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ABSTRACT
Single long spiral tube column (25 mm diameter, and 4 m bed length) had been
constructed to study the separation of oxygen from air using commercial 13X
zeolite. The effect of adsorption pressure on the system breakthrough curves was
studied. Single column with initial air pressurizing simulates the work of 2columns, 4-steps PSA process, whereas single column with initial intermediate
pure oxygen pressurizing simulates the work of 2-columns, 6-steps PSA process
with pressure equalization steps of the two columns. No significant effect of
pressure on the product oxygen purity is noticed when pressure increased from 2 to
5 bar in both cases.
For initial air pressurizing case, the average maximum effluent oxygen purity of
88% is obtained. The range of zeolite loading capacity is q=0.25-0.35 mole N2/kg
zeolite, and only 40% of the range has been utilized before breakthrough time.
Whereas for initial oxygen pressurizing case, the maximum oxygen purity of 95%
is obtained. The range of zeolite loading capacity is q=0.39-0.87 mole N2/kg
zeolite, and 95% of the range has been utilized before breakthrough time, which
agree well with the equilibrium data of multicomponent Langmuir adsorption
equation.
Keywords: Spiral Tube Adsorber, Breakthrough, Oxygen Separation, PSA.

دراﺳﺔ ﺗﺼﺮف اﻧﺒﻮب اﻻﻣﺘﺰاز اﻟﻤﻠﻔﻮف اﻟﻄﻮﯾﻞ ﻟﻔﺼﻞ اﻻوﻛﺴﺠﯿﻦ ﻣﻦ اﻟﮭﻮاء
اﻟﺨﻼﺻﺔ
 م( ﻟﺪراﺳ ﺔ ﻓﺼ ﻞ اﻻوﻛﺴ ﺠﯿﻦ ﻣ ﻦ اﻟﮭ ﻮاء4  ﻣﻠﻢ وط ﻮل25 ﺗﻢ ﺗﺼﻨﯿﻊ ﻋﻤﻮد ﻣﻠﻔﻮف طﻮﯾﻞ )ﻗﻄﺮ
 ودرس ﺗﺎﺛﯿﺮ ﺿﻐﻂ اﻻﻣﺘﺰاز وﻣﻌﺪل اﻟﺠﺮﯾﺎن ﻣﻦ ﺧﻼل ﻣﻨﺤﻨﻰ. 13X ﺑﺎﺳﺘﺨﺪام اﻟﺰﯾﻮﻻﯾﺖ اﻟﺘﺠﺎري
 ﻋﻤﻠﯿ ﺔ اﻻﻣﺘ ﺰاز ﺑﺘﻐﯿ ﺮ اﻟﻀ ﻐﻂ،  ﯾﺤ ﺎﻛﻲ اﻟﻌﻤ ﻮد اﻟﻤﻔ ﺮد ﻓ ﻲ ﺣﺎﻟ ﺔ ﺑ ﺪء اﻟﻀ ﻐﻂ ﺑ ﺎﻟﮭﻮاء.اﻻﺧﺘ ﺮاق
 ﻋﻤﻠﯿ ﺔ اﻻﻣﺘ ﺰاز ﺑﺘﻐﯿ ﺮ،  ﺑﯿﻨﻤ ﺎ ﯾﺤ ﺎﻛﻲ ﻓ ﻲ ﺣﺎﻟ ﺔ ﺑ ﺪء اﻟﻀ ﻐﻂ ﺑﺎﻻوﻛﺴ ﺠﯿﻦ، ﻟﻌﻤﻮدﯾﻦ وارﺑﻊ ﺧﻄﻮات
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 ﻟ ﻢ ﯾﻼﺣ ﻆ اي.اﻟﻀﻐﻂ ﻟﻌﻤﻮدﯾﻦ وﺳ ﺖ ﺧﻄ ﻮات ﻣ ﻦ ﺿ ﻤﻨﮭﺎ ﺧﻄ ﻮﺗﻲ ﺗﺴ ﺎوي اﻟﻀ ﻐﻂ ﻓ ﻲ اﻟﻌﻤ ﻮدﯾﻦ
. ﺑﺎر ﻋﻠﻰ ﻧﻘﺎوة اﻻوﻛﺴﺠﯿﻦ ﻓﻲ اﻟﺤﺎﻟﺘﯿﻦ5  اﻟﻰ2 ﺗﺎﺛﯿﺮ ﻟﻀﻐﻂ اﻻﻣﺘﺰاز ﻣﻦ
 وﻛ ﺎن ﺣ ﺪود ﺳ ﻌﺔ.%88  ﻛﺎﻧ ﺖ اﻗﺼ ﻰ ﻧﻘ ﺎوة ﻟﻼوﻛﺴ ﺠﯿﻦ ھ ﻲ، ﻓ ﻲ ﺣﺎﻟ ﺔ ﺑ ﺪء اﻟﻀ ﻐﻂ ﺑ ﺎﻟﮭﻮاء
. ﻓﻘﻂ ﯾﺴﺘﻔﺎد ﻣﻨﮭﺎ ﻗﺒﻞ زﻣﻦ اﻻﺧﺘ ﺮاق%40 ( وانq=0.25-0.35 mole N2/kg zeolite) اﻟﺰﯾﻮﻻﯾﺖ
 وﻛﺎن ﺣﺪود ﺳﻌﺔ.%95  ﻛﺎﻧﺖ اﻗﺼﻰ ﻧﻘﺎوة ﻟﻼوﻛﺴﺠﯿﻦ ھﻲ، ﺑﯿﻨﻤﺎ ﻓﻲ ﺣﺎﻟﺔ ﺑﺪء اﻟﻀﻐﻂ ﺑﺎﻻوﻛﺴﺠﯿﻦ
، ﯾﺴ ﺘﻔﺎد ﻣﻨﮭ ﺎ ﻗﺒ ﻞ زﻣ ﻦ اﻻﺧﺘ ﺮاق%95 ( وانq=0.39-0.87 mole N2/kg zeolite) اﻟﺰﯾﻮﻻﯾ ﺖ
.وھﻲ ﻣﺘﻮاﻓﻘﺔ ﺑﺼﻮرة ﺟﯿﺪة ﻣﻊ ﻣﻌﻠﻮﻣﺎت اﻻﺗﺰان ﻓﻲ ﻣﻌﺎدﻟﺔ ﻻﻧﻜﻤﻮر ﻟﻼﻣﺘﺰاز

