71cm
in each bed. To express a packing ratio, the so-called outside diameter 4.245 cm 4.245 cm
carbon ratio was defined as a ratio of the activated Heat capacity of wall 0.12 cali(g K) 0.12 cal/(g K)
carbon layer length to bed length. This mathematical gy (bed) density 0.482 g/cin 0.764 glcrd
model and numerical simulation for a layered bed PSA £, cnal void fraction 0.433 0.357
process were described elsewhere in details (Yang and Total void fraction 0.78 0.77
Lee, 1998).

Adsorbents

Pellet size 4-8 mesh 6-16 mesh
Experimental Study Pellet density 0.85 g/cin 1.16 glen?

Heat capacity 0.25 cal/(g K) 0.22 cal/(g K)

The two-bed PSA system used in the present study,
as shown in Fig. 2, consisted of two stainless steel
columns of 100 cm in length and 3.71 cm in ID. The tween two layers. The characteristics of the adsorption
feed gas used as COG was thg (36.4 vol%) mix- bed and adsorbents are listed in Table 1.

ture gas with CH (26.6 vol%), CO (8.4 vol%), N Feed and purge flow rates were controlled by mass
(5.5 vol%), and CQ (3.1 vol%). Zeolite 5A is almost ~ flow controllers (Bronkhorst high-tech, F-201C). To
saturated with C@at low pressure, indicatingthat GO calculate the recovery accurately, the amount of gas
is very difficult to desorb and thus gives a detrimen- flowing into and out of the PSA system were mea-
tal effect on zeolite 5A. In the feed gas, the activated sured with a mass flow meter (Bronkhorst high-tech,
carbon shows larger adsorption capacity based on theF-112ac-HA-55-V) and a wet gas meter (Shinagawa,
unit mass of the adsorbent than zeolite 5A except N W-NK-1B). The system was fully controlled by in-
gas. Therefore, in a layered bed, the activated carbonterfacing with a personal computer (PC) and a self-
(PCB: 6-16 mesh, Calgon Carbon Co.) was packed at made control program. All the measured data including
the bottom of the column. On top of the carbon layer, flow rate, pressure, and temperature were saved on the
zeolite 5A (4-8 mesh, W.R. Grace Co.) was packed computer through an AD converter. Gas samples taken
after putting a metal screen with 0.3 mm thickness be- from the product tank were analyzed mainly by us-
ing a mass spectrometer (Balzers, QME 200) and these
samples were also confirmed by GC (HP, GC 5890 1)

e ' using carboxen 1004 micropacked column supplied by
I 1] Supelco,
DTSSRl BN The details are described in the previous work (Yang
sPR(’% and Lee, 1998).
?ee: RTD
" Xj RTD Results and Discussion
RTD
RTD Effect of Backfill Step in a Layered Bed
MFM OJPT Product
Feed g:] Y o As mentioned in the PSA process description, two

kinds of layered bed PSA processes were examined in

Wet gas meter

o o T vent the present study. A major difference between two pro-
MFC : Mass Flow Controller MEM : Mass Flow Meter cesses was the pressurization method up to the adsorp-
PT : Pressure Transducer BPR : Back Pressure Regulator tion pressure. In the conventional six-step two-bed PSA
RTD : Resi Te »] CV : Check Valve

process (Fig. 1(a)), the adsorption bed was pressurized
Figure 2 Schematic diagram of a two-bed PSA system. through a two-staged pressurization, which was feed
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pressurization after the pressurizing pressure equaliza- 101
tion step (Yang et al., 1997a, 1997b). It is well known 100 -
that light product pressurization improves light prod- 99 -
uct purity and the purity of heavy product can be ele- & 98 |-
vated by employing a cocurrent depressurization and/or 2; 97
a heavy product rinse step. This implies that product ‘g 96 —
purity is affected mainly by a cyclic step as wellas & 95 —
operating conditions. Therefore, to improve product 94
purity by using two adsorption beds, the backfill step 93 -
was employed (Fig. 1(b)). 92
The effects of feed rate on product purity and re- 85 (b)
covery in two different PSA processes are shown in 80 '
Fig. 3(a) and (b). All the experimental and simulated &
results were obtained at 11 atm adsorption pressure anc s 75
0.7 LSTP/min purge rate using a layered bed with0.35 2 70 -
carbon ratio. The results showed that the seven-step 8 65
PSA process was better than the six-step PSA process @
with respect to product purity. However, as for product 60 -
purity, the seven-step process began to lose its advan- 55 ' ' ' ' ' '
tage at low feed rate. The reason was that, even in the 5 6 7 8 9 10 11 12
six-step PSA process, the product end section was kept Feed rate (L/min)

