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ABSTRACT: The microporous bioderived Al dicarboxylate MIL-160(Al)
MOF in its shaped form has been evaluated as a candidate for biogas
upgrading (BU) and/or carbon capture and storage (CCS) by studying
adsorption isotherms of CO2, CH4, and N2 at 313, 343, and 373 K until 8
bar. The isotherms disclosed the following loading capacities: 4.2 (CO2),
2.07 (CH4), and 0.69 (N2) mol/kg at 5.8 bar and 313 K, which fitted with
the dual-site Langmuir model. The linear-driving-force coefficients (LDFs)
for CO2 and CH4 calculated from uptake rate experiments are in the order
of 0.021−0.096 and 0.041−0.165 s−1 at 313 K between 0.11 and 2.76 bar,
respectively. The Response Surface Methodology (RSM) was also applied
to maximize the selectivity for mixtures CO2/CH4 and CO2/N2 with
interest for BU or CCS. Breakthrough curve experiments with mixtures
CO2/CH4 and CO2/N2 at the optimum selectivity conditions were
developed and simulated using ASPEN Adsorption. This work clearly demonstrates the potential of MIL-160(Al) to be used in BU-
and/or CCS-related applications.

1. INTRODUCTION
Global warming and the requirement to reduce greenhouse
gases (GHGs) emissions in the energy sector have been
challenging issues in recent decades.1,2 Undoubtedly, the
ascending trend of GHGs stems from human activities
including the combustion of coal, oil, and natural gas, which
is responsible for more than 80% of CO2 emissions
worldwide.3,4 According to reports, by the current ascending
level of GHGs, climate change will result in 3−5 °C
temperature enhancement of the planet at the end of this
century,5,6 which can cause a 95 cm rise in the sea level.7 Based
on the Paris Agreement,8 the CO2 emissions shall be restricted
to reduce the atmospheric temperature by 2 °C by 2100,
which, according to a pragmatic scenario, would require 40−
70% CO2 emission reduction by 2050 and net-zero emissions
by 2100. To this end, two main strategies have been proposed
by the International Energy Agency (IEA)9 and the Inter-
governmental Panel on Climate Change (IPPC).10 In this way,
based on the BLUE Map Scenario of IEA, the Carbon Capture
and Sequestration (CCS) strategy can decrease and control the
GHG emissions from the fixed industrial sources, which might
result in a 19% reduction in CO2 emissions by 2050.

11

Accordingly, the fossil fuels of current technologies should be
substituted by renewable sources of energy including biogas,
solar energy, etc.12,13 The average growth rate of renewable
energies has been 2.0% during the last two decades, and
around 11.5% of this growth is attributed to biogas.14

Currently, Europe is the world leader of biogas development,
and its production is expected to reach 30−40% of Europe’s
total gas consumption by 2050.14,15 Routinely, biogas as the
main output of anaerobic digestion of organic wastes contains
carbon dioxide (30−40 vol %), methane (50−70 vol %), and
traces of other gases (N2, H2, H2S, etc.);

16 therefore, biogas
requires to be upgraded through the separation of CO2 (biogas
upgrading (BU)).17 Although the biogas upgrading market and
technologies are quickly growing, currently, membrane,
adsorption, and cryogenic methods are the most employed
ones globally. Table 1 represents the typical compositions of
commercial biogas derived from anaerobic digestion and
landfills.16,18 Numerous studies have been devoted to develop
adsorption processes as efficient and low-cost technologies for
BU and CCS.19 For such purpose, several microporous
sorbents, including activated carbons,20 zeolites,21 metal−
organic frameworks,22 etc.,19,23 have been studied. To be
employed for large-scale adsorption process design, data
including (i) adsorption equilibrium isotherms and the
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respective heat of adsorption, (ii) kinetics of adsorption, (iii)
selectivities, and (iv) cost are of fundamental importance.24

Metal−organic frameworks (MOFs), as 2D or 3D micro- or
mesoporous coordination polymers, are a class of porous
crystalline hybrid materials25−27 constructed from the associ-
ation of inorganic nodes (clusters, chains, or layers) and
organic linkers (carboxylates, phosphonates, azolates, etc.).28

Their structure and pore size/shape can easily be tuned by
modifying the organic linker, whereas the functional groups,
attached to the organic spacer or grafted onto the open metal
sites, enable a careful design of the adsorption sites and/or
modulation of the hydrophilic/hydrophobic balance.29 This
unique diversity makes MOFs appealing candidates for gas
separation and purification with a broad range of functionality
for kinetics, thermodynamics, and selectivity.30 In this way,
numerous types of MOFs have been introduced for gas
sequestration and storage in the recent years.31−33 In spite of
the abovementioned attractive characteristics, the first
generation of MOFs was reported in most cases to be poorly
chemically stable and/or produced under high-temperature
hydro- or solvothermal conditions using toxic solvents, which
precluded their practical use.34−37 Among numerous efforts
reported to date to develop water-stable MOFs using high-
valence metal cations (Zr, Ti, Al, Fe, Cr, etc.),38 some of us
reported the Al dicarboxylate MOF denoted as MIL-160(Al)
built from the bioderived 2,5-FDCA (furane dicarboxylic acid)
ligand. This water-stable hydrophilic MOF was shown to be a
promising candidate for a large range of sorption related
applications from CO2 capture postcombustion studies, acid
gas separation,39 separation of olefins,40 xylenes, branched
alkanes,41 biogas upgrading, and heat pump/chiller applica-
tions.42−44 In addition to its easy ambient pressure green
synthesis conditions, a technico-economic cost production
analysis at the industrial scale has been recently performed by
Severino et al. and revealed that upon upscaling of the 2,5-
FDCA ligand for the industrial production of bioplastics, this
MOF could be produced at the large scale (e.g. 1 kt/year) with
a reasonable cost.45

