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A current focus in the energy field is on the use of hydrogen in fuel cells. Develop-
ment of a hydrogen station system is important to the commercialization of fuel cells
and fuel cell powered vehicles. In this study, the heat-exchange pressure swing adsorp-
tion (HE-PSA) was developed to design a compact H, PSA process for small spatial
occupancy in the hydrogen station. The adsorption dynamics and performance of the
newly designed bed were compared with those of a conventional bed by using a qua-
ternary mixture (H>/CO,/CH4CO 69:26:3:2 vol %) which is generally obtained from
the steam-reforming reaction of natural gas. Because the detrimental exothermic/endo-
thermic heat effects accompanied by the adsorption/desorption steps were reduced by
heat exchange between the adsorption beds, the separation performance of the HE-
PSA was higher than that of a conventional PSA. In addition, the spatial occupancy of
the beds could be significantly reduced, compared with a conventional PSA, because
the single annular-type bed performed the function of two beds in the HE-PSA. © 2008
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Introduction

Today our industry’s heavy reliance on fossil fuels is a
central obstacle to improving air quality and preventing cata-
strophic climate change. Hydrogen energy is considered one

Correspondence concerning this article should be addressed to C.-H. Lee at
leech@yonsei.ac.kr.
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of the most important renewable energy sources for the
future, not only as a raw material for the chemical and petro-
leum industries, but also in the fuel cell.'?

Development of the hydrogen station system is a crucial
technology for the commercialization of fuel cells and fuel
cell powered vehicles. Generally, the hydrogen station con-
sists of an on-site hydrogen production process that includes
a desulfurizer, reformer, water gas shift (WGS) reactor, and
an H, separation apparatus. The typical on-site posttreatment
process includes a compressor, storage unit, and distributor.
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Figure 1. Schematic diagram and spatial coordinate of
(a) the conventional adsorption bed and (b)
the compact heat-exchange beds.

In the conventional steam methane reforming (SMR) process
for a hydrogen station, the effluent from the WGS reactor is
further cooled and then fed to a multicolumn pressure swing
adsorption (PSA) process at a pressure of 3454137 kPa.>*
A multicolumn PSA process containing two to four adsorp-
tion beds is generally used in conjunction with a combination
of various PSA process steps. The net hydrogen recovery
from the PSA process and its adsorbent inventory depend on
many variables. In particular, the CO and CO, concentrations
of the feed gas are critical in determining the design and effi-

ciency of separation of the PSA process because bulk CO; is
difficult to desorb and dilute CO is difficult to adsorb.*™®

For a hydrogen station, such as a small to medium-sized
hydrogen plant, to be space efficient and allow for quick in-
stallation, it is typically built in a modular configuration. The
conventional PSA system occupies a lot of space in the
hydrogen station and adsorption beds require the most space
in the PSA process. Therefore, it is important to design a
compact PSA process by modifying the fixed-bed geometry
in the symmetric multibed system.

The purpose of this study is to develop the compact PSA
process for high-purity H, generation in the on-site H, station
process. To reduce both the space occupied by the adsorption
beds and the detrimental heat effects from the process, the an-
nular-type bed (a dual bed: one bed placed inside another bed)
was designed. The adsorption dynamics of the newly designed
bed were compared with those of a conventional (single) bed
by using the quaternary mixture (H,/CO,/CH,4/CO 69:26:3:2
vol %) which is generally obtained from the steam reforming
reaction of natural gas. The separation performance of a two-
bed HE-PSA using one dual bed was compared with that of a
conventional PSA using two single beds.

Experiment

The schematic and characteristics of conventional single
bed and heat-exchange dual bed are shown in Figure 1 and
Table 1, respectively.

The conventional adsorption bed is 100 cm long and 3.5
cm 1.D., made of stainless steel with a wall thickness of 2.67
mm. Four resistance temperature detectors (RTD Pt 100Q2)
were installed at the positions of 10, 30, 50, and 75 cm from
the feed end to probe the temperature variation inside the bed.

