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Abstract

Single long spiral tube column pressure swing adsorption (PSA) unit, 25 mm
diameter, and 6 m length was constructed to study the separation of water from
ethanol at azeotropic concentration of 95 wt%. The first three meters of the column
length acted as a vaporizer and the remaining length acted as an adsorber filled by
commercial 3A zeolite. The effect of pressure, temperature and feed flow rate on the
product ethanol purity, process recovery and productivity were studied. The results
showed that ethanol purity increased with temperature and pressure and decreased
with feed flow rate. The purity decreased with increasing productivity. The purity
range was 98.9 % to 99.6 %, the recovery range was 0.82 to 0.92 and the productivity
range was 0.3 to 1.05 kg ethanol/kg zeolite.h.
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Introduction

The main problem of using ethanol
as a car fuel is the presence of excess
water. Simple binary distillation is
used to separate ethanol-water up to
maximum 95% as weight percent;
further purity of ethanol cannot be got
by distillation due to presence of
azeotrope. There are many processes to
get dehydrated ethanol beyond
azeotropic  point; pressure swing
adsorption (PSA) process in vapor
phase is the lowest energy
consumption process [1].

In liquid phase water adsorption for
ethanol-water mixture [2-4], the
adsorbent is usually desorbed by
solvent rinse or heating. Solvent rinse
requires a suitable solvent and further
separation and recovery of the solvent
after the rinse. And the method of
heating requires long operating period

of heating for desorption and then
cooling for adsorption, which lowers
the productivity of the adsorbent beds.
Heat energy is also required to
evaporate the liquid remaining in the
void of the beds and raise the
temperature of the adsorbent and the
beds. The gaseous phase adsorption
process was proposed by Ladisch and
coworkers [5]. PSA is widely used in
the separation and purification of gas
mixtures mainly because of the easy
and quick desorption of the adsorbent
only by depressurization [6].

All adsorption processes include two
major steps, adsorption and desorption,
and almost the process is named by the
desorption step. There are two basic
adsorption processes: Thermal swing
adsorption (TSA) and pressure swing
adsorption (PSA). Figure 1 shows the
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principles of the two processes in both
adsorption and desorption [7].
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Fig. 1: Principles of Thermal Swing
Adsorption (TSA) and Pressure Swing
Adsorption (PSA) [7]

Desorption step takes rather long
time (several minutes to hours) if the
thermal swing is used due to slow heat
transfer in packed columns while
desorption steps takes short time
(seconds to minutes) if the pressure
swing is used.

Despite  many researches on the
adsorption of water on 3A zeolite and
PSA simulation for ethanol-water
mixture [8-14], there are limited
studies on the experimental PSA
process systems [15-18].

The aim of the present work is to
construct a small scale pressure swing
adsorption  (PSA) unit for the
separation of the vapor mixture of
ethanol-water beyond azeotropic point,
using long spiral bed column, packed
with commercial 3A zeolite. The
effects of the operating parameters,
such as adsorption pressure, adsorption
temperature and feed flow rate on the
performance of PSA unit is to be
studied, using  4-steps  cyclic
operations. The performance is
characterized by ethanol product
purity, ethanol recovery and ethanol
productivity.

Experimental Work

Figure 2 shows the experimental set-
up of the long novel spiral column
PSA process. The spiral column is of
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stainless steel 25 mm diameter and 6 m
length. The first three meters act as a
vaporizer and the last three meters act
as an adsorber filled with one kilogram
of 3A zeolite. The spiral coil
submerged in oil bath. Four solenoid
valves of 6 mm diameter are used. The
characteristic of the adsorbent is shown
in Table 1. The ethanol purity is
measured by Abbe Refractometer,
Atago, Japan.
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Fig. 2: Experimental setup

Table 1: Adsorbent characteristics

Adsorbent
Type Zeolite 3A
Shape

Sphere
Weight 1 kilogram
Particle

diameter 3-5mm

Structure
Formula 0.45K,0.0.55Na,0.AL,03.4.5H,0

Bulk s
density 779kg/m

Bed
porosity | 0.41

The parameters considered in the

present work are:

= Operating Adsorption Temperature
(Tags): 150, 160 and 170 °C.

= Operating  Adsorption
(Pags): 2, 3 and 4 bar.

= Feed flow rate (Q): 1, 2and 3 I/h

Pressure
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= Cycle time: 12 minutes (6 minutes
adsorption  and 6 minutes
desorption).
= Feed Concentration : 95 wt %
= Vacuum desorption pressure (Pges):
0.2 bar
The experiments were organized by a
three level factorial design of the three
operating  variables  (temperature,
pressure, and feed flow rate).
The experimental procedure was:
1. Turn on the oil path and start the
control board on manual mode to

prepare the system by vacuum and
N2 purging.

