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We have evaluated the Vacuum Pressure Swing Adsorption
(VPSA) technology to separate propane—propylene streams to
produce polymer-grade propylene. Zeolite 4A is used as Kinetic
adsorbent since propylene diffuses much faster than propane. A
single VPSA process is able to produce propylene with purity higher
than 99.6%. However, propylene recovery is only 67% and therefore
a second stage is used. In this VPSA unit, zeolite 4A with smaller
crystal radius is employed to reduce kinetic limitations. The second
VPSA (tail unit) produces purified propane and recovers propylene
that is recycled to the feed of the first VPSA (front unit). Linking
these two VPSA units allows us to produce polymer-grade propy-
lene (PGP) recovering 95.9% of the propylene. Comparing the
performance of this process with distillation, there is a significant
decrease in the separation volume. However, further efforts are
necessary to reduce the power consumption of VPSA which is still
slightly higher than for distillation.

Keywords distillation; kinetic adsorbents; Pressure Swing
Adsorption; propylene; zeolite 4A

INTRODUCTION

Olefins are fundamental building blocks for the
production of commodities. Unfortunately, the energy
consumed in their purification is high (1,2). Ethylene and
propylene are often obtained in mixtures with their paraffin
homologues (ethane and propane, respectively). Olefin-
paraffin separations are among the most energy-intensive
processes in chemical industry (1); they are commonly
performed in distillation towers (C, and Cj; splitters) with
over 100 theoretical plates. High reflux ratios are necessary
and vapor compression may be used for heat integration.
High oil prices have boosted research of more efficient
processes. Several reports indicate some of the alternative
technologies that can be employed (2-4). Intensive research
is being performed in membranes (5) and adsorption (6-12)
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processes to be considered as alternative technologies to
distillation.

Vacuum Pressure Swing Adsorption (VPSA) has been
under research for more than one decade using commercial
(6-16) and tailor-made adsorbents (17-22). It was already
shown that using zeolite 4A propylene streams with high
purity can be obtained (10,14). Among many of the com-
mercial adsorbents tested, zeolite 4A presented excellent
properties to be employed in the VPSA process; the
diffusion of propane within micropores is extremely slow
(23) significantly reducing the amount of propane adsorbed
and desorbed per cycle. It was previously shown that
micropore diffusion strongly limits the adsorption rate of
propane (23-25) and thus we can control its adsorption
or desorption by controlling the size of zeolite crystals (25).

The main drawback of previously investigated VPSA
processes is a relatively low propylene recovery of 84%
for a purity of 99.4%, lower than PGP (polymer-grade
propylene) specifications (10). Increasing purity to values
higher than 99.5%, resulted in a further decrease of recov-
ery. Furthermore, the low evacuation pressure of 10kPa
resulted in high power consumption (10). It should also
be pointed out that these results were obtained in labora-
tory experiments with the column operating under non-
adiabatic conditions exchanging significant amounts of
heat with the surroundings.

In this work we present a complete strategy to separate
propane and propylene streams by VPSA technology
achieving PGP and high propylene recovery. A process
comprising two different VPSA units operating in series
was designed. Details of different cyclic schemes and the
effect of different operating conditions are studied. Com-
mercial adsorbent zeolite 4A with different crystal sizes
was used for simulations of both VPSA units. The results
in this work correspond to process simulation supported
by strong experience using this adsorbent in laboratory
VPSA units (6,10,15,23,25,26). Furthermore, the energy
consumption and separation volume required by this new
dual-VPSA strategy was compared with the requirements
for distillation.
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PROCESS DESIGN AND OPERATING CONDITIONS

The specifications of the stream to be separated as well
as the operating conditions of the final products
(separation task) are detailed in Table 1.

The design of the VPSA process was performed using a
detailed mathematical model developed previously in our
laboratory (6,15,16). This model assumes that the
adsorbent is bi-disperse, although for this specific case
the micropore diffusion controls the diffusion rate within
the particles. The model also includes three different energy
balances (adsorbent, gas, and column wall) and the Ergun
equation to take into account the pressure drop within the
column. The adsorption equilibrium of propane and pro-
pylene was described with the multisite Langmuir model.
This equilibrium model was validated against experimental
data in single component and binary mixtures in mano-
metric apparatus and fixed-beds (10,25,26). The Darken
equation was employed to describe the crystal diffusivity
variations with adsorbed phase concentration (25).
Adsorption equilibrium and kinetic parameters of propane
and propylene in zeolite 4A are detailed in Table 1. The
system of PDEs (partial differential equations) was solved
with the central finite difference method with 400 nodes in
the spatial domain.