INTRODUCTION
esign of single fixed bed adsorption column often relies on the concept of
mass transfer zone (MTZ). Figure (1) shows the progress of the zone
through the bed [1].

D

Figure (1) Progress of the mass transfer zone (MTZ)
Through a fixed bed adsorption column [1].

The breakthrough time tb is always less than the ideal adsorption time ts, and the
actual amount of solute adsorbed at the break point can be determined by
integrating the breakthrough curve up to the time tb, as shown in Figure (2). If the
mass transfer zone is narrow relative to the bed length, the breakthrough curve will
be rather steep as in Figure (2a), and most of the capacity of the solid will be
utilized at the break point. When the mass transfer zone is almost as long as the
bed, the breakthrough curve is greatly extended, as Figure (2b), and less than half
of the bed capacity is utilized. A narrow mass transfer zone is desirable to make
efficient use of the adsorbent and to reduce the energy costs in regeneration. In the
ideal case of no mass transfer resistance and no axial dispersion, the mass transfer
zone would be of infinitesimal width and the breakthrough curve would be a
vertical line from 0 to 1.0 when the entire solid was saturated [2].
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Figure (2) Breakthrough curve for; (a) narrow and (b) wide
Mass transfer zone (MTZ) [2].
Single component Langmuir adsorption equilibrium equation for oxygen
separation from air is written as follows [3]:

qi
bP
= i i
q si 1 + bi Pi

… (1)

Whereas the multi-component Langmuir adsorption equilibrium equation is
written as follows [3]:

qi
bi Pi
=
qsi 1 + ∑ b j Pj

… (2)