clean in the range of low feed rate by keeping the con-

centration wave fronts far from the product end. Conse- f 270

quently, the need to make the productend sectionclean § o409 |- — _ (©
by a countercurrent backfill was reduced. For recovery, ‘g \\5\\\\

the seven-step process was worse than the six-step pro § 210 - \\\\

cess under the flow rate below 10 LSTP/min becausez 180 [~ ~

some amount of light product was consumed during £, 150 |- \\ 0O
the backfill step. On the other hand, the recovery differ- - 120

ence between the two processes decreased with an in E

crease in the feed rate and the simulated results showecg 90 [

a crossover of recovery above 10 LSTP/min feed rate. £ 60 e
Since lower purity in the adsorption step means less 92 93 94 95 96 97 98 99 100 101
amount of B in a product, this might be responsible Purity (%)

for the crossover in KHrecovery between the two pro-

cesses. Fig. 3(c) shows productivity in the range of the Figure3 Comparison between a six-step process and a seven-step
experimentalfeed rtes. The produciy of the s I e i o ssmionn s
step PSA was higher than that of the seven-step PSAproces'OS:?__preoIA gxpt_;yseven_step Dlocese:  prédl xpL). P
under the same feed rate. However, in respect of prod-

uct purity, the crossover of productivity between the

two processes occurred near 99%pirity. Also, the in Fig. 4(b), the H concentration profiles of the seven-
productivity of the seven-step PSA was significantly step PSA process kept high purity at the product end
decreased near the 99.99% burity. section during all the steps of a cycle. Especially, the

To understand the effects of the backfill step in de- backfill step made the adsorption bed rich ip &hd

tail, the H, concentration profiles of every step in gas this led to a rather steep concentration wave front at the
phase at the end of each step are clearly shown in Fig. 4.end of the feed pressurization step. This played a very
A six-step PSA process had a dispersed wave front of important role in producing a high purity product be-
H, after pressurizing the bed as shown in Fig. 4(a). The cause the contamination of the product end by strongly
unfavorable wave front had a detrimental effect on the adsorbed components during the desorption steps had
adsorption step because the mass transfer zone (MTZ)bad effects on the adsorption step of the next cycle.
was very wide even at the adsorption step. However, The importance of keeping the product end section
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0 10 20 30 40 50 60 70 80 90 100 Figure 5 Effect of the adsorption pressure on product purity and
recovery for six-step and seven-step processes under 8 L/min feed
Bed Iength (cm) rate and 0.7 L/min purge rate. (six-step process: ———. pred.; seven-

step process: — pred.)
Figure4. Concentration profiles of at the end of each step for (a)
a six-step process and (b) a seven-step process at cyclic steady state

