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ABSTRACT: Adsorption processes have already been considered as
an appealing technology for carbon capture and climate change
mitigation. Accordingly, this work investigated the capacity of shaped
MIL-160(Al) as a water stable bioderived Al dicarboxylate micro-
porous metal−organic framework for separation of carbon dioxide and
nitrogen concerning postcombustion application. First, breakthrough
experiments of carbon dioxide and nitrogen were accomplished at 313
K and 4.0 bar. Then, a set of equations/relations were considered to
model the dynamic fixed-bed tests, in which the outcomes proved the
capacity of the developed model for such a purpose. Next, a pressure
swing adsorption (PSA) process with five steps, including pressuriza-
tion, feed, rinse, blowdown, and purge, was planned and validated
using performed experiments in a laboratory-scale PSA setup. In the
end, an industrial PSA process was designed to attain a better grasp of the capacity of MIL-160(Al) for postcombustion application.
The results indicated an exciting potential of this adsorbent for postcombustion carbon capture, with the purity and recovery of
carbon dioxide around 67.3 and 99.1%, respectively.

1. INTRODUCTION
1.1. Global Warming and Climate Changes. Carbon

dioxide (CO2) emissions related to anthropogenic activities
have been linked to global warming and climate change.1,2 The
main CO2 sources include the flue gas as a postcombustion
source as well as biogas, natural gas, and syngas as
precombustion processes.3,4 Through the postcombustion
sources, steel, cement, and petrochemical industries are
considered the main ones.2,5 According to the NASA
report,6−8 over the last century, global temperature has
increased around 0.7 °C, which is almost 10 times faster
than the average global warming since the Ice Age.9,10

Furthermore, carbon dioxide emission has been enhanced
with a rate of about 250 times faster in the mentioned
period.6,7 However, by the current rate, the concentration of
carbon dioxide has a potential to reach around 570 ppm in the
atmosphere by the end of the 21st century.10,11 Accordingly,
carbon capture and storage (CCS) is a vital approach in
reducing carbon emissions and attaining the world net zero
target.12,13 Major attempts have been made to deploying highly
efficacious technology (in terms of engineering prospects) or
discovering novel sorbents (in terms of material science) for
greenhouse gas (GHG) capturing.14−16 In this way, different
technologies have emerged for CO2 capture and separation, in
which chemical absorption, membrane, cryogenic distillation,
and adsorption are among the most conventional ones,17−19 A

detailed description and comparison of these technologies can
be found in the work by Karimi et al.20 However, the
adsorption technology using solid sorbents received a
remarkable consideration based on its efficiency, operating
continuously, and being eco-friendly,21,22 while about efficient
sorbents operate at different temperatures with proper service
life and ease of regeneration requires more scrambles. More
information concerning different configurations of adsorption-
based reactors for CO2 capture can be found in a study by
Dhoke et al.23

1.2. Pressure Swing Adsorption. A successful pressure
swing adsorption (PSA) design requires considering engineer-
ing aspects and material specifications simultaneously.24

Regarding the process characteristics, flow rates, time and
schedule of different steps, as well as pressure levels must be
designed and optimized for developing a PSA process with a
high yield.25 On the other hand, the characteristics of
employed materials as an adsorbent are the critical factor for
developing favored PSA processes concerning the specific
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applications. On these grounds, selectivity, adsorption capacity,
stability, and ease of regeneration are some of the main
specifications of appropriate adsorbent for separation pro-
cesses.25,26

In this way, numerous efforts have been made to develop
such an adsorbent, which resulted in different classes of
materials, including zeolites,27−29 activated carbons,30,31

carbon molecular sieves,25 and titanosilicates,32 as well as
more recently metal−organic frameworks (MOFs).33,34

