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Abstract: In this work, the ethanol dehydration production
process is carried out using the Mathematical Modeling
Pressure Adsorption Process. A new model is suggested, it has
two equalization steps, and is compared with the Industrial
Pressure Swing Process operating cycle. An analysis of
the effects of introducing the pressure equalization step
is performed on four main response variables: purity,
production, recovery and energy consumption and it is
compared with the current cycle configuration operating in
the industry. We used Aspen Adsorption for the valuation
and simulation of the cyclic PSA process. We analyzed and
processed the simulation results in Statgraphics Centurion
to obtain optimum operating conditions for the process.
This evaluation shows that purity decreases slightly,
whereas recovery and production increase. The most
important thing is that the energy consumption is reduced.
These results clearly show that by modifying the operating
cycle schema, optimum operating conditions also change.
The optimization of the new cycle was executed considering
as variables bed pressure, adsorption time and purging
flow. We found that a smaller column is more productive
for the equalization cycle than that of a 14m bed, which is
optimal in the industrial cycle with a consequent reduction
in adsorbent material.
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Adsorption, Pressure Equalization
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Currently, a major concern worldwide is the declining
of fossil energy reserves and the environmental impact
that its use has caused, thus, research and development
of renewable energy sources have intensified in the last
years. As transport is the main generator of greenhouse
gases, a great effort has been directed towards producing
biofuels, being ethanol the most promising alternative to be
used as an additive or substitute for gasoline. Nowadays,
ethanol is produced through several processes such as
sugar-based raw materials (e.g. sugar cane), starch-based
raw materials (e.g. corn) and biomass-based raw materials
(e.g. agricultural residues such as corn stover and wheat
straw). These technological processes are different from
one another in their initial phase, but something they have
in common is that they produce very diluted ethanol (6-10%
wt), which needs to be dehydrated for use it as a gasoline
additive. An ethanol-water mixture forms a minimumboiling azeotrope ethanol composition of 95.6% wt at an
atmospheric pressure of 78.15°C, limiting its dehydration
by conventional distillation. As a result, a great deal of
alternatives have been reported to produce anhydrous
ethanol through azeotropic distillation, extractive
distillation, vacuum distillation, extractive distillation
with salt effect, pervaporation and adsorption [1-5]. The
most common within the industrial scale is the extractive
distillation with a solvent, but it is high energy-consuming.
PSA process was developed in the 1960s [6] and it
was initially used as a technique to separate air particles,
produce oxygen and nitrogen or to remove impurities from
gases. In recent years, the interest in PSA has increased due
to its low-energy consumption levels [7], and it has been
used in the bioethanol industry. Skarstrom’s cycle operates
in two beds and each bed operates in two phases with similar
time periods. The first phase is pressurization followed
by adsorption, and the second one is depressurization
followed by purge. Pressurization is carried out in the
feeding step, while a portion of the produced flow is used
to purge the bed. Since Skarstrom’s cycle was introduced,
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there have been a number of modifications aimed at
increasing the purity of the produced gas, product recovery,
the production of the adsorbent and energy efficiency [8].
Among the best improvements that have been introduced is
the incorporation of a pressure equalization step typically
after the first bed is purged and the second bed has
completed the adsorption step under high pressure. Rather
than starting with the draining of the second bed, both beds
are connected to an equal pressure. Thus, the first bed is
partially pressurized while the second bed is depressurized
to equalize the pressure. At the end of the equalization
phase, the second bed continues to be depressurized and
purged, while the first bed is being pressurized [9]. Actually,
commercial scale processes operate in a two-column cycle,
which includes an adsorption or production step in which
vapor-feed is supplied at 167°C, at a pressure of 379.2 kPa
and at a concentration of between 92% wt and 93% wt of
ethanol, in order to get a product with a 99% wt ethanol
purity within a 345 s time cycle. A portion of the product
is taken to purge for 15 s, and the 2nd bed is pressurized
during 120 s. The desorption step is divided into several
sub-stages: i) First, depressurization pressure decreases
from 379.2 kPa to 137.9 kPa at only 60s to create a vacuum in
counter-current; ii) Second, the depressurization where the
pressure is lowered from 137.9 kPa to 37.9 kPa at 150 s; iii)
Third, purging at 37.9 kPa for 15s with produced anhydrous
ethanol; iv) Pressurization during 120 s of the second bed
to provide a portion of the effluent produced in bed 1 [2,
10-13]. Introducing a pressure equalization step in other
processes such as hydrogen purification has shown an
improved process performance [7].
In this research work, the ethanol dehydration
production process analysis is carried out using the
Mathematical Modeling of Pressure Swing Adsorption
(PSA). An analysis of the effects of introducing the pressure
equalization step is performed on four main response
variables: purity, production, recovery and energy
consumption and it is compared with the current cycle
configuration operating in the industry. Aspen Adsorption
was used for the valuation and simulation of the cyclic
PSA process. The simulation results were analyzed and
processed in Statgraphics Centurion to obtain optimum
operating conditions for the process.

