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Previously, we reported that Ag-ETS-10 can be used to separate air, and produce argon free oxygen. It was
reported that high purity oxygen (99+%) was generated using a bed of Ag-ETS-10 granules to separate air
(78.0% N2, 21.0% O2, 1.0% Ar) at 25 �C and 100 kPa, with an O2 recovery larger than 30%. In this study, a
higher oxygen recovery was achieved by enhancing the capacity of the adsorbent material and by
improving the packing efficiency of the adsorbent within the granules. The packing efficiency of the
bed was increased through the combination of two different granule sizes. Here we report a lab scale
demonstration of high purity oxygen (99+%) production by adsorptive air separation (78.0% N2, 21.0%
O2, 1.0% Ar) with an O2 recovery approaching 40%. Further improvements in oxygen recovery are possible
due to the exceptional crystalline density of Ag-ETS-10 (�3.84 g/cm3).

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Oxygen is one of the best-known and most widely used chem-
icals [1], with diverse applications in almost every branch of indus-
try. Nearly 100 million tons of oxygen are consumed every year
making the separation of oxygen from air an extremely large and
important business [2]. The oxygen market is expected to grow sig-
nificantly as all large-scale clean energy technologies of the future
will require oxygen as a feed [3–5].

High purity oxygen (99+%) is required in many applications
such as welding and cutting processes [6], plasma chemistry
[7,8], rocket propulsion systems [9] and semiconductor manufac-
turing [10]. In order to meet the demand for high purity oxygen
in a cost-effective manner the oxygen recovery from air needs to
be optimized.

Currently, two fundamentally different approaches are used for
air separation: cryogenic and non-cryogenic processes. Typically,
cryogenic distillation is used in applications that require large
(tons) quantities of oxygen at ultra-low temperatures. Non-
cryogenic air separation processes include pressure swing adsorp-
tion (PSA) and membrane processes [11]. PSA utilizes molecular
sieve adsorbents to fraction the components in air. Polymeric
membranes are used for ambient temperature separations
[12,13] while specialized ceramic membranes (oxygen ion trans-
port membranes) require elevated temperatures to selectively
separate O2 from air [14,15].
High-purity oxygen can be obtained by PSA using air as a feed
(78.0% N2, 21.0% O2, 1.0% Ar) at 25 �C and 100 kPa on a bed of
Ag-ETS-10 granules [16,17]. The principal operating cost for a
PSA air separation unit is the electricity used to run the compres-
sor. A PSA process operating at a low O2 recovery will require a
larger volume of feed air to achieve a fixed product flow rate. Lar-
ger feed volumes of air, in turn, require an increase in the size and
cost of the feed compressor and use more energy per mass of O2.
From a materials perspective, high purity oxygen recovery can be
enhanced by increasing the Ar/O2 adsorption selectivity of the
molecular sieve. The recovery of oxygen could also be enhanced
by increasing the density of the adsorbent granules. The density
of Na/K-ETS-10 crystals [18] is equal to 2.5 g/cm3 but the as-
synthesized ETS-10 powder [19] has a measured bulk density of
only 0.78 g/cm3. Through optimization of the synthesis conditions
ETS-10 crystal morphology can be altered in such a way that
increases the bulk density of the resulting granules. In addition,
mixed packing of particles of two different sizes can further
enhance the density of the adsorbent bed. Smaller particles fill
the interspaces created by larger particles and the bed porosity
is reduced.

This study focuses on increasing the recovery of high purity O2

using Ag-ETS-10 obtained through density improvements to both
the adsorbent powder and adsorbent bed. The production and
recovery yield of oxygen due to these changes was evaluated
experimentally and compared with the results obtained for the
regular density adsorbent. Integral mass balances in the adsorbent
column for oxygen were used to analyze the dependency of the
single-step pure oxygen recovery on the process variables.
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2. Experimental

2.1. Sample preparation

Both regular ETS-10 (ETS-10-R) and high density ETS-10 (ETS-
10-HD) samples were synthesized using conventional hydrother-
mal synthesis. The regular ETS-10 with low density was synthe-
sized as reported by Kuznicki [19]. The synthesis of ETS-10-HD
was performed hydrothermally in 125 mL Teflon-lined autoclaves
(Parr instruments) with composition molar ratio of 5.5 SiO2:3.0
Na2O:1.5 K2O:TiO2:(300–800) H2O at 200 �C (crystallization condi-
tions) for 10 days.