Among the mentioned sorbents, the MOFs as a category of
crystalline hybrid micro- or meso-porous materials considering
their appealing structural and textural properties have been
nominated as a game-changer, which some of the recent
interesting studies can found in different reports.20,35,36 In this
way, an integrated process was developed by Nikolaidis et al.,37

as a two-stage P/VSA containing 13X and Mg-MOF-74 for
CO2 capture from postcombustion. Accordingly, the purity of
CO2 reached 40−60% in the first stage, while through the
second stage, the purity reached 95%.37 Furthermore, the
capacity of HKUST-1 and MIL-101(Cr) for postcombustion
application was investigated by Ye et al.38 They reported that
HKUST-1 is more promising for CO2/N2 separation
comparing MIL-101(Cr) with CO2 loading capacity of 1.82
and 1.17 mmol g−1, respectively.38 Also, the developed TSA
demonstrated a better performance of HKUST-1 for CO2
separation. In other study, Sabri et al.39 investigated the amine-
impregnated activated carbon�palm kernel shell (AC-PKS)
for CO2 capture from flue gas using a PSA process in a
conceptual assessment. They reported that imidazole (IM)
modification improves the working capacity as well as reduces
the heat of adsorption. Also, simulated results showed that the
purity of CO2 is around 98%. The fundamental of the
thermodynamic and kinetic of CO2 capture using activated
carbon was studied by Raganati et al.,40 employing temperature
swing adsorption cycles. The potential of zeolite 13X for
postcombustion application was studied by Dantas et al.,41

considering a five-step PSA process. They declared that the
higher temperature of inlet flow (CO2/N2) demonstrates a
positive impact on the purity of CO2, which can be attributed
to the high difference between the loading capacity of zeolite
13X for CO2 and N2. However, the highest purity reported for
CO2 was around 36.8%. A comparison between the capacity of
activated and zeolite 13X for CO2/N2 separation was
performed by Kacem et al.42 It was found that zeolite 13X
represents a higher purity for CO2 separation than activated
carbon. Hence, regarding aging over the cycles, zeolite 13X
displayed a reduction on loading capacity followed by
stabilization, while activated carbon demonstrated full
reversible cycles. In other effort, zeolite 5A was studied for
CO2/N2 separation employing a PTSA cycles which reported
that a product with a purity higher than 95% is achievable for
CO2.

43 Also, based on accomplished simulation assessment for
Mg-MOF-74 by Ben-Mansour et al.,44 it was found that the
PSA cycles with heat regeneration system might be beneficial
due to reducing the number of cycles by getting the same
separation performance. Furthermore, Pirngruber and Leine-
kugel-Le-Cocq45 proposed a simple PSA approach to detect
the target properties of a desire adsorbent concerning the mass
transfer and equilibrium characteristics. In another study,
Calgary framework-20 (CALF-20), as the recent benchmark of
MOFs, was investigated for CO2 and N2 separation (15%
CO2:85% N2) considering a light product pressurization. The

outcomes indicated that 95% CO2 purity and 90% recovery are
achievable by CALF-20.46

1.3. Metal−Organic Frameworks. Routinely, MOFs are
synthesized in various mechanisms accompanied by a wide
range of tenability, porosity (pore size/shape), and function-
alities (Bronsted of Lewis acid/basic sites, polar/apolar groups,
etc.),20,47 that contribute to developing sorbents with diverse
domain in selectivity, kinetic, and thermodynamic.35,36 In spite
of the singular characteristics of MOFs, there are still some
challenges in the way of development of these adsorbents, such
as lack of chemical stability concerning the chemical agents,
water vapor, or thermal shocks, as well as being in the powder
form and the high synthesized cost.32,34−36 However, other
drawbacks are attributed to the amine-grafted MOFs, including
amine loss all over the continuous operation, corrosion effect,
and high energy consumption through the desorption step.48

To overcome these constraints, recently, some of us
introduced the bioderived Al-based MOF MIL-160 as a robust
microporous adsorbent in the shaped form which has been
synthesized from the bioderived 2,5 FDCA (FDCA stands for
furane dicarboxylic acid) ligand.49,50 This sorbent also
represents acceptable characteristics for the heat pump/chiller
applications.50−52 Besides that, this material can be produced
under green ambient pressure conditions and shaped easily
using wet granulation,53 with production at an industrial
scale.54 Of note, a techno-economic synthesis evaluation of
MIL-160(Al) demonstrated admissible cost values upon
industrial-scale production.55 Additionally, fundamental ad-
sorption properties of this 1D channel microporous solid,
including adsorption capacity, selectivity, heat of adsorption,
and kinetic assessment, have already proved the acceptable
potential of MIL-160(Al) for CO2 and N2 separation for
postcombustion application.49,56

