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Abstract Dynamic adsorption—desorption measurements
of CO, and CH, in amino-MIL-53(Al) were carried out in
an adsorption breakthrough setup at different temperatures
(303, 318, and 333 K) and pressures (1, 5, and 30 bar) to
study the desorption dynamics of CO, in amino-MIL(Al)
as it plays an important role in the design of pressure swing
adsorption (PSA) process for the upgrading of biogas. 13X
zeolite was used as a reference material. The dynamic
adsorption selectivity as well as the desorption efficiency
of CO, in both amino-MIL-53(Al) and 13X zeolite were
calculated to evaluate the potential of amino-MIL-53(Al)
for the upgrading of biogas by PSA process.

Keywords Biogas upgrading - Dynamic desorption -
Amino-MIL-53(Al) - 13X zeolite

1 Introduction

Global warming due to increased concentrations of
greenhouse gases in the atmosphere is of great concern as it
is linked to unwanted climate changes (Figueroa et al.
2008; Lashof and Ahuja 1990). Carbon dioxide, methane,
nitrous oxide, fluorocarbons, etc., are the major compo-
nents of greenhouse gases. Even though the amount of CO,
present in the atmosphere is greater than CHy, the global
warming potential of CH, is 21 times higher than that of
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CO, and therefore, the emission of CH, to atmosphere
must be reduced (Knaebel and Reinhold 2003; Cavenati
et al. 2005). The major source of CH, to atmosphere is
biogas, which is produced under different conditions like
anaerobic decomposition of organic matter in municipal
digesters, aerobic decomposition of organic residue in solid
matter of industrial landfills and fermentation of manure or
energy crops (Ryckebosch et al. 2011). Biogas is an
alternative source of renewable energy and composed of
around 55-70 % CHy, 30—40 % CO, and smaller amounts
of NHj, H,S, N, and hydrocarbons depending on the
source of production. Since the biogas contains significant
amount of CO,, its heating value is very low compared to
natural gas. To increase the energy content and also to
avoid the pipeline and equipment corrosion, the CO, con-
tent for pipeline grade biomethane should be less than
2-3 % (Delgado et al. 2007). Water scrubbing, amine
absorption, membrane separation and adsorption process
are the technologies used for the removal of CO, to
upgrade the biogas.

Adsorption, especially pressure swing adsorption (PSA)
or vacuum swing adsorption (VSA) process, is a commer-
cially established process for the separation of gas mixtures
in chemical industry (Ruthven et al. 1994; Yang 1997).
Hydrogen purification, air separation for nitrogen or oxygen,
air drying, olefin-paraffin separation, natural gas upgrading
are some of the industrial PSA processes. Desorption
dynamics of a strongly adsorbed component plays an
important role in the purity and productivity of a PSA pro-
cess, but most of the studies were focused on the adsorption
isotherms or breakthrough curves for the design of the PSA
process (Harlick and Tezel 2004; Jain et al. 2003; Rege and
Yang 2000; Krishna and Long 2011; Krishna and van Baten
2012). Besides, in any PSA process, the selection of adsor-
bent is very important for high purity and recovery of the
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product gas. Zeolites, carbon molecular sieves, activated
carbon, and silica materials are the adsorbents mainly used
for the commercial PSA process. New adsorbents are still
needed to optimize these separation processes, and also for
the separation of other gaseous systems (for example, flue
gas separation for CO, capture) to make them commercially
more attractive (D’ Alessandro et al. 2010).

Metal-organic frameworks (MOFs) have emerged as a
new type of functional materials as adsorbents for the sep-
aration of various gaseous and liquid systems, and have
witnessed explosive development and rapid progress over
the past two decades (Li et al. 2009; Hamon et al. 2010; Bao
et al. 2011; Herm et al. 2012; Ma 2009). MOFs are inor-
ganic—organic hybrid materials comprised of single metal
ions or polynuclear metal clusters linked by organic ligands
principally through coordination bonds. An excellent review
on CO, capture in MOFs was given by Sumida et al.
(2012).MOFs with flexible frameworks show breathing
effect during adsorption and desorption of guest molecules
(Rallapalli et al. 2011; Hamon et al. 2009; Finsy et al. 2009;
Biswas et al. 2013; Pera-Titus et al. 2012; Couck et al. 2010).
Amino-MIL-53(Al) is an example of a MOF with flexible
framework structure, with interesting features for the sepa-
ration of CO, from gas mixtures (Couck et al. 2009; Kim
et al. 2012; Stavitski et al. 2011; Boutin et al. 2011). When
the pores of this MOF are in the contracted state, they
exclude CH, of being adsorbed, which results in a very large
selectivity in the separation of CO, from CHy.