77

state approach in Aspen Adsorption software. The
mathematical equations used are summarized in Table 1
and are based on the following approximations:
–– An ideal gas is considered.
–– The radial dispersion is negligible.
–– The bed operates under non-isothermal and nonadiabatic processes and the gas, the solid and the
bed’s wall have thermal conductivity.
–– The velocity of the superficial gas is related to the
pressure gradient according to the Ergun equation.
–– Primary resistance to mass transfer is combined into a
single grouped parameter, where the driving force is a
linear function of the weight of the solid.
–– Adsorption equilibrium is well-described by the
Langmuir Adsorption Isotherm Model.

2.2 PSA process design alternatives

2.1 Mathematical modeling

The two PSA alternatives are developed in Aspen
Adsorption. The first alternative studies the setting cycle
for water adsorption in zeolite to dehydrate ethanol that
is used in the industry [14] with the operation parameters
reported in Table 2. The schematic design of this process
is shown in Figure 1. It has 4 stages, which are described
as follows [15]. It is noteworthy that while the bed 1 is in
the adsorption step (I), the bed 2 performs the other three
stages: depressurization (II), purge (III) and pressurization
(IV). When the cycle is complete, the sequence of steps is
exchanged in the beds. This applies also to the proposed
new cycle.
I. Adsorption: A 700 kmol/h ethanol aqueous solution
at 92.5% wt is fed during 345 s and operated under an
adsorption pressure of 379.2 kPa at a temperature of
125°C. During this stage, a 100 kmol/h product sample
is taken to purge the bed for 15 s and 525 kmol/h to
pressurize it for 120 s.
II. Depressurization: This is done in two stages. The first
stage is a linear depressurization done in 60 s, which
allows the scheme to reach a pressure of 137.9 kPa.
The second stage is an exponential depressurization
done in 150 s, reaching a pressure of 13.8 kPa.
III. Purge: Maintaining vacuum pressure at 13.8 kPa, the
system is purged with a 100 kmol/h sample taken
from anhydrous ethanol produced during 15 s.
IV. Pressurization: For 120 s, 525 kmol/h of anhydrous
product is taken to pressurize the bed from 13.8 kPa
to 379.2 kPa.

Simulation of the industrial cycle and the pressure
equalization step cycle is carried out under a steady-

The process operates in two beds; both beds have the
same characteristics and are presented experimental

2 Material and methods
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Table 1. Mathematical adsorbent bed model used for Aspen Adsorption.

equilibrium data [16]. Also using the Clausius-Clapeyron
equation, water adsorption heat and ethanol were
calculated.
The schematic design representing the second
alternative, with the pressure equalization step, is shown in
Figure 2. The pressure equalization step introduces two new
stages, one of equalization input and one of equalization
output, so this cycle has 6 steps described as follows:
I. Pressurization: The system is pressurized with an
ethanol-water mixture fed at a 125°C temperature

and in a concentration of 92.5% wt, with a flow of
700 kmol/hr. Its corresponding time period depends
on the adsorption pressure and other factors, which
are the reason why it is categorized as a performance
variable.
II. Adsorption or Production: An ethanol-water mixture
is fed on the same conditions of the previous stage
and a product is obtained. The length of the stage
and the pressure at which it operates are performance
variables. Alongside the duration of this step, an
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unknown purge flow is taken for 15 s, which is then
optimized.
III. Equalization output: The purge valve opens up and
lets the gas flow into the other bed until the pressure
equalizes, this step lasts 10 s. The final pressure
at which equalization takes place depends on the
process, thus, it is considered as a performance
variable.
IV. Depressurizations: With the remaining pressure
in the bed after having equalizing it, the system is
depressurized to a vacuum of 10 kPa. Following
the sequence of the industrial cycle of a first linear
depressurization up to 130 kPa that takes a 60 s
time period, plus 150 s to achieve, by exponential
depressurization, the final pressure.

Table 2. Specification of required parameters to create the model of
the industrial cycle bed.
Column
Bed length, L

14 m

Inner diameter, D1

4m

Outer diameter, D2

4.13 m

Bulk void fraction, εB

0.41

Bulk density, ρB

770 kg/m3

Wall (316 SS)
Density, ρw

8000 kg/m3

Heat capacity of the solid, Cpw

500 J/kg/K

Thermal conductivity, λw

17 W/m/K

Adsorbent W.R. Grace 3A Zeolite
Adsorbent Pellet density, ρp

1199.3 kg/m3

Adsorbent particle radius, rp

0.001785 m

Adsorbent particle void fraction, εp

0.56

Thermal conductivity of the Pellet, λp

0.12 W/m/K

Heat capacity of the Pellet, Cps

1045 j/kg/K

Axial effective dispersion coefficient Dax

1.13x10-3 m2/s

Isotherm Langmuir

Figure 1. Schematic design of the industrial cycle.