Accordingly, in this work, the capacity of MIL-160(Al) as a
candidate for BU and CCS (especially in postcombustion
processes) was studied by evaluating the adsorption equili-
brium isotherms of carbon dioxide, methane, and nitrogen
using a piezometric/volumetric technique between 313 and
373 K. The isotherms were modeled using the dual-site
Langmuir (DSL) model, and the isosteric heat of adsorption
was evaluated by the Clausius−Clapeyron equation. Afterward,
the kinetic data taken from the uptake rate experiments were

assessed to calculate lumped mass transfer coefficients
(through a simplified solid-phase linear-driving-force rate law
(LDF)) using a proper batch piezometric−volumetric adsorber
model. Furthermore, the Response Surface Methodology
(RSM) was employed for the statistical analysis of the
adsorption equilibrium data and respective selectivities for
the binary systems CO2/CH4 and CO2/N2 to derive optimum
operating conditions for designing the cyclic adsorption
processes. The working capacities were also calculated. Finally,
dynamic studies of binary CO2/CH4 and CO2/N2 adsorption
onto shaped MIL-160(Al) in a fixed-bed adsorber were
performed by measuring binary breakthrough curves at 313
K and 3 bar, which were also predicted by using ASPEN Adsim
using a proper mathematical model, to prove the reliability of
the data. In the end, the adsorption characters of MIL-160(Al)
were compared with other candidates for BU and CCS
processes, and it was proven to be a very competitive sorbent
for large-scale applications of CO2 separation under BU and
CCS strategies with regard to its singular specifications
including stability, cost, and easy shaping. Accordingly, the
results arising from this work are now being used in the
development of pressure/temperature swing adsorption
processes for BU and CCS under industrial relevant operating
conditions.

2. EXPERIMENTAL SECTION
2.1. Materials. A detailed description of the synthesis of

MOF MIL-160(Al) granules can be found in ref 44, and here, a
short description is presented. This adsorbent, isostructural
material from the parent CAU-10(Al)44 is built up from
helicoidal cis-chains of AlO4(OH)2 octahedra connected
through 2,5-FDCA ligands, resulting into microporous
channels of free aperture of 5−6 Å.42,44 This MOF can also
be made under scalable green ambient pressure conditions
with a very good space time yield (>160 kg day−1 m−3).
Because of its microporous polar character, it was also shown
to exhibit an excellent affinity for diverse polar molecules such
as CO2, SO2, or acetylene. MIL-160(Al) is therefore a suitable
candidate for the selective adsorption under precombustion
processes such as biogas upgrading.42,44 The shaping of MIL-
160(Al) was carried out through wet granulation using 5 wt %
colloidal silica as a binder following a previously reported
protocol, leading to mechanically stable millimeter-sized
granules (crushing strength of ca. 10 N) with sorption
properties close to those of the starting powder.44

The characterization of shaped samples was accomplished
by N2 adsorption at 77 K (Figure S1, Supporting Information),
including the determination of the Brunauer, Emmett, and
Teller (BET) surface area (Table 2), at the University of
Malaga-Spain using a Micromeritics ASAP 2020 (V4.02)
equipment. Furthermore, the mercury porosimetry evaluation
was accomplished by a Micromeritics AutoPore IV 9500, from
pressure 0.20 to 61,000.00 psia, to specify the total intrusion
volume, pore area, pore diameter, density, and porosity (Table
2). In addition, the employed pure gases such as CO2, CH4,
and N2 for the adsorption studies, and also helium (He) as
inert gas for regeneration and activation, were supplied by Air
Liquide.
2.2. Experimental Measurements. 2.2.1. Volumetric

Apparatus. The adsorption equilibrium isotherms of CO2,
CH4, and N2 were measured using an in-house built
piezometric/volumetric apparatus fully described elsewhere.46

Briefly, the unit includes two independent volume cells, one

Table 1. Typical Compositions of Commercial Biogas
Derived from Anaerobic Digestion and Landfill

parameter
biogas from

AD
biogas from
landfill

composition (% mol) CH4 60−70 35−65
CO2 30−40 15−40
H2O 1−5 1−5
N2 0.2 15
H2 0 0−3
heavy carbon 0 0

minimum methane number 135 130
lower heating value (MJ/kg) 23 16
Wobbe index (MJ/Nm3) 27 18
density (kg/Nm3) 1.2 1.3
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containing the adsorbent and the other being a reference cell,
designed in a batch loop using a circulating pump operating in
−100 mbar (vacuum) until 150 bar supplied by Thomas Co. A
pressure transducer monitors the pressure in the system with
±0.1% full scale (FS) and the accuracy of ±0.08% BSL, which
was provided by Omega Co. The temperature of the
adsorption cell was controlled by a chromatographic oven.
Also, the temperature in both adsorption and reference cells
was continuously assessed by two thermocouples. Further-
more, a vacuum pump (Thomas Co.) provided the required
vacuum during the activation procedure. To measure the
adsorption equilibrium isotherms, the adsorption cell was first
loaded by 0.30 g of shaped MIL-160 (Al). Then, the activation
of samples was performed to remove the moisture and
impurities by heating the system at the rate of 1 K/min, up to
423 K, under a vacuum and helium (21.8 NmL/min) and
keeping the temperature and operating conditions for 12 h.
Some specific properties of the experimental unit are presented
in Table 3.
2.2.2. Breakthrough Experiments. The dynamic break-

through experiments for assessment of the potential of MIL-
160(Al) for CO2/CH4 and CO2/N2 separations were

accomplished in a fixed-bed adsorber system. In this unit,
the outlet gas compositions were tracked by an infrared gas
analyzer (Gas Data Ltd., LMSxi Type G4.18, U.K.). Also, the
temperature history was recorded using one thermocouple
fitted at the middle position of the stainless steel column. In
addition, mass flow controllers measured the feed flowrates,
whereas the flowrate of the outlet stream was measured by a
mass flow meter, all provided by Alicat Scientific. Furthermore,
the pressure was controlled using a backpressure regulator by
Bronkhorst. Some specific properties of the experimental setup
are provided in Table 4. More details regarding this unit can be
found elsewhere.18