In the present work, we studied the dynamic desorption
of CO, from amino-MIL-53(Al) adsorbent. Breakthrough
desorption experiments were performed with the adsorbent
pre-saturated with a typical biogas composition (Sircar
1988) of 40 % CO,—60 % CH, feed mixture at different
temperatures and pressures, and compare the results with
well-known 13X zeolite adsorbent.

2 Experimental
2.1 Materials

Amino-MIL-53(Al), synthesized as reported previously
(Couck et al. 2012), and 13X zeolite (Si/Al = 1.23) granules
(500 pm) supplied by UOP were used as adsorbents. CO,
(99.995 %), CH4(99.95 %), and He (99.995 %) supplied by
Air Liquide were used for the adsorption isotherm mea-
surements as well as the breakthrough measurements.

2.2 Adsorption isotherm measurements
Adsorption isotherms were measured in a magnetic sus-

pension gravimetric adsorption setup (Rubotherm GmbH)
at 303, 318, and 333 K and up to 40 bar. Prior to the
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adsorption measurement, around 200 mg of the adsorbent
samples was activated under vacuum at a heating rate of
1 K/min up to 473 and 623 K, respectively for amino-MIL-
53(Al) and 13X zeolite and kept at that temperature for
around 8 h before cooling down to the adsorption tem-
perature. The isotherm temperatures of the samples were
controlled using a Julabo thermostat.

2.3 Adsorption—desorption breakthrough
measurements

Adsorption—desorption breakthrough measurements were
carried out in an in-house built breakthrough set up with a
column length of 100 mm and internal diameter of 4.57 mm
for both amino-MIL-53(Al) and 13X zeolite. Amino-MIL-
53(Al) powder was made into pellets (500-630 um) by
pressing the powder at ca 400 bar pressure in a hydraulic
press to form a solid disc, which was crushed and sieved to
get the desired pellet fractions. These pellets were activated
in situ under helium flow at a heating rate of 5 K/min up to
473 K and kept at that temperature for 4 h before cooling
down to the breakthrough experiment temperature. 13X
zeolite granules (500 um) were heated up to 623 K at a
heating rate of 5 K/min under helium flow and kept at that
temperature for 6 h before cooling down to adsorption
temperature. Around 715 mg of amino-MIL-53(Al) and
972 mg of 13X zeolite were used for the breakthrough
experiments. Adsorption—desorption breakthrough experi-
ments were carried out at 1, 5, and 30 bar for amino-MIL-
53(Al) and, at 1 and 5 bar for 13X zeolite. 40 % CO, and
60 % CH, at a total flow of 20 Nml/min was used as the feed
mixture for all the adsorption breakthrough measurements
and 20 Nml/min of He purge was used for the dynamic
desorption measurements. For the breakthrough measure-
ments at 1 bar, the adsorbent column outlet was directly
open to the atmosphere and a portion of the outlet flow was
passed through an online mass spectrometer (MS) to monitor
the outlet concentration. The outlet flow was diluted with
nitrogen flow before connecting to the MS, in order to get a
linear response of the outlet flow. For the breakthrough
measurements at high pressures (5 and 30 bar), the outlet of
the adsorbent column was connected to a backpressure
regulator to maintain the particular adsorption pressures
inside the column. A mass flow meter was also connected
before the back pressure regulator to measure the exact
outlet flow rate from the column and a small portion of this
outlet flow was connected through a 50 p capillary to the
online MS to measure the outlet concentration. From the
outlet concentration and outlet flow rate, the flow rates of
individual components were calculated. The adsorption and
desorption breakthrough measurements were carried out at
303, 318, and 333 K and in some cases, the desorption was
carried out by increasing the column temperature at a rate
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of 5 K/min up to 473 K under He flow to desorb the
adsorbed molecules easily.
The amount adsorbed of component a, g, was calculated
as:
(Ft, — €VP/RT)x,

Mads

qa =

where F is the total flow rate (mmol/min); 7, is the mean
residence time (min); ¢ is the total adsorbent column porosity;
V is volume of the column (ml); m,4 is the mass of the
adsorbent (g); P is the total pressure inside the column (bar);
x, is the mole fraction of component a in the gas phase; R is
the ideal gas constant (8.31 x 1072 ml bar K™! mmol_l);
and T is the column temperature (K). The mean residence
time for adsorption breakthrough was calculated as:

Iso Fu
‘Ca:/ (1 — )dt
0 Fao

where F, is the outlet flow rate of component a; and F, is
the feed flow rate of component a. The mean residence time
for the desorption breakthrough curve was calculated as:

Io Fa
Ta :/ < )dt
0 Fao

The mean residence time was corrected for the dead
volume caused by the tubing and fittings of the break-
through setup. Both pure component selectivity (calculated
from the pure component isotherms) as well as dynamic
binary adsorption selectivity (from breakthrough mea-
surements) «,,, of component a over component b were
calculated as (Myers and Prausnitz 1965):

_ qa/xa
Clb/xb

%a/b

where g, and g, are amount of components a and b adsorbed,
and x, and x,, are the mole fractions of components @ and b in
the gas phase at a particular feed pressure.

The adsorption selectivity can also be calculated from
the initial slope of the adsorption isotherm as (Myers and
Prausnitz 1965):

K,

Aa/p = Fb

where K, an K, are the initial slopes of the adsorption
isotherms (Henry’s law constant) of component a and b,
respectively.

3 Results and discussion

The adsorption and desorption isotherms of CO, and
CH,; in amino-MIL-53(Al) were measured at different

temperatures up to 40 bar pressure as shown in Fig. 1. The
CO, adsorption capacity at 303 K reached a plateau ini-
tially around 5 bar and again increased around 10 bar
pressure and reached a second plateau around 40 bar. The
desorption isotherm branch at 303 K showed a large hys-
teresis and met back the adsorption isotherm around 3 bar.
In the previous study (Couck et al. 2009) the second
adsorption plateau was around 20 bar pressure and the
adsorption capacity was also less than the present value.
The previous equilibrium adsorption isotherms were mea-
sured by volumetric method whereas; the present mea-
surements were carried out using gravimetric method. The
amino-MIL-53(Al) from different batches as well as the
difference in the measurement methods may contribute to
the higher adsorption capacity of CO; in the present study.
Moreover, the crystal size (~1 pum) of the present sample
was higher than that of the previous sample, which may
contribute to the large hysteresis in desorption isotherm. At
318 and 333 K, the CO, adsorption capacity from the first
adsorption plateau started to increase around 20 bar and
may take much higher pressure than 40 bar to reach the
second plateau. The CO, adsorption capacities in amino-
MIL-53(Al) at 5 bar were 2.40, 2.16, and 2.01 mmol/g,
respectively for 303, 318, and 333 K. But at 40 bar, the
CO, adsorption capacities showed huge difference with
values of 7.73, 4.37, and 3.49 mmol/g, respectively for
303, 318, and 333 K. For CH, adsorption isotherms, there
was negligible adsorption initially and the adsorption
capacity started to increase when the pressure was greater
than 1 bar. The CH, adsorption capacities at 40 bar were
3.14, 2.50, and 2.32 mmol/g, respectively for 303, 318, and
333 K. CH4 isotherm also showed hysteresis during
desorption. The amino-MIL-53(Al) is a flexible MOF with
distinct crystallographic structures at room temperature;
one with narrow pore (np) and another with large pore (Ip)
framework (Stavitski et al. 2011; Boutin et al. 2011). The
transition from np to [p is induced by guest molecules
adsorbed inside the pores. Recent in situ XRD measure-
ments showed that, at low pressure amino-MIL-53(Al) was
in a very narrow pore form (vnp) and the guest molecule
adsorption at low pressure transformed this structure to the
np form (Couck et al. 2012). At much higher pressure the
transition from np to Ip has occurred. The pore sizes
obtained from XRD measurements were approximately
13.70 x 2.68 A for vnp, 13.47 x 3.00 A for np, and
11.10 x 8.84 A for Ip framework structures. This very
narrow pore form at low pressure is responsible for the
exclusion of CH4 at <1 bar pressure. The pure component
CO, adsorption capacity of amino-MIL-53(Al) at 1 bar
partial pressure and 303 K (ca 1.96 mmol/g) was higher
than the CO, adsorption capacities reported for commercial
adsorbents, which are used for the kinetic separation of
CO, and CH,, like carbon molecular sieve, Takeda
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CMS3K (ca 1.87 mmol/g at 1 bar and 298 K) (Cavenati
et al. 2005) and Molecular Gate® Sr-ETS-4 (ca 1.1 mmol/g
at 1 bar and 298 K) (Mitariten 2001; Primera-Pedrozo et al.
2010).