2. Set the control board on automatic
mode with the specified duration of
each step and with the solenoid
valves operation cycle as shown in
Table 2 and Fig. 3 for 4-steps PSA
operation.

3. Adjust the flow rates of feed by
regulating the dose pump.

4. Take a sample of product each step
and measure the product purity
(EtOH %) by calibrated
refractometer.

Table 2: Automatic solenoid valves operation of the 4-step PSA system

Process Steps Solenoid Valves
P SVI | SV2 | SV3 | sva
Adsorption Pressurl-zmg Open | Close | Close | Close
Producing Open | Close | Open | Close
Depressurizing | Close | Open | Close | Open
Desorption Vac““?" Close | Open | Close | Open
Desorption
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Fig. 3: Sequence of the 4-steps Pressure Swing
Adsorption operation

Results and Discussion

Figure 4 shows the effect of
temperature and pressure on product
ethanol purity at different levels of
feed flow rate. No significance effect
of temperature and pressure is noticed
on the purity at low feed flow rate of 1
I/h. Whereas significance effects of
both temperature and pressure are
noticed at high feed flow rate of 2 and
3 I/h. Ethanol purity increases with
increasing temperature because the
increase of temperature leads to more
heat for endothermic desorption

-Available online at: www.iasj.net

process to be more complete at high
temperature [10].

Ethanol purity decreases with the
pressure increase, in contrast of what
expected. The capacity of the
adsorbent increases and the vapor
velocity inside the column decreases
with  increasing the  adsorption
pressure. These lead to increasing the
performance of the PSA process [10].
The reason of this unexpected result is
due to that adsorbent exhibits more
adsorbation in unit time in pressurizing
step.

Figure 5 shows the effect of feed
flow rate on product ethanol purity for
different levels of pressure and
temperature of 150 °C. The purity
decreases with increasing the feed flow
rate because solid adsorbent exhibits
more adsorbation for unit time which
makes the column approaches sooner
the breakthrough point and saturation
early. The same trends were noticed at
temperatures of 160 and 170 °C.
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Fig. 4: Temperature and pressure effect on

ethanol purity (A: Q=1 I/h, B: Q=2 I/h, C: Q=3

I/h)
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Fig. 5: Effect of feed flow rate on ethanol
purity (T=150 °C)

Figure 6 shows the effect of
temperature and pressure on ethanol
recovery at feed flow rate of 1 I/h.
Ethanol recovery decreases with
increasing temperature and pressure
because  ethanol  losses  during
desorption  step  increases  with
increasing temperature and pressure.
The same trends were noticed at feed
flow rate of 2 and 3 I/h.
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Fig. 6: Temperature and pressure effect on
recovery (Q=1 I/hr)

Figure 7 shows the effect of
temperature and pressure on the system
productivity at different levels of feed
flow rate. The productivity decreases
with increasing temperature and
pressure because ethanol losses during
desorption  step  increases  with
temperature and pressure increase.
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Fig. 7: Temperature and pressure effect on
productivity (kg Ethanol/kg Zeolite.hr) [A:
Q=11/h, B: Q=2 I/h, C: Q=3 I/h]
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Figure 8 shows that ethanol recovery
slightly increases with increasing the
feed flow rate. This is because ethanol
losses in the desorption or
depressurizing step are not affected by
the change of the feed flow rate.
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Fig. 8: Effect of feed flow rate and pressure on
ethanol recovery (T=150 °C)

Figure 9 shows that the system
productivity is directly proportional to
the feed flow rate. The relationship of
product purity and the productivity is
shown in Fig. 10. The product purity
decreases  with  increasing  the
productivity. This result is in
agreement with the published literature
[15].

11

1
0.9
0.8
0.7 -

0.6
0.5 P=4 bar

=4=P=2 bar

Productivity

=f=P=3 bar

0.4

03 !
0 1 2 3 4
ali/h)
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Conclusion

1. Pressure Swing Adsorption (PSA)
experiments using zeolite 3A shows
high performance in ethanol-water
separation and produce high purity
ethanol of about 99.5 wt%; that can
be used as a car fuel.

2. No  significance effect  of
temperature and pressure on ethanol
purity at low feed flow rate of 1 I/h,
while there was significant effect at
high feed flow rate of 2 and 3 I/h.
The  purity  increases  with
temperature increase. Whereas the
purity decreases with pressure
increase.

3. Ethanol purity decreases with
increasing the feed flow rate.

4. Recovery is slightly changed, with a

range of 0.82 to 0.92 for all
operating conditions.

5. Productivity is directly proportional
to the feed flow rate. It is of a wide
range of 0.3 to 1.05 kg ethanol/kg
zeolite. h.