1.4. Research Objective. In this work, the potential of
MIL-160(Al) as a water stable and shaped form MOF for
CO2/N2 separation using the PSA process has been studied for
the first time. To this purpose, first, the fixed-bed adsorption of
CO2 and N2 has experimentally been performed and simulated
by gPROMS. The breakthrough assessments were accom-
plished at 318 K and 4.0 bar, to have some precise knowledge
about the dynamic of system and get a reliable approach for
designing the cyclic adsorption process. Afterward, regarding
the dynamic simulation outcomes, a PSA process was designed
and experimentally validated by a laboratory-scale PSA setup.
Indeed, the laboratory-scale PSA process was performed at 318
K and 4.5 bar, which in this case was planned to validate the
design PSA process concerning the potential of MIL-160(Al)
for separation of CO2/N2. Truly, there are a good agreement
between experimental and simulation results in both dynamic
assessment and developed cyclic process. Finally, to better
understand the capacity of MIL-160(Al) for large-scale
application related to the postcombustion process, an
industrial VPSA process has been designed/investigated, for
CO2 capturing from flue gas stream containing CO2/N2
(15%:85%) at 318 K and 4.5 bar. It is worth noting that
based on the different point-sources of CO2 emission, there
may be some differences on the temperature and pressure.

2. MATERIALS AND METHODS
2.1. Materials. The synthesis protocol and the main

specifications of shaped MIL-160(Al) were reported in a study
by Cadiau et al.,51 and Permyakova et al.,50 also, the textural
properties, the main characterization, and N2 adsorption−
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desorption at 77 K can be found in a study by Karimi et al.49

However, some of the main properties are represented in
Table 1.49 Furthermore, the different gases, such as carbon
dioxide (99.99%), nitrogen (99.95%), and helium (99.999%),
were provided by L’Air Liquide.

2.2. Experimental Setup. In this work, the dynamic
adsorption experiments as well as laboratory-scale cyclic
adsorption tests were accomplished in an existing setup. The
temperature was continuously recorded in the apparatus by
using a thermocouple placed at the middle of the column. The
compositions at the outlet flow were also continuously
monitored by an infrared gas analyzer. The flow rates at the
inlet were controlled using mass flow controllers, and also the
flow rate at the outlet flow was monitored using a mass flow
meter. In addition, the pressure in the system was controlled

by using a backpressure regulator. A simple view of this
apparatus is illustrated in Figure 1, and more details can be
found elsewhere.33 The main characteristics of the considered
setup, accompanied by operating conditions, are reported in
Table 2.

2.3. Experimental Procedure. To accomplish the
dynamic experiments (breakthrough and cycles), the sample,
shaped MIL-160(Al), was first activated by passing the helium
in the column with the flow rate of 327.5 NmL/min, a heating

Table 1. Summary of Textural Properties of Shaped Form
Al-Based MOF MIL-16049

adsorbent properties

parameter
numerical
values

particle radius (m) 0.001
bulk density at 0.0037 MPa (g/mL) 1.07
apparent (skeletal) density at 206.5 MPa (g/mL) 1.40
median pore diameter (volume) at 7.7 MPa and 0.1 mL/g
(μm)

0.162

median pore diameter (area) at 119.8 MPa and 9.7 m2/g
(μm)

0.0104

average pore diameter (4 V/A) (μm) 0.0454
total intrusion volume at 206.5 MPa (mL/g) 0.22
total pore area at 206.5 MPa (m2/g) 19.45
micropore volume (cm3/g) 0.336

Figure 1. Simple schema of the experimental setup to accomplish breakthrough and PSA experiments.