Figure 2. Schematic design of the pressure equalization step.
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IP1 H2O

0.009443

IP1 EtOH

9.4984e-4

IP2 H2O

0.0207

IP2 EtOH

0.0076

Head of adsorption H2O Q

67,000 kJ/kmol

Head of adsorption EtOH Q

20,000 KJ/kmol

80

L.E. Gomar-Madriz, et al.

V. Purge: The depressurized bed is fed anhydrous
ethanol for 15 s from the adsorption step in a countercurrent fashion for adsorbent regeneration.
VI. Equalization Input: When the purge ends, the purge
valve opens up to let gas in from the other bed until
pressures are equalized.

3 Results and discussion
3.1 PSA alternatives comparison
As a comparison, initially the proposed alternative was
studied under industrial cycle operation parameters
reported in Table 2. The 700 kmol/h stream-feed was
preheated to 125°C before initiating the PSA process.
The concentration feed was 92.5% wt ethanol and the
adsorption pressure was 379.2 kPa. To carry out this
analysis, an Aspen adsorption model was developed
using the described scheme for PSA process [10] for the
industrial process that is operated currently.
In Figure 3, product purity profile for both models is
presented and it can be observed that the industrial cycle
model allows to obtain a purity above 99% wt ethanol,
which is the minimum concentrations specified and
recommended for the product. With the cycle proposed,
the purity of the product reads below 99% wt. Taking
purity as a response variable, the industrial cycle performs
better with a 99.25 % value, whilst the equalization cycle
gets 98.58%. However, for the other response variables,
the equalization cycle is better since recovery is 71.19%
with the industrial cycle compared to 87% that is achieved
with the equalization cycle. The 9486.48 kg/h production
that is achieved with the industrial cycle is below 11390
kg/h, which is the value achieved with the equalization
cycle. This confirms that there is an increase in the

efficiency of the process when the two equalization stages
are introduced and the level of purity only indicates that
by modifying the cycle scheme, the optimal operating
conditions of the process are also modified.
The increase in production is due in part to bed
pressurization differences. The industrial cycle uses
anhydrous ethanol to pressurize the bed in 120 s, while the
equalization cycle uses a 92.5% wt. concentration feed.
The pressurization of the bed with anhydrous ethanol
increases in temperature during both pressurization
and adsorption steps, thereby decreasing the adsorption
capacity. Figure 4 shows temperature profiles for different
heights of the bed: it can be seen that temperature increase
is higher for the industrial cycle than for the equalization
one. For a height of 2.8 m, the industrial cycle has a
temperature increase of 7.63°C during adsorption, while
the equalization cycle has a mere increase of 5°C.
Accordingly to the temperature profiles, adsorption is
an exothermic process and desorption is an endothermic
process: If temperature reduction is high, the adsorbent
has to be heated to prevent condensation. On the other
hand, if the temperature rises too high, cooling must be
used to avoid a considerable reduction in the process
yield.
In terms of energy balance, the industrial cycle has
a consumption of 263.73 kJ/kg produced ethanol while
equalization cycle requires 219 kJ/kg the same kind
of ethanol. The reduction in energy consumption is
associated to the increased in production; so the more
productive the process is, the less energy it will consume,
which gives us a greater advantage to operate the process
in the equalization cycle. Finally in Figure 5, adsorption/
desorption capacity for both cycles is reported. It can be
seen that desorption is very similar for both cycles, but
adsorption is greater because of the equalization cycle.

3.2 Optimization of PSA

Figure 3. Product Purity profile obtained during adsorption through
the models developed for the industrial and the equalization cycle.

The study conducted for both industrial and equalization
cycle models with industrial 14 m high and 4 m diameter
size bed reveals that when the PSA cycle operation
scheme is modified, the operating conditions must also
undergo modifications. For this reason, to optimize the
PSA process, a factorial design of 3 determinants was
performed: adsorption time ta (s); adsorption pressure Pa
(kPa) and purge flow Fp (kmol/s). The feed flow, the feed
concentration, and the feed temperature were constant.
The results obtained from the simulation model
developed in Aspen Adsorption for the scheme of the
equalization cycle were evaluated in Statgraphics
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Figure 4. Equalization cycle (a) and industrial cycle (b) temperature profiles.

Figure 5. Comparison of load capacity.

