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Sulfur oxides (SO2) and nitrogen oxides (NOx) are principal pollutants in the atmosphere due to their harmful impact

on human health and environment. We use molecular simulations to study different adsorbents to remove SO2 and NOx

from flue gases. Twelve representative porous materials were selected as possible candidates, including metal-organic

frameworks, zeolitic imidazolate frameworks, and all-silica zeolites. Grand canonical Monte Carlo simulations were per-

formed to predict the (mixture) adsorption isotherms to evaluate these selected materials. Both Cu-BTC and MIL-47

were identified to perform best for the removal of SO2 from the flue gases mixture. For the removal of NOx, Cu-BTC

was shown to be the best adsorbent. Additionally, concerning the simultaneous removal of SO2, NOx, and CO2, Mg-

MOF-74 gave the best performance. The results and insights obtained may be helpful to the adsorbents selection in the

separation of SO2 and NOx and carbon capture. VC 2014 American Institute of Chemical Engineers AIChE J, 60: 2314–

2323, 2014
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Introduction

Under the Clean Air Act, the U.S. Environmental Protec-

tion Agency is required to set National Ambient Air Quality

Standards (NAAQS) for pollutants harmful to public health

and the environment.1 Based on this NAAQS, six principal

air pollutants were identified, including particulate matter,

ground level ozone, carbon monoxide, sulfur oxides (SO2),

nitrogen oxides (NOx), and lead. Among them, a portion of

particulate matter is formed in the air when gases such as

SO2 and NOx are transformed by chemical reactions. The

ground level ozone is created by chemical reactions between

NOx and volatile organic compounds in the presence of sun-

light. It is clear that besides their direct significant impacts

on human health and environment, both SO2 and NOx also

exert more negative effects by forming other air pollutants.

These two most harmful air pollutants are emitted into the

atmosphere mainly through automobile exhaust gases and

industrial flue gases.2 For example, in China 87% of SO2

and 67% of NOx come from coal-fired combustion.3 A typi-

cal composition of untreated flue gases from coal-fired plants

burning low-sulfur coal is as follows (by volume): N2 (70–

75%), CO2 (15–16%), O2 (3–4%), water vapor (5–7%), SO2
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(800 ppm), NOx (500 ppm), and traces of other species.4,5

For burning high-sulfur coals, the content of SO2 may reach

2000 ppm.6 Accordingly, it is absolutely necessary to

remove them efficiently from flue gases before their emis-

sion into the atmosphere. Till now, a variety of methods

have been developed to remove these two harmful gases

from flue gases. The wet flue-gas desulfurization is one of

common technologies used to remove SO2 from exhaust flue

gases. The method uses a slurry of alkaline sorbent, usually

limestone or lime and so on.7 Selective catalytic reduction

(SCR) is a means of converting NOx into N2 and water in

the presence of catalyst.8 Additionally, the SNOX technol-

ogy of Haldor Topsoe combined the wet-gas sulfuric-acid

process and SCR process for the simultaneous removal of

SO2 and NOx.
2

Adsorption can be a promising alternative to the afore-

mentioned technologies to remove SO2 due to its unique

advantages such as small energy requirement for the adsorb-

ent regeneration, relatively simple adsorber design, and less

problems in waste disposal.9 In the literature,9 an adsorption

process using silicalite, an hydrophobic molecular sieve, was

put forward for the removal of SO2 from combustion gases.