Meanwhile, the heat-exchange dual bed was constructed as
a standard shell and tube type. The inner (3.15 cm 1.D.) and
outer beds (4.75 cm 1.D) with 100 cm length were made of
brass and stainless steel, respectively. The bed volumes

Table 1. Characteristics of Adsorption Bed and Adsorbent

Heat-Exchange Dual Bed

Adsorption Bed Conventional Bed Inner Bed Outer Bed
Length 100 cm 100 cm 100 cm
Inside diameter 3.5 cm 3.16 cm 4.75 cm
Outside diameter 4.04 cm 3.54 cm 6.8 cm
Materials of bed Stainless steel Brass Stainless steel
Heat capacity of wall 0.502 J/g K 0.377 J/g K 0.502 J/g K
Density of wall 7.83 g/em® 8.47 g/em® 7.83 g/em®
Heat transfer coefficient: A; 0.368 X 102 Jjem? s K 3.684 X 1072 Jjem? s K
h, 0.571 X 1072 J/em? s K 0.143 X 1072 J/em? s K
Ky 1.0 X 107° Jym s K
Dy 1.0 X 107> cm?%/s
Cpe 9.24 x 107" J/g K
U 20X 107> Pas
Adsorbents Activated carbon
Type Granular
Normal pellet size 10-12 mesh
Average pellet size 0.115 cm
Pellet density 0.85 g/em®
Bulk density 0.482 g/cm®
External void fraction 0.433
Heat capacity 1.046 J/g K
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MFC : Mass Flow Controller
PT : Pressure Transducer
RTD : Resistance Temperature Detector

MFM : Mass Flow Meter
BPR : Back Pressure Ragulator
CV : Check Valve

Figure 2. Schematic of a two-bed PSA system.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

of the inner and outer beds were identical, but the volume of
each bed in the dual bed was 81% of that of the conventional
single bed. Four RTDs were installed at the outer bed at the
same positions used for the single bed. In addition, two
RTDs were arranged along the inner bed at the positions of
10 and 90 cm from the feed end.

The schematic of the experimental apparatus is shown in
Figure 2. Two pressure transducers were located at the feed
and product ends to measure the pressure variation. The preca-
librated mass flow controller (Bronkhorst High-tech, F-201C,
The Netherlands) was installed between the feed tank and the
adsorption bed to control the feed flow rate. The total amount
of gas was confirmed by a wet gas meter (Shinagawa, W-NK-
1B, Japan). The electrical back-pressure regulator (Bronkhorst
High-tech, P-702C, The Netherlands) between the adsorption
bed and the product tank was installed to maintain constant
adsorption pressure in the bed. Effluent stream was sampled
between the back-pressure regulator and the product tank and
was analyzed using a mass spectrometer (Balzers, QME 200,
Germany). All the data, including concentration, temperature,
pressure, and flow rate, were saved on a computer. Details of
the equipment and the operating procedures used are described
in the previous work.’

The hydrogen quaternary mixture (H,/CO,/CH4/CO; 69/
26/3/2 vol %), which is a main composition in the steam
methane reforming of natural gas, was used as feed gas, and
activated carbon (Calgon Carbon Co, PCB) was applied as
an adsorbent to breakthrough and PSA experiments. Before
the experimental runs, the adsorbent was regenerated at 423
K for 8 h. The breakthrough experiments were conducted at
the bed saturated by pure H, (99.99+ %).

To compare the PSA performance using a dual bed with
that using single bed, the following six-step two-bed PSA
process was applied to the quaternary H, mixture: (1) pres-
surization with the feed gas (PR), (2) high-pressure adsorp-
tion (AD), (3) depressurizing pressure equalization (DPE),
(4) blow down (BD), (5) purge with a light product (PG),
and (6) pressurizing pressure equalization (PPE).*° The
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cyclic sequence and a simple flow diagram are illustrated in
Figure 3. The specific experimental operating conditions,
such as adsorption step time, feed flow rate, purge rate, and
adsorption pressure, are listed in Table 2.

Mathematical Model

To understand the dynamic behavior of each adsorption bed,
a set of mathematical models was developed. A complete noni-
sothermal dynamic model was considered in this study with the
following assumptions'®™"?: (i) the gas phase behaves as an
ideal gas mixture, (ii) radial concentration and temperature gra-
dients are negligible, (iii) thermal equilibrium between adsorb-
ents and bulk flow is assumed, (iv) the flow pattern is described
by the axially dispersed plug flow model, (v) axial conduction
in the wall can be neglected, and (vi) the pressure drop along
the bed is considered using Ergun’s equation.'*"

Using the flow pattern described by axial dispersion plug
flow and the above assumptions, the material balances of
each component for the bulk phase in the adsorption column
are given by

82Ci a(uC,) oC; 1—¢ a@
- i L 1
Yoz tTa T p(s)@t o @
Overall mass balance also can be written as
ouC) oC 1 —¢\ <07 B
o o pv( : )i_laz_o @