The adsorption and desorption isotherms of CO, and
CH, in 13X zeolite at different temperatures and pressure
up to 40 bar are shown in Fig. 2. The CO, adsorption
reached a plateau around 10 bar, but CH4 adsorption kept
on increasing till 40 bar. The initial uptake of CO, in 13X
zeolite was very steep at low pressure compared to CHy
adsorption. The desorption of CO, from 13X zeolite was
completely reversible with a very small hysteresis, while
the CH, desorption was completely reversible without any
hysteresis. The strong electrostatic interaction of CO, with
extra-framework Na™ present inside the cavity of 13X
zeolite may cause this hysteresis, while the electrostatic
interaction of CH, with Nat is weak compared to the
interaction of CO, with Na®™ ion (Pillai et al. 2012;
Cavenati et al. 2004). The isosteric heat of adsorption of
CO, (calculated using Clausius—Clapeyron equation (Pillai
et al. 2012) was ca —43 kJ/mol in zeolite 13X, whereas it
was ca —32 kJ/mol in amino-MIL-53(Al). The isosteric
heat of CH, adsorption was less in both amino-MIL-53(Al)
(=20 kJ/mol) and zeolite 13X (—22 kJ/mol; all values
were calculated at 1 mmol/g of pure component adsorbed).

The adsorption—desorption breakthrough curves of 40 %
CO,-60 % CH, gas mixture at 303, 318, and 333 K were
measured in amino-MIL-53(Al) at a total feed pressure of
1, 5, and 30 bar. Figure 3 shows the adsorption—desorption
breakthrough measurements at 1 bar and different tem-
peratures in amino-MIL-53(Al) adsorbent column. CHy4
adsorption breakthrough occurred at almost the same time
for all the temperature conditions and there was no roll-up
in the CH, curve, which indicates that practically no CHy
adsorbed in amino-MIL-53(Al). The CO, breakthrough
time decreased with increase in adsorption temperature and
the total amount of CO, was similar to the amount adsor-
bed in pure component CO, isotherm at the particular
partial pressure and temperatures as shown in Table 1. The
amount of CH, adsorbed was practically nil at 1 bar

Fig. 1 Adsorption and (
desorption isotherms of (a) CO,

and (b) CH4 in amino-MIL-

53(Al) at different temperatures
(closed symbol for adsorption

and open symbol for desorption)

Q
~

Amount adsorbed (mmol/g)

breakthrough measurement. The desorption of this satu-
rated amino-MIL-53(Al) column was carried out at iso-
thermal conditions of 303, 318, and 333 K, respectively, by
purging the column at 1 bar with He at a flow rate of
20 Nml/min. The CH,4 present in the void space of the
column came out very fast and CO, also desorbed com-
pletely with much ease and low dispersion at higher tem-
perature. Figure 4 shows the adsorption—desorption
breakthrough measurements of 40 % CO,-60 % CH, gas
mixture at 5 bar and different isothermal conditions in
amino-MIL-53(Al) column. At 303 K, CH, initially
adsorbed in the adsorbent and was then replaced by CO,,
which is shown as a roll-up in the CH, breakthrough curve.
With increase in temperature, the CH, roll-up in the
breakthrough curve also decreased, which means that the
amount of adsorbed CH, replaced with CO, decreased with
increase in temperature. The amount of CH, adsorbed was
comparable at all these three temperatures with a value of
around 0.18 mmol/g, which was higher than the values
obtained from pure component adsorption isotherm of CHy
in amino-MIL-53(Al) at these temperatures and partial
pressure as shown in Table 1. This increase in CHy co-
adsorption capacity could be due to the transition of amino-
MIL-53(Al) framework structure from vnp to np form
in the presence of CO, at this partial pressure (Couck et al.
2012) and which in turn increased the co-adsorption of CH,
in amino-MIL-53 (Al). CH, desorbed very rapidly during
the dynamic desorption by He purge at 5 bar (Fig. 4b).
Desorption of CO, was also complete at isothermal con-
ditions, but with a large dispersion at low temperature
(303 K). The huge initial peak in the desorption break-
through curves of CH, and CO, was due to the sudden
release of adsorbed CO, and CH, by sudden decrease in
CO, and CH, partial pressures when He flow enters the
adsorbent column. Figure 5 shows the dynamic adsorption
and desorption breakthrough curves at 30 bar for 40 %
CO,-60 % CH,4 gas mixture in amino-MIL-53(Al) column
at 303, 318, and 333 K. At 30 bar, significant amount of
CH, co-adsorbed in amino-MIL-53(Al) as the time lag
between the CH4 and CO, breakthrough curves decreased

