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ABSTRACT

Experiments with a mathematical model were performed for pure CO, feed
adsorption on activated carbon up to high pressure (30 kg/cm?-G) by using H,
pressurization and vacuum purge to study adsorption steps in vacuum pressure
swing adsorption and atmospheric pressure swing adsorption. All on-line real data
from transmitters and instruments were obtained using the automatic control and
data acquisition system. The maximum breakthrough time and the initial constant
pattern were investigated under changing process variables. The maximum break-
through times were found out under the limiting conditions and compared between
two desorption methods using vacuum purge and atmospheric blowdown. The
initial constant pattern occurred when the interstitial velocity approached certain
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values. The occurrence of the maximum breakthrough curves was strongly related
with the formation of the initial constant pattern. From the nonisothermal and
nonadiabatic model with the linear driving force model and the temperature-depen-
dent Langmuir isotherms, the effects of the mass and heat transfer parameters on
the adsorptive process were examined. The possibility of predicting the break-
through curves was confirmed by monitoring the temperature propagation profiles.
At high pressure the overall heat transfer coefficient had a larger effect on the
adsorptive process than the overall mass transfer coefficient.

Key Words. Maximum breakthrough time; Bulk separation; On-
line data; Vacuum purge; Mass transfer coefficient; LDF model;
Temperature profile

INTRODUCTION

Recently the problems of environmental pollution which has great influ-
ence upon human life are on everyone’s lips. Air pollution problems are
the most serious, so many scientists and engineers look forward to finding
clean energy sources instead of using fossil fuels and process systems in
order to protect against those problems and simultaneously improve the
quality and quantity of products. One system which has been developed
is a fixed-bed adsorption system using specified adsorbents. The fixed-
bed adsorption system is generally divided into three types of pressure
swing adsorption (PSA): vacuum swing adsorption (VSA), temperature
swing adsorption (TSA), and combined adsorption (PTSA) (1, 2). The
separation systems can also be classified into purification and bulk separa-
tion (3) depending on the concentration of the adsorbate. Hydrogen is
the most interesting clean energy source because it never produces such
environmental pollution materials as CO,, CO, SO, and NO,. It can
be obtained from the outstreams of many industrial processes: methanol
reforming gas, coke oven gas (COG), and petrochemical off-gas (2, 4, 5).

Detailed dynamic data of adsorbates and adsorbents are required to
design a fixed-bed adsorption system. A number of scientists and engi-
neers have studied single component adsorption modeling for isothermal
(6-9) and nonisothermal systems (10-19), and for multicomponent adsorp-
tion modeling (20-27). However, most of these papers are confined to
dilute systems with a nonadsorbing carrier gas or unreal process systems.
A high concentration of strong adsorbate in the feed has seldom been
considered.

In our experiment a feed with a pure, strong adsorbate, CO, in very
high concentration was used for bulk separation. In real bulk component
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systems, process conditions such as pressure and feed rate have important
effects upon both the concentration and temperature profiles of a fixed
bed.

As process conditions change, internal dynamic profiles may become
complex or simple according to complicated interactions between the sys-
tem parameters. Those factors create the limiting conditions for the maxi-
mum breakthrough time which is one of the most important operating
conditions for the adsorption step in the applications of a practical gas
separation process.

The purpose of this paper was to investigate experimentally the maxi-
mum breakthrough time for the system of carbon dioxide adsorbed on
activated carbon with hydrogen pressurization and vacuum purge or atmo-
spheric blowdown. The effects of pressure and feed rate on the maximum
breakthrough time were explored. The present work was therefore under-
taken to help find optimum operating variables in vacuum pressure swing
adsorption (VPSA) or PSA where the feed has a very high concentration
of CO; at high pressure.

When constant patterns in concentration were formed, the nonisother-
mal and nonadiabatic model was used to predict the concentration and
temperature profiles in a column. On-line real dynamic data, which rarely
exist for the high-pressure range, were obtained and compared with the
simulation results.