Table 2. Characteristics and Considered Operating
Conditions of Experimental Setup to Accomplish the
Breakthrough and PSA Experiments

operating conditions numerical values

F (flow rate) (mL/min) 200
T (temperature) (K) 318
P (pressure) (bar) 4

adsorbent properties

parameter numerical values

bed porosity

(m /m )void
3

bed
3 0.48

particle porosity

(m /m )void
3

bead
3 0.31

mass of sample (raw) (g) 12.2
mass of sample (activated) (g) 10.9

adsorbent properties

bed characters numerical values

bed length (cm) 6.8
bed diameter (cm) 2.1
bulk solid density of adsorbent (kg/m3) 463.03
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rate of 1 K/min, up to 423 K, overnight. In this way, to acquire
the dynamic behavior of adsorption of the considered
adsorbent, the fixed-bed breakthrough tests were experimen-
tally accomplished at 4 bar and 318 K. Accordingly, the
column was initially saturated with nitrogen; then a flow
containing CO2 (50%)/N2 (50%) was fed to the bed, while the
process was fulfilled using pure flow of carbon dioxide. In the
next experiment, the bed was first saturated with nitrogen;
afterward, a pure flow of carbon dioxide was fed to the
adsorption column until a saturated/equilibrium condition.
Next, the desorption of carbon dioxide was performed by using
a pure flow of nitrogen. The pressure, temperature, and
composition of the fixed-bed column were continuously
monitored and recorded.
Additionally, the cyclic experiments were carried out by

saturating the column with N2, and afterward the gas mixture
CO2/N2 was fed to the system. The experimental cyclic
experiment was performed in five different steps at 318 K and
1−4.5 bar. Accordingly, the first step (counter-current
pressurization) was performed with N2, then the adsorption
step performed, followed by the rinse with the pure CO2.
Afterward, the blowdown and purge steps were accomplished.
A detailed description of the different steps of the developed
cyclic pressure tests is reported in Table 3. The experimental
five different steps have been schematically illustrated in Figure
2. It is worth noting that because of the restrictions of available
experimental setup, the cyclic adsorption experiment was

performed with 50% of carbon dioxide. Yet, the industrial PSA
process has been designed and evaluated for a feed with CO2
(15%)/N2 (85%) composition.

3. MATHEMATICAL MODEL
Developing a PSA process requires a robust support
concerning the adsorption equilibrium values and accurate
simulation approaches. To this end, first, the equilibrium data
shall be represented by a proper model. To date, several
empirical and theoretical models were developed (a summary
of the main ones can be found in a study by Foo &
Hameed57), in which the Langmuir model,58 regarding its
simplicity and user-friendliness is among the most interesting
ones for designing the cyclic adsorption processes.59,60 The
basic fundamentals and assumptions of this approach are as
follows: (i) adsorption occurs only on a finite number of sites
which are definite,61 (ii) there are no lateral interaction among
adsorbed molecules,62 (iii) all sites possess the same
adsorption energy,63 and (iv) for the mixed gas Langmuir,
the saturation capacities of all components are required to be
the same to be thermodynamically consistent.64 Hence, in the
current study, this model was considered for the evaluation of
adsorption equilibrium outcomes and designing the PSA
cycles; this model has been described in Appendix A
(Supporting Information).
After the adsorption equilibrium results are obtained, the

dynamic fixed-bed adsorption breakthrough results are

Table 3. Detailed Descriptions of Different Steps of the Laboratory-Scale Designed PSA Process for CO2/N2 Separation Using
Shaped MIL-160(Al)

PSA steps PSA variables

temperature (K) pressure (bar) flow rate (mL/min) step time (s) CO2 (%) N2 (%)

pressurization 318 1 → 4.5 800 65 100
feed 318 4.5 600 350 50 50
rinse 318 4.5 200 160 100 0
blowdown 4.5 → 1.0 240
purge 1.0 75 240 100