To accomplish the breakthrough experiments, a fresh
adsorbent sample was first activated using a similar protocol
as in the volumetric experiments but with the helium flowrate
at 327.5 Nml/min. To start the binary experiment of CO2/
CH4, the column was first saturated with helium; afterward, the
feed flow containing 50% CO2 and 50% CH4 was injected to
the column until steady-state conditions were reached.
Afterward, the regeneration process was performed by shifting
the inlet flow to pure helium. Further, to accomplish the
pseudobinary experiment of CO2/N2, the bed was first
saturated with nitrogen, and then, the feed flow containing
50% CO2 and 50% N2 was introduced to the system. It is
worth noting that the flowrate and temperature variations were
recorded during all adsorption−desorption experiments; also,
the compositions were monitored at the outlet flow.

3. ADSORPTION EQUILIBRIUM ISOTHERM AND
ISOSTERIC HEAT OF ADSORPTION

A variety of isotherm equations have been employed to fit
adsorption equilibrium values.47 Among them, the dual-site
Langmuir model (DSL)48 has been recognized as a valuable
one due to its simplicity, thermodynamic consistency, as well
as ability to be easily extended to predict multicomponent
sorption equilibria. The isotherm equation is given by eq 1:48

=
+

+
+

q q
b P

b P
q

b P
b P1 1i m m,1

1

1
,2

2

2 (1)

Here, qm is the saturation adsorbed concentration, P is the
equilibrium pressure, andqiis the adsorbed concentration of the
component i. Also, b is the adsorption affinity constant
estimated by the Van’t Hoff equation:48,49

=b b
H

RT
exp

i
k
jjj y

{
zzz (2)

Table 2. Characterization and Textural Properties of Shaped
MIL-160(Al)

adsorbent properties

parameter numerical
values

unit

particle radius 0.001 m
total intrusion volume at 206.4937 MPa 0.22 mL/g
total pore area at 206.4937 MPa 19.45 m2/g
median pore diameter (volume) at 7.7053 MPa
and 0.110 mL/g

1.62 Å

median pore diameter (area) at 119.8197 MPa and
9.728 m2/g

104.1 Å

average pore diameter (4 V/A) 453.9 Å
bulk density at 0.0037 MPa 1.07 g/mL
apparent (skeletal) density at 206.4937 MPa 1.40 g/mL
surface areaa 986 m2/g
micropore areab 959 m2/g
total pore volume 0.379 cm3/g
micropore volume 0.336 cm3/g

aSurface area determined by the Langmuir method. bt-plot micropore
area.

Table 3. Key Details and Specifications of the Volumetric
Unit

volumetric unit specifications

parameter numerical value unit

reference volume 44 cm3

adsorption cell 2.5 cm3

residual volume 0.8 cm3

mass of sample
mass of raw sample 0.302 g
mass of activated sample 0.272 g
general parameters
ambient temperature 298 K
ambient pressure 1 bar
developed isotherms
T 313, 343, 373 K
P 0.1−8 bar

Table 4. Key Characteristics of the Dynamic Adsorption
Fixed-Bed System

breakthrough unit specifications

bed characters numerical values unit
bed length 6.8 cm
bed internal diameter 2.1 cm
wall thickness 2.54 cm
bulk solid density of adsorbent 463.03 kg/m3

mass of raw sample 12.2 g
mass of activated sample 10.9 g
interparticle or bed porosity 0.48 m3 void/m3 bed
intraparticle porosity 0.31 m3 void/m3 bead
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where ( − ΔH)is the heat of adsorption, T the temperature of
the system, and R the ideal gas constant. Also, b∞specifies the
adsorption affinity constant at infinite temperature. It is worth
noting that in model fitting, considered standard deviation
between numerical and experimental values is measured by

=
=

S
N

q q1
( )

i

N

i iD
1

exp cal 2

(3)

The isosteric heat of adsorption (ΔHiso) as a key
information related to the energetics of sorption was calculated
by the Clausius−Clapeyron equation as49,50

=
=

H RT
p

T
( )

ln

q
iso

2

constant

i
k
jjj y

{
zzz

(4)

By integrating eq 4 at a fixed coverage in a plot of ln p
against 1/T, the isosteric heat can be directly estimated as

=p
H

RT
ln constant iso

(5)

4. ADSORPTION KINETICS
The sorption kinetics uptake rates of CO2, CH4, and N2 in
shaped MIL-160(Al) can be estimated roughly by a solid-film-
resistance linear-driving-force model (LDF), which provides a
simple mathematical relation to calculate rate coefficients in
the piezometric/volumetric sorption system used in this
work.51 The respective lumped KLDF parameters were
calculated directly from the sorption uptake experiments in
the batch adsorber with a methodology described elsewhere.46

Briefly, the mass transfer coefficients kLDF for a finite volume
variable pressure linear system can be calculated by46

=
+

+
+

[ + ]C
C K

K
K

K k t1
( 1) ( 1)

exp (1 )b

b0
LDF

(6)

where Cb is the bulk gas concentration, Cb0 the initial gas
concentration, and kLDF the linear driving force mass transfer
coefficient. Also, K′ specifies the ratio of the equilibrium
sorbate concentration in the solid phase relative to the gas

phase represented by =K
m K

V

( / )p , where K is the differential
slope (or secant of the adsorption equilibrium isotherm)
between the initial and final pressure uptake. Now, by defining