Some studies focused on the simultaneous adsorption of SO2

and NOx from flue gases using porous c-Al2O3 supported

sodium or sodium carbonate as sorbents.2,10 In addition,

some type of activated carbon derived from a petroleum

pitch impregnated with certain iron derivatives showed good

SO2 and NOx adsorption characteristics.11 The adsorption

performance of 5A and 13X zeolites was also investigated

experimentally for adsorbing SO2, NO, and CO2.
12

As a new emerging class of porous materials, metal-

organic frameworks (MOFs) have attracted extensive

research interests for their potential applications in clean

energy applications. These materials are promising adsorb-

ents due to their high surface areas, tunable pore size, and

adjustable internal surface properties.13 In the past few years,

many studies in the literature have been focused on the

investigation and screening of MOFs for the separation of

CO2 from flue gases for carbon capture and storage.5,14–17

These MOFs might also be promising materials for the

removal of SO2 and NOx.
18–22

Because of the huge number of available porous adsorb-

ents, it is crucial to identify the characteristics of those mate-

rials that have a high adsorption uptake and selectivity for

the removal of SO2 and NOx. Molecular simulations have

been proved to be a powerful way to effectively investigate

and evaluate porous materials’ adsorption performance.14,23

Most of these simulation studies were focused on carbon

capture, and far less attention has been paid to the removals

of SO2 and NOx. One recent publication reported compu-

tional screening of porous materials, such as carbons, zeo-

lites, and MOFs for desulfurication of flue gases.6 In this

study, the seperation condition was set at the pressure of 4

MPa, whereas practical flues gas condition is 0.1 MPa. Addi-

tionally, NOx removal was not considered in Ref. 6.

In the present work, we study gaseous adsorption proper-

ties in 12 selected porous materials, and these include six

MOFs, two zeolitic imidazolate frameworks (ZIFs), and four

zeolites. These MOFs and ZIFs differ in organic linker,

metal cluster, and topology. Their structures are shown in

Figure 1 and their pore shape and pore volume are listed in

Table 1. Among them, Cu-BTC, Mg-MOF-74, and Zn-MOF-

74 possess open-metal sites, which have been proven as

promising materials for carbon capture.25 The zeolites we

have selected here fall into two groups: those with cages

separated by windows (LTA, FAU, DDR) and those with

intersecting channels (MFI). It should be noted that some

materials in Ref. 6 are not studied in our current work, espe-

cially cation-exchanged zeolites due to two primary consid-

erations. First, due to the lack of experimental measurements

and accurate force fields, the predictions made by the use of

generic force field for those materials might involve large

uncertainties. Second, Peng and Cao6 have also found that

Na-5A and Na-13X can be the most promising materials for

the removal of sulfide from the CH4ACO2AH2S and

N2ACO2ASO2 mixtures. However, these zeolites were

excluded eventually as they cannot be easily regenerated

even at high temperature due to the strong adsorbent–adsorb-

ate interactions. In other words, it could be energy-intensive

to use these cation-exchanged zeolites for the considered

separations.

In this work, we use the following gas mixture to mimic

the real post combustion flue gas (volume fraction): N2

(0.7975), CO2 (0.15), O2 (0.05), SO2 (0.002), NO2

(250ppm), and NO (250ppm). The pressure condition

adopted in this work covers 1 bar, which is exactly the oper-

ation condition of industrial flue gas. The force fields of

eight materials used in our work were verified by comparing

to experimental measurements reported in the literature. In

particular, the force-field parameters of Mg-MOF-74 was

adjusted based on density function theory (DFT) calcula-

tions, and the resulting force field can reproduce the experi-

mentally measured CO2 isotherm data. Water was neglected

given that we assumed the flue gases could be dried. We

study the most used screening criteria, which includes the

absolute adsorption qi, the adsorption selectivity Sads, and the

working capacity Dqi.

Models and Simulation Details

Material structure

In this work, we consider the all-silica zeolites LTA, FAU,

MFI, and DDR. The structures used in our work are the ones

fully optimized with DLS-76 which are obtained from the

IZA database.26 The detailed crystal structure parameters of

the aforementioned zeolites and MOFs are summarized in

Table 1, and their structures are shown in Figure 1.