Using zeolite 4A as adsorbent, the temperature of the
VPSA process should be within 423-463 K (14). We have
also previously observed that the unit productivity of the
VPSA unit can be increased if the total pressure of the sys-
tem increases to 5 bar (10). These two operating conditions
(pressure and temperature) of the VPSA unit are not
coincident with the feed conditions as shown in Table 1.
For this reason, the stream should be heated to 423K
and compressed to 5bar before entering to the process.

The separation process proposed in this work is a dual-
VPSA process where two VPSA units operate in series. The
first unit, named front VPSA unit, intends to obtain propy-
lene with a minimum purity of 99.5%, complying propylene
polymer grade (PGP) specification. The recovery of the
front VPSA is not high and thus the propane-rich stream

TABLE 1
Feed inlet conditions and product specifications to be
satisfied by the separation process. A binary mixture of
propane and propylene is considered

C3H6-rich C3H8-rich
Feed stream stream
Flowrate 31.25ton/h
Molar fraction 0.40 >0.995 <0.035
C;He
Pressure (abs) 2.5 bar 25 bar 4.5 bar
Temperature 323K 323K (liquid) Not specified

still has much propylene that can be recovered in a second
VPSA unit, the tail VPSA. The operational objectives of
the two VPSA units are radically different: in the front
unit, the objective is to purify the most adsorbed com-
pound (propylene) while in the tail unit the main objective
is to purify the less adsorbed compound (propane). Details
about the operation of each of these individual units are
discussed in the next two sections, followed by a discussion
of the process integration where power consumption and
total separation volumes are accounted for.

FRONT VPSA: PRODUCTION OF POLYMER-GRADE
PROPYLENE

The design of a VPSA unit to produce polymer-grade
propylene (PGP) was under research focus in the last years.
In our previous work (10), we have employed a single
five-step VPSA process including, feed, co-current rinse
with propylene, co-current intermediate depressurization,
counter-current evacuation, and co-current pressurization
with feed. Several experiments were performed, basically
aiming to improve the performance of the process in terms
of propylene purity and recovery. An important issue to be
also taken into account is power consumption; since propy-
lene is the most adsorbed compound it should be purified
using a vacuum. Using extremely low pressures result in
high power consumption. In our previous studies using
zeolite 4A with crystal radius of 1.9 um, we have employed
10kPa as the evacuation pressure, but using this value, the
power consumption is significant (10). For this reason, we
have analyzed the process performance keeping zeolite
crystal radius constant and using different evacuation pres-
sures. The results are shown in Fig. 1. It can be observed
that reducing the evacuation pressure, the propylene recov-
ery increases almost linearly. However, the purity decreases
sharply for pressures of 10kPa and smaller. Using
pressures higher than 10kPa, the adsorption/desorption

100 99.41
95 - O | 994
_ 901 1 99.39
S 19938 _
2 80 - 4 9937 &
3 4 9936 £
e 19935 &
70 1 1 99.34
65 1 + 9933
60 , . 99.32
0 10 20 30

Blowdown pressure [kPa]

FIG. 1. Effect of evacuation pressure in the performance of front VPSA
unit for propane — propylene separation using zeolite 4A with 1.9 pm
crystal radius at 433 K. Symbols: B propylene purity [%]; A recovery [%].
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TABLE 2
Adsorption equilibrium and kinetic parameters of propane and propylene in zeolite 4A
Jm (mol/kg) K¢ [kPa™'] —AH [kJ/mol] a; D, [m?/s]* D, [m?/s]*
C;H, 2.600 8.44x107° 28.2 2.612 8.0x107° 6.1x107'°
C;Hy 3.103 2.81x107° 15.6 2.189 8.1x10°° 2.7x 107"

*Values at 423 K.

of propane within each VPSA cycle is negligible. However,
when the pressure is decreased further, we are increasing
the driving force to desorb propane which results in
decreases of propylene purity in the order of 0.1%. For this
reason we have fixed 15kPa as the evacuation pressure in
this study. It can be concluded that there is a significant
drop in propylene recovery if pressure is higher than
15kPa, the reason why we have fixed this value for this
study. The column properties and the simulation para-
meters are detailed in Table 2.