Assuming thermal equilibrium between fluid and particles,
the energy balance for the gas and solid phases is given by

ar
ot

T a(uT)
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AD, adsorptica ; DPE , depressurizing pressure equalization ; BD , blow down ;
PG, purge ; PPE , pressurizing pressure equalization ; PR , feed pressurizabon

Figure 3. Flow diagram and cycle sequence of a six-
step PSA process.
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Table 2. Experimental Conditions of Breakthrough and PSA Runs

Breakthrough Conditions

Run No. Bed Type Bed Initial Condition Feed Flow Rate [LPM] Adsorption Pressure [kPa] Purge Rate [LPM]
Run 1 Conventional H, saturated 7 912 -
Run 2 Inner H, saturated 7 912 -
Outer H, saturated 7 912 -
Run 3 Inner H, saturated 7 912 -
Outer H, saturated 7 912 -
Run 4 Inner H, saturated 7 912 -
Outer H, mixture - 152 3.5
Run 5 Inner H, mixture - 152 3.5
Outer H, saturated 7 912 -
HE-PSA conditions
Adsorption Pressure [kPa] Feed Flow Rate [LPM] Purge Rate [LPM] Adsorption Step Time [s]
Run 6 912 7 0 225
Run 7 912 7 0.5 225
Run 8 912 7 1 225
Run 9 912 7 1.5 225
Run 10 912 7 0.5 200
Run 11 912 7 0.5 250
Run 12 912 7 0.5 275

where ¢, is the total void fraction (=¢ + (1 — ¢)a), pp is the
bed density, (=(1 — ¢)p,,) and Ky is the effective axial ther-
mal conductivity used to take into account effective conduc-
tion in the axial direction.®'®

In large commercial units, the last term in energy balance
could be neglected because heat transfer to the wall is not
significant in comparison with the amount of heat of adsorp-
tion, if the length-to-diameter ratio is minimal. However,
since the diameter of the single bed used in the present study
was rather small, heat loss through the wall and heat accu-
mulation in the wall could not be ignored. Therefore, another
energy balance for the wall of the adsorption bed was intro-
duced with the intention of disregarding axial conduction in
the wall:

% = ZTERBI']’Z,‘(T - Tw)
where Ay, = (R}, —R3)).

To design a compact PSA process as well as reduce the
detrimental exothermic/endothermic heat effects accompanied
by the adsorption/desorption steps, the standard shell-and-
tube type dual bed was used.

As shown in Figure 1b, a single tube, as an inner bed, is
located inside the other bed. Therefore, the heat exchange
between the inner and outer beds occurs through the brass
wall. On the other hand, the heat exchange in the outer bed
occurs in two parts: heat exchange between the inner and outer
beds and between the outer bed and its surroundings. The an-
nular-design bed is similar to a double-pipe heat exchanger in
which the shell and tube are equal in volume. The energy bal-
ances in the inner and outer beds, with heat transferred to the
adjacent column walls, were constructed as follows:

Energy balance in the inner bed:

prpWAw - anBoho(Tw - Tatm) (4)

82T1 8(u1T1) 8T1
Ko+ SPnggT + (59 Coe + PeCos) 5
i 2h i
—pBZ W i —Tw) =0 (5)

RBlz
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Energy balance in the outer bed:

9*T, uaT>) 0T,
TR el (gl t ) 5
q, Znhl o0
_ T, — Ty
pBZ RB]U ( 2 l)
2hy;
+RB?- (Ty =Tw2) =0 (6)

where subscripts 1 and 2 refer to bed 1 (inner bed) and 2
(outer bed), respectively, and # is the fin efficiency. In this
study, however, extended heat-transfer surfaces were not
used (i.e., n = 1) so that the parameter was only applied for
the theoretical runs.

The energy balance equations of the wall, like Eq. 4, were
also applied to the two bed walls, inner tube and outer shell.

OTy,
Pu1CpwiAwi Wl = 2nRpy,ih1i(T1 — Tw1)
— 27Rg1 o1 o (Tw1 — T2) (7)
oT,
Pw2CpwaAwz a‘tvz = 2nRp2ih2 i (T2 — Tw2)
—21RB2 oMy o (Twz2 — Tam)  (8)
where Ay = n(Rg, , — Rg, ;) and Ay, = n(RE,, — R, ).