under 11 atm adsorption pressure, 7 L/min feed rate and 0.7 L/min  The effect of the adsorption pressure in two PSA
purge rate. processes was investigated by a numerical simulation
and the results are shown in Fig. 5. Over the full range
clean was also emphasized in other studies (Chou andof the adsorption pressure, the seven-step PSA pro-
Huang, 1994; Yang et al., 1997a). Judging from the cess gave higher purity than the six-step PSA process,
concentration profiles at the end of the adsorption step which showed a different trend from the results of pu-
in Fig. 4(b), a little more increase in the throughput by rity in Fig. 3. However, recovery showed a similar trend
increasing the adsorption step time or using higher feed with the effect of feed rate due to the same reason.
rate would not decrease product purity significantly as In Fig. 5(c), the productivity of the six-step PSA was
shown in Fig. 3. increased with an increase in the adsorption pressure,
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while the productivity of the seven-step PSA was de- initial conditions. The steep concentration wave fronts
creased with an increase in the adsorption pressure. Inwere formed by the compressive effect (Tondeur and
the case of the 6-step PSA process, the amount of raf-Chlendi, 1993). This effect was prominent at the early
finate at the pressurization step was proportional to the stage of the adsorption step and counterbalanced the
half of the adsorption pressure. However, the amount of dispersive effect caused by mass transfer resistance
raffinate at that step in the 7-step PSA process was pro-and axial dispersion until the constant pattern of wave
portional to the one-fourth of the adsorption pressure fronts were formed. On the other hand, the tempera-
because of the backfill step. Therefore, the productivity ture profiles were different from those of the break-
in the 7-step PSA process decreased with an increasethrough experiments due to the influences of previ-
in the adsorption pressure because the increase in theous steps. The reason was that the temperature did not
raffinate with the adsorption pressure was smaller than show a quick response to the ongoing steps like the gas
the decrease in recovery. However, compared with the concentration.
effect of feed rate in Fig. 3(c), the decrease in produc-  For two different single-adsorbent beds, all the wave
tivity by an increase in the adsorption pressure near the concentration fronts began to form their own MTZ and
99.99% H purity was smaller than that by a decrease move forward to the product end. However, they could
in the feed rate. not have their own distinctive MTZ because the adsorp-
From the above results, a layered two-bed PSA pro- tion bed was not long enough to separate every wave
cess with a backfill step can be used to produce high front as chromatography columns. As mentioned in the
purity H, (99.99+%) which can be obtained by em- previous work (Yang and Lee, 1998), a well-known
ploying a multi-bed H PSA process using more than roll-up phenomenon was shown and this phenomenon
two beds (Yang, 1987; Ruthven et al., 1994; Rodrigues affected the Hconcentration profile. Since the adsorp-
etal., 1989). tion capacity of N on the activated carbon was less
than that on zeolite 5A, Noecame a major impurity in
product stream of the activated carbon bed. However,
Comparison of Concentration and Temperature the product stream of zeolite 5A bed contained lots of
Profiles Among Three Different Beds CO as well as M due to dispersed and advanced wave
front of CH,. In addition, the sharp rise of temperature
Since each step is affected by the previous step in aat the MTZ of CQ in zeolite 5A bed due to strong
cyclic process, a basic study on the role of every step adsorption would lead to unsatisfactory performance.
in a seven-step layered bed PSA process incorporat-A layered bed with a different role at each layer could
ing a backfill step is very important in understanding eliminate these disadvantages of two single-adsorbent
the performance of the process well. Then, based onbeds because activated carbon adsorbed mainly CH
the seven-step PSA process employed in this study, and zeolite 5A adsorbed CO and.M\s a result, the
concentration and temperature profiles of selective key temperature profile in this bed showed a slightly faster
steps such as adsorption, pressure equilization, purgejncrease and decrease in each layer than that in single-
and backfill steps at the cyclic steady state were pre- adsorbent beds.
sented to compare the layered bed with the activated The evolution and the role of the depressurizing pres-
carbon bed and zeolite 5A bed through Figs. 6-10. sure equalization step are shown in Fig. 7. At this step,
One velocity profile at each step in figures was also every concentration wave front and temperature profile
represented at the following step time: adsorption step moved further toward the product end without any con-
(20 s), depressurizing pressure equilization step (2 s), spicuous change in the shapes of wave fronts. However,
purge step (20 s), pressurizing pressure equilization owing to the desorption by the decrease in total pres-
step (2 s), and backfill step (1 s). The velocity in a di- sure, the strong adsorbates were desorbed and diffused
rection opposite to that of the feed was represented by out, making the mole fractions of GHCO, CQ, and
a negative value. N, increase and making that ogbldecrease. Although
Fig. 6 shows the corresponding profiles at the end of the compressive effect was not so great like the case
the adsorption step. It is very interesting that the con- of the adsorption step because of the increase in mole
centration profiles are very similar to those of the break- fraction in the desorption zone, the compressive effect
through experiments obtained from Yang and Lee’s from isotherm curvature was also applied to this step.
work (Yang and Lee, 1998) despite its difference in On the other hand, velocity increased rapidly from zero
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Figure8 Concentration, temperature, and velocity (20 s) profiles at

the end of a purge step at a cyclic steady state for (a) activated carbonFigure 9.  Concentration, temperature, and velocity (2 s) profiles at

bed, (b) zeolite 5A bed, and (c) layered bed ¢e.0.5) processes  the end of a pressurizing pressure equalization step at a cyclic steady

under 10 atm adsorption pressure, 7 L/min feed rate and 0.7 L/min state for (a) activated carbon bed, (b) zeolite 5A bed, and (c) layered

purge rate. bed (c.r=0.5) processes under 10 atm adsorption pressure, 7 L/min
feed rate and 0.7 L/min purge rate.

at the closed end to the fastest velocity at the open end

mainly due to fluid dynamic effect. As a result, the be- which determines the breakthrough. In this respect, the
havior of concentration wave fronts during the DPE activated carbon bed was unfavorable because the N
step depended on the relative importance of two antag- wave frontin the bed propagated so fast that the product
onistic effects. The overall effect, however, made the end section was contaminated with X comparison
wave fronts dispersive because the effect of velocity with other beds.