The design of this VPSA process is complex since we are
intending to purify the most adsorbed compound to a very
high purity, keeping recovery as high as possible. However,
this is difficult since we employ a kinetic adsorbent with
strong diffusional resistances and where the mass transfer
zone is larger than the bed length. The other variable that
affects process performance is temperature within the
column. The process is operated under adiabatic con-
ditions, so temperature variations of 20 K over the cycle
are expected, especially in the initial part of the bed. The
cycle design of the front VPSA has included different poss-
ible configurations using the following steps:

o Feed: Step where selective adsorption of propylene
takes place at the highest pressure of the cycle,
Pfeed-

e Co-current depressurization: The pressure of the
column is reduced to an intermediate pressure,
P;nier- The stream exiting the column can be used
to pressurize another column after evacuation
(pressure equalization).

e Rinse: A stream containing purified propylene is
employed to displace propane from the gas phase
to enrich the molar fraction of propylene. In zeolite
4A the adsorption of propane is very slow, and
most of the propane is removed from the gas phase.

e Co-current second depressurization: The objective
of this step is to remove the rest of the propane
existing in the column. For this purpose, the
rinse step should be incomplete; otherwise, mass-
ive amounts of propylene are lost. To save
compression energy, the outlet stream should be
applied for pressure equalization.

o Counter-current evacuation: In this step, the
adsorbent is partially regenerated and propylene

is recovered as product. The lowest pressure of
the cycle, Ppow, 18 reached. Recompressing the
propylene product causes a major share of power
consumption of the process.

o Pressure equalization(s): The streams taken from
one column from the previous two depressuriza-
tion stages can be recycled to other column to
reduce compression energy.

o Counter-current purge: Additional regeneration of
the adsorbent and reduction of C;Hg partial
pressure in the gas phase can be also achieved by
purging with propane. The objective of the purge
step is to reduce propylene losses in the subsequent
feed step.

e Co-current Pressurization: The pressure is
increased to start a new cycle. This step is per-
formed with the feed stream.

The sensitivity of process performance (purity, recovery)
for various process parameters is shown in Table 3. Only the
most important parameters were considered in this analysis:
temperature, crystal radius of zeolite crystal, and pressures
of different steps. The amount of gas employed in the rinse
step is important to remove propylene from the column.
The amount of gas can be significantly reduced if the rinse
is performed at an intermediate pressure. If the rinse step

TABLE 3
Operating conditions for simulations performed to scale-up
the front VPSA process using zeolite 4A according to
initial assumptions

Column length [m] 6.50
Column radius [m] 1.72
Column porosity 0.40
Adsorbent bulk density [kg/m?] 758.0
Pellet radius [m] 8x 1074
Overall heat coef. [W/m?K] 0.00
Temperature [K] 433
Pellet density [kg/m’] 1210
Pellet porosity 0.34
Propane in feed [mol/mol] 0.60
Propylene in feed [mol/mol] 0.40
Propylene in rinse [mol/mol] 1.00
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FIG. 2. Simulated results from front VPSA process for C; separation using zeolite 4A when cyclic steady state was reached. (a) pressure history of one
cycle; (b) propane and propylene molar flowrate outlets; (¢) C3Hg gas concentration and (d) C3Hg amount adsorbed at the end of each step. Number
corresponds to the values at the end of each step 1: pressurization; 2: feed; 3: rinse; 4: depressurization; 5: evacuation.

is performed at the same pressure as the feed step, the
partial pressure of propylene increases from 200 kPa in feed
step to almost 500 kPa in rinse step and thus, too much
propylene is adsorbed in the bed instead of removing the
propane. Another important variable is the pressure of
the second depressurization step. This pressure is critical
to reduce the amount of propane in the column prior to
evacuation. If we use higher pressures, the amount of pro-
pane that remains in the column is enough to contaminate
the purity to values around 98%. We have used purified
propylene in the simulations to reduce computational time.
We have also made simulations with 99.4% of propylene in
the rinse step observing only minor changes in the propy-
lene purity. This cycle can accommodate small amounts
of propane in the rinse step provided that the depressuriza-
tion pressure can be adjusted to remove it from the gas
phase.

Another important conclusion regards the application
of a purge step. To attain a significant gain in propylene
recovery, large propane quantities would be required for
purging at low pressures. As this has proven to be inef-
ficient, a purge step is not used in this VPSA unit.