This project aims to establish the basis for reformer off-gas separation
by VPSA or PSA.

MATHEMATICAL MODEL

Prediction of the dynamic behavior inside a column requires simulation
results of coupled nonlinear partial differential equations, which include
the mass and heat balance equations, to express the internal dynamics.
The mass transfer rate between the gas phase and the solid phase was
expressed by the linear driving force model (LDF). The adsorption iso-
therms of CO; and H, were described by the coupled Langmuir equations.
The following approximations were assumed in order to simplify the
mathematical model applied to the derivation and calculation.

1. Ideal gas law applies.

2. The axial pressure gradient across the bed is neglected.

3. Plug-flow conditions hold; i.e., axial dispersion is neglected.

4. No variation exists in the radial direction for both concentration and
temperature.

5. Temperature-dependent Langmuir isotherms are used.



11: 48 25 January 2011

Downl oaded At:

1744 LEE ET AL.
6. Radial velocity, temperature, and concentration gradients in the bed
are neglected.

Mass balances for the gas phase and the solid phase at system pressure
P and temperature T are given by

ouC oC dq
€¥+€6t+(l—e)ppaf_ (@)
and
oucC; aC; 9q;
e-—a—z—+eat+(1—e)ppat—0 (b)

where C, C;, q, and g; are the total concentration, i-component concentra-
tion, total adsorbed amount of adsorbate, and the adsorbed amount of i-
component adsorbate, respectively. e is the interparticle void fraction.
The interstitial velocity, u, is employed.

The energy balance in the column is

s\ 0T ouT
(ET+p—B§p—)"—+ i

€ —
PeCrg/ 31 0z (©)
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- — —AH)— + T-T) =0
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where D is the bed diameter.
The LDF model is described by

agilot = k{qf — q:) (d)

The adsorption parameters were experimentally determined by the
Langmuir equation as follows (28, 29):

qrnt'BiPi

1 + > B;P;
Jj=1

* o=

qi (e)

Equations (a)-(¢) and subsidiary equations were transformed into di-
mensionless equations.

EXPERIMENTAL SYSTEMS AND PROCEDURES
Apparatus and Materials

The experimental apparatus in Fig. 1 was designed for versatile step
operations in the VPSA or PSA process under a wide range of process
conditions (pressure, temperature, flow rate, etc.) for single- or multicom-
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ponent adsorptive separation. All steps were controlled by an automatic
control and data acquisition system (ACADAS). All data were on-line
monitored and stored in a file. For monitoring and analyzing on-line real
concentration data in this system, a residual gas analyzer (RGA, Balzers
Co., Model AutoCube 200 Mass Spectrometer) calibrated for system gases
was used.

The adsorption column was a 80-cm long and 3.54 ¢cm I.D. stainless
steel pipe (type SUS304) filled with 20-30 mesh activated carbon (Sam-
chully Co.). The top suppressor and the bottom supporter of the column
were stainless steel perforated double plates where a fine screen for pro-
tecting against the loss of large size particles and for distributing the adsor-
bates was placed. Additional in-line filters (40 wm holes) were installed
on both sides of the column to keep fine particles from being entrained
into the product and for sampling gas facilities. All lines were 0.25 inch
(0.64 cm) stainless steel except for the 0.465 inch (0.95 cm) vacuum line
and the 0.0625 inch (0.16 cm) sampling lines.

One pneumatic operated valve (POV) for feed and three electric oper-
ated valves (SV) for countercurrent blowdown, vacuum purge, and equali-
zation were installed at the top of the column. Four electrically operated
valves which functioned for pressurization, product, cocurrent blow-
down, and purge were installed at the bottom of the column. All fluid
directions were controlied by setting the valve-opening-time from ACA-
DAS. The feeding system was able to mix gases by mass flow controllers
(MFC, Oval Co.) in individual cylinder gas lines. Three check valves were
installed in each line upstream of POV for the sake of checking backward
flow between feed gases.