The modified procedure for synthesis of ETS-10-HD followed
these steps:

(1) 0.9 g of sodium hydroxide (97% + NaOH, Fisher) and 1.4 g of
potassium hydroxide (85% + KOH, Fisher) were mixed in
64 g of de-ionized water (resistivity > 18 MO cm).

(2) Obtained mixture was then added to 9.5 g of sodium silicate
(28.8% SiO2, 9.14% Na2O, Fisher), followed by the addition of
6.4 g of titanium trichloride (20% w/w solution in 2 N hydro-
chloric acid, Fisher).

(3) 0.1 g of ETS-10-R was seeded into the mixture. The pH of the
mixture was adjusted to 10.1–10.3 by using HCl [1 M].

(4) Finally, the reaction mixture was sealed into an autoclave
and reacted at 200 �C for 10 days. The autoclave was
quenched to ambient temperature. The precipitate was
washed and filtered by de-ionized water, and then dried in
a forced-air oven at 80 �C for 24 h to produce ETS-10-HD.

On the basis of these materials (ETS-10-R and ETS-10-HD) two
more adsorbents were prepared. Both as-synthesized ETS-10 sam-
ples were further Ag+ exchanged by adding 5 g of ETS-10-HD (ETS-
10-R) to 10 g of silver nitrate (Fisher, USP) in the presence of 50 g of
deionized water. The mixtures were then heated to 80 �C for 1 h.
The silver exchanged materials were filtered, washed with deion-
ized water and the exchanged procedure was repeated two more
times (for a total of three exchanges). The obtained Ag-ETS-10-R
and Ag-ETS-10-HD were air dried for 24 h at 80 �C.

2.2. Characterization

Phase identification of ETS-10-R and ETS-10-HD was conducted
by X-ray powder diffraction analysis (XRD) using a Rigaku Geiger-
flex 2173 with a vertical goniometer equipped with a graphite
monochromator for filtration of K–b wavelengths. Scanning elec-
tron microscopy (SEM) was performed on a Hitachi S2700
equipped with an X-ray EDS detector.

2.3. Density evaluation

Powder samples of ETS-10-R, ETS-10-HD, Ag-ETS-10-R and Ag-
ETS-10-HD were pelletized by compressing quantities of powder in
a 100 diameter die pellet press to 69,000 kPa for 3 min. The resulting
disks were crushed and sieved to obtain 20–50 and 10–16 mesh
cuts. Mixed granule beds were prepared by thoroughly blending
50 wt% of 20–50 mesh size granules and 50 wt% of 10–16 mesh
size granules. The measurements of the bulk density for the ETS-
10 powders and granules were done according to the tap density
procedure based on ISO standards [20].

2.4. Adsorption isotherms

The N2, O2 and Ar single adsorption isotherms on Ag-ETS-10-R
and Ag-ETS-10-HD were measured at 25 �C using a volumetric
adsorption analyzer (Micromeritics). Prior to adsorption tests
adsorbent materials in crystalline powder form (with no added
binders or diluents) were degassed at 250 �C for 2 h under vacuum.

2.5. Laboratory-scale demonstration

The schematics of the laboratory-scale setup for air separation
on a molecular sieve are discussed in an earlier paper [21]. The
breakthrough experiments were performed identically for both
high density Ag-ETS-10-HD and low density (Ag-ETS-10-R) adsor-
bent beds. The adsorbent was packed into a 150 mL cylindrical
stainless steel chamber with an inner diameter of 20 mm and a
length of 450 mm. The columns packed with adsorbent pellets were
activated at 200 �C for 10 h under 100 cm3/min of helium flow.

The breakthrough experiments were run by conditioning the
bed at 100 kPa with helium to purge any adsorbed gas from the
system. The column temperature was maintained at 25 �C using
a water cooling coil around the bed coupled to a circulating water
bath. Dry air was fed into the fixed-bed column at a flow rate of
120 cm3/min (P = 101.3 kPa, T = 25 �C) and the outlet gas composi-
tion was analyzed every 1 min using the adapted Varian 3800 gas
chromatograph (GC). Outlet gas flow rate was monitored using
flow meter Agilent ADM 1000. The Agilent flow meter was cali-
brated using a Bronkhorst mini CORI-FLOW™. Oxygen, argon and
nitrogen composition analysis was performed on a modified Varian
3800 GC equipped with a thermal conductivity detector (TCD) as
reported by Shi et al. [21].