The crystal size of zeolite 4A is very important to regu-
late the propylene purity. We have previously shown that
using larger crystals we can increase the purity of propylene
at the expense of recovery (25). Using larger crystals, the
amount of propylene adsorbed can dilute easily the
propane in the gas phase, increasing the overall purity of
the recovered propylene. We have increased the radius of

the zeolite crystals to 2.2 um and achieved a purity of more
than 99.5%. An example of the internal profiles of propane
and propylene is shown in Fig. 2 (corresponding to the
results of simulation 4 in Table 3). In Fig. 2a it can be
observed that a large amount of propylene is lost in the
feed step, the reason why recovery from this front VPSA
unit is not large. On the other side, in Fig. 2d we can see
that the concentration of propane after the second depres-
surization is very small. Another interesting feature of this
process is that the amount adsorbed of propane is almost
constant within the entire cycle. The plots shown in Fig. 2
show the behavior of the process after the cyclic steady
state is reached, after more than 200 cycles. After the first
cycles, once temperature profiles are developed, the change

D.2

PRES. FEED D.1 RINSE BLOWDOWN
D.2 BLOWDOWN PRES. FEED D.1 RINSE
D.1 RINSE D.2 BLOWDOWN PRES. FEED

FIG. 3. Front VPSA cycle scheme and step scheduling to produce
polymer-grade propylene. Steps are: (1) pressurization, (2) feed, (3) depres-
surization 1, (4) rinse, (5) depressurization 2 and (6) evacuation.
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FIG. 4. VPSA cycle scheme and step scheduling of the tail unit to
recover propylene. Steps are: (1) pressurization, (2) feed, (3) depressuriza-
tion, (4) evacuation, (5) purge and (6) pressure equalization.

in the other parameters is extremely small, but a significant
change in purity is observed (from 99.9 to 99.6%). These
changes occur until the propane load in the adsorbent
attains a stable value.

The scheme and scheduling of the process steps in the
front VPSA unit is detailed in Fig. 3. The 3-column array
scheduling was developed for continuous processing of
feed.

Table 3 shows a set of operating conditions to produce
polymer grade propylene. Unfortunately, the losses of
propylene in the stream exiting the feed step are significant
and the total propylene recovery is lower than 60%. Since
our objective is to obtain both high purity and high
recovery, we use a second ““tail” VPSA unit that recovers

INCREASING PROPYLENE RECOVERY: TAIL
VPSA UNIT

The objective of this unit is to recover propylene from the
propane stream exiting the feed step of the front unit. The
recovered propylene is recycled to the feed step of the front
unit. For this reason, we have designed this unit to produce
propylene with purity close to the feed composition (40%
propylene). The purity of propylene was fixed to 40% only
as reference to design the front VPSA with a fixed feed com-
position. However, increasing the purity of the recovered
propylene may results in compression energy savings.

This unit does not need to operate with kinetic adsor-
bents where the mass transfer zones are large and thus
the unit productivity is reduced. In this case, we want a fast
propylene adsorption. Additionally, we do not want to lose
propylene so a purge step is necessary. Since the require-
ments of this unit are completely different from the front
VPSA unit, other design concepts are discussed.

The first modification concerns the adsorbent to be
employed. We can select (from the existing database of
commercial adsorbents) a proper adsorbent to replace
zeolite 4A or we can choose conditions where diffusion
of propylene in zeolite 4A is fast enough to be considered
attractive. In order to keep a basis for comparison (same
thermodynamic equilibrium and diffusion constants), we
have reduced the crystal radius of the zeolite 4A to
0.3 um. A reduction in crystal size has a direct impact in
the time constant for diffusion in micropores. The ratio
of micropore/macropore diffusion rates is given by:

propylene. R— 15K2Dc Sizp (1)
Ig Rp
TABLE 4
Front VPSA simulations of propane-propylene separation employing zeolite 4A™
tblow tpurge Pdepr Prinse Pblow Qrinse qurge Purity Recovery
Ne T [K] [s] [s] [kPa] [kPa] [kPa] [SLPM]° [SLPM]° T [pum] [%6] [%0]
2 433 100 0 50 500 10 39412.9 0 1.9 97.02 69.03
3 433 100 0 100 500 10 59119.4 0 1.9 98.08 66.23
4 433 100 0 50 500 10 59119.4 0 1.9 99.35 56.41
5 433 100 0 50 250 10 29559.7 0 1.9 98.60 66.53
6 433 100 10 50 150 10 19706.5 3547.2 1.9 99.36 64.97
7 433 100 10 50 150 10 14779.9 3547.2 1.9 99.32 64.67
8 433 100 10 50 150 10 14779.9 3547.2 1.9 98.08 69.40
9 433 100 10 50 150 15 19706.5 3547.2 1.9 99.36 62.00
10 423 100 10 50 150 15 19706.5 3547.2 2.2 99.54 58.93
11 423 100 10 70 150 15 19706.5 3547.2 2.2 98.28 62.81
12 423 90 10 50 150 15 19706.5 3547.2 2.2 99.57 56.88
14 423 100 0 50 150 15 19706.5 0 2.2 99.56 59.42