Centurion. These results were adjusted to a quadratic
model considering only the factors and the interaction
between them that had significance for the response
variables. This was done on the two different size beds.
Table 3 shows the optimum conditions and the response
variables for each bed.
In the optimum operation conditions obtained through
Statgraphics modeling and evaluated by using Aspen
Adsorption models, the load capacity of the cycle for the
equalization scheme is analyzed in two different scopes and
it is compared with the industrial scheme. This analysis is

shown in Figure 6, where the load of the bed is defined in
relation to the dimension minus axial direction. Also in this
Figure, the area between the adsorption and desorption
curves of the capacity of the cycle shows that the industrial
cycle has a cycle capacity comparable to the load capacity
of the equalization cycle. The difference lies in the solute
removal capacity at the beginning and in the end of the
bed, being higher in a 10m high and 3.3 m diameter bed in
the initial part and lower in the final stage. Just the same, in
the process operating in the industry, the removal is lower
in the initial part of the bed but higher in the final phase.
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Figure 6. Load capacity for optimal operating
Table 3. Optimum operating conditions of a 14 m high and 4 m diameter bed with a total adsorbent amount of 124,485.22 kg.
Bed size

Pa KPa

Ta s

Fp kmol/h

Purity
% wt

Recovery
%

Production
Kg/h

Q
KJ/kg

14m high, 4 m diameter

4.5

278

300

99.72

81.10

10457.2

164.45

10 m high, 3.3 m diameter

4.5

141

100

99.41

85.67

10675.4

161.76

Operating the process in a column of 10 m requires
that the necessary amount of adsorbent for charging the
bed is cut back by 52.73%, thus the load cycle capacity is
scarcely affected as shown in Figure 6. On the other hand,
the ethanol recovery introduced to the 92.5% wt mixture
increases from 80.64 to 84.22%. The purity decreases
only by 0.06% wt, and production as well as energy
consumption have a similar value as it is shown in Table 3.

4 Conclusion
Adding pressure equalization steps to the PSA process
results in a product with a purity higher than 99%
wt ethanol and with substantial improvements in
other response variables such as production, product
recovery and energy consumption. In addition, through
optimization it was found that with a smaller column
for this cycle, the requirements for ethanol purity with
consequent savings in adsorbent material was achieved.
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Nomenclature
ap: 	
Particle external surface area to particle volume
ratio (=3/rp), m
A:
Frontal area, m2
Ā:
Characteristic frontal area for control volume, m2
AH2: Internal wall heat transfer area, m
AHo: External wall heat transfer area, m
Ci: Gas phase concentration for component i, kmol/m3
C*i: 	Equilibrium gas phase concentration for component
i, kmol/m3
Cvg: Gas mixture heat capacity, MJ/kmol/K
Cpg: Solid (=adsorbent particle) heat capacity, MJ/kg/K
Cpw: Adsorber material (e.g., stainless steel) specific
heatcapacity, MJ/kg/K
DLi: Axial dispersion coefficient for component i, m2/s
Hs: Fluid/solid heat transfer coefficient, MW/m2/K
Hw: Fluid/wall heat transfer coefficient, MW/m2/K
Hamb: 	Wall/environment heat transfer coefficient, MW/
m2/K
IP1, IP2: Isotherm parameters for component i
Kg: Gas mixture thermal conductivity, MW/m/K
Ks: Solid phase thermal conductivity, MW/m/K
Kw: Wall phase thermal conductivity, MW/m/K
kf: 	External film mass transfer coefficient for
component i, m/s
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Ksi:	Solid film mass transfer coefficient for component i,
1/s
Mw: Molecular weight of gaseous mixture, kg/kmol
P:
Gas pressure, bar
Q*i: 	
Equilibrium amount adsorbed for component i,
kmol/kg-adsorbent
Qi: 	Amount adsorbed for component i, kmol/
kg-adsorbent
rp: Spherical particle radius, m
t:
Time, s
Tg: Gas temperature, K
Ts: Solid temperature, K
Tw: Wall temperature, K
vg: Superficial gas velocity, m/s
VH2: Internal wall element volume for heat transfer, m2
VHo External wall element volume for heat transfer, m2
x:
Axial distance coordinate, m
yi:
Gas Phase mole fraction for component i
εi:
Bed (interparticle) voidage
εp: Intraparticle voidage
εt:
Total voidage
ρg: Gas density, kmol/m3
ρb: Bed packing density, kg/m3
ρp: Particle density (solid density, true density), kg/m3
ρw: Wall material density, kg/m3
µi: Gas mixture viscosity, cP
ψ:
Particle shape factor
ΔHi: 	Enthalpy of adsorption for component (i.e., heat of
adsorption), MJ/kmol
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