C C
C

b0 b

b0
and considering =K

1
, where Cb∞ is the final

equilibrium concentration, the fractional uptake curve for the
batch adsorber system can be represented by46

= = [ + ]F t
C C
C C

K k t( ) 1 exp (1 )b0 b

b0
LDF

(7)

In an infinite volume batch adsorber system, K′ is very small,
and consequently, eq 7 can be simplified to52

= = [ ]F t
C C
C C

k t( ) 1 expb0 b

b0
LDF

(8)

Both eqs 7 and 8 can be applied for a rough estimation of the
lumped mass transfer coefficients (kLDF). After that, they can
be employed in developing cyclic adsorption processes and the
dynamic simulation of continuous fixed-bed adsorption
systems.46,49

5. SEPARATION PERFORMANCE: SELECTIVITY AND
WORKING CAPACITY

The separation potential can be assessed in terms of the
adsorption equilibrium selectivity, specified by Si, j = (qi/pi)/
(qj/pj), where q and p are the loading capacities and the
equilibrium pressure of sorbates, respectively.53 The working
capacity (βp) is also another useful adsorption separation
performance parameter, which is defined as the difference
between the adsorption loading capacities at the high and low
pressures in the case of PSA/VSA or at the high and low
temperatures for the TSA process. A general approach for
working capacity is defined by βP = q(T1, p1) − q(T2, p2),
where q is the adsorption loading capacity at the specified
operating conditions of each adsorption step.54

6. STATISTICAL ANALYSIS
The statistical analysis of adsorption equilibrium data is also
performed using the RSM, which is a topology that combines
the statistical and mathematical operations for pattern
recognition, designing the experiments, specifying the inter-
actions, and determining optimum values for selected specific
data.55,56 As an example, it can be used to predict easily the
best selectivity for separating mixtures as a function of
temperature and pressure using measured adsorption equili-
brium data. Accordingly, the independent variables, which
characterize the system, are considered as factors of method-
ology, and the dependent variables are evaluated as response
surfaces.57,58 Afterward, the analysis of variance (ANOVA) of
the developed surfaces is accomplished regarding the
considered factors. In this study, the Historical Data tool of
the Design Experts software v.8.0 was employed. The
temperature and pressure were considered as factors for
analysis of the adsorption process, with the adsorption
equilibrium and selectivity being defined as response surfaces.
In this way, the statistical analysis of developed adsorption
equilibrium values is accomplished using a quadratic
polynomial function as

= + + + + + +y x x x x x x0 1 1 2 2 12 1 2 11 1
2

22 2
2

(9)

here, yis the dependent variable (the response surface), and
x1and x2 indicate the considered factors, which are specified in
three different levels (−1, 0, and +1).1,55 Also, β1 and β2
illustrate the linear coefficients; β12 is a constant, which
specifies the interaction among the independent variables; and
β11 and β22 are the quadratic coefficients of the developed
model. Furthermore, β0 and ε are the intercept parameter and
the residual error, respectively.56,57 Then, the defined
coefficients are calculated by applying multiple regression
analysis and the least square method to develop a significant
model by considering the probability of the coefficients (p
value), also representing a nonsignificant lack-of-fit.56 In the
end, the precision of the obtained approach is tested in terms
of the standard deviation (eq 10) and the regression
coefficients (R2 and adjusted R2; eqs 11 and 12, respec-
tively):55,57

= = y y

n P
Std. dev.

( )i
n

i i1
2

(10)
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=R
R n

n P
Adj 1

(1 )( 1)
( 1)

2
2

(12)

Here, Pis the number of predictors, and n is the number of
experiments. Also, yiând yi are the estimated data and
experimental results, respectively.55,57

7. FIXED-BED ADSORPTION BREAKTHROUGH
MODELING

The modeling of fixed-bed breakthrough concentration profiles
is fundamental to understand the dynamics of adsorption
columns for a proper design of cyclic adsorption processes.
Accordingly, a fixed-bed adsorption model was developed to
predict/simulate fixed-bed adsorption experiments. The set of

governing equations is reported in Table S4 (Supporting
Information). The following assumptions were also made:

• The gas phase is described by the ideal gas law.
• The LDF model is employed for mass transfer
estimation.

• Each component represents a constant heat of
adsorption

• The enthalpy of adsorbed phase is negligible in the solid-
phase energy balance.

• The pressure drop is calculated by the Ergun equation.
• Mass and thermal axial dispersion is considered in the
column (radial ones are neglected).

The obtained set of partial differential/algebraic relations
was numerically solved by Aspen Adsim V-9, employing the
method of lines to solve the resulting time-dependent
differential/algebraic equations.59 Also, the flux limiter with
van Leer was applied to discretize the spatial coordinate
derivatives. More details regarding the auxiliary relations for

Figure 1. Adsorption equilibrium isotherms of (a) CO2, (b) CH4, and (c) N2 on shaped MIL-160(Al) at 313, 343, and 373 K.

Table 5. . Fitting Parameters of the DSL Model for CO2, CH4, and N2 Adsorption Equilibrium onto Shaped MIL-160(Al)

q (mol/kg) ( − ΔH) (kJ mol−1) b∞ (bar−1)

species qm,1 qm,2 ( − ΔH)1 ( − ΔH)2 (b∞)1 (b∞)2 SD
CO2 4.51 5.12 31.5 21.1 3 × 10−4 2.7 × 10−4 0.01
CH4 5.25 1.29 12.1 5.2 6.5 × 10−4 0.019 0.005
N2 3.35 2.18 7.21 4.5 2.1 × 10−4 2.3 × 10−4 0.008
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estimating the parameters of the mathematical model can be
found in Table S4 (Supporting Information).