was stronger than that of the isotherm curvature. For optimum regeneration of the bed, the ¢bn-

It is noteworthy that, for the activated carbon bed centration of the feed end should be the same as that
process, Nwave front propagates fast, resulting in the of the feed concentration before the pressurization or
early breakthrough of N This phenomenon will give  backfill step is initiated (Liow and Kenney, 1990). This
a negative effect on product purity because the acti- suggests that the use of a purge step at the end of
vated carbon can treat,Ness than zeolite 5A. Note  the depressurization step would enhance product purity
that the DPE should not make the wave fronts be dis- and recovery. As shown in Fig. 8, the purge step had
persed at the downstream part of the adsorption bedthe same effect as the countercurrent depressurization
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1.0 @ 290 10 on the activated carbon bed, especially, at the product

9F T 288 -5 end. This means that the activated carbon can easily
c :573 i i ggg £ 4-10 7 b_e regenerated because of the relatively weak adsorp-
% 6 u 282 g —-15 £ tion of the adsorbates on the surface. The temperature
g 5 o 41280 ® —-20 ;; continued to go down because of the endothermic heat
2 4F co’ 12718 8 1.5 § of desorption. On the other hand, the zeolite 5A bed
= 3r % 1276 § | 55 Q still maintained widely dispersed concentration fronts

? [ — ) g;‘z‘ . 35 and the layered bed showed an intermediate behavior

0.0 S . . ; 570 J 40 of two single-adsorbent beds.

10 290 -0 After the pressurizing pressure equalization step, the
oL T (bl ogg 15 H, mole fraction increased in large extent as shown
8 1286 o | 40 ~ in Fig. 9. Because of the increase in total pressure,

s Ir 1284 = | 15 £ many adsorbates were adsorbed and these mole frac-

S 'g J i ggg % | '20 < tions were reduced at the gas phase. However, from the

:'g :4 278 ‘g | :25 *g? concentration profiles o_f Q-Ia_nd N for_ the activated

s 3 276 § | o) carbon bed, as shown in Fig. 9(a), it was found that
2 274 © -30 = some N remained in the product end. This can be ex-
A 272 38 plained by the concentration profiles of the depressur-

0.0 270 - =40 izing pressure equalization step (Fig. 7(a)). When the

1:8 | ggg 19 activated carbon bed was used, thg heakthrough
8 286 — - -5 occurred at the DPE step and the impure stream con-

s 7 284 % 410 g taining N> moved into the product end of the other bed
'(*5; 6 282 5 | 45 S undergoing a PPE step. Therefore, jf\iMas not treated
= -i i g?g S 420 % in a reasonable way before the adsorption step, prod-
g 3 276 £ 425 2 uct p_unty would n_ot be very high. The product end_ ofa
P 574 L 130 > zeolite bed remained cleaner than that of the activated
1 272 - -35 carbon bed, while the concentration profile of CO was
0.0 270 — .40 widely dispersed in the bed. However, the product end
0 20 40 60 80 100 of alayered bed remained cleaner than that of any other
Bed length (cm) bed as shownin Fig. 9(c). Since the impurities in the gas

stream were adsorbed in the activated carbon near the

Figure 10 Concentration, temperature, and velocity (1 s) profiles at layer interface, a small temperature excursion occurred
the end of a backfill step ata cyclic steady state for (a) activated carbon at the interface

bed, (b) zeolite 5A bed, and (c) layered bed .0.5) processes . .
under 10 atm adsorption pressure, 7 L/min feed rate and 0.7 L/min The.purp(.)se of pressurizing the adsorption bed fur-
purge rate. ther with a light product was to make the product end