As mentioned before these zeolites fall into two categories:

(a) cages separated by windows (LTA, FAU, and DDR) and

(b) intersecting channels (MFI). The LTA zeolite has a soda-

lite cage of about 10 Å in diameter with 24 Si atoms as zero-

dimensional periodic building unit. The narrow windows of

about 4 Å in diameter connect these almost spherical cages.

The periodic building unit of FAU is two-dimensional, in

which the b-cages are linked through double six-rings of

about 7.4 Å in diameter into the hexagonal faujasite layer.

The trigonal DDR has 12-rings double cups consisting of 30

Si atoms. The connection of Si30-units through the Si2-

dimers generates [512]-cages in the layer, which reveal two

types of nest-like recesses: Site A with the six-ring and Site

B (Site C) where [512]-cages share faces. These cages with

the size of 277.8 Å3 are separated by the 3.65 3 4.37 Å size

windows. Based on the secondary building units (SBUs) of

double five-ring, the MFI zeolite has intersecting straight and

zigzag channels. The free diameter is 5.1 3 5.5 Å for zigzag

channels and 5.3 3 5.6 Å for straight channels.27

For those structures of M-MOF-74 (M5Mg or Zn), we

used the crystal structures optimized by DFT given from one
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of our previous works.17 Dzubak et al. have shown that simu-

lated adsorption properties are very sensitive to the adopted

crystal structures for these materials, and the crystal structure

of Mg-MOF-74 obtained from powder diffraction is not suffi-

ciently accurate. For the rest of MOFs, we used the crystal

structures obtained from experimental XRD data. IRMOF-1

is one of the most widely studied MOFs. IRMOF-1 consists

of an oxide-centered Zn4O tetrahedron edge-bridged by six

carboxylates to give the octahedron-shaped SBU, forming a

regular and three-dimensional (3-D) lattice of cubic cavities

of about 10.9 or 14.3 Å in diameter.28 The MOF Cu-BTC has

12 carboxylate oxygen atoms from two BTC (benzene-1,3,5-

tricarboxylate) ligands which bind to four coordination sites

for each of the three Cu21 ions.29 Its structure has main

Figure 1. Atomic structure of materials studied in this work.

Materials are represented as balls and sticks. [Color figure can be viewed in the online issue, which is available at wileyonlineli-
brary.com.]

Table 1. Structural Properties for the Materials Considered in This Work

Materials Unit Cell (Å) a/b/c Cell Angle (�) a/b/c Pore Shape and Size in Diameter (Å) Pore Volume (cm3/g)

LTA 24.56/24.56/24.56 90/90/90 Cage/window, 10.0/4.0 0.31a

FAU 24.28/24.28/24.28 90/90/90 Cage/window, 11.2/7.4 0.328a

DDR 13.86/13.86/40.89 90/90/120 Cage/window, 7.7/3.7 0.139a

MFI 20.02/19.90/13.38 90/90/90 Intersecting channel, 5.1-5.5/5.3-5.6 0.165a

IRMOF-1 25.83/25.83/25.83 90/90/90 Cubic, 10.9/14.3 1.369a

Cu-BTC 26.34/26.34/26.34 90/90/90 Pocket/channel, 5.0/9.0 0.863a

MIL-47(V) 6.81/16.12/13.92 90/90/90 Channel, 11.0 0.606a

MOF-177 37.07/37.07/30.03 90/90/120 Channel, 10.8 1.968a

Mg-MOF-74 26.11/26.11/6.92 90/90/120 Channel, 15 0.782a

Zn-MOF-74 26.10/26.10/6.88 90/90/120 Channel, 10.3 0.54b

ZIF-8 16.99/16.99/16.99 90/90/90 Cage/window, 11.6/3.4 0.663c

ZIF-10 27.06/27.06/19.04 90/90/90 Cage/window, 12.1/8.2 0.689c

aFrom the work of Krishna and van Baten.14
bFrom the work of Peng and Cao.6
cFrom the work of Park et al.24
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channels of a square cross section of about 9 Å in diameter

and tetrahedral side pockets of about 5 Å in diameter, which

are connected to the main channels by triangular windows of

about 3.5 Å in diameter.30 MIL-47(V) has a 3-D orthorhom-

bic structure, with large pores in the [100] direction. Based

on the van der Waals radii, the free diameter of these pores is

10.5 3 11.0 Å.31 Four walls of benzyl units and four chains

of corner-shared vanadium octahedra delimit each tunnel.