Figure 2. Considered five different steps in the designed PSA process for separation of the CO2/N2 mixture.
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modeled using a set of governing equations, including mass,
energy, and momentum balances. In addition, some auxiliary
relations and empirical correlations are required to estimate
the mass and heat transport parameters. Then, some
assumptions are considered for the mathematical modeling
of the adsorption process, including (i) gas phase described by
the ideal gas law, (ii) mass transfer considered as a lumped
overall resistance, (iii) axial dispersion assumed in the column,
(iv) energy balance qualified as a nonisothermal model, and
(v) pressure drop calculated with the Ergun equation.65−67 In
the next step, the PSA cycles are designed using the simulation
outcomes of fixed-bed experiments. To this end, regarding the
CO2 capture purpose of the study, some appropriate boundary
conditions are required, which are reported in Table S1
(Supporting Information). A summary of employed mathe-
matical modeling equations and auxiliary relations is reported
in Appendix A.
On the other hand, routinely, cyclic adsorption processes

(PSA, TSA, VPSA, etc.) are evaluated concerning the purity,
recovery, productivity, and energy consumption, which are
defined by 1668

=
+

×
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where l is the feed, counter-current pressurization, j is the feed,
rinse, k is the purge, countercurrent pressurization, and m is

Figure 3. Breakthrough experiment and simulation result of carbon dioxide and nitrogen over the bed initially saturated with nitrogen, the
desorption with pure carbon dioxide, and experiment at 318 K and 4.0 bar. (a) Flow rates, (b) molar fraction, and (c) temperature history. Symbols
represent experimental results, and lines indicate model outcomes.
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the blowdown and purge. Additionally, the energy con-
sumption was calculated by69

= nR T
P
P

Energy consumption
1

1
1g g

H

L

1/i

k
jjjjjjj

i
k
jjjjj

y
{
zzzzz

y

{
zzzzzzz
(6)

where ṅ is the molar flow rate, Rg is the ideal gas constant, Tg is
the gas temperature, η is the pump efficiency (assumed η =
80% for compressor and η = 60% for vacuum pump), and γ is
the specific heat ratio of the gas ( = C

C
P

V
), as well PL and PH

indicate the lower and higher pressure, respectively. Finally, the
developed system of algebraic-differential equations was solved
by the gPROMS considering a second-order orthogonal
collocation over 28 finite elements.

4. RESULTS AND DISCUSSION
4.1. Breakthrough Experiments and Simulation.

Routinely, the transient response of the adsorption column
to a specific change in the feed mixture is basic information to
assess the capacity of sorbent for desired separation
applications. On these grounds, the accordance of experimental
results and simulation values of dynamic breakthrough
measurements validates the developed model to be employed
for designing the cyclic adsorption process. To this end, in the

first step, the dynamic breakthrough experiments onto shaped
MIL-160(Al) were experimentally performed and numerically
simulated at a temperature of 318 K and total pressure of 4 bar.
Afterward, a PSA process was designed for CO2/N2 separation
as high as purity and recovery possible. Figure 3 illustrates
carbon dioxide and nitrogen adsorption onto shaped MIL-
160(Al) (3a flow rate, 3b, molar fraction, and 3c temperature
history), in which the bed was initially saturated with pure
nitrogen. Although in Figure 4 experiment, the bed was initially
saturated with N2; thereafter, a pure flow of CO2 was
introduced to the system until saturation, and then the
subsequent CO2 desorption was accomplished using a pure N2
flow. As shown in Figures 3 and 4, there is an acceptable
agreement between the experimental results and simulation
outcomes of dynamic adsorption experiments, which proves
that the developed model predicts well the dynamic adsorption
of CO2 and N2 onto shaped MIL-160(Al).
Regarding the temperature histories in Figures 3 and 4

which resulted from a nonisothermal and nonadiabatic column
operation, it can be observed at the beginning of adsorption
processes that there are peaks in the temperature history. It is
worth noting that through the first breakthrough experiment
(Figure 3), the temperature increment presented a lower value
than the second one from Figure 4, in which only pure CO2 is
adsorbed. It can be explained due to the fact that only half the
amount of CO2 was fed in the first experiment (50/50%