8. RESULTS AND DISCUSSION
8.1. Adsorption Equilibrium Isotherms. The adsorption

of CO2, CH4, and N2 on the shaped MIL-160(Al) was studied
at 313, 343, and 373 K from vacuum pressure until 8 bar using
the piezometric/volumetric technique described previously.
The measured adsorption equilibrium values of CO2, CH4, and
N2 are illustrated in Figure 1. Also, the experimental numerical
values of all isotherms are reported in the Tables S1−S3
(Supporting Information). As mentioned, the DSL model was
considered to fit the obtained data, and the fitting parameters
are reported in Table 5. Over the entire range of temperatures
and pressures studied, the isotherm model fits the experimental
results accurately. The amount adsorbed of CO2 in the shaped
MIL-160(Al) is significantly higher than the one in CH4 and
N2 following the hierarchical order CO2 > CH4 > N2 (e.g., 2.8,
0.63, and 0.14 mol/kg at 313 K and 1.2 bar, respectively, for
CO2, CH4, and N2). Also, as can be observed, in all studied
sorbates (Figure 1), when the temperature increases, the
loading capacity decreases, which means that the data follow a
normal trend. Moreover, at the lower temperature isotherms,
the pressure increment has more impact on the adsorption
capacity. Overall, the modeling results described by the lines in
Figure 1 demonstrate that the DSL isotherm seems to be
reasonable to correlate the observed adsorption equilibrium
data for all adsorbable species.
8.2. Isosteric Heat of Adsorption. The isosteric heat of

adsorption of CO2, CH4, and N2 as a function of the
experimental measured amount adsorbed was calculated using
the Clausius−Clapeyron equation (eq 5), and the results are
illustrated in Figure 2. As shown, CO2 and N2 have the highest

and lowest heat of adsorption, respectively. Concerning CO2,
at the low loading of 1 mol/kg, the value is −32 kJ/mol,
showing a decreasing trend to around −25 kJ/mol at around 3
mol/kg. For CH4, an almost constant heat of −11 kJ/mol was
observed as a function of the adsorbed amount. Regarding N2,
the value is practically around −7 kJ/mol with a small linear
decreasing trend with increasing adsorbed amount. It should
be noted that these observed values are different from the ones
already shown by Borges et al.60 for CO2, CH4, and N2

measured in powdered material and predicted by CBMC,
where for CO2, it ranged from −27 to −32 kJ/mol with a slight
increasing trend, being −19 kJ/mol for CH4 and −15 kJ/mol
for N2 and almost constant with increasing loading. A possible
explanation is the fact that this work was performed in shaped
MOFs which are known to impact the sorbent−sorbate
interactions due to the manufacturing procedure. However,
note that the range of temperatures studied in both studies is
completely different: between 313 and 373 K here against 293
to 313 K in the work of Borges et al.60 The comparison with
other MOFs has been clearly addressed in the work by Borges
et al.,60 where, generally, the heat of adsorption of CO2
observed in MIL-160(Al) is lower, which can favor its easier
regeneration in cyclic operation. Apart from being different in
this work, the trends of the isosteric heats are in a certain way
similar.
8.3. Adsorption Kinetics. As discussed in Section 4,

Karimi et al46 recently developed a simple kinetic model for
directly assessing lumped mass transfer coefficients (KLDF)
from the uptake rate data measured in constant-volume
variable-pressure batch adsorbers (a finite system). The
lumped mass transfer coefficients (kLDF) can be calculated
directly from the batch adsorber model described by eq 7. It is
worth noting that because of the fast fractional uptake rates of
N2 during the adsorption equilibrium studies, they are almost
unreliable to measure. Thus, here, only LDF coefficients of
CO2 and CH4 onto shaped MIL-160(Al) are reported, where
uptake rates measured are reliable over small pressure steps, to
eliminate as much as possible the effect of nonlinearities of the
isotherm and also heat effects (in accordance with the model
described by eq 7) which is only achieved near the low-
pressure range of the respective isotherms measured.
Accordingly, the LDF values calculated are in the order of
0.021−0.096 and 0.041−0.165 s−1 at 313 K between 0.11 and
2.76 bar for CO2 and CH4, respectively. Tables S5 and S6
(Supporting Information) specify the calculated mass transfer
coefficients (kLDF) for CO2 and CH4, respectively, around the
respective pressure range measured; also, Figures 3 and 4
elucidate some of the fractional uptake rate fitting curves with
eq 7.
As can be observed, there is a satisfactory agreement

between modeling values and experimental results. For
instance, Figure 3a (uptake rate data of CO2 at 313 K)
shows that at the final equilibrium pressure of 0.109 bar, the
uptake to equilibrium takes around 80 s, whereas at the higher
pressure (2.301 bar), it requires approximately 35 s. The same
trends can be observed at 373 K (after around 25 s) (Figure
3c). Also, Figure 4 shows the uptake rates of CH4, which are
higher than those of CO2 at the same operating conditions.
The derived kLDF values are reported in Tables S5 and S6. As
can be found, in all studied isotherms, as expected, the faster
uptake rates are observed as the pressure rises. For example,
the kLDF of CO2 at 313 K demonstrates that at the pressures
around 0.11 and 2.76 bar, the values increase from 0.021 to
0.096 s−1; also, a similar behavior can be observed by
increasing the temperature, in which the highest kLDF value is
obtained at 2.8 bar and 373 K: 0.584 s−1. Similarly, the kLDF
values of CH4 increase by increasing the temperature and
pressure (Table S6); but in this case, the uptake rates are faster
than those of CO2. These values are in the same range as the
one observed by Streb and Mazzotti51 on the large-pore zeolite
13X and are also in line with a fast mass transfer for the shaped
MIL-160(Al).