The topology of MOF-177 is a coordinated net, in which the

center of the octahedral OZn4(CO2)6 cluster acts as the site

of six coordination, and as well as the center of the BTB

(1,3,5-benzene-tribenzoate) unit as the site of three coordina-

tion.32 In the structure of M-MOF-74 (M5Mg, Zn), helical

MAOAC rods of composition [O2M2](CO2)2 are constructed

from 6-coordinated M(II) centers.33 The rods are linked by

the benzene units of the DOBDC (2,5-dihydroxybenzene-

dicarboxylate) to produce parallel rod packing and hexagonal

one-dimensional channels with pore opening that has a diam-

eter of about 15 Å.33,34 The ZIF crystal structures are based

on the nets of zeolites, in which tetrahedral Si(Al) and the

bridging O are replaced by transition metal such as Zn(II) or

Co(II) and imidazolate-type linker, respectively.24 For exam-

ple, ZIF-8 has the zeolite topology SOD possessing large

pores of 11.6 Å connected through small apertures of 3.4 Å;

whereas for ZIF-10 with the zeolite topology MER, the size

of large pores is 12.1 Å connected by apertures of 8.2 Å.35

Force field

For the guest molecules, the interactions are described with

point charges and Lennard-Jones interactions. The partial

charges and Lennard-Jones parameters are taken from the lit-

erature. These parameters have been fit to the experimental

bulk properties of guest such as the vapor–liquid equilibrium.

The molecular geometry, Lennard-Jones potential parameters,

and partial point charges of CO2, N2, O2, SO2, NO2, and NO

are summarized in Table 2. The TraPPE force field is used to

model CO2 and N2.
36 In this model, the interactions of CO2

are modeled with three-sites Lennard-Jones model and partial

point charges are centered at each Lennard-Jones site to

approximate the first-order electrostatic and second-order

induction interactions. For N2, each nitrogen atom is modeled

by a Lennard-Jones site with atomic charge separated by the

experimental bond length of 1.10 Å; a point charge of

10.964 e is placed at the center of mass (COM) of the N2

molecule to maintain charge neutrality. Similarly, the O2

molecule is represented as a rigid three-site model with two

sites located at O atoms and the third one at its COM.37 SO2

is modeled as a three-site Lennard-Jones model and the par-

tial point charges are centered at each atom.38 Similar to

SO2, the NO2 molecule is modeled as a three-site Lennard-

Jones model with one charged interaction site located at each

atom.39 NO is modeled as a two-site Lennard-Jones model

with partial charges assigned on each site.40

For the framework atoms the force fields for zeolites are

taken from the literature.41,42 The Lennard-Jones interaction

parameters of the MOF and ZIF atoms are obtained from the

UFF or DREIDING force fields, and the corresponding par-

tial charges are based on DFT calculations (see Supporting

Information Tables S1 through S9).14,15,41,43–53 The Lorentz-

Berthelot mixing rules are used to calculate the cross site-

site Lennard-Jones parameters. For Mg-MOF-74, the com-

monly used force fields yield a poor prediction of the CO2

adsorption isotherm.14 To make reliable predictions, we used

a simple, but effective, way to improve the force fields. The

method adjusts the sigma parameter assigned on the metal

center to ensure that the binding energy calculated by the

force field reproduces the binding energy calculated from

DFT calculations (Lee et al., Unpublished). We found that a

45% reduction of the UFF sigma parameter of Mg gave a

good agreement with the DFT binding energy.