section purer as shown in Fig. 10. Then, the effect of
step on concentration wave fronts, namely a disper- a backfill step would be an additional purge. If the re-
sive effect. Because of the intrinsic dispersive effect at compression gas is rich in adsorbable components, the
this step (Yang et al., 1998), all the wave concentra- operation should be carried out cocurrently. However, a
tion fronts spread out as they moved backward. The pure inert gas should always be introduced at the prod-
velocity distribution increased toward the open end. uct end. Comparing Fig. 5 (feed pressurization step)
Both higher velocity and concentration of the strong with Fig. 10, the role of a backfill step was not clearly
adsorbates at the feed end led to a synergistic disper-seen. Since this step improved purity at a high purity
sive effect of wave front, smoothing out the stepwise level, only a slight increase of Hmole fraction was
change of H concentration profiles. The light product found. However, the zeolite bed still had the dispersed
from the product end desorbed strong adsorbates out ofwave fronts like a PPE step and the product end of the
the adsorption bed because this step made the partialactivated carbon bed was also contaminated by a small
pressure of strong adsorbates decrease. TheoH- amount of N which stemmed from the previous step.
centration became rich in large extent compared with It gave negative effect on the adsorption step to obtain
the corresponding profiles of the previous step. It is high purity product. The temperature profile of a single-
noteworthy that the purge step has the greatest effectadsorbent bed did not change much from the previous
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102 Effect of Adsorption Pressure on PSA Processes
190 A comparison was made of the effects of the adsorption
& 9% - pressure on the seven-step two-bed PSA process using
°; 96 two single-adsorbent beds and a layered bed with 0.5
"g 94 carbon ratio in Fig. 11. The overall trends of purity
o 9 variation with adsorption pressures did not show any
great difference among three kinds of adsorption beds.
90 The H, purity declined significantly at low pressure
88 and there was no remarkable variation in product purity
85 - above around 11 atm at which a commercialP8A
X 80l process using four adsorption beds has been operated
E for the recovery of high purity hydrogen (99:9%)
“B’ [Shn from COG. In the case of the single-adsorbent PSA
g 70 processes, purity dropped rapidly below 11 atm, while
o 65 - H, purity for the layered bed PSA process with 0.5
carbon ratio decreased slowly even below 11 atm.
60 - Figure 11(b) also shows thatHecovery drops al-
= 55 most linearly with the adsorption pressure for all types
% 135 of adsorption beds. This was because the amount of
'g 130 H, loss from the feed end during a countercurrent de-
§ pressurization step was proportional to the adsorption
“c 125 - pressure or, more accurately speaking, to the pressure
L, 120 |- of the pressure equalization step. Unlike the case;of H
s 115 L purity, zeolite 5A bed was the best inrespect of recovery
5§ and the activated carbon bed gave the lowest recovery.
5 Mo This implied that higher recovery could be expected
5_‘? 105 l l I I in a layered bed process with an increase in a zeolite
4 6 8 10 12 14 5A layer. However, due to the difference in purity, the

result of productivity turned out to be opposite to that
of recovery and the difference in productivity among
Figure 11  Effect of adsorption pressure on (a) purity and (b) re-  three different processes decreased with an increase in
covery for activated carbon bgd, zeolite bed, and Iaye_red bed (c.r. the adsorption pressure as shown in Fig. 11(C). The
= 0:5) processes unqer 7 L/min feed r.ate and 0.7 I._/mm purge rate productivity of the Iayered bed showed an intermedi-
(activated carbon bed: — pred.O expt.; layered bed:———pred., .
O expt.; zeolite bed: —— pred.,a expt.) ate value between that of the activated carbon bed and
that of the zeolite 5A bed like the result of recovery.
However, it is noteworthy that the layered bed gives
step, while the temperature excursion near the interface higher product purity than two single-adsorbent beds at
of the layered bed became slightly larger than that of the same operating condition as explained in the simu-
the previous step due to the readsorption of adsorbatedated result. Even near 11 atm the adsorption pressure
desorbing from the zeolite layer. which is typically operated in steel industry, the prod-
In summary, N became a major productimpurity in  uct purity in zeolite 5A and in the activated carbon
the activated carbon bed, while the product of zeolite PSA processes was less than 99.99%, while that in the
5A bed contained CO as well as Nue to the dispersive  layered bed PSA process was 99+98. Moreover, as
wave front of CH. As shown in the concentration and shown in Table 2, at similar recovery in the range of
temperature profiles at each step, the layered bed com-high purity, the layered bed gives higher product purity
bined the characteristics of the activated carbon bed andthan two single-adsorbent beds. This implies that the
zeolite 5A bed to treat the impurities. As a result, the optimum packing ratio for purity is present because
layered bed was expected to obtain higher purity pf H the two single-adsorbent PSA processes are inferior to
than the other beds and the experimental results wouldthe layered bed PSA over a full range of the operating
verify this simulated results in the following section.  conditions.

Pressure (atm )
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Table2 Comparison between performance inthe layered bed process and the single-adsorbent bed processes under various operating conditions.