The sorption rate into the adsorbent pellet was described
by the following linear driving force (LDF) model with a
single lumped mass transfer parameter, .>'"

KD¢;
3 ®
T

Cc

9

i wi(gf — ), o =
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Table 3. LRC Parameters, LDF Coefficients, and Heat of
Adsorption for Each Component

Component
Unit co CH,4 CO, H,
o, s ! 0.0107  0.0585  0.0450  0.0200
ki; 107> mol/kg 0.0291  0.0229  0.0325  0.0187
ky; 107 mol/kg K) —6.0757 —5.8362 —9.1638 —1.4931
ks; 1077 kPa™! 9.22 42092 02578  0.0745
ke K 1012.8 11675 11912  1084.4
AH; J/mol 5240 4290 4300 2880

The multicomponent adsorption equilibrium was predicted
by the following Loading Ratio Correlation (LRC) model:

qmi BiP;

= r 10
1+Z;’:1 B;P; 10

qi

where g, = ki +ky X T, B = k3 exp (ka/T).
The pressure drop across the bed was reflected by the
following Ergun’s equati0n20_23:

dP
— — = apu + bpulu| (11a)
dz
150 (1 —¢)? (1—2¢)
a= @ 2 b=1.75 TR (11b)

where u is the interstitial velocity.
The boundary conditions of mass and energy balances for
breakthrough run are presented later®:

Gc,- 8c,-
—Dp (E) o =u (Ci =0~ 7Ci|z:0+) ) (E)

or oT
—Kv (E) L_O = epgCpglt (T,—o- =Tl=0+); (E) ‘Z_L_ 0

(13)

=0 (12)
z=L

where ¢;|,_,- means feed concentration for component .

In this study, before the breakthrough experiments, the
separated experiments using N, at 323 K were performed to
estimate the heat transfer coefficients in the bed packed with
activated carbon. The heat transfer coefficients at the wall
were determined by matching the energy balances in the bed
and the wall to the experiment data.”* However, because
only two thermocouples could be installed in the inner bed,
it was hard to obtain the accurate heat transfer coefficients
from the separated experiments. Therefore, the obtained coef-
ficients were used as the initial values to adjust the parame-
ters to the adsorption and desorption experiments. And, the
LRC parameters were obtained by using the isotherm results
in the previous studies.'®*> All the values using the mathe-
matical model are listed in Tables 1 and 3.

Results and Discussion
Adsorption dynamics in single bed

The results of the breakthrough experiment and simulation
in the single bed are shown in Figure 4. Hydrogen concentra-

2058 DOI 10.1002/aic
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tion drops first because of the early breakthrough of CO.
Then, after decreasing smoothly with the breakthrough of
CH,, the H, concentration decreases rapidly because of the
breakthrough of CO,. The rolling-up phenomena of CO and
CH, breakthrough curves were observed because of competi-
tive adsorption with more strongly adsorbed component,
CO,. A small amount of CO, was detected at about 750 s,
accompanying a significant temperature rise because of the
strong adsorption affinity of CO,. Therefore, the concentra-
tion and temperature wave fronts of CO, could have signifi-
cant effects on the breakthrough curves of CO and CH,.
Because CO, the first breakthrough component, works as a
critical impurity in the fuel cell application, it is needed to
reduce the effects stemmed from CO, adsorption on CO
adsorption.

Temperature profiles at 10 cm, 30 cm, 50 cm, and 75 cm
from the feed end are presented in Figure 5. The experimen-
tal temperature histories agree well with the predicted results
regardless of the location along the column length.

After steep temperature excursion, the temperature at each
position decreased gently because of heat loss through the
column wall. The temperature wave front shows a kind of
inflection or plateau at which the roll-up phenomenon
occurred. This can be explained by the fact that a competi-
tive adsorption requires the heat of desorption for the less
strongly adsorbed component in addition to the heat of
adsorption for the more strongly adsorbed component. There-
fore, the net heat generation would determine the extent of
temperature rise.