(b),

303K
318K

333K

Amount adsorbed (mmol/g)

0 5 10

15 20
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Fig. 2 Adsorption and (a) (b) 5.
desorption isotherms of (a) CO,
and (b) CHy in 13X zeolite at 5 S 4
different temperatures (closed g 3 ]
symbol for adsorption and open £ E 303K
symbol for desorption) 3 3 31 :;:KK
g g7
= -
: S 1]
< 3
o+ 0 —————
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45

Pressure (bar)

compared to the low-pressure breakthrough curves. The
adsorption breakthrough curve of CO, at 303 K showed
significant dispersion compared to the adsorption break-
through curves at 318 and 333 K. This is attributed to the
transition of framework from np form to Ip form at this
high total pressure and the lower isotherm steepness in this
form at high pressure (Fig. 1). The dynamic adsorption
capacities of CO, at 303, 318, and 333 K were almost the
same compared to the pure component isotherm values at
the respective CO, partial pressure of feed composition
(Table 1). However, the amount of co-adsorbed CH, was
significantly higher compared to the pure component
adsorption isotherm values at the particular CH, partial
pressure of the feed composition, due to the framework
transition in presence of higher CO, partial pressure in the
feed. Desorption of CH, and CO, were carried at 30 bar by
purging with He at a flow rate of 20 Nml/min. CH, des-
orbed completely and CO, seemed to be desorbed almost
completely after about 45 min. But in fact, around 82, 74,
and 84 % of the adsorbed CO, only desorbed, respectively
at 303, 318, and 333 K and, the remaining amount was
trapped inside the adsorbent due to the desorption hyster-
esis at isothermal conditions. We could release this trapped
CO, by heating the column as shown in Fig. 6.

For comparison purposes, the adsorption—desorption
breakthrough curves of 40 % CO,—60 % CH, feed mixture
at 303, 318, and 333 K were measured in 13X zeolite, also at
a total pressure of 1 and 5 bar. Figure 7 shows the dynamic
adsorption—desorption curves of CO,—CH, feed mixture at
1 bar feed pressure and different isothermal conditions. CHy
came through the column first, because of low adsorption
capacity for CH, in 13X zeolite compared to CO, and
showed a roll-up, which was caused by the desorption of pre-
adsorbed CH,4 by the advancing CO, concentration front
along the adsorbent column. CO; replaced the adsorbed CH,
almost completely as the amount of CH, adsorbed calcu-
lated from the breakthrough curves were negligible at 1 bar
as shown in Table 2. Desorption of CO, and CH,4 from 13X
zeolite column was carried by purging with 20 Nml/min of
He gas at isothermal conditions of 303, 318, and 333 K and

Pressure (bar)

1 bar. CH,4 from the void space and a little bit adsorbed in the
adsorbent came out rapidly while desorption of CO, was
difficult as the CO, desorption curve spread out over a very
long period (Fig. 7b). To make CO, desorption from 13X
zeolite faster and complete, we may heat the column
simultaneously along with He purge as shown in Fig. 8.
Figure 9 shows the adsorption—desorption breakthrough
curves of 40 % CO,—60 % CH,4 gas mixture in 13X zeolite
at 5 bar pressure and different isothermal conditions. Both
CH4 and CO, adsorption breakthrough curves were very
steep and CH, adsorption breakthrough curves showed very
large roll-up. At 5 bar also, significant amount of pre-
adsorbed CH4 was replaced by the advancing CO, concen-
tration front along the adsorbent column. The net amount of
CH, adsorbed on 13X zeolite was very low compared to pure
component isotherm adsorption capacities of CH, at par-
ticular partial pressure and temperature (Table 2). In com-
petitive conditions, strong CO, adsorption leads to
negligible CH, adsorption. The desorption of adsorbed CH,4
and CO, was carried out at respective isothermal conditions
by purging the column with 20 Nml/min of He at 5 bar. CH4
desorbed completely from the column very rapidly, but the
desorption of CO, was very difficult, with large dispersion in
the desorption breakthrough curve (Fig. 9b). In order to
remove CO, completely from 13X zeolite, we may need to
heat the adsorbent column as shown in Fig. 10. The
desorption was carried out initially at isothermal condition
of 303 K by purging with He at a flow rate of 20 Nml/min
during 55 min followed by an increase in temperature at a
rate of 5 K/min up to 473 K.