2.6. Theoretical analysis of breakthrough times and high purity O2

recovery

An integral molar balance for each species in the adsorption col-
umn can be expressed asZ 1

0
ðFin;j � Fout;jÞdt ¼ q�j qbVb þ CjVb�b ð1Þ

where Fin;j and Fout;j are the molar flow rates in the column inlet and
outlet respectively; q�j is the adsorbate concentration in equilibrium
with the gas phase molar concentration in the feed, Cj; Vb, qb and �b

are the volume, density and porosity of the bed, respectively.
From Eq. (1) the mean residence time or mean breakthrough

time tbk;j can be calculated [22] as

tbk;j ¼
Z 1

0
1� Fout;j

Fin;j

� �
dt ¼ L

v
q�j qb

Cj
þ �b

� �
ð2Þ

where L is the bed length and v represents the superficial velocity.
Considering that the mass transfer zones in the ternary mixture

breakthroughs travel as shock waves (shock wave approximation
[22,23]), the mass balance for O2 can be expressed as:Z tbk ;N2

0
Fin;O2 dt �

Z tbk;Ar

tbk;O2

Fout;O2 dt �
Z tbk;N2

tbk;Ar

Fout;O2 dt

¼ q�O2
qbVb þ CO2 Vb�b ¼ Fin;O2 tbk;O2 ð3Þ

from where tbk;O2 is equal to:

tbk;O2 ¼
Z tbk;N2

0
1� Fout;O2

Fin;O2

� �
dt ð4Þ

The argon-free O2 recovery is expressed as

O2 recovery ¼

R tbk;Ar
tbk;O2

Fout;O2 dt

Fin;O2 � tbk;Ar
ð5Þ

By using the O2 molar balance Eq. (3) along with the mean
breakthrough time definition, the pure O2 recovery can be ex-
pressed as
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Fig. 1. XRD patterns of the regular ETS-10-R and high density ETS-10-HD
adsorbents.
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O2 recovery ¼ tbk;Ar � tbk;O2

tbk;Ar
þ Fout;O2 � Fin;O2

Fin;O2

� �
tbk;Ar � tbk;O2

tbk;Ar

� �
ð6Þ

Thus, pure O2 recovery depends on the ratio between tbk;O2 and
tbk;Ar. Using Eq. (2), Eq. (6) can be expressed as

O2 recovery ¼ Fout;O2

Fin;O2

1�

q�O2
qb

CO2
þ �b

q�
Ar

qb

CAr
þ �b

0
B@

1
CA ð7Þ

By expressing it in terms of qb
Fig. 2. SEM images of (a) ETS-10-R under 1000 magnification, (b) ETS-10-R under 5000
magnification.
O2 recovery ¼ Fout;O2

Fin;O2

qbðK
�
Ar � K�O2

Þ
qbK�Ar þ �b

� �

¼ Fout;O2

Fin;O2

qbðK
�
Ar � K�O2

Þ
1þ qbðK

�
Ar � 1

qc
Þ

 !
ð8Þ

where K�Ar ¼
q�Ar
CAr

and K�O2
¼

q�O2
CO2

are the corresponding equilibrium
adsorption affinities of Ar and O2 in the ternary mixture (N2, O2, Ar).

Considering qb and K�Ar are moderate values (i.e.,
qbK�Ar þ �b > qbK�Ar), the recovery could be further enhanced by
improving the packing efficiency inside the bed, i.e., increasing
the bed density of the adsorbent material (qb in Eq. (8)).
3. Results and discussion

3.1. Density enhancement

Fig. 1 shows that the XRD patterns of ETS-10-R and ETS-10-HD
are equivalent and they both conform to the pattern reported by
Kuznicki [19] for ETS-10. Fig. 2 shows SEM images of different
magnifications of the crystallite morphology for both ETS-10-R
and ETS-10-HD adsorbents. Typically, the observed ETS-10 crystals
resembled truncated bi-pyramids with square basal planes shared
by the two pyramids [18,24]. Surfaces of both ETS-10-R and ETS-
10-HD samples possess the same characteristics. The as-synthe-
sized low density ETS-10-R, however, has a more cubic shape
and shows signs of some defects on the surface. The crystals of high
density ETS-10-HD are anisotropic compared to ETS-10 and have
no visible defects on their surfaces. This new morphology of ETS-
10-HD crystals resulted in a higher bulk density and allowed more
efficient packing within the adsorption column. Both XRD and SEM
magnification, (c) ETS-10-HD with 500 magnification and (d) ETS-10-HD with 2300



Fig. 3. Single adsorption isotherms of N2, O2 and Ar on Ag-ETS-10-R and Ag-ETS-10-
HD at 25 �C.