Although, in this study, the experiments were conducted in
a small-diameter column, the heat loss through the column
wall was not sufficient for the system to be isothermal. Fur-
thermore, the temperature excursion up to 32 K from the
feed temperature and the tailing of the temperature profile
have a detrimental influence on the adsorption dynamics

1.0

o
w

o
@
1

o
s
L

mole fraction [-]

800 1000 1200 1400 1600 1800

time [s]

Figure 4. Experimental and simulated breakthrough
curves in single bed under 7 LPM feed flow
rate and 912 kPa adsorption pressure.
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Figure 5. Temperature profile during single bed break-
through experiment under 7 LPM feed flow
rate and 912 kPa adsorption pressure.

because the adsorption isotherms of all the components on
the activated carbon are significantly affected by a change in
temperature.**®

Adsorption dynamics in dual bed

Figure 6 shows the experimental and simulated break-
through curves at the inner and outer beds, respectively. In
this case, during the breakthrough experiment in one bed, no
gas was supplied to the other bed. As shown in Figure 6(a),
the breakthrough time and shape of each component in the
inner bed are quite similar to the results for the single bed,
even though the volume of the inner bed is smaller (81%)
than that of the single bed. Furthermore, compared with the
single and inner beds, the breakthrough times of CH, and
CO, in the outer bed are prolonged as shown in Figure 6(b)
although that of CO does not differ from the result for the
inner bed. Also for the outer bed, the breakthrough curves of
the impurities are sharper than those for the single and inner
beds. The result implies that the shell-type bed leads to
higher performance than the tube-type bed. Such improve-
ment mainly stemmed from the heat exchange effect during
adsorption. This can be proved by the inside temperature
profiles of the inner and outer beds.

The heat of adsorption produced the temperature rise in
the bed, in the same way as in the conventional bed. Tem-

AIChE Journal August 2008 Vol. 54, No. 8
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perature variations, with time at two locations of the inner
bed and four locations of the outer bed, are presented in Fig-
ures 7 and 8.

As shown in Figure 7 for the inner bed breakthrough, the
temperature excursion at the feed end of the inner bed (35
K) was slightly higher than that for the single bed in Figure
5, whereas the temperature excursion at the product end in
each bed was quite similar. However, it is noteworthy that
the temperature decrease in the inner bed is faster than that
in the single bed after the temperature excursion. In addition,
the small temperature increase was monitored in the outer
bed as a result of heat exchange between the inner and outer
beds. The heat exchange effect on the inner bed might con-
tribute to the similar breakthrough performance to that of the
single bed although the volume of the inner bed was small.

As shown in Figure 8 for the outer bed breakthrough, the
temperature excursion in the outer bed was about 5 K during
the breakthrough experiment. The temperature increase in the
inner bed by heat transfer was interestingly similar to that in
the outer bed. Since the shell-type outer bed has more than
twice as much surface area for heat transfer than the inner
bed, the thermal condition of the adsorption (outer) bed
seemed to be near isothermal. Accordingly, the breakthrough
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o ‘

o
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Figure 6. Experimental and simulated breakthrough
curves in (a) inner bed and (b) outer bed
under 7 LPM feed flow rate and 912 kPa
adsorption pressure.
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Figure 7. Temperature profile during inner bed break-
through experiment under 7 LPM feed flow
rate and 912 kPa adsorption pressure.

performance of the outer bed could show better performance
than that of the single bed regardless of its smaller bed
volume.

Breakthrough dynamics by simultaneous adsorption
and desorption in dual bed

In the cyclic sequence of the two-bed PSA process (Figure
3), as the adsorption step is applied to one bed, the other bed
works the desorption step. In this study, while one bed car-
ried out adsorption breakthrough at the same condition to the
previous breakthrough experiments (7 1 per min (LPM) feed
flow rate and 912 kPa adsorption pressure), the other bed
performed simultaneously desorption breakthrough at
3.5LPM purge flow rate. The desorption experiment was per-
formed using the bed, which was countercurrently depressur-
ized after the adsorption breakthrough experiment.

Figures 9a and b show the adsorption breakthrough
curves in the inner and outer beds, respectively, during de-
sorption of the other corresponding bed. The breakthrough
times of CO, CHy, and CO, in each bed were longer than
the results in Figure 6. Especially, note that the breakthrough
time of CO was prolonged to more than 50 s at each bed
compared with the result in the single bed, which could not
be observed in the adsorption breakthrough without desorp-
tion. In addition, the roll-up of CO and CH, became
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smoother and less sharp than in previous results. Such
improved adsorption capacity can contribute to the design of
a more efficient PSA process.