Both pure component adsorption selectivity (calculated
from the pure component isotherms) as well as dynamic
binary adsorption selectivity (from breakthrough mea-
surement) were calculated and shown in Table 3. It should
be stressed that in a PSA process, the effective loading or
working capacity of an adsorbent depends on the adsorp-
tion and desorption conditions and therefore, Rege and
Yang (2001) have defined a separation factor for a binary
gas mixture, based on the isothermal working capacities
and initial slopes of the adsorption isotherms of the
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Fig. 3 (a) Adsorption and

(b) desorption breakthrough
curves of 40 % CO,—60 % CH,
in amino-MIL-53(Al) column at
1 bar and different temperatures
(feed flow rate = 20 Nml/min;
desorption by He purging at a
flow rate of 20 Nml/min at

1 bar)

—Co0,- 303K
CO,- 318K

CO,- 333K

T T T

1 2 3 4 5 6 7
Time (minute)

0.6
0.4 1

0.2+

CO,- 333K

0.0

-
(o2}
©

Time (minute)

Table 1 Equilibrium adsorption capacities of CO, and CH4 in amino-MIL-53(Al) calculated from pure component adsorption isotherms and
adsorption breakthrough curves at different temperatures for a feed composition of 40 % CO,—60 % CH, at a total pressure of 1, 5, and 30 bar

Gas Total pressure (bar) Partial pressure (bar) Amount adsorbed (mmol/g)
Isotherm Breakthrough
303 K 318 K 333 K 303 K 318 K 333 K
CO, 1 0.4 1.68 1.30 0.90 1.38 1.17 0.92
5 2.0 2.15 1.92 1.72 2.29 2.07 1.82
30 12.0 2.86 2.36 2.26 2.87 2.57 2.36
CH, 1 0.6 0.04 0.02 0.01 0.01 0.00 0.00
5 3.0 0.14 0.05 0.04 0.18 0.18 0.17
30 18.0 1.44 0.41 0.30 2.66 2.00 1.20
Fig. 4 (a) Adsorption and a CH - 303K b
(b) desorption breakthrough ( )1'2 | ) CH,- 318K ( )2'0"
curves of 40 % CO,—60 % CH,4 104 1.84
in amino-MIL-53(Al) column at ’ 1.6
5 bar and different temperatures 08 CH,- 333K 0. 303K 1.4
(feed flow rate = 20 Nml/min; o ’ o 1.2
. . © (o
desorption by He purging at a L 06 CO.- 318K w10
flow rate of 20 Nml/min at ® 2 E 084 CH,
5 bar) 0.4 1 CO,- 333K OIGA CO,- 333K
0.2 0.4 CO,- 318K  CO,- 303K
0.2
0.0 f T 1 T T 1 0.0 T T T T T 1
0 2 4 6 8 10 12 0 10 20 30 40 50 60
Time (minute) Time (minute)
Fig. 5 (a) Adsorption and (a)1s - (b)16-
(b) desorption breakthrough
curves of 40 % CO,~60 % CH, 144 141
in amino-MIL-53(Al) column at 1.2 4 1.2
30 bar and different 10d  CH-303K 10
temperatures (feed flow S ) 9 ’
rate = 20 Nml/min; desorption % 08  CH,-318K CO,- 303K % 0.8 4
by He purging at a flow rate of iy CO,- 318K L g6 CO2- 333K
: - CH,- 333K— -
20 Nml/min at 30 bar) CO.- 333K CO2- 318K
0.4 - 2 0.4
CO2- 303K
0.2 0.2 CH4
0.0 T T u T T T | 0.0 T T T T T T i u t |
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 40 45 5

@ Springer

Time (minute)

Time (minute)



Adsorption (2013) 19:1235-1244

1241
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3 360 &
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Time (minute)