°SLPM: Standard liters (1 bar, 298 K) per minute.

*In all runs: Pressurizatin time: 20s; Feed time: 100s; Rinse time: 100s; Depressurization time: 20's; Qgeeq = Qpress: 295597 SLPM.
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If R <0.1, then the control is within the micropores. If
R > 10 is within the macropores and if 0.1 <R <10 then
there is a mixed control. In this work, in the larger zeolite
crystals (used in the front VPSA), R =5.8 x 102 while for
the smaller zeolite crystals (0.3 um used in the tail VPSA) is
R =0.31.

The tail unit is solely a recovery process so it is expected
to use less power than the front VPSA. It is also expected
to yield higher unit productivities. For this reason we have
used a simplified design. A two-column unit operating with
a modified Skarstrom cycle (including pressure equaliza-
tion) is employed. The scheme of the process steps and
its scheduling is shown in Fig. 4. The scheduling of this
2-column unit is not continuous, reason why a tank is
required to regulate a constant flowrate as feed without
accumulation of gas coming from the first process. In this
unit, the streams leaving steps 4 and 5 are recycled to the
first VPSA unit. The two columns have 7.5m height and
3.0m diameter. To reduce the power consumption, our
initial simulations considered evacuation at 100 kPa, but
almost no propylene was desorbed under those conditions,
reason why it was reduced. The operating conditions of the
tail VPSA unit are detailed in Table 4 while the results are
shown in Table 5.

The effect of operating conditions was also evaluated in
this unit. We have modified the column diameter, the purge
flowrate, and also the evacuation and purge pressure. We
have observed that the most important operating condition
is again directly related to power consumption; the press-
ure of the evacuation step determines propylene desorp-
tion. All other operating conditions have minor effects
when compared to the evacuation and purge pressure.

The key conclusion is that the tail unit (two columns,
53m? each) is smaller than the front PSA unit (three col-
umns, 60m?> each); however, the size of both units is in
the same order of magnitude. A propylene purity of 40%
results in a high recycle rate from the tail to the front unit,
with significant costs of power for recompression.

TABLE 5

Operating conditions for tail VPSA process using zeolite 4A
Propane molar fraction 0.8224
Propylene molar fraction 0.1776
Temperature [K] 423
Inlet pressure [kPa] 500
Total feed flow [mol/s] 152
Pellet density [kg/m"] 1210
Pellet porosity 0.34
Pellet radius [m] 8x 107
Crystal radius [um] 0.3
Overall heat coefficient [W/m?K] 0.00

Front VPSA

Tail VPSA

=z > A

FIG. 5. Simplified scheme of the dual VPSA configuration to produce
polymer grade propylene using zeolite 4A.

PROCESS INTEGRATION

The final objective of this work is to design an alternative
adsorption-based process for separation of propane-
propylene mixtures. Once we have designed a process that
is able to obtain PGP propylene (front VPSA) and a second
process to recover C3Hg (tail VPSA), we have to integrate
these units. According to the cycles employed in both VPSA
units, a possible flowsheet is shown in Fig. 5. This design
considers that the flowrate in most of the steps will not be
constant and thus, several tanks are associated to these
processes. Associated with the flowsheet, in Fig. 6 we
present the mass balance of the complete Cj-separation
unit, showing how we have achieved the desired propylene
purity and recovery.