An intermittent chamber for the purge step was installed between the
product SV and the outlet backpressure controller (BPC, Bronkhorst Co.)
which constantly maintained the system pressure. A check valve upstream
of the intermittent chamber was placed to maintain high pressure. Purge
gas flow was controlled and measured by MFC on that line. The flow
rates in cocurrent and countercurrent steps were measured by a mass flow
meter (MFM, Oval Co.). An additional BPC was set to fix the cocurrent
blowdown pressure. An electric heating system around the column and
a refreshing gas line were equipped for adsorbent reactivation and hot
purge. In this step the hot fluid made a detour by way of six heatproof
block valves (BV) which were adopted to protect the heat-sensitive instru-
ments. Two pressure transmitters (PT, Hartmann & Braun Co.) with pres-
sure ranges up to 40 atm were placed near the inlet and outlet of the
column for monitoring and measuring internal pressure.

Temperatures were recorded by five thermocouples (TC, Type K)
which were connected to the ACADAS and inserted in the middle of the
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packed column at equidistant intervals along the column length. In our
ACADAS, all kinds of instruments (PT, TC, MFC, MFM, and BPC) and
RGA were linked to microcomputers via interface cards. Also, all valves
were operated through ACADAS. It was programmed to monitor and
record the data at any interval. For convenience, one second was selected
as the time interval in our system.

Procedures

Two kinds of breakthrough experiments were carried out by means
of changing degassing steps before the adsorption step. The aim of this
breakthrough experiment was to determine the process variables for ad-
sorption steps in the five-step VPSA process and the four-step PSA pro-
cess. In order to reach the same initial conditions, the following steps
were exactly implemented for every run.

Instep I, pressurization with H, was initiated by opening SVS5 connected
to MFC1. The column reached the desired pressure by BPC1 connected
to the intermittent chamber. In step 11, adsorption at high pressure began
when SV1 in the top feed line and SV6 downstream of the column opened.
Simultaneously, the concentration at the sampling point 1 (SP1) was mea-
sured by RGA. The feed rate was controlled by MFC3 for CO, while
BPC1 kept the system pressure constant. In step III, cocurrent blowdown
to the desired pressure was executed by closing both SV1 and SVé6 and
opening SV4 joined to MFM2. In step IV, countercurrent blowdown to
atmospheric pressure was effected by shutting SV4 and opening SV2 con-
nected to MFM3. In step V, vacuum purge was completed by closing SV2
and opening SV7.

For the adsorption step of the four-step PSA process, steps I-IV were
the same as those of the above process. In each step of the two processes,
all valves were operated at the same time by ACADAS. At the start of
the experiments the column was evacuated by a diaphragm vacuum pump
for our adsorption step in the five-step VPSA process. The pressure was
in the 0.1-30 kg/cm? range and the flow rate was in the 3-10 LSTP/min
range. The pressurization rate was fixed at 5 LSTP/min.

RESULTS AND DISCUSSION

The experimental breakthrough results were discussed from the follow-
ing four viewpoints. The first was to determine the flow rate and pressure
for the maximum breakthrough time and the relation of breakthrough
curves with the formation of a constant pattern. The second was to de-
velop a simple and reasonable simulator for predicting dynamic adsorption



11: 48 25 January 2011

Downl oaded At:

1748 LEE ET AL.

TABLE 1
Operating Conditions
Pressure (kg/cm?-G) Flow rate (LSTP/min)
6 3,5,7,9
10 3,5,7,9
15 3,5,7,9, 10
20 3,5,7,9, 10
25 3,5,7,9, 10
30 3,557,910

behaviors in the VPSA and PSA processes. The third was to obtain the
real dynamic properties at high pressure to be used as reference data for
other composition gas systems. The fourth was to confirm the possibility
of monitoring the occurrence of breakthrough points using the temperature
propagation profiles.

Several experiments were performed at each pressure condition. The
operating conditions are given in detail in Table 1. The linear driving
force model used to simulate all runs was able to estimate the adsorption
characteristics in this experimental system. The characteristics of the ad-
sorption column and some physical properties are given in Tables 2
and 3.