Figure 2. Isosteric heats of adsorption on shaped MIL-160(Al) for
CO2, CH4, and N2 as a function of the adsorbed amount at 313−373
K.
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Further, a plausible explanation to elucidate the pressure
dependency of the kLDF with increasing loading can be related
to the decreasing slope of the isotherm.49 The enhancement of
kLDF parameters with temperature is expected because as
temperature increases, kinetic mechanisms are faster because it
is an activated phenomenon.61 A comparison between the
values of kLDF in MIL-160(Al) and some benchmark zeolites or
other sorbents for CO2 adsorption is reported in Table 6. One
can observe that the values reported here are similar to the
ones observed for zeolite 13X, which means fast kinetics. Note
also that in most MOF sorption studies performed, such
kinetic data regarding the calculation of kLDF values are not
available because it involved powdered material. Accordingly, a
direct comparison with other MOFs is practically impossible
unless further studies using shaped MOFs are performed,
which is not yet the case to the best of our knowledge.
8.4. Selectivity and Working Capacity. Based on the

single component equilibrium data, the calculated selectivities
(50/50, v/v) at 313 and 343 K are illustrated in Figure 5. As
shown, the selectivity for the binary system CO2/N2 is higher
than that for CO2/CH4. For instance, for CO2/N2 and CO2/
CH4 at 313 K and 1.5 bar, the values are 18 and 4, respectively.
Also, the isotherms of CO2 in MIL-160(Al) are not so
favorable as the ones in zeolite 13X,51 which favor the
desorption/regeneration step in cyclic operations with also a
higher working capacity. Accordingly, if one correlates these
values to the fast kinetics, shaped form, and excellent thermal

stability of MIL-160(Al), this shows the potential of this
adsorbent for the development of cyclic adsorption processes
concerning CCS (e.g., postcombustion) or BU.62

The working capacity for a TSA process at 1.2 bar calculated
in the temperature range of 313−343 K is around 1.07 mol
kg−1, whereas in a temperature range of 313−373 K, the same
pressure becomes 1.85 mol kg−1. Furthermore, the calculated
working capacity for a PSA process at 313 K and pressure
range between 0.5 and 7 bar is around 2.38 mol kg−1, whereas
at 343 K, it is a little bit smaller at 2.15 mol kg−1, which can be
compared with ones already reported at 298 K at the same
pressure range: Mg-MOF-74: 2.1 mol kg−1, zeolite 13X: 1.75
mol kg−1, and UTSA-16: 1.44 mol kg−1.63 These results show
that MIL-160(Al) can be regarded as an important sorbent for
CCS and BU using TSA or PSA processes. However, an
accurate grasp regarding the large-scale applications requires
further comprehensive experimental works; nonetheless, the
results from this work are very promising.
8.5. Statistical Analysis. 8.5.1. Adsorption Equilibrium

Results. The Historical Data tool of RSM was considered for
the statistical analysis of the adsorption equilibrium values of
CO2, CH4, and N2 onto shaped MOF MIL-160(Al).
Accordingly, the obtained equilibrium results from the
volumetric unit were introduced as input factors of quadratic
polynomial functions in the RSM according to the procedure
described in Section 6. Also, a detailed description of the
statistical analysis of adsorption equilibrium results is presented

Figure 3. Selected experimental uptake rates of CO2 and fitting values with the batch adsorber model (eq 6) at (a) 313 K, (b) 343 K, and (c) 373
K.
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in Appendix A (Supporting Information). The response
surfaces of obtained models have been plotted in Figure S2
(Supporting Information). As can be expected, there is an
excellent accordance regarding the adsorption concepts and
developed surfaces, which proves the reliability of the data
collected. As illustrated and expected, in all represented plots
(Figure S2a−c), the pressure increment contributes to the
loading enhancement, whereas the temperature represents a
negative effect on the adsorption capacity.48,49 In addition, at
the lower temperatures, the pressure increase demonstrates a
significant impact on the equilibrium adsorption than the

higher temperatures, which this behavior can clearly be found
in (Figure S2a).
8.5.2. Separation Performance: Selectivity and Working

Capacity. Taking into account the reliability of the RSM
methodology to analyze the adsorption equilibrium data, this
method was also applied to find the combination of the best
operating conditions (temperature and pressure) to improve
the selectivity CO2/CH4 and CO2/N2 in MIL-160(Al) in view
of designing cyclic adsorption processes for BU and CCS. To
this end, first, the selectivity of each process as a response
surface was analyzed to derive the significant topologies in the
studied operating conditions: T = 313−373 K and P = 0.1−7
bar. Accordingly, response surface plots are depicted in Figure
6 (detailed information about the numerical procedure can be
found in the Supporting Information); also, the derived
ANOVA results are reported in Table S8s (Supporting
Information). As can be observed, the proposed models are
significant with admissible results for R2, Adj-R2, Pred-R2, and
standard deviation (the justifications of parameters have been
discussed in the Supporting Information). Afterward, an
optimization approach was applied by employing 30 iterations
per model to determine the optimum values for selectivities of
CO2/N2 and CO2/CH4 for developing cyclic adsorption
processes for BU and CCS (e.g., postcombustion processes).

Figure 4. Selected experimental uptake rates of CH4 and fitting values with the batch adsorber model (eq 6) at (a) 313 K, (b) 343 K, and (c) 373
K.