The last step of the process integration was to compare
the volume of the columns and the power consumption with
distillation (Table 6). The adsorbent volume in the two
VPSA units is 287 m>, distributed in 181 m> in the front
VPSA unit and 106m® in the tail VPSA. The volume
required to process the propane—propylene stream is signifi-
cantly smaller than the volume of a C; splitter (621 m?) esti-
mated for the same purpose. The flowsheet used for the
estimation of power consumption by distillation is shown
in Fig. 7. The power consumption of the two-stage VPSA

Propylene product 996% Cite
Recovery 96,0% 04% CsHy
172_th

C3 separation system

40,0% CiHs 40,0% CiHs 17,8% CsHs 26% CiHs
60,0% CiHs 60,0% CHe 822% CiHe 974% CiHy
3125 th 4431 th 3260 th 1953 th

T Tail
Feed [} : ’ it : ’ it

400% CsHs
60,0% CiHs
13.06__th

Propane pwducc'

Recycle propylene

FIG. 6. Mass balance of the two VPSA processes to produce polymer
grade propylene using zeolite 4A.
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TABLE 6
Tail VPSA simulations of propane-propylene separation employing zeolite 4A™
R, L. tolow tpurge Pyepr Poiow Qpuree Purity Purity Recovery Recovery
N°  [m] [m] [s] [s] [kPa] [kPa] [SLPM] CsHg[%] CsHg¢[%] CsHg[%]  CsHg [%]
1 1.5 7.5 60 50 250 20 17888.3 97.53 41.72 89.32 59.73
2 1.5 7.5 60 55 250 20 35776.6 97.93 41.05 90.31 59.01
3 1.5 7.5 60 60 250 20 35776.6 98.24 40.66 91.82 58.24
4 1.5 7.5 60 60 250 30 35776.6 97.47 40.73 88.82 59.21
5 14 7.5 70 60 280 30 25554.7 96.95 42.68 86.81 63.70
6 1.3 7.5 70 30 280 15 25554.7 97.41 44.76 88.79 66.47
*Equalization time was in all the simulations teq =10 seconds. Feed time was also fixed in treq = 100 seconds. Feed pressure was
500 kPa.
configuration is higher than for distillation, mainly due to
TABLE 7 the low evacuation pressures. The main source of power
Comparison of distillation and dual VPSA process consumption is the front VPSA process where the evacu-
performance ation pressure is rather low and flowrates are large.
. This work shows that the two VPSA units in series can
Distillation VPSA be used to produce polymer grade propylene using
Propylene purity [%] 995 99 ¢ available kinetic adsorbents (e.g., zeolite 4A). Significant
Propylene recovery [%] 956 95.9 savings in power consumption could be achieved if
Separation volume [m’] 611 (3.6m x 60m) 787+  adsorbents with more linear isotherms are found, as the
Power consumption [MW] 3.200 3.82+ evacuation could be performed at higher pressure.

*The total separation volume corresponds to 181m® of the
front VPSA unit and 106 m?® of the tail unit.

°Electrical power for vapor compression.

*Power consumption is divided in: 0.59 MW feed compression;
2.33 MW front VPSA; 0.90 MW tail VPSA.

FIG. 7. Flowsheet of C; distillation used for power consumption
calculations.

This work reports a methodology to achieve polymer
grade propylene coupled with propylene recovery over
94%. However, several actions are required to bring this
process to commercial scale. Process optimization, parti-
cularly regarding the tail VPSA unit, is perhaps the major
challenge. The other issue that should be evaluated is the
presence of contaminants in the ppm level, namely ethane
and acetylene. The strong adsorption of acetylene in zeolites
may result in contamination of the product or in zeolite
deactivation.

CONCLUSIONS

We have evaluated the use of Vacuum Pressure Swing
Adsorption (VPSA) to produce polymer grade propylene
(PGP) using zeolite 4A. The 3-column front VPSA unit
operates with a new scheduling consisting on the following
steps: feed, depressurization, rinse with purified propylene,
second depressurization, evacuation, pressure equalization,
and pressurization with feed. The process simulation
predicts a propylene purity of 99.6% and a recovery of
67%. In order to improve recovery, we have employed an
additional VPSA tail unit. Zeolite 4A with small crystal
radius is used in order to reduce the kinetic limitations
and approach equilibrium much faster. The tail unit has
two columns with a modified Skarstrom cycle (feed,
depressurization, evacuation, purge, pressure equalization,
and pressurization) and yields propylene with purity of
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40% that is recycled to the first VPSA unit. Using this dual
VPSA concept, the volume of separation could be clearly
reduced when compared to distillation. However, the
power consumption of this process is somewhat higher
indicating that more research is required to improve this
alternative process. Future efforts should focus on mini-
mizing power consumption. New adsorbents with more
linear isotherms could facilitate this approach.
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