Maximum Breakthrough Time of Adsorption Column

The rising pressure usually makes the adsorption capacity increase and
the breakthrough time occur later in the dynamic adsorption. In order to
identify the conditions of the maximum breakthrough time and the effect
of interstitial velocity on the breakthrough curves, five flow rate condi-
tions were fixed and the pressure was in the 6-30 kg/cm?-G range.

TABLE 2
Characteristics of Material and Adsorption Bed

Inside diameter, D = 3.541 cm

Bed length, L = 80.0 cm

Interparticle void fraction, e = 0.43

Total void fraction, er = 0.778

Average pellet size, a = 0.0718 cm (20-30 mesh)
Particle density, p, = 0.8 g/cm®

Bed density, ps = 0.4098 g/cm?®
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TABLE 3
Adsorbent Heat Capacity (Cys) and Adsorbate Heat Capacity (Cyg)
Adsorbent heat Adsorbate heat

Pressure Temperature?® capacity capacity
(kg/cm?-G) °C) (cal/g-°C) (calig-°C)
6 53.3 0.28413 0.21186

10 53.3 0.28413 0.21190

15 61.7 0.28776 0.21447

20 64.57 0.29263 0.21527

25 70.7 0.30326 0.21705

30 69.5 0.30313 0.21671

“ Average bed temperatures are used.

The breakthrough curves for the adsorption step following vacuum
purge are shown in Figs. 2-6. In the experiments at 3 LSTP/min, as shown
in Fig. 2, the breakthrough curves III and IV for 15 and 20 kg/cm? G,
respectively, appear after more time. However, breakthrough curve 111
becomes more constant than curve IV. In Fig. 3 for 5 LSTP/min, break-
through curve III for 15 kg/cm?-G occurs earlier than curve IV for 20 kg/
cm?G. The former shows a more constant pattern than the latter. Figure
4 for 7 LSTP/min shows that curve V for 25 kg/cm?-G matches curve IV
for 20 kg/cm?-G at the beginning of breakthrough. In Fig. 5 for 9 LSTP/
min, curve V of 25 kg/cm?-G does not have an S shape at lower flow rates.
The breakthrough time of curve IV for 30 kg/cm?-G approaches that of
curve III for 25 kg/cm?-G in Fig. 6 where the flow rate is 10 LSTP/min.
It is predicted that a large flow rate will make the curve pattern constant.
It is clearly shown in Figs. 2, 3, and 4 that the curves at high pressure
fluctuate when the CO; concentration is over 50%. These phenomena are
caused by the readsorption that occurs near the column outlet.

Up to now it has been shown that the breakthrough time increases
with increasing pressure and then decreases above a certain pressure. The
maximum breakthrough time decreases with increasing flow rate. Figure
7 shows the effects of flow rate and pressure on the maximum break-
through time. The earlier occurrence of breakthrough at higher pressure
and lower flow rate indicates that the overall mass transfer resistance
becomes larger, which results in a decrease of the dynamic adsorption
capacity. All the constant pattern curves occurred when the actual intersti-
tial velocity was approximately within a 1.2-1.5 cm/s range.

The breakthrough curves for the high-pressure adsorption step follow-
ing atmospheric blowdown are shown in Figs. 8-12, where the trends are



11: 48 25 January 2011

Downl oaded At:

1750 LEE ET AL.

100

oo o ]
/ 7 v . ]
o0 it} v vt ]
- T e
~ 8of // yd / pral -
& ol e e ]
o [ 17
O e | s ]
5 | / ]
§ *f I/ ]
£ wh [F ]
@ r f 1
£ wr i ]
(&) 20 " —
10 .
0 MR R A ; | I S SN T S WU S T WU U SUUN ST T ]
0 1000 1500 2000 2500
Time(sec)