Grand canonical Monte Carlo (GCMC) simulations were

performed to predict pure component and mixture isotherms

for the flue gases in different zeolites and MOFs. In the grand

canonical ensemble, the temperature, volume of the adsorbent

system, and the chemical potentials of all the adsorbing spe-

cies are specified.54 The Peng–Robinson equation of state

was used to convert the bulk pressures into corresponding

chemical potentials. All framework atoms were held fixed.

Periodic boundary conditions were applied in all three dimen-

sions. Short-range interactions were truncated and shifted to

zero at a cutoff radius of 12.0 and 12.8 Å for zeolites and

MOFs, respectively. The simulation box was defined by at

least twice this radius in all orthogonal directions, and no tail

corrections were used.17 The long-range electrostatic interac-

tion energy was computed using the Ewald summation tech-

nique. To accelerate simulations, the framework-guest

interaction energies were stored in a precomputed grid with a

spacing of 0.15 Å. Trial configurations were generated by

attempting random translation, rotation, regrowth (insertion

and deletion), swap (insertion or deletion), and identity

change moves (for mixture adsorption simulations).55 It is

well known that, some microporous frameworks may contain

channels, pockets, or cages that are not accessible experimen-

tally,14 but can be accessed in a Monte Carlo simulation. To

prevent the artificial adsorption of molecules, we have used

the same blocking information as we used our previous

Table 2. Molecular Models of Guest Molecules Considered in This Work

Species Geometry Site r (Å) e/kB (K) q (e) Reference

CO2* dCO5 1.16 Å C 2.80 27.0 0.7 36
O 3.05 79.0 20.35

N2* dNN5 1.10 Å N 3.31 36.0 20.482 36
COM 0 0 0.964

O2 dOO5 1.21 Å O 3.05 54.4 20.112 37
COM 0 0 0.224

SO2 dSO5 1.43 Å S 3.62 145.9 0.4710 38
/OSO5 119.5� O 3.01 57.4 20.2355

NO2 dNO5 1.20 Å N 3.24 50.36 0.146 39
/ONO5 134.3� O 2.93 62.51 20.073

NO dNO5 1.15 Å N 3.014 79.5 0.0288 40
O 2.875 96.94 20.0288

*For the simulations of CO2 and N2 adsorbed in all-silica zeolites, their force-field parameters are different and they are taken from ref. 41.
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work.16 Note that, for simplification, we applied the blocking

information of CO2 molecules to all guest molecules consid-

ered in this work.

To evaluate adsorbents for practical application, many cri-

teria have been put forward, but none of them is perfect. In

this present work, three most used ones are adopted: absolute

adsorption qi, adsorption selectivity Sads, and working

capacity Dqi. First, the absolute adsorption qi at the mixture

condition refers to the molar loading of the component i in
equilibrium with bulk fluid phase of N2ACO2AO2

ASO2ANO2ANO at total pressure P and temperature T.
Additionally, the adsorption selectivity Si was defined by the

following equation

Si5
qi=Rj 6¼iqj

pi=Rj 6¼ipj
(1)

where qi is defined as above and pi represents the partial

pressure of component i in fluid phase; both i and j refer to
the species N2, CO2, O2, SO2, NO2, and NO in flue gases

mixture. It should be noted that, in this work, we also con-

sidered a special scenario of utilizing these porous materials

to remove SO2, NOx, and CO2 simultaneously. CO2 is one

of the key contributors to global warming, and there is a

necessity to reduce CO2 emission into the atmosphere. For

this simultaneous removal, the separation selectivity Ssnc was
defined as

Ssnc5
ðqSO 2

1qNO x
1qCO 2

Þ=ðqN2
1qO2

Þ

ðpSO 2
1pNO x

1pCO 2
Þ=ðpN2

1pO2
Þ

(2)

Finally, the working capacity Dqi is defined as the differ-

ence in loading of component i between the adsorption (qi,a)
and desorption conditions (qi,d)