Figure 4. Carbon dioxide adsorption over a fixed bed column initially saturated with nitrogen and desorption accomplishes also with pure nitrogen,
experiment at 318 K and 4.0 bar. (a) Flow rates, (b) molar fraction, and (c) temperature history. Symbols represent experimental results, and lines
indicate model outcomes.
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Figure 5. (a) Pressure and (b) temperature history of the designed laboratory-scale PSA process (cycle no. 8 as a cyclic steady state) for separation
of CO2/N2 at 318 K and 4.5 bar. Symbols illustrate experimental outcomes, and lines specify modeling results.

Figure 6. (a) Molar fraction of carbon dioxide, (b) molar fraction of nitrogen, and (c) total flow rate of designed laboratory-scale PSA process
(cycle no. 8 as a cyclic steady state) for separation of CO2/N2 at 318 K and 4.5 bar. Symbols illustrate experimental outcomes, and lines specify
modeling results.
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mixture) comparing to the second one (100% CO2). Since the
CO2 adsorption heat is higher than the N2 one (see Table S3),
the amount of CO2 then has a great influence on the history of
temperature. Hence, in Figure 4, a reverse behavior is observed
during the CO2 desorption step. During the respective step of
the experiment, the complete CO2 desorption was performed,
and although N2 was being adsorbed, the temperature even
decreased. Nonetheless, these behaviors can be attributed to
the exothermic and endothermic nature of adsorption and
desorption processes, respectively. Accordingly, by initiating
the sorbates adsorption in the column, a significant amount of
heat is released, in which after a while the equilibrium
temperature is acquired, as well as the corresponding reverse is
expected in the CO2 desorption step (Figure 4).
It should also be mentioned that the numerical simulation

was developed by considering the axial dispersion effect in the
fixed-bed column by employing Langer et al. correlation
(E.S.12, Appendix A).59,60 Other considered auxiliary
relations/correlations are completely discussed in Appendix
A. Accordingly, concerning the promising experimental and
simulation results of dynamic fixed-bed outcomes, a PSA unit
was designed for CO2 and N2 separation.
4.2. Laboratory-Scale Cyclic Adsorption Experiment.

After a robust modeling topology was established for the
dynamic fixed-bed adsorption of CO2 and N2, a cyclic
experiment was planned to have a precise assessment of the
potential of MIL-160(Al) concerning CO2/N2 separation. In
this way, five steps were considered: (i) pressurization with
pure N2 in a counter-current way, (ii) feed (adsorption), (iii)
rinse with CO2, (iv) blow down, and (v) purge with counter-
current N2. It is worth noting that the first step was controlled
by defining the total pressure of the column at 4.5 bar, while
other ones were controlled regarding the time. Accordingly,
the adjusted time of different steps includes feed step-350 s,
rinse step-160 s, blowdown step-240 s, and purge step-240 s. It
should also be considered that the cyclic steady state (CSS)
was obtained after around five cycles. More specifications
related to each step are illustrated in Table 3.
The experimental and simulation outcomes for a CSS are

illustrated in Figures 5 and 6, as well as the full experimental
cycles have been represented in Figure S2. As shown in Figure
5a, the pressure through the pressurization step increased to
reach the set point; afterward, the adsorption with a flow of
CO2/N2 (50%:50%) and rinse steps is followed at the same
pressure (4.5 bar). Next, the regeneration/desorption of
saturated bed is accomplished using blowdown and purge, in
which during these steps the pressure is dropped until
atmospheric pressure. Regarding the temperature history
presented in Figure 5b, as can be found, a temperature
variation around 25 K is observed, which is ascribed to the
nature of the process. Figure 6 displays the dominant tendency
of nitrogen and carbon dioxide during the designed process. As
displayed in Figure 6b, the column has first been pressurized
with pure nitrogen and getting ready for the feed step.
However, the adsorption step for separation of carbon dioxide
and nitrogen was tested with 50−50% feed. To enhance N2
recovery and CO2 purity, the CO2 concentration is increased
through the rinse step. As a subsequence of blowdown, the
countercurrent purge step is fulfilled with pure N2 flow to
regenerate the bed properly. Totally, as can be observed in
Figures 5 and 6, the developed model predicts well the
dynamic of the process and proves its promising capacity.