1 6KG/ICM*G

— — II 10 KG/CM2G

— — I 15 KG/CM*G

——— IV 20 KG/ICM2G

---------- V 25KGICM'G

-+ VI 30 KG/CM*G

FIG. 2 CO, breakthrough curves with various pressures and 3 LSTP-CO,/min using H,
pressurization and vacuum purge.

similar to the curves found for vacuum purge. The breakthrough curves
after atmospheric blowdown fluctuate less at high pressure than those
after vacuum purge. Although the overall tendency for the maximum
breakthrough time to occur is quite explicit, the column pressure for the
maximum breakthrough time falls within a certain range. This is seen in
Fig. 13. The axial dispersion phenomena are dominant in the low CO,-
concentration range. Therefore, it is predicted that axial dispersion prob-
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FIG. 3 CO; breakthrough curves with various pressures and 5 LSTP-CO,/min using H,
pressurization and vacuum purge.

lems will have an unfavorable influence upon the separation processes if
a mixture of gases instead of a pure gas is used as the feed.

Comparing Fig. 13 with Fig. 7 shows that the maximum breakthrough
time using vacuum purge was the more sensitive to the two process vari-
ables. Based on the above fact, decisions about the optimum feed rate
and pressure in the VPSA process are more important than those in the
PSA process. It was known that an optimum operating pressure exists
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for the equilibrium process (30). Under the mass transfer effect, it is more
important to search for the optimum operating pressure.

Comparison of Experimental Data with Numerical Results

In the real VPSA or PSA process, the adsorption step should be termi-
nated before breakthrough occurs. The experimental results showed that
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the first constant breakthrough curves in each experimental set had nearly
the maximum breakthrough time. Therefore, several runs having maxi-
mum breakthrough times were taken into account for developing a good
simulator and obtaining practical data which were rarely reported at high
pressure. A numerical simulation on the basis of the characteristic proper-
ties in Table 2 was performed. The overall mass transfer coefficient, k.,
and the overall heat transfer coefficient, U,, are obtained as the effective
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factors for a slim-sized column system. The heat of adsorption for CO,
on activated carbon (Samchully Co.) was 4100-6400 cal/mol (28, 29). ks
as an adjustable variable was decided upon by fitting the theoretical model
to the experimental temperature and concentration profiles. The simula-
tion model satisfactorily described the experimental profiles for all runs
using the above parameters.

Relation of Breakthrough Curve with Temperature Profile

Figures 14 through 16 present typical experimental concentration and
temperature profiles with the simulation results. The interdistances be-
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tween the take-off points of temperature profiles from the simulation re-
sults slightly lengthen with time, which results from the change of the
interstitial velocity and neglect of the axial dispersion. This phenomenon
was not clearly observed in the experimental results. The simulation tem-
perature profiles increase more sharply at their five take-off points than



11: 48 25 January 2011

Downl oaded At:

1756 LEE ET AL.

100 T

S0

70

P T R SR {

60

S0

40

30

Concentration of CO,(%)

20

LA EA N O s S S A SR B R B

10

P NESTIN EEPER U NS R |

Q

1000 1500 2000
Time(sec)

I 6KG/CM2G
— — I 10 KG/CM?*G
——— 15 KG/CM*G

——— IV 20 KG/CM2G

---------- V 25 KG/ICM?G

——- VI 30 KG/CM3G

FIG. 8 CO; breakthrough curves with various pressures and 3 LSTP-CO,/min using H;
pressurization and atmospheric blowdown.

do the experimental temperature profiles. These results mean that the
experimental adsorption makes progress slowly and the dynamic adsorp-
tion capacity is less than that of the equilibrium state. Also, the simulated
concentration curves, which are reasonably accepted in our system, are
steeper than those of the experimental data. Those results indicate that
dispersion has an effect on our system and dead volume may exist between
the column outlet and RGA. Nevertheless, estimating and monitoring the
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breakthrough time from the temperature propagation profiles does not
matter. The temperature in the column rises with increasing pressure with
a similar interstitial velocity. In Fig. 14 the temperature differences be-
tween the maximum and minimum temperatures along the column length
(except for location no. 1) under the same conditions are nearly identical,
proving there is the same adsorption capacity at any location without the
effect of upstream temperature. Convection flow has an influence upon
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pressurization and atmospheric blowdown.