Fig. 6 Desorption curves of CH4 and CO, at 30 bar in amino-MIL-
53(Al) initially at isothermal condition of 303 K and then heated at a
rate of 5 K/min up to 473 K (desorption by He purge at a flow rate of
20 Nml/min at 30 bar)

components present in the gas mixture. Since in actual PSA
processes, the temperature inside the adsorbent column
changes during adsorption—desorption cycles, Ackley
(2000) has defined a separation factor as the ratio of adi-
abatic working capacities of two components in the binary
gas mixture. In this work, dynamic desorption was per-
formed using He at the same pressure as that of the
adsorption breakthrough experiment, such that these more
realistic separation factors could not be calculated. Using

more simple definitions of selectivity, we mainly want to
highlight the different behavior of both materials. At 1 bar
total pressure, amino-MIL-53(Al) exhibits almost infinite
selectivity for CO, over CH4. However, at 5 and 30 bar,
amino-MIL-53(Al) displayed lower breakthrough adsorp-
tion selectivity than the pure component equilibrium
adsorption isotherm selectivity due to high co-adsorption
of CHy in the presence of CO,. 13X zeolite showed lower
dynamic adsorption selectivity than amino-MIL-53(Al) for
CO, over CH4 at 1 bar for all the three temperatures, but at
5 bar its selectivity surmounts that of amino-MIL-53 due to
more efficient displacement of adsorbed CH, by the
advancing CO, concentration front along the column. At
1 bar pressure, amino-MIL-53(Al) showed shape selectiv-
ity for CO, due to the exclusion of CHy, as it stays in vap
form at low pressure region. In 13X zeolite, the strong
electrostatic interaction of CO, caused the displacement of
weakly adsorbed CHy, which in turn increased the dynamic
adsorption selectivity in 13X zeolite. As expected, the
adsorption selectivity calculated using the initial slope
(Henry’s law constant) of the pure component adsorption
isotherms showed higher values [35, 57, and 62, respec-
tively for 13X zeolite at 303, 318, and 333 K; 143, 335,
and 226, respectively for amino-MIL-53(Al) at 303, 318,
and 333 K] compared to the selectivity values calculated
using equilibrium amount of pure component adsorbed in
the pure component adsorption isotherms at particular

Fig. 7 (a) Adsorption and (a)1.4- (b)1s -
(b) desorption breakthrough 16
curves of 40 % CO,—60 % CH, 1.24 ’
in 13X zeolite column at 1 bar 10l 14
and different temperatures. ’ W 1.2 4
(feed flow rate = 20 Nml/min; 9 08 [ CH S0 o 10
desorption by He purging at a < CH,- 318K < €O, 303K &
flow rate of 20 Nml/min at w 064 0. 318K g %8 CO,- 333K
1 bar) 04 CH,- 333K 2 0.6 1 CO,- 318K
CO,- 333K 0.4 CO,- 303K
021 0.2 oA,
OO T T T T T T T 1 00 T T T T 1
0 2 4 6 8 10 12 14 16 0 10 20 30 40 50
Time (minute) Time (minute)

Table 2 Equilibrium adsorption capacities of CO, and CH,4 in 13X zeolite calculated from pure component isotherms and adsorption break-
through curves at different temperatures for a feed composition of 40 % CO,—60 % CH,4 at a total pressure of 1 and 5 bar

Gas Total pressure (bar) Partial pressure (bar) Amount adsorbed (mmol/g)
Isotherm Breakthrough
303 K 318 K 333 K 303 K 318 K 333 K
CO, 1 0.4 4.27 352 2.98 4.13 3.55 3.06
5 2.0 5.35 4.76 4.30 5.26 4.89 4.48
CH4 1 0.6 0.33 0.26 0.17 0.07 0.07 0.06
5 3.0 1.35 1.03 0.73 0.12 0.14 0.14
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Fig. 8 Dynamic desorption of CH; and CO, from 13X zeolite
column by heating at a rate of 5 K/min, starting from 303 to 473 K
(feed composition 40 % CO,—60 % CHy; feed flow rate 20 Nml/min;
He purge flow rate 20 Nml/min at 1 bar)

partial pressures. However, these initial adsorption selec-
tivity values are still lower than the values calculated using
equilibrium amount adsorbed in the dynamic binary
breakthrough test at low pressure (1 bar).