Pressure swing adsorption (PSA) with dual columns is usually used for oxygen
separation from air [4, 5]. The process is first developed by Skarstrom [6]. Four
steps were used in dual bed unit, pressurization with air feed, producing with
continuous air feed through one end with product withdrawal through the other,
depressurization countercurrent to the feed, and purging performed by product flow
countercurrent to feed [3].
A very important improvement was the introduction of the pressure equalization
step of the two columns [7-9]. The pressure equalization, using a product-enriched
current, leads to a significant economy in energy consumption, since less
mechanical energy is required to re-pressurize the column at low pressure, after the
purge stage. The product recovery is, in this way, also increased because less feed
gas is necessary to re-pressurize the column [10].
In the present work, a single column with air initial pressurizing simulates the
work of 2-column, 4-steps PSA process, whereas a single column with initial
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intermediate pure oxygen pressurizing simulates the work of 2-columns, 6-steps
PSA process with pressure equalization steps of the two columns.
The aim of the present work is to construct a small scale single long spiral bed
column, packed with commercial 13X zeolite, and to investigate the characteristic
of the single column, through the analysis of the breakthrough curves at different
adsorption pressures.
EXPERIMENTAL WORK
Figure (3) shows the experimental set-up of the single column
characteristics. The spiral column of Copper of 2.54 cm in diameter and 4 m in
length, with fittings and connections 12mm in diameter, pressure regulator ( 1 to 10
bar, max. temp. 120 oC, Norgren England), the solenoid valves of 6 mm size. A
rotameter is used for the effluent stream (1 l/min, Oxygen). Each column contains
1300 g of zeloite 13X, the characteristic of the adsorbent is shown in Table 1.
Oxygen analyzer type is GOX 100 Greasing Electronic GmbH. Table 2 shows the
operating conditions of the single column characteristics.
The experimental procedure was:
1. Preparation of the system shown in Figure (3), using vacuum and O2 purging to
ensure the zeolite activity.
2. Adjust the air feed pressure by pressure regulator.
3. Adjust the system condition with or without initial pure O2 intermediate
pressure of the column to the desired value.
4. Open the air feed valve and open the output valve and adjust the flow rate to the
desired value (1 liter/min), using a gas rotameter and a regulating valve.
5. Recording the product purity (O2 %) measured by the analyzer with time.
6. Calculation of q and qB as the area under the curve of O2 purity versus time
according the following equation [11]:

q = ( Q eff / 22 . 4 w )( 79 / 21 ) ∑ ( y O 2 − 0 . 21 ) ∆…
t (3)
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Figure (3) Experimental setup.
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Table (1) Details of column and adsorbent.
L
4m
Column Length
D
25 mm
Column diameter
13X zeolite
Adsorbent Type
Sphere
Shape
dp
1.7-2.6 mm
Particle diameter
1070 kg/m3
Particle density
ρp
670 kg/m3
Bulk density
ρB
0.4
Bed porosity
ε
1.3 kg
Adsorbent weight
w
Langmuir isotherm parameters[4]
3.091 mole/kg
Oxygen
qsO2
0.0367 bar-1
bO2
12.8 kJ/mole
Adsorption heat of O2
∆HO2
Nitrogen

qsN2
bN2
∆HN2

Adsorption heat of N2

3.091 mole/kg
0.1006 bar-1
17 kJ/mole

Table (2) Experiments of single column performance.