the shape of the temperature profile at location no. 1. The profiles V-a of
Fig. 15 and IV-a/V-a of Fig. 16 indicate that the concentration of strong
adsorbate is very low in the downstream adsorbent and that the incoming
flow leads to the readsorption process, which is why the temperature
profiles fluctuate.
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FIG. 11 CO; breakthrough curves with various pressures and 9 LSTP-CO,/min using H,
pressurization and atmospheric blowdown.

Effects of Pressure on Mass Transfer Coefficient

The overall mass transfer coefficients for the system of carbon dioxide
on activated carbon were 0.01-2.0 s !, depending upon the process condi-
tions. The heat transfer coefficient of 4 x 104 cal/(cm?s-K) as used here
is slightly larger than the data reported in other systems. In Fig. 17 for
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FIG. 12 CO; breakthrough curves with various pressures and 10 LSTP-CO,/min using H;
pressurization and atmospheric blowdown.

20 kg/cm?-G and 7 LSTP/min, the mass transfer coefficients within the
0.05-2 s~ ! range have the breakthrough curve change to a minor degree,
i.e., a breakthrough time shift from 486 to 506 seconds. For the bulk
adsorptive separation of CO; and H, on activated carbon, the change of
the mass transfer coefficient between 0.05-2 s~! should not have a large
influence upon the shape and shift of the breakthrough curve. Similar
results were obtained in Fig. 18 for 25 kg/cm?-G and 9 LSTP/min, and in
Fig. 19 for 30 kg/cm*-G and 10 LSTP/min, by the use of the same mass
transfer coefficients.

Raghavan et al. (16) found that the mass transfer coefficient is inversely
proportional to pressure if the controlling step in mass transfer is ma-
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FIG. 13 Breakthrough time with flow rates at 5% of CO, concentration using H, pressuriza-
tion and atmospheric blowdown.

cropore diffusion in the molecular regime, while the mass transfer coeffi-
cient is effectively independent of pressure within the Knudsen diffusion
regime or under conditions of micropore control. In our system, however,
the heat transfer coefficient has a large effect on the breakthrough time
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FIG. 14 CO, breakthrough curves and temperature profiles at 20 kg/cm>G and 7 LSTP-

CO,/min using H; pressurization and vacuum purge: (I) loc. no. 01(10 cm), (II) loc. no.

02(25 cm), (IID) loc. no. 03(40 cm), (IV) loc. no. 04 (55 cm), (V) loc. no. 05(70 cm) from the

top of the column. *Note: Extension a = experimental data, Extension b = simulation
data, ke = 0.1 571

in a slim column system as compared with the effect of the mass transfer
coefficient. Although pressure had little effect on the LDF mass transfer
coefficient in our simulation results, it was also found that pressure was
not an important factor influencing the LDF mass transfer coefficient at
high pressure.
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FIG. 15 CO, breakthrough curves and temperature profiles at 25 kg/cm*G and 9 LSTP-

CO,/min using H, pressurization and vacuum purge: (I) loc. no. 01(10 cm), (II) loc. no.

02(25 cm), (I1I) loc. no. 03(40 cm), (IV) loc. no. 04(55 cm), (V) loc. no. 05(70 cm) from the

top of the column. *Note: Extension a = experimental data, Extension b = simulation
data, kegr = 0.1s7 1.

Monitoring Solute Movement from Temperature Profiles

A lot of heat was generated by adsorption inside a separation system
for bulk separation. Owing to the large quantity of adsorption heat occur-
ring in our system, the most important factor affecting simulation results
was the heat transfer rate. When the data of Hwang et al. (19) were used
in the present system, the simulation resuits were not good. In Figs. 14,
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FIG. 16 CO; breakthrough curves and temperature profiles at 30 kg/cm*G and 10 LSTP-

CO2/min using H, pressurization and vacuum purge: (I) loc. no. 01(10 cm), (II) loc. no.