6. Ethanol purity decreases with
increasing productivity.

Nomenclature
P Operating Pressure, bar

Pags Operating Adsorption
Pressure, bar
Pges Operating Desorption

Pressure, bar
Q  feed Flowrate, I/h

g  Adsorbent Capacity  at
Operating conditions, kg
water/kg Adsorbent

Oass Adsorbent Capacity  at
Adsorption conditions,
kg water/kg Adsorbent

Qaes Adsorbent Capacity at
Desorption  conditions, kg
water/kg Adsorbent

T  Operating Temperature, °C

Tags Operating Adsorption

Tges Operating Desorption
Temperature, °C

IJCPE Vol.15 No.2 (June 2014) 5



Ethanol-Water Separation by Pressure Swing Adsorption (PSA)

References
1- Jeong, J. S., Jeon, H., Ko, K.M,,

Chung, B., and Choi, GW,,
Production of anhydrous ethanol
using various PSA (Pressure Swing
Adsorption) processes in pilot plant,
Renewable Energy 42, 41-45
(2012).

2- Teo, W.K. and D.M. Ruthven,
“Adsorption of Water from
Aqueous Ethanol Using 3A
Molecular Sieves,”Ind. Eng. Chem.
Proc. Des. Dev., 25(1), 17-21
(1986).

3- Carton, A. et al., “Separation of
Ethanol-Water Mixtures Using 3A
Molecular Sieve,”J. Chem. Tech.
Biotechnol., 39, 125-132 (1987).

4- Sowerby, B. and B.D. Crittenden,
“Scale-up of Vapour Phase
Adsorption Columms for Breaking
Ethanol-Water Azeotrope,”l.
Chem.E. Symp. Ser., 118(1991).

5- Ladisch, M., R., and Tsao, G., T.,
“Vapor phase dehydration of
aqueous alcohol mixtures” US
4345973 (1982).

6- Guan, J., Hu X., “Simulation and
analysis  of  pressure  swing
adsorption process by the electrical
analogue” Separation and
Purification Technology 31, 31-35
(2003).

7- Ruthven, D.M., Faroog, S., and
Knaebel, K.S., Pressure Swing
Adsorption VCH Publishers Inc:
New York, (1994).

8- Leo, D., M., “Adsorption of water
and ethanol vapors on 3a and 4a
molecular sieve zeolites” MSec.
Thesis, State University of New
York at Buffalo, May 1 (2007).

9- Sivashanmugam S., “Comparison
Of Commercial 3A Zeolites For The

6 IJCPE Vol.15 No.2 (June 2014)

Ethanol-Water Separation  Using
Pressure Swing Adsorption”, MSc.
Thesis, State University of New
York at Buffalo, December 5"
(2008).

10- Simo, M., “pressure swing
adsorption process for ethanol
dehydration” PhD Thesis State
University of New York at Buffalo,
December 4™ (2008).

11- Simo, M., Sivashanmugam, S.,
Brown, C., J., and Hlavacek V.
“Adsorption/Desorption of Water
and Ethanol on 3A Zeolite in Near-
Adiabatic Fixed Bed” Ind. Eng.
Chem. Res., 48, 9247-9260 (2009).

12- Simo, M., Brown, C. J,
Hlavacek, V., “Simulation of
pressure swing adsorption in fuel
ethanol production process”
Computers and Chemical
Engineering 32, 1635-1649 (2008).

13- Chen, Y-H, Wu, C-P, Yang H-S
and Chou, C-T “Simulation and
design of numerical experiment of
pressure swing adsorption process
in separation of ethanol-water
mixture” The 13th Asia Pacific
Confederation of Chemical
Engineering Congress APCChE
2010, Taipei, R.O.C. October 5-8
(2010).

14- Sowerby, B., and Crittenden,
B..D., “An experimental
comparison of type A molecular
sieves for drying the ethanol-water
azeotrope”  Gas Separation and
Purification, Vol 2 June 77-
83(1988).

15- Carmo, M. J., Gubulin, J.C.
“Ethanol-water separation in the
PSA process”. Adsorption 8: 235—
248, (2002).

-Available online at: www.iasj.net



Zaid A. Abdel-Rahman, Abdulrahman M. Mahmood and Ahmed J. Ali

16- Kupiec, K., Rakoczy J., Zielinski 18- Jeong, J-S, Jang, B-U, Kim Y-R,
L., and Georgiou, A., “Adsorption— Chung, B-W, and Choi G-W
Desorption  Cycles  for  the “Production of dehydrated fuel
Separation of Vapour-phase ethanol by  pressure  swing
Ethanol/Water Mixtures”, adsorption process in the pilot
Adsorption Science and plant” Korean J. Chem. Eng., 26(5),
Technology, 26 (3), (2008). 1308-1312 (2009).

17- Pruksathorn, P., and Vitidsant, T.
“Production of Pure Ethanol from
Azeotropic Solution by Pressure
Swing Adsorption” American J. of
Engineering and Applied Sciences 2
(1): 1-7 (2009).

-Available online at: www.iasj.net IJCPE Vol.15 No.2 (June 2014) 7