As shown in Figure 10, the temperature profile at the feed
end in the inner bed was almost the same as the result in
Figure 7. However, at the end of bed, the temperature excur-
sion was extended compared with Figure 7. Moreover, since
the temperature observed was lower than feed until 500 s,
the adsorption capacity could be improved, as shown in Fig-
ure 9(a). In addition, the outer bed seemed to act isother-
mally even though desorption is an endothermic process. As
a result, it can be expected that the adsorption efficiency of
the inner bed and the desorption efficiency of the outer bed
are improved by the heat-exchange effect between these
beds.

In the case of the adsorption breakthrough of the outer bed
during the desorption breakthrough of the inner bed, the ther-
mal dynamics observed differed from the previous case. As
shown in Figure 11, the significant temperature decrease at
both ends of the bed was observed for about 300—400 s, after
which the temperature recovered to the feed temperature. On
the other hand, the temperature in the outer bed during the
adsorption breakthrough even decreased about 5 K, which
was different from Figure 8. Therefore, this case also led to
the performance improvement of the dual bed, as shown in
Figure 9(b), compared to the single bed.
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Figure 8. Temperature profile during outer bed break-
through experiment under 7 LPM feed flow
rate and 912 kPa adsorption pressure.
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rate, 912 kPa adsorption pressure, and
3.5LPM purge flow rate.

The predicted result for the concentration and temperature
dynamics in the outer bed showed higher deviation from the
experimental result than those in the inner bed as shown in
Figures 9 and 11. The predicted result of the breakthrough
curves in the outer bed was sharper than the experimental
result. In addition, the small temperature excursion of the
predicted result in the outer bed was not observed in the ex-
perimental result. It implies that the concentration and tem-
perature profiles seem to be affected by the radial concentra-
tion and temperature gradients because the shell thickness of
the outer bed is small. On the other hand, such phenomena
were not observed in the inner bed which was covered by
the outer bed. Therefore, the radial gradient effect will be
reduced with an increase in the shell thickness of the outer
bed as shown in the result of the inner bed.

Summarizing the above results, the thermal condition of
the outer bed during operation becomes near isothermal
because of the heat exchange effect between the beds as well
as between the bed and its surroundings. On the other hand,
the detrimental thermal effects in the inner bed can be
reduced by the heat exchange between the beds. When the
dual bed is applied to the PSA process, asymmetrical behav-
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ior will be observed which is not desirable. However, the
dual bed can give the advantages of a compact PSA system
as well as improved separation performance compared with a
conventional PSA system.

Performance of the HE-PSA process

In this study, to produce high purity hydrogen from SMR,
the HE-PSA using activated carbon was performed. The
purge step by a weakly adsorbed component was primarily
used to make a clean bed for the production of high-purity
hydrogen. In this study, the purge-to-feed (P/F) ratio is
defined as follows™'%%:

P/F ratio — Hydrogen used in PU step

Hydrogen fed in AD step

The experimental results from the HE-PSA using one dual
bed were compared with the simulated results for the con-
ventional PSA using two single beds in Figures 12 and 13.
Figure 12 shows the effect of adsorption (AD) step time on
H, purity and recovery using the same feed flow rate,
adsorption pressure, and purge rate. As expected from the
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Figure 10. Temperature profile during adsorption in
inner bed under 7 LPM feed flow rate and
912 kPa adsorption pressure and desorp-

tion in outer bed under 3.5 LPM purge flow
rate.
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Figure 11. Temperature profile during adsorption in
outer bed under 7 LPM feed flow rate and
912 kPa adsorption pressure and desorp-
tion in inner bed under 3.5 LPM purge flow
rate.

breakthrough results, it was clearly presented that the per-
formance of HE-PSA was higher than that of the conven-
tional PSA although the HE-PSA used beds with a smaller
volume than those for the single bed approach. Because of
an increase in the AD step time, H, purity decreased margin-
ally, but its recovery showed a slight increase. However,
their variation in the experimental range was small compared
with the results in the conventional PSA.

Figure 13 shows the effect of the purge rate on purity and
recovery in the HE-PSA. When the P/F ratio increased, an
increase in H, purity and a decrease in recovery were
observed, following the typical performance of PSA proc-
esses. In addition, a sudden decrease to just below 98% in
H, purity was observed when the purge rate was insufficient.
Further, a difference in purity between the inner and outer
bed was observed. On the basis of H, production higher than
99.9% in Figure 13, a P/F ratio of about 0.1 was likely to be
the optimal value. The conventional PSA could almost attain
the same level of purity with a significant sacrifice of recov-
ery to the HE-PSA at ratio of 0.3 P/F. A further increase in
the P/F ratio led to a decrease in H, recovery without a sig-
nificant increase in purity. The difference in recovery
between the HE-PSA and the conventional PSA was minis-
cule in the range of the applied P/F ratio, whereas the differ-
ence in purity was significant when the P/F ratio was low.