02(25 cm), (I11) loc. no. 03(40 cm), (IV) loc. no. 04(55 cm), (V) loc. no. 05(70 cm) from the

top of the column. *Note: Extension a = experimental data, Extension b = simulation
data, kegr = 0.1 571,

15, and 16, the overall heat transfer coefficient (31), U, = 4.0 x 10~* cal/
(cm?'s-K), is employed, and the breakthrough curve of simulation results
agrees with the experimental breakthrough curve. The take-off time of
temperature at each location along the column appears earlier than that
of the experimental results.
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2.0 s~ !, and (VI) experimental data.

The shape of the simulation temperature profiles at all locations, except
the first location, is similar to that of the experimental temperature pro-
files. The temperature profile at the first location has a plateau region
which is formed by an initial excessive flow rate compared with the down-
stream flow rate. The phenomena in Fig. 15 are quite similar to those in
Fig. 16, exclusive of the plateau shape. It is shown in Figs. 14, 15, and
16 that, as the interstitial velocity increases, the plateau of temperature
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2.0 s71, and (VI) experimental data.

profile at the first location becomes clear. Similar phenomenon at the next
location would appear with increasing flow rate and time. Whether the
temperature profiles with a smooth shape have a plateau or not, it is
known that the adsorption capacity was fully utilized as a consequence
of monitoring the temperature profiles. Although some temperature differ-
ences between the experimental and simulation results appear, the propa-
gation rate and trends were approximately similar to each other.
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CONCLUSIONS

Two kinds of experiments were performed as a point of reference for the
selection of optimum operating variables. One was adsorptive separation
under vacuum purge and the other was separation with atmospheric blow-
down. From a practical viewpoint, the former is more favorable to the
separation process than the latter. In our CO; breakthrough experiments,
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maximum breakthrough time was found at a certain pressure and flow
rate. It occurred at a higher flow rate as the pressure was increased. Also,
the maximum breakthrough time using vacuum purge was more sensitive
to the two process variables than that using atmospheric blowdown. It
was known from the above fact that decisions on optimum feed rate and
pressure in the VPSA process were more important than in the PSA pro-
cess. The breakthrough curves for the maximum breakthrough time were
developed with a symmetric pattern in all cases when the interstitial
velocity approached the 1.2-1.5 cm/s range.

A simulator suited for modeling a single- or multicomponent adsorptive
process on a fixed-bed system was provided to simulate a high-pressure
adsorption process dynamically. It was found that pressure was not an
important factor influencing the LDF mass transfer coefficient at high
pressure. The overall mass transfer coefficient, ke, within the 0.05-2.0
s~ ! range had little effect on the concentration and temperature profiles of
the model for the present system. However, the heat transfer rate crucially
affected the simulation results for the high-pressure and bulk separation
system without carrier gas due to the large quantity of heat of adsorption.
It was possible to estimate and monitor the breakthrough time from the
temperature propagation profiles. Although the temperature of the simula-
tion results deviated somewhat from that of real data, the propagation
rate and trends in the experimental and simulation resuits were generally
similar.

As a part of the project of H, separation from reformer off-gas, these
experiments will be extended to real gas systems. The simulator used here
could be developed and applied to VPSA modeling for multicomponent
systems.
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concentration of adsorbate in bulk flow (mol/cm?)
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time (s)

temperature (K)

reference temperature (K)

interstitial velocity (cm/s)

overall heat transfer coefficient [cal/(cm?-K-s)]
axial distance along the bed in feed direction (cm)

Greek Leiters

AH, heat of adsorption of adsorbate (cal/mol)
€ interparticle void fraction

€T total void fraction

Pp particle density (g/cm?)

PB bed density (g/cm?)

Pg gas density (g/cm?3)
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