Dqi5qi;a2qi;d (3)

Results and Discussion

Comparing of the simulated CO2 isotherm with

experimental data

To verify the validation of the molecule potentials adopted

in this work, the simulated pure component CO2 isotherms in

different porous materials were compared with experiments

data from the literature15,44,56–61 and other simulation results15

Figure 2. Comparison between our simulated pure CO2 adsorption isotherms with (a) experimental data of Himeno

et al.60 in DDR at 298 K; (b) experimental data of Zhu et al.59 in MFI at 303 K; (c) experimental data of

Millward and Yaghi58 in IRMOF-1at 298 K; (d) experimental data of Cavenati et al.61 in Cu-BTC at 303 K;

(e) experimental data of Yazaydin et al.15 and simulated one of Yazaydin et al.15 in MIL-47 at 298 K; (f)

experimental data of Saha et al.57 and Walton et al.44 in MOF-177 at 298 K; (g) experimental data of

Mason et al.56 in Mg-MOF-74 at 298 K; (h) experimental data of Yazaydin et al.15 in ZIF-8 at 298 K.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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as illustrated in Figure 2. The result shows that the predicted

isotherms given from the adopted force fields are generally in

reasonable agreement with experimental data for all of these

materials. There are, unfortunately, very limited experimental

isotherms of SO2, NO2, and NO that are available to further

validate the potential we have implemented in this work.

Figure 3. Simulated pure component isotherms for CO2, N2, O2, SO2, NO2, and NO in 12 porous materials at 313 K.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. Simulated isosteric heat of adsorption of pure components for CO2, N2, O2, SO2, NO2, and NO in 12

porous materials as a function of normalized loading (i.e., normalized by the corresponding loading at 1

bar) at 313 K.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Interactions between guest molecules and frameworks

Figures 3 and 4 compare the isotherms and the isosteric

heats of adsorption of six pure components in all of 12

porous materials. In general, SO2 has the largest loading at

100 kPa, followed by CO2, NO2, and NO. It should be noted

that for IRMOF-1 and MOF-177, the loadings of SO2 show

sharp increase as the pressure is above 0.075 MPa, which

may indicate the occurrence of condensation.

Figure 5. Simulated adsorption loading (qi) and selectivity (Sads) of SO2, NOx, and CO2 as a function of total pres-

sure in the mixture of N2ACO2AO2ASO2ANO2ANO at 313 K in 12 porous materials.

The composition of gas mixture is N2/CO2/O2/SO2/NO2/NO5 0.7975/0.15/0.05/0.002/0.00025/0.00025 (by volume). [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. Working capacity (Dqi) of SO2, NOx, and CO2 as a function of desorption pressure in the mixture of

N2ACO2AO2ASO2ANO2ANO at 313 K in 12 porous materials given from our simulations.

The adsorption pressure is at 1 bar, and the composition of gas mixture is N2/CO2/O2/SO2/NO2/NO5 0.7975/0.15/0.05/0.002/
0.00025/0.00025 (by volume). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4 shows that those species with a higher heat of

adsorptions have larger uptakes. In particular at low pressures,

there is a strong correlation between loading and heat of

adsorption. The higher uptakes can be attributed to the stronger

binding energy between the guest molecules and frameworks.

Removal of SO2 from the mixture of

N2ACO2AO2ASO2ANO2ANO

Figure 5 presents the absolute adsorption and adsorption

selectivity of SO2, NOx, and CO2, respectively, in all of

these 12 porous materials at the proposed mixture composi-

tion as a function of total pressure.