2062 DOI 10.1002/aic

Published on behalf of the AIChE

According to Figures 12 and 13, this implies that the per-
formance of the HE-PSA was less affected by key operating
variables such as AD step time and P/F ratio than that of the
conventional PSA due to the heat exchange effect on the
dual bed. Furthermore, it was clearly proved that the HE-
PSA using the dual bed could produce high purity H, with a
relatively small sacrifice of recovery compared with the con-
ventional PSA. In addition, the HE-PSA could show higher
separation performance by using a smaller amount of adsorb-
ent than the conventional PSA.

However, the larger the diameter of the dual bed, the
smaller the efficiency gains from heat exchange become
because the temperature profiles of both inner and outer beds
approach to the adiabatic behavior with an increase in the
bed diameter. In such case, since the contact surface area is
one of important factors in heat exchange, the contact surface
area of the inner bed should be increased. One suggested
method is that a bundle of inner tubes as an inner bed is
applied to the dual bed so that the increased surface of a
group of inner tubes leads to the improvement of heat trans-
fer with an outer bed consisted of one shell tube. Therefore,
the shape of the expected dual bed is similar to a shell-and-
tubes heat exchanger whose volume of the shell is the same
as that of the inner tubes.
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Figure 12. Effect of adsorption step time on H2 purity
and recovery under 7 LPM feed flow rate,
912 kPa adsorption pressure, and 0.1 P/F
ratio.
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Conclusions

The heat-exchange PSA (HE-PSA) was developed to
design a compact PSA process as well as reduce the detri-
mental exothermic/endothermic heat effects accompanied by
the adsorption/desorption steps. The dynamic behaviors of
the annular-type dual used for the HE-PSA were studied.

Because of the heat exchange effects, the outer bed’s
activity mimicked isothermal behavior and the inner bed
reduced the detrimental thermal effect on the bed’s perform-
ance. As a result, the separation performance of the HE-PSA
was higher than that of a conventional PSA at the same
operating condition, even though a smaller amount of ad-
sorbent was applied to the HE-PSA. In addition, compared
with the conventional PSA, the high purity product could be
obtained from the HE-PSA with a relatively small sacrifice
of recovery.

Because the annular-type single bed acted as two beds in
the HE-PSA process, the spatial occupancy of the beds and
the amount of adsorbent could be significantly reduced, com-
pared with a conventional PSA. Moreover, since the bed vol-
ume is proportionate to the radius square of the bed, the size
increase of the dual bed would be insignificant in a real-
world application, such as a hydrogen station. In addition, if

AIChE Journal August 2008 Vol. 54, No. 8
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the dual bed is designed on a large scale, using the concept
of a shell-and-tubes heat exchanger, it is expected that the
improved performance of the HE-PSA can be maintained
due to the increased heat-exchange surface area of the inner
and outer beds.
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Notation

B = Langmuir-Freundlich isotherm parameter, kPa ™"

Cp, = heat capacity, J/g K
D;. = mass axial dispersion coefficient, cmz/s
h = heat transfer coefficient, J/cm s K
K = Proportionality parameter for the LDF model
Ky = effective axial thermal conductivity, J/cm s K
k = parameter for the Langmuir and LF model
n = Langmuir-Freundlich isotherm parameter
P = pressure, kPa
¢m = Langmuir-Freundlich isotherm parameter, mol/g
g = volume-averaged adsorbed phase concentration, mol/g
g* = equilibrium adsorbed phase concentration, mol/g
Q = average isosteric heat of adsorption, J/mol or volumetric flow
rate, cm3/s (=—AH)
R =radius, cm, or gas constant, J/mol - K
t=time, s
T = soild phase and gas phase temperature, K
Tam = ambient temperature, K
u = interstitial velocity, cm/s
y =mole fraction in gas phase
z = axial position in a adsorption bed, cm

Greek letters

& = total void fraction

¢ = interparticle void fraction
1 = viscosity, cm/g s

v = superficial velocity, cm/s
p = density, cm3/g

w = LDF coefficient, st

Subscripts
B =bed
¢ = crystal

i = component i, inner bed
o = outer bed

p = pellet

¢ = gas phase
s =solid phase
w = wall
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