Table 1
Bulk densities (g/cm3) of ETS-10-based and Ag-ETS-10-based adsorbent materials.

Powder
(<0.044 mm)

Particles
(1.19–2.00 mm)

Particles
(0.297–0.841 mm)

50/50
Mixed
particle

ETS-10-R 0.78 0.71 0.74 0.85
ETS-10-HD 0.95 0.87 0.88 1.01
Ag-ETS-10-R 1.00 0.93 0.95 1.12
Ag-ETS-10-HD 1.23 1.18 1.20 1.45
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Fig. 4. Profiles of (a) breakthrough curves of air components and (b) gas flow rate in
the outlet stream on Ag-ETS-10-R fixed-bed column (qb = 1.12 g/cm3). Air compo-
sition at feed is 78% N2, 21% O2 and 1% Ar. Flow rate is equal to 120 mL/min at
101.3 kPa and 25 �C (column conditions).
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results confirm that the newly synthesized ETS-10-HD adsorbent
possess the same ETS-10 structure as reported in the literature.

Fig. 3 shows the single component adsorption isotherms for the
individual components of air on Ag-ETS-10-R and Ag-ETS-10-HD
respectively. The enhancement of the synthesized material in-
creased the adsorption capacity of the individual components. This
might be attributed to the formation of less defective crystals in
Ag-ETS-10-HD in comparison to Ag-ETS-10-R adsorbent (Fig. 2).

Table 1 shows the bulk densities for ETS-10-R, ETS-10-HD, Ag-
ETS-10-R and Ag-ETS-10-HD samples in different forms: powder,
10–16 mesh size particles, 20–50 mesh size particles, and mixed
size granules. The data indicates that a significant increase in den-
sity can be achieved by changing the synthesis conditions and tai-
loring the column packing using a wider cut of granules. The
150 mL adsorbent bed can contain either 130 g of low density
Ag-ETS-10-R with 10–16 mesh size or 175 g of high density Ag-
ETS-10-HD with mixed size granules (50% of 10–16 mesh and
50% of 20–50 mesh). The two approaches mentioned above re-
sulted in 34.6 wt% increase of Ag-ETS-10-HD packing in a fixed
volume.

3.2. Air breakthrough performance

Altering the traditional synthesis method [19] resulted in a
Ag-ETS-10-HD adsorbent with a higher bulk density (compared
to Ag-ETS-10-R) that was packed more efficiently in the column.
Two comparative breakthrough experiments of air separation were
performed using the same bed volume for Ag-ETS-10-R and
Ag-ETS-10-HD adsorbents.

3.2.1. O2 production using a low density bed of Ag-ETS-10-R
Fig. 4a depicts the breakthrough concentration profiles for O2,

Ar and N2 when air passed through the column packed with
Ag-ETS-10-R. During the experiment an argon-free oxygen product
was detected on the 9th min (O2 breakthrough). At the onset of ar-
gon breakthrough the bed was producing high purity oxygen for at
least 2 min. Fig. 4b shows the outlet gas flow rate profile as a func-
tion of time. As the air was fed into the bed, the outlet flow de-
creased dramatically due to the adsorption step of N2, Ar and O2.
The outlet flow remained at minimum value (�10 mL/min) during
a period of 9 min as helium within the column was replaced by the
air components. Pure oxygen started eluting immediately after.
The N2 breakthrough started at 13.5 min. The two step-changes
in the outlet flow rate coincided with the breakthrough times of
O2 and N2 (the two main constituents of air). Argon breakthrough
was observed (as seen in Fig. 4a) between the breakthrough of O2

and N2. At 17 min, the concentration of N2, O2, and Ar in the outlet
gas approached the feed gas composition, indicating that the Ag-
ETS-10-R adsorbent has reached adsorption equilibrium with air.