Table 6. A Comparison between CO2 KLDF Mass Transfer
Coefficients in Shaped MIL-160(Al) and Other Reference
Sorbents

sorbents temperature (K) KLDF (s−1) ref

zeolite 13X 298 0.06 51
binderless zeolite 4A 303 0.08 46
honeycomb carbon monoliths 303 0.025 70
silica gel 303 0.064 71
zeolite CaX 313 0.013 72
zeolite MgX 313 0.071 72
MIL-160(Al) 313 0.052 this work
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The results given by the RSM methodology specified the best
value of 9.75 for the selectivity of CO2/N2, which corresponds
with T = 313 K and P = 3.14 bar, and 2.59 for the selectivity of
CO2/CH4, which is related with T = 313 K and P = 3.57 bar.
These operating conditions were therefore employed to
evaluate the dynamics of fixed-bed adsorption for the binary
separations of CO2/CH4 and CO2/N2 on MIL-160(Al) in a
fixed-bed adsorber.
8.6. Multicomponent Dynamic Adsorption of CO2/

CH4 and CO2/N2 on MIL-160(Al) in a Fixed-Bed
Adsorber. To prove the reliability of the measured adsorption
equilibrium and kinetic results and access information about
the dynamics of fixed-bed adsorption, two breakthrough
experiments were accomplished. Accordingly, in our case, the
dynamics of fixed-bed adsorption of a binary mixture of CO2/
CH4 (50−50%) and a pseudobinary of CO2/N2 (50−50%)
were evaluated by measuring the respective breakthrough
curves at the total pressure of 3 bar and temperature of 313 K.
Details regarding the breakthrough experimental unit and
operating conditions can be found in Table 4. Figures 7 and 8
illustrate the breakthrough experiments for the binary systems
CO2/CH4 and CO2/N2, respectively, together with prediction/
modeling results and temperature history during both the
adsorption−desorption steps. The numerical model details of

the simulations are described in Table S4 (Supporting
Information). It is noteworthy that in the simulation of the
breakthrough experiments using ASPEN Adsorption (lines in
Figures 7 and 8), the adsorption equilibrium data and the KLDF
parameters (eq E.S.4 in Table S4) are the ones presented in
the previous sections, and particularly for N2, we found that
KLDF values higher than the ones measured for CO2 and CH4
do not influence the shape of the N2 breakthrough profiles. In
addition, the axial dispersion in the fixed-bed column was
estimated using the Langer et al. correlation (eq E.S.12 in
Table S4).49 As observed in Figures 7 and 8, the theoretical
predictions reasonably match the experiments, which prove the
reliability of all the data measured through this work taken
from independent experiments (adsorption equilibrium and
kinetic data). The general overview of the breakthrough curve
of CO2/CH4 shown in Figure 7a demonstrates the typical roll-
up effect in which the CH4 molar flowrate practically doubles
the inlet molar flowrate, indicating a strong displacement of the
adsorbed CH4 by CO2 due to the adsorption equilibrium
competition (NB: the extended DSL model was used to
predict the multicomponent sorption equilibria in ASPEN
Adsim simulations). Furthermore, the kinematic traveling
waves have sharp molar flowrate fronts especially for CH4
that are expected from the relatively high KLDF coefficients

Figure 5. A comparison on different selectivities onto shaped MIL-160(Al) at (a) 313 K and (b) 343 K.

Figure 6. Response surface plots of selectivities onto shaped MIL-160(Al) for (a) CO2/N2 and (b) CO2/CH4 at studied temperatures and
pressures.
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measured in the batch experiments. In Figure 8, the potential
of MIL-160(Al) for CO2/N2 separation concerning CCS has
also been evaluated, in which the bed was first saturated with
pure N2 and fed with a flow containing CO2/N2 (50−50%).
Once more, an acceptable agreement between the exper-
imental results (indicated by symbols) and simulation values
(indicated by lines) can be observed, proving that the
developed model is reliable for understanding the fixed-bed
adsorption dynamics. The outlet temperature histories of
CO2/CH4 and CO2/N2 are presented in Figures 7d and 8d,
respectively, which show the correspondent temperature
increase of CO2/CH4 and CO2/N2 in the bed during the
adsorption step (exothermic process) to the values around 20
and 15 K, respectively, and the corresponding reverse in the
desorption step (endothermic process) by the same values
during the passage of the mass transfer zone in such locations
of the bed. The modeling results also predict satisfactorily the
temperature histories in the bed. Generally, the regeneration of
the bed is easily made because of the fast kinetics of CO2, CH4,
and N2 and also the isotherm shape of CO2, which is not so
favorable, for example, as in zeolite 13X,51 which favors the
cleaning of the bed in the desorption. It is worth noting that
the desorption of the CO2/CH4 breakthrough experiment was
accomplished by passing the pure methane in the column,

whereas in the CO2/N2 experiment, it was performed using
pure nitrogen.
8.7. Comparison with Other Sorbents. The sorption

properties of MIL-160(Al) for BU and CCS studied in this
work such as selectivity, loading capacity, isosteric heat of
adsorption, and surface area have been compared in Table S9
(Supporting Information) with other relevant sorbents. For
instance, MIL-101(Cr),33,64 amine-MIL-101(Cr),65 UiO-6666

and CuBTC67−69 exhibit CO2 loading capacities (mmol/g) of
1.55, 1.9, 1.55, and 1.65 at 1 bar and 313 K, respectively,
compared with 2.75 (mmol/g) for MIL-160(Al) at the same
operating conditions. Further, MIL-101(Cr),33,64 besides a
higher heat of adsorption (CO2: 44, CH4: 18, and N2:19.66 kJ/
mol), also presents a lower selectivity concerning the CO2/
CH4 and CO2/N2 separations. Thus, MIL-160(Al), due to its
unique features such as stability, cost, and easy shaping,42,44,45

appears as a very competitive sorbent for large-scale
applications of CO2 separation under BU and CCS strategies,
among others.41,44

9. CONCLUSIONS
The adsorption equilibrium of CO2, CH4, and N2 into the
shaped microporous Al carboxylate MIL-160(Al) was
evaluated using a piezometric/volumetric technique from