4.3. Industrial Scale PSA Evaluation. In the last effort, to
have a better knowledge on the potential of MIL-160(Al) for
postcombustion application in the large scale, an industrial
PSA has been designed to treat a flue gas stream containing
CO2/N2 (15%:85%). Accordingly, the specifications and
characterizations of industrial plant were required, which
were considered based on the reported values of Ferreira et
al.33 and Agarwal et al.70 The industrial PSA process was
designed with five steps: pressurization, feed, rinse, blowdown,
and purge. The detailed descriptions of bed, specifications, and
performance of process are reported in Table 4. Also, a simple

schema of different steps of the designed process is illustrated
in Figure 7. It is worth noting that in this case study, the feed
was pressurized until 4 bar, while through the blowdown and
purge steps, the bed was regenerated with vacuum around 0.2
bar. The bed was also modeled in a nonadiabatic and
nonisothermal operation. Accordingly, each cycle of this
VPSA process lasts around 880 s, which contains 200 s for
pressurization, 200 s for feed step, 120 s for rinse step, as well
as 160 s for blowdown and 200 s to accomplish the purge.
The industrial VPSA was simulated during 50 cycles, the

CSS is represented in Figures 8 and 9, also the last CSS cycles
have been displayed in Figure S3 (Supporting Information). It
should be noted that after around 17 cycles, the CSS was
achieved. The pressure variations through the cycle have been
specified in Figure 8a, as well the temperature history have
been illustrated in Figure 8b. As can be seen in Figure 8a,
during the pressurization step, the pressure is increased until
4.5 bar, which contributes to a temperature increment within
the bed, as shown in Figure 8b. Then, the feed and rinse steps
were followed at constant pressure (4.5 bar), and in these steps
because of CO2 adsorption, a temperature enhancement was
expected, as observed in Figure 8b. Finally, a remarkable
reduction in both temperature and pressure occurs through the
blowdown and purge as regeneration/desorption steps.
The molar fractions of carbon dioxide and nitrogen as well

as the profile of flow rate through the CSS are presented in

Table 4. Characteristics, Specifications, and Performance of
the Designed Industrial VPSA Process for CO2 Capturing
from Flue Gas Using Shaped MIL-160(Al)

bed specifications

bed length
(m)

bed diameter
(m)

bed volume
(m3)

bed area
(m2)

value 5 1.5 10.61 1.77
bed characteristics

bed density (kg/m3) particle radius (m) bed porosity (−)

value 532.45 1.35 × 10−3 0.487
PSA steps PSA variables

temperature
(K)

pressure
(bar)

flow rate
(L/min)

step time
(s)

pressurization 318 1 → 4.5 21,000 200
feed 318 4.5 100,000 200
rinse 318 4.5 30,000 120
blowdown 4.5 → 0.2 0 160
purge 0.2 6000 200

performance of designed industrial PSA

purity (%) recovery (%) productivity(mol kg−1 h−1)

N2 99.3 81.1 24.43
CO2 67.31 99.1 3.046
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Figure 9. As shown in Figure 9a,b, the cycle starts with
pressurization with pure N2, afterward, the adsorption step is
started, followed by the rinse step with pure CO2, to get the
highest possible CO2 concentration during the blowdown step.
On these grounds, the CO2 molar fraction increases during the
blowdown and reduces through the purge step accompanied
by a reverse orientation for N2, as clarified in Figure 9a,b.
Finally, by getting an almost regenerated bed with N2 during
the purge under a vacuum (0.2 bar), the column is prepared
for the next cycle. Routinely, the yield of the cyclic adsorption
process is evaluated regarding the purity, recovery, productiv-
ity, and energy consumption of the process (by eqs 1−6), for
which these calculated factors for CO2 and N2 are illustrated in