The mean breakthrough times for O2 and N2 as described by Eq.
(2) are represented by dashed lines in Fig. 4b. For Ar the break-
through time was chosen at the data point where its concentration
was less or equal to 2%.
3.2.2. Calculation of O2 recovery
To calculate the amount of the recovered high purity oxygen,

the outlet flow rate of the bed was integrated over the oxygen elut-
ing time period (between the time of initial O2 eluting and the time



Table 2
Experimental breakthrough times and pure O2 recoveries for air separation at
101.3 kPa and 25 �C using Ag-ETS-10-R and Ag-ETS-10-HD adsorbents.

Bed density
(g/cm3)

Experimental
breakthrough
times (min)

O2 recovery (based
on Eq. (6)) (%)

Experimental O2

recovery (%)

O2 Ar N2

1.12 9.6 11.0 14.0 33.1 31.4
1.45 16.0 19.0 24.0 39.3 38.9
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when argon concentration is not higher than 2%). In the case of Ag-
ETS-10-R this interval was equal to 2 min.

During this 2 min time interval, a total of 87 mL of high purity
O2 (101.3 kPa and 25 �C) was recovered from the total gas fed into
the column until the Ar breakthrough time. Thus, the pure oxygen
(99+%) recovery was equal to 31.4%:

% Recovery of pure O2 ¼
volume of produced pure O2

volume of O2 fed up to this step
� 100

ð9Þ
3.2.3. O2 production using a Ag-ETS-10-HD bed
Fig. 5a shows the breakthrough concentration profiles for O2, Ar

and N2 when air passed through the column filled with the high-
density adsorbent Ag-ETS-10-HD. Breakthrough time values for
air components were higher compared to the low density adsor-
bent. Breakthrough times increased as the bed density increased
based on Eq. (2).

Argon-free oxygen product was detected at 15 min. The bed
continued to produce high purity oxygen for a period of 3 min.
During this 3 min interval, a total amount of 186 mL of high purity
O2 at 101.3 kPa and 25 �C was obtained. At 23 min, the nitrogen
started eluting from the column. At 32 min, the molar fractions
of N2, O2, and Ar in the outlet gas reflected the adsorption equilib-
rium of Ag-ETS-10-HD adsorbent with the feed gas.
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Fig. 5. Profiles of (a) breakthrough curves of air components and (b) gas flow rate in
the outlet stream on Ag-ETS-10-HD fixed-bed column (qb = 1.45 g/cm3). The air
composition and flow rate are the same as in Fig. 4.
Fig. 5b shows the profile of the outlet gas flow rate for the high
density Ag-ETS-10-HD bed. High purity oxygen eluted after 15 min
with a mean breakthrough time of 16 min. Nitrogen mean break-
through time was at 24 min. During this experiment the amount
of high purity O2 was 186 mL at 101.3 kPa and 25 �C. Thus, the
recovery rate of pure oxygen was equal to 38.9%. This is signifi-
cantly higher compared to the low density Ag-ETS-10-R adsorbent
recovery rate (Table 2). From the comparison of the breakthrough
times values (Table 2), the calculated values for the coefficient
[(tbk,Ar � tbk,O2

)/tbk,Ar] (i.e., relative time lapse for pure O2

production) in Eqs. (6) and (7) were equal to 0.16 and 0.11 for
Ag-ETS-10-HD and Ag-ETS-10-R beds, respectively. This difference
in values confirms the enhanced performance of the high density
adsorbent bed and shows higher recovery for pure O2 compared
to the low density adsorbent.
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Fig. 6. Flow rates of O2, Ar and N2 in the outlet of a fixed-bed column packed with
(a) Ag-ETS-10-HD and (b) Ag-ETS-10-R adsorbents. Dashed lines represent rectan-
gular mass transfer zones (shock wave approximation). The air composition and
flow rate are the same as in Fig. 4.