Activated carbon bed Layered bed (e=0.5) Zeolite 5A bed

Unit Purity Recovery Purity Recovery Purity Recovery

Adsorption pressure (feed rate: 7 LSTP/min, purge rate: 0.7 LSTP/min)

5 91.641 (91.022) 77.888 (78.54) 92.841 (92.343) 78.901 (78.89) 91.281 (90.256) 81.066 (82.19)
8 99.216 (99.675) 70.127 (70.32) 99.742 (99.955) 71.982 (74.35) 99.104 (99.224) 76.186 (77.63)
11 99.978 (99.988) 62.665 (66.62) 99.999 (99.991) 66.154 (69.38) 99.986 (99.983) 71.129 (71.96)
13 99.999 (99.993) 57.982 (59.61) 100.000 (99.997) 62.621 (64.58) 99.992 (99.993) 68.028 (67.03)

Feed rate (adsorption pressure: 11 atm, purge rate: 0.7 LSTP/min)

6 99.998 57.248 99.999 61.314 99.987 65.853
7 99.901 65.112 99.989 68.034 99.968 72.779
8 99.415 71.179 99.765 73.426 99.017 78.057
9 98.309 76.006 98.672 77.643 97.015 81.850

Purge rate (adsorption pressure: 11 atm, feed rate: 7 LSTP/min)

0.5 99.551 69.791 99.789 72.636 99.246 77.791
0.8 99.957 62.795 99.999 65.781 99.985 70.263
0.9 99.979 60.501 99.999 63.547 99.984 67.807
1.0 99.990 58.220 99.999 61.343 99.987 65.363

*Parenthesis represents the experimental data (unit: %).
Adsorption pressure in atm, feed rate and purge rate in LSTP/min.

Conclusions of CO and N were widely dispersed in the zeolite 5A
bed. As a result, it was very hard to obtain higher than
A two-bed PSA process for recovering ffom COG 99.994+-% H, purity product from COG through single-
was studied experimentally and theoretically by using adsorbent PSA processes even by applying the backfill
two different single-adsorbent beds and a layered bed step. However, the layered bed reduced the disadvan-
packed with activated carbon and zeolite 5A. tages caused by two different single-adsorbent beds
In the layered bed PSA process, incorporating a and gave experimentally and numerically best purity at
backfill step after the pressurizing pressure equaliza- constant recovery in the range of high product purity.
tion step resulted in an increase in product purity with ~ From the effect of the adsorption pressure on the
a decrease in recovery. The purity difference between PSA process performance using single-adsorbent or
two processes with/without a backfill step increased layered beds, it was found that the product purity of
with the feed rate, while the recovery difference de- alayered bed was not between the limits of two single-
creased. However, the change in purity difference be- adsorbent bed processes. As found in the comparison
came small with the change in adsorption pressure, of the simulated dynamics of each step in three dif-
while the recovery difference increased with the ad- ferent PSA processes, it indicated that the synergistic
sorption pressure. This means that the backfill step caneffects of two adsorbents occurred. Unlike the case of
be a viable alternative for an increase in product purity purity, the recovery and productivity of a layered bed
without increasing the number of the adsorption bed. process was between the limits of two single-adsorbent
The mathematical model proposed successfully pre- bed processes.
dicted the steady-state behavior of the PSA processes
with/without the backfill cycle and showed the role of  Nomenclature
each individual step. The predicted concentration and
temperature profiles inside the adsorption beds showed A Cross sectional area,?m
that the product end in the activated carbon bed was B Langmuir-Freundlich isotherm parameter,
contaminated by pland the concentration wave fronts atm1
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Heat capacity, J/(kg K)

Mass axial dispersion coefficientfa

Heat transfer coefficient, J/¢ns K)

Effective axial thermal conductivity, J/(m s K)
Thermal conductivity of fluid, J/(m s K)
Thermal conductivity of particle, J/(m s K)
Langmuir-Freundlich isotherm parameter
Pressure, atm

Prandtl numberCp) g/ Ky
Langmuir-Freundlich isotherm parameter,
mol/kg

Volume-averaged adsorbed phase concentra-
tion, mol/kg

Equilibrium adsorbed phase concentration,
mol/kg

Average isosteric heat of adsorption, J/mol
Radius, m

Reynolds numbepgv(2R,) /1

Schmidt numbernpg/Dm

Time, s

Solid phase and gas phase temperature, K
Ambient temperature, K

Stoichiometric breakthrough time, s
Interstitial velocity, m/s

Mole fraction in gas phase

Axial position in a adsorption bed, m

Total void fraction

Parameters used in Eq. 9

Interparticle void fraction

Viscosity, (m/kg s)

Superficial velocity, m/s

Density, n¥/kg

LDF coefficient, s*
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