Figure 10. As can be observed, the designed VPSA
demonstrates a capacity for getting CO2 and N2 with a purity
of 67.3 and 99.3%, respectively. On the other hand, around
99.1 and 81% of CO2 and N2 can be recovered throughout the
process. As the pressurization, adsorption, and rinse steps
require a compressor as well as the blowdown and purge steps
require a vacuum pump, the energy consumption of the
process increases when compared to the ones that do not use
vacuum pumps for regeneration steps. Besides the higher and
lower pressure levels required by the pumps, another factor
that can influence the energy consumption is the time of the
process steps. In regeneration steps, for instance, increasing
step times results in an increase of the energy consumption.

Figure 7. Simple schema of different steps of the designed industrial VPSA process for CO2 capturing from flue gas.

Figure 8. (a) Pressure and (b) temperature history of the designed industrial VPSA process for CO2 capture from flue gas using shaped MIL-
160(Al) (cycle no. 17 as a cyclic steady state) at 318 K and 4.5 bar.
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This process presented an energy consumption of 12.5 MW, as
seen in Figure 10c.
To have a better grasp concerning the potential of shaped

MIL-160(Al) for CO2 capture for postcombustion application,
a comparison with other reported benchmark adsorbents has
been presented in Table S4 (Supporting Information). For
instance, comparing MIL-160(Al) with zeolite 13X as one of
the benchmark adsorbents for CO2 capture, accomplished in a
same condition (1-bed, 5-steps),71 specified a better perform-
ance of MOF MIL-160(Al) for such purpose. Hence, regarding
the remarkable specifications of MIL-160(Al) as a water stable
MOF, which can capture CO2 from flue gas under wet
operating condition, synthesis in an easy sustainable way under
ambient pressure conditions, the use of a bioderived ligand
(2,5-FDCA or 2,5-furane dicarboxylic acid) with a rational
synthesis cost accompanied by its stability and being in the
shaped form,50,51,55 as well as the acceptable CO2/N2
selectivity with the moderate heat of adsorption of CO2 and
N2 (around −28.5 and −7.2 kJ/mol, respectively),49 nominate
MIL-160(Al) as an appealing adsorbent for carbon capture in
industrial applications in comparison with benchmark ones
(see Table S4).

5. CONCLUSIONS
In the way of accomplished efforts for carbon capture and
climate change mitigation, in this study, the capacity of shaped
MIL-160(Al) for separation of CO2/N2 concerning the
postcombustion application was investigated. Accordingly,
first the dynamic equilibrium adsorption of CO2 and N2 at
318 K and 4 bar was experimentally measured. Afterward, the
dynamic outcomes were modeled using the developed
equations and auxiliary relations. However, there were an
acceptable agreement among the simulation and experimental
results, which also proved the potential of considered model
for designing a cyclic adsorption process. Next, relying on
dynamic consequences, a PSA process with five steps was
developed and experimentally validated for separation of the
CO2/N2 mixture using a laboratory-scale setup. Finally, the
large-scale capacity of MIL-160(Al) for postcombustion
application was evaluated in the VPSA designed. The results
showed the purity of CO2 and N2 around 67.3 and 99.3%,
respectively, and the recovery around 99.1 and 81.1%,
respectively. The arising results from this work accompanied
by superb textural characteristics and specifications of MIL-
160(Al) demonstrate a privileged potential of this adsorbent
for carbon capture from flue gas. However, as future research

Figure 9. (a) Molar fraction of carbon dioxide, (b) molar fraction of nitrogen, and (c) flow rates of the designed industrial PSA process for CO2
capture from flue gas using shaped MIL-160(Al) (cycle no. 17 as a cyclic steady state) at 318 K and 4.5 bar.
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directions, the study of MIL-160(Al) under the wet operating
condition in the CO2/N2/H2O mixture by developing dynamic
breakthrough experiments and cyclic adsorption process, as
well as its comparison with other recently disclosed Al MOF
MIL-120, that is very cheap and highly stable,72 are suggested
to be taken into account.
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