Table 3
Ternary adsorption capacities of N2, O2 and Ar predicted by ideal adsorption solution theory based on the Langmuir parametersa of single isotherms of Ag-ETS-10-R and Ag-ETS-
10-HD at 25 �C. Adsorption affinities (q�Ar/CAr and q�O2

/CO2) are calculated with air composition (78.0% N2, 21.0% O2, 1.0% Ar) at 25 �C and 100 kPa.

q�N2
q�O2

q�Ar q�Ar/CAr q�O2
/CO2 1 � K�O2

/K�Ar

102 �mmol/g cm3/g

Ag-ETS-10-R 47 3.6 0.20 4.9 4.3 0.12
Ag-ETS-10-HD 49 2.7 0.17 4.2 3.1 0.26

a [qmax,j (mmol/g) bj � 102 (kPa�1)]Ads with j = N2, O2, Ar:
0:59 4:6
0:82 0:32
0:89 0:37

2
4

3
5

R

;
0:65 4:5
1:02 0:27
1:00 0:38

2
4

3
5

HD

.
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Fig. 6a shows the corresponding outlet flow rates of N2, O2 and
Ar for the column filled with the high density adsorbent. The O2

flow rate exceeded the corresponding value in the air feed (Fin,O2
).

Once it reached its maximum value (Fout,O2
) the O2 flow rate de-

creased slightly as Ar started eluting from the column. Finally, O2

flow rate decreased abruptly during the breakthrough time of N2

up until it reached the corresponding O2 rate in the air feed.
The individual flow rate profiles of N2, O2 and Ar can be repre-

sented ideally by rectangular profiles (shock wave approximation).
The O2 recovery as described by the two terms in Eq. (6) corre-
sponds to the rectangular areas that represent the produced O2

(Fout,O2
� [tbk,Ar � tbk,O2

]) and the O2 fed into the bed (Fin,O2
� tbk,Ar).

The O2 recovery calculated based on Eq. (6) was 39.3%. This is an
equivalent value of the experimental recovery obtained by the
integration of the O2 flow rate profile (Table 2).

Fig. 6b shows the outlet flow rates for N2, O2 and Ar for air sep-
aration through the low density Ag-ETS-10-R column. The relative
time lapse for pure O2 production [(tbk,Ar � tbk,O2

)/tbk,Ar] was shorter
compared to Ag-ETS-10-HD. Thus, the pure O2 recovery obtained
with the low density bed was lower than the recovery obtained
with the high density material (Table 2).

Besides the effect of increased granule and bed bulk density, an
additional contribution to a higher pure O2 recovery can be
associated with the larger adsorption capacity obtained for
Ag-ETS-10-HD in comparison to Ag-ETS-10-R (Fig. 3). The increase
of individual adsorption capacities, in particular the increase of N2

capacity reduced the amount of O2 remaining on the ternary equi-
librium adsorption mixture. The prediction of the ternary equilib-
rium mixture using the Ideal Adsorbed Solution Theory (IAST)
model showed that O2 capacity decreased for the higher density
material more than 25% (Table 3). The coefficient values
(1� K�O2

=K�Ar) calculated in Table 3 indicate different contributions
of each adsorbent material to the relative time lapse for pure O2

elution [(tbk,Ar � tbk,O2
)/tbk,Ar]. The high density adsorbent

(Ag-ETS-10-HD) has a relatively longer period of pure O2 produc-
tion than the regular material (Ag-ETS-10-R). The increase of the
relative time lapse for pure O2 [(tbk,Ar � tbk,O2

)/tbk,Ar] in Ag-ETS-
10-HD contributes to a higher O2 recovery.

An estimation using Eq.8 suggests that the effect of increasing
bulk density would be able to contribute between 7% and 25% to
the total O2 recovery increase. Thus, the effect of an increased
adsorption capacity of Ag-ETS-10-HD contributed relatively more
to the total increase of O2 recovery than the gain in bulk density.
4. Conclusions

A higher capacity Ag-ETS-10 adsorbent formed into a bimodal
distribution of higher density granules was found to improve the
performance of air separation for the production of argon-free oxy-
gen. The density of an adsorbent bed containing high density Ag-
ETS-10 was enhanced by 35%. Pure oxygen recovery was improved
by using this high-density bed versus the low-density material
used previously. In a process demonstration, 187 mL of high purity
(99+%) oxygen was obtained over a 150 mL bed of high density Ag-
ETS-10 granules using air at 101.3 kPa and 25 �C. The O2 recovery
rate approached 40%; a 10% increase from the recovery rate when
using a low-density bed. In conclusion, both the increase in bulk
density and adsorption capacity contributed to a higher pure O2

recovery. Further improvements in oxygen recovery rate should
be still possible through continued densification of the adsorbent
granules.
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