Table 4 shows the dynamic CO, desorption efficiency
(under isothermal purging with He) in amino-MIL-53(Al)
and 13X zeolite in terms of percentage CO, desorbed for a
period of 3 times the breakthrough time of CO, in both

2.8 - - 480
24 L 450
2.0 L 420
%3
1.6 1390 o
E
ol
1.2 L 360 ©
o
5
0.8 4 CH, L 330 ~
0.4 L 300
gl co,
OO 1 T T T T T 1 1 T 270

0 10 20 30 40 50 60 70 80 90 100
Time (minute)

Fig. 10 Desorption curves of CHy and CO, at 5 bar in 13X zeolite
initially at isothermal condition of 303 K and heated at a rate of 5 K/
min to 473 K (desorption by He purge at a flow rate of 20 Nml/min at
5 bar)

these materials. Desorption of CO, was very efficient in
amino-MIL-53(Al) at isothermal conditions compared to
13X zeolite at both 1 and 5 bar. At 303 K, the amount CO,
desorbed was around 94 % in amino-MIL-53(Al) and at
higher temperatures, desorption of CO, was complete
within the particular desorption time. The desorption effi-
ciency was low in 13X zeolite at isothermal conditions due
to strong adsorption of CO,. Only 65 % of the adsorbed of

Fig. 9 (a) Adsorption and (a)1.4- (b)2s -
(b) desorption breakthrough
curves of 60 % CH, and 40 % 1.2 4 2.4
CO, in 13X zeolite column at
. 1.0 4 2.0
5 bar and different temperatures
(feed flow rate 20 Nml/min; He S 0.8 4 o 16
flow ra ; v —— CO,- 303K ¢ CO, - 303K
purge flow rate 20 Nml/min at = B w
5 bar) w 0.6+ 8 1.2 CO, - 318K
i CH,- 333K CO,- 318K
0.4 1 0.8 co, - 333K
CO,- 333K
0.2 0.4
0.0 T T T T T | 0.0 T T T T T 1
0 5 10 15 20 25 30 0 10 20 30 40 50 60

Time (minute)

Time (minute)

Table 3 Both pure component (isotherm) and binary (breakthrough) adsorption selectivities of CO, over CH, for a feed mixture of 40 % CO,—
60 % CH, at different temperatures and a feed pressure of 1, 5, and 30 bar in amino-MIL-53(Al) and, 1 and 5 bar in 13X zeolite

Adsorbent Total pressure (bar) Selectivity, oco,/cH,
Isotherm Breakthrough
303 K 318 K 333 K 303 K 318 K 333 K
Amino-MIL-53(Al) 1 63 98 135 207 0 0
5 23 58 64 19 17 16
30 3 9 11 2 2 3
13X 1 19 20 26 88 76 76
5 6 7 9 66 52 48
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Table 4 Percentage of total CO, desorbed at different pressure and temperature for a period of 3 times the CO, breakthrough time in amino-

MIL-53(Al) and 13X zeolite

Adsorbent Total pressure (bar) CO, breakthrough time (min)  Amount of CO, desorbed at 3 times the breakthrough time (%)
303 K 303 K 318 K 303 K 303 K 318 K
Amino-MIL-53(Al) 1 2.9 2.4 1.8 94 100 100
5 6.1 5.6 5.2 70 85 98
30 16.0 14.8 13.9 82 74 84
13X 1 10.0 8.8 7.6 65 69 73
5 16.8 15.7 14.4 55 63 68

CO; could desorb by isothermal purging with He at 303 K
and 1 bar. At higher temperatures, the CO, desorption
efficiency increased in zeolite 13X. Since the desorption of
CO; is much easier in amino-MIL-53(Al), a simple PSA
process (with purging to regenerate the adsorbent) may be
possible for bulk CO,/CH, separation using amino-MIL-
53(Al) adsorbent. However, for 13X zeolite, temperature
swing adsorption (TSA) or vacuum sing adsorption (VSA)
processes may be suited for CO,/CH, separation due to
strong adsorption and the difficulty in desorption of CO,
from 13X zeolite by simple purging.

4 Conclusions

Amino-MIL-53-(Al) displayed almost infinite dynamic
breakthrough adsorption selectivity of CO, over CH, for a
feed mixture of 40 % CO,—60 % CH, at 1 bar pressure.
However, the breakthrough selectivity for CO, over CH,
was less than the pure component adsorption isotherm
selectivity at 5 and 30 bar due to significant co-adsorption of
CH, in the presence of CO, at these pressures. The break-
through adsorption selectivity of CO, over CH, in 13X
zeolite was higher than the pure component adsorption
isotherm selectivity at both 1 and 5 bar. 13X zeolite dis-
played very high capacity for CO,, but the desorption of CO,
was difficult with large spread out in the desorption break-
through curve even at 1 bar. Even though the CO, adsorp-
tion capacity was lower in amino-MIL-53(Al) than 13X
zeolite, the higher desorption efficiency makes it a potential
adsorbent for the upgrading of biogas at low feed pressure.
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