Figure 7. Fixed-bed breakthrough dynamic adsorption−desorption binary experiment of CO2/CH4 (50%−50%) at 313 K and 3 bar. (a) Molar
flowrate of CO2 and CH4 at the binary mixture, (b) total flow rate, (c) molar fraction, and (d) temperature history. Symbols are experimental data,
and lines are model predictions. Experimental conditions and model parameters are provided in Table 4 and Table S4.
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subatmospheric pressure until 8 bar at 313, 343, and 373 K
under relevant BU and CCS (postcombustion) operating
condition processes. The dual-site Langmuir (DSL) isotherm
was employed to describe the measured experimental
isotherms, showing that CO2 has the highest affinity (e.g.,
3.8, 1.5, and 0.44 mol/kg for CO2, CH4, and N2, at 3.7 bar and
313 K, respectively). The single component adsorption
selectivities for CO2/N2 and CO2/CH4 are around 18 and 4
at 1.5 bar and 313 K, respectively. The working capacity taken
from the adsorption equilibrium data for a PSA process at 313
K in the pressure range 0.159−7.404 bar was around 3.26 mol
kg−1. The kinetics of sorption studied from uptake rate
experiments using a solid-film linear-driving-force model
(LDF) is in the range of 0.021−0.096 s−1 at 313 K and
0.11−2.76 bar for CO2, and for CH4, it was in the range of
0.041−0.165 s−1 at 313 K and 0.216−2.44 bar, which can be
considered as a high mass transfer rate by comparing with the
benchmark large-pore zeolite 13X. The RSM data revealed a
value of 9.75 for the selectivity of CO2/N2, which corresponds
with T = 313 K and P = 3.14 bar, and 2.59 for the selectivity of
CO2/CH4, which is related with T = 313 K and P = 3.57 bar.
Finally, the dynamics of fixed-bed adsorption of binary
equimolar mixtures of CO2/CH4 and CO2/N2 was studied
through the breakthrough experiments from where a

mathematical model was calibrated taking into account the
measured adsorption equilibrium and kinetic data from this
work and correlations available in the literature (e.g.,
estimations of axial dispersion in the bed). The close
agreement between simulations and experimental data using
ASPEN Adsim proves the reliability of the adsorption
equilibrium and kinetic data measured through this work,
with the mathematical model being a valuable tool for the
design of cyclic adsorption processes (PSA or TSA) to use
MOF MIL-160 (Al) in strategies of BU and CCS
(postcombustion CO2 capture) regarding its unique characters
including stability, cost, and easy shaping as well as adsorption
performance compared with other candidates.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.iecr.2c04150.

N2 adsorption−desorption isotherm at 77 K; Tables
S1−S3: adsorption experimental values of CO2, CH4,
and N2 onto shaped MIL-160(Al), respectively; Table
S4: the considered set of equations for simulation of
fixed-bed adsorption equilibrium; Tables S5 and 6: mass
transfer parameters of CO2 and CH4 on shaped MIL-

Figure 8. Fixed-bed breakthrough dynamic adsorption−desorption pseudobinary experiment of CO2/N2 (50%−50%) at 313 K and 3 bar. (a)
Molar flowrate of CO2 and N2 at the pseudobinary mixture, (b) total flowrate, (c) molar fraction, and (d) temperature history. The bed was initially
full of nitrogen. Symbols are experimental data, and lines are model predictions. Experimental conditions and model parameters are provided in
Table 4 and Table S4.
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■ NOMENCLATURE
Symbol Explanation (Unit)
a specific particle surface (m2/m3)
ap specific particle surface per unit volume bed (m2

(particle area)/m3 (bed))
A area (m2)
Cb bulk concentration (mol/cm3)
Cb0 initial bulk concentration (mol/cm3)
cps specific heat capacity of adsorbent (MJ/kg/K)
cpW specific heat capacity of column wall (MJ/kg/K)
cvg specific gas phase heat capacity at constant volume

(MJ/kmol/K)
Dax axial dispersion coefficient of component k (cm2/s)
DB bed diameter (m)
Dp pore diffusivity (cm2/s)
Dk Knudsen diffusivity (cm2/s)
Dm molecular diffusivity (cm2/s)
Drd radial dispersion coefficient of component k (cm2/s)
Fi molar flowrate of component i (mmol/s)
Hw gas-wall heat transfer coefficient (MJ/m2/s)
kga effective axial gas phase thermal conductivity (MW/

m/K)
m mass of adsorbent in adsorption cell (g)
M molecular weight (g/mol)
kLDF linear driving force mass transfer coefficient (1/s)
P pressure (bar)
Pi partial pressure of component i (bar)
Psat saturation pressure (bar)
q adsorbed amount (mol/kg)
qm saturation loading capacity (mol/kg)
rp particle radius (cm)
R universal gas constant (bar m3/kmol/K)
t time (s)
Ts solid-phase temperature (K)
Tg gas-phase temperature (K)
Tw wall temperature (K)
V volume (cm3)
Greek letters
βp working capacity (mol/kg)
εB total bed voidage (m3 (void + pore)/m3 (bed))
εi interparticle voidage (m3 (void)/m3 (bed))
εp intraparticle voidage (m3 (pore)/m3 (bed))
ρp particle density (kg/m3)
ρg gas-phase molar density (kmol/m3)
ρs adsorbent bulk density (kg/m3)
ρW wall density (kg/m3)
Abbreviations
AD anaerobic digestion
CCS carbon capture and sequestration
IEA International Energy Agency
IPPC Intergovernmental Panel on Climate Change
DSL dual-site Langmuir
PSA pressure swing adsorption
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VSA vacuum swing adsorption
RSM Response Surface Methodology
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