RESULTS AND DISCUSSION
The experimental results for the single column characteristics are analyzed
using breakthrough curves.
Figure (4) represents breakthrough curve for air feed pressurizing, the purity of
oxygen produced by the single column as a function of time at different values of
pressure. The effluent flow rate from the column is 1 liter/min. The effluent
product oxygen purity is the range of about 87 % to 89 % up to about 60 seconds,
and after this point the effluent oxygen purity decreases, due to the penetration of
the bed by pressurized air feed. This point represents the breakthrough point of the
single bed with air pressurizing. The figure also shows the effect of pressure on the
maximum effluent oxygen purity before breakthrough point. No significant change
was noticed between the pressure range studied of 2 and 5 bars.
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The average maximum effluent product oxygen purity is of about 88 % in the
present work which is less than that of the published literature of higher than 90%
[5], in spite of using long column. This can be attributed to the large particle size
(1.7-2.6 mm compared to 1mm) used in the present study. Air pressurizing
increases the axial dispersion of nitrogen and the shape of purity curve represented
by very wide mass transfer zone (MTZ).
Figure 5 presents breakthrough curve for the column filled with pure oxygen to
desired intermediate pressure and thence followed by air feed to the column to
adsorption pressure. The performance of the column with intermediate pure
oxygen pressurizing, is better than the pressurizing with air, because the
breakthrough time is higher than the process of air pressurizing (from 9 to 18
minutes compared to one minute). In addition, the average maximum effluent
oxygen purity is of about 95 %. After the air feeding for long time (minutes), mass
transfer zone (MTZ) is steeper or represents shock wave, and high ratio of
adsorbent is depleted before the breakthrough by nitrogen. Pressurizing with pure
oxygen minimizes axial dispersion.
Same trends were found by Auob [11] and Abdel-Rahman et al. [12], when
studying single vertical bed characteristics, with air initial pressurizing, and with
initial intermediate pure oxygen pressurizing, to simulate the work of 2-column
(D=50 mm, and L=570 mm), 4-steps, and 6-steps PSA processes. The present work
shows higher maximum oxygen purity for the two cases (eighties and nineties
maximum oxygen purity in the present work compared to seventies and eighties
oxygen purity for the previous work, for the two cases respectively).
Figure (6) shows the total amount of nitrogen adsorbed (q) with and without
pure oxygen pressurizing and it increased as pressure increases, and the total
amount of nitrogen adsorbed, with initially pure oxygen pressurizing is higher than
that with air feed pressurizing, confirming the above results. The range of zeolite
loading capacity is (q = 0.25-0.35 mole N2/kg zeolite) for initial air pressurizing
case. Whereas the range of zeolite loading capacity is (q = 0.39-0.87 mole N2/kg
zeolite) for initial intermediate oxygen pressurizing case, which is agree well with
the equilibrium data of multi-component Langmuir adsorption equation using 79%
N2 feed.
The average of 40% of the range of zeolite loading capacity has been utilized
before breakthrough time for initial air pressurizing case. Whereas the average of
95% of the range of zeolite loading capacity, has been utilized before breakthrough
time for initial intermediate oxygen pressurizing case, as shown in Figure (7).
The objective from the single column characteristics is to predict the maximum
product oxygen purity, productivity, breakthrough point, adsorption time,
adsorption pressure, and product flow rates, because all these characteristics are the
basic information for PSA unit design. So the expected characteristics are the
maximum product oxygen purity of about 88%, and the breakthrough time of about
60 seconds, for 2-columns, 4-steps PSA process. Whereas for 2-columns 6-steps
PSA process the expected characteristics are the maximum product oxygen purity
of higher than 90%, and the breakthrough time of about 9 to 18 minutes, depending
on pressure. These results have been verified using dual columns PSA process by
Mhdi [13], and Abdel-Rahman et al.[14].
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Figure (4) Breakthrough curve, using air feed pressurizing at different
adsorption pressures and Qeff=1 lit/min.

Figure (5) Breakthrough curve, by intermediate initial pure oxygen
Pressurizing at Qeff= 1 lit/min.
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Figure (6) Total single column capacity for nitrogen adsorption
With and without oxygen pressurizing.

Figure (7) the ratio of the capacity of the column before breakthrough
time to the total capacity with and without oxygen pressurizing.
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CONCLUSIONS
1. No significant effect of pressure on the product oxygen purity is noticed when
pressure increased from 2 to 5 bar
2. The average maximum oxygen purity of 88% is obtained for initial air
pressurizing case, and about 95% is obtained for initial intermediate pure
oxygen pressurizing case.
3. The range of zeolite loading capacity (q) is 0.25-0.35 mole N2/kg zeolite for
initial air pressurizing case, and average of 40% of the range has been utilized
before breakthrough time.
4. The range of zeolite loading capacity (q) is 0.39-0.87 mole N2/kg zeolite for
initial intermediate oxygen pressurizing case, and average of 95% of the range
has been utilized before breakthrough time, which is agree well with the
equilibrium data of multi-component Langmuir adsorption equation.
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NOMENCLATURE
B
Langmuir isotherm constant, bar-1
C
Solute concentration, mole/l
Co
Solute feed concentration, mole/l
Cp
Solute product concentration, mole/l
D
Column diameter
dp
Zeolite particle diameter, mm
L
Column length, m
P
Adsorption pressure, bar
Pi
Pressure of component (i), bar
Qeff Effluent flow rate, l/min
Q
Adsorbent capacity, mole/kg
qi
Adsorbent capacity of component (i), mole/kg
qs
Maximum adsorbent capacity of Langmuir isotherm, mole/kg
qB
Adsorbent capacity before breakthrough time, mole/kg
t
Time, s
tb
Breakthrough time, s
ts
Ideal adsorption time or saturation time, s
W
Adsorbent zeolite weight, kg
YO2 Oxygen mole fraction
GREEK SYMBOLS
ρB
Bulk density, kg/m3
ρP
Particle density, kg/m3
ε
Bed porosity
ΔHO2 Adsorption heat of O2, kJ/mole
ΔHN2 Adsorption heat of N2, kJ/mole
Δt
time increment , s
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