Based on the absolute adsorption shown in Figure 5, the

best materials for the removal of SO2 from the flue gases

(N2ACO2AO2ASO2ANO2ANO) is Mg-MOF-74, followed

by Cu-BTC and MIL-47 among these 12 porous materials. It

is expected that Mg-MOF-74 and Cu-BTC have advantages

in adsorbing SO2 given that the unsaturated open-metal sites

have a strong affinity with polar molecules such as SO2. As

reported in the literature, for Cu-BTC, the electrostatic inter-

action between the polar guest molecules and the partial

charges on the framework atoms dominates the adsorption

mechanism.62 Interestingly, MIL-47 also shows an excellent

adsorption performance in removing SO2, which might be

attributed to the topology of MIL-47. In a recent publication,

MIL-47 was recommended as one of the most promising

materials for the removal of sulfur dioxide from the flue

gases at the pressure of 4 MPa.6

Figure 6 presents the working capacity of SO2, NOx, and

CO2 in a variety of MOFs and zeolites as a function of pres-

sure. It is believed that more open structures with high pore

volumes and high surface areas can potentially yield higher

working capacities.14 Generally speaking, MOFs possess

higher pore volumes and surface areas than zeolites. So, it is

expected that MOFs have better performance in working

capacity than zeolites. For example, from Figure 6, we can see

that Mg-MOF-74, Cu-BTC, and MIL-47 are the best materials

based on working capacity for the removal of sulfur dioxide.

From the selectivity point of views, we can see from Figure

5 that the best materials for the removal of SO2 are MIL-47,

MFI, and Cu-BTC. It is notable that Mg-MOF-74 is not among

the top materials according to the selectivity although it per-

formed the best in terms of the absolute adsorption and working

capacity. This can be traced to the large uptake of CO2 in the

flue gas mixture on Mg-MOF-74, which can be explained by

the following three points. First, compared with other materials

possessing open-metal sites studied in this work, Mg-MOF-74

has the highest density of open-metal sites on the basis of either

per unit of surface area or per unit of free volume of frame-

works.15 Next, the larger quadrupole moment and higher polar-

izability of CO2 favor its adsorption on the open-metal sites.

Finally, the composition of CO2 in the flue gas is the second

largest, and two orders of magnitude higher than SO2. Accord-

ingly, CO2 will be more preferentially adsorbed on Mg-MOF-

74 than other guest molecules in the flues gas. As a result, the

Mg-MOF-74 is not recommended. And also, the zeolite MFI is

not promising because of its poor performance in absolute

adsorption qi and poor working capacity Dqi.
Based on the evaluations of absolute adsorption qi, adsorp-

tion selectivity Sads, and working capacity Dqi, we suggest

that both Cu-BTC and MIL-47 are the most promising mate-

rials among the examined ones here for the removal of SO2

from the flue gases mixture.

Removal of NOx from the mixture of

N2ACO2AO2ASO2ANO2ANO

For the removal of another kind of harmful gas nitrides, it

can be seen from Figure 5 that the best candidate material is

Figure 7. Simulated (upper) adsorption selectivity (Sads) and (lower) absolute adsorption (qi) as a function of (left)

total pressure and (right) temperature for simultaneous removals of SO2, NOx, and CO2 from the flue

gases mixture in 12 porous materials.

The composition of gas mixture is N2/CO2/O2/SO2/NO2/NO5 0.7975/0.15/0.05/0.002/0.00025/0.00025 (by volume). [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Cu-BTC on the basis of our three sorting criteria: absolute

adsorption, selectivity, and working capacity. However, the

results show that both the adsorbed amount and selectivity

are up to two orders of magnitudes lower than the perform-

ance of these promising materials for removing SO2.

Although NO2 and NO are also polar molecules, their corre-

sponding dipole moments (i.e., 0.32D and 0.15D, respec-

tively) are much lower than that of SO2 (i.e., 1.63D).63 As a

result, the interaction between open-metal sites and NOx is

not large enough to provide strong and selective adsorption

under this extremely small composition.

Although MIL-47 also has good performance in two sort-

ing criteria such as absolute adsorption qi and working

capacity Dqi, but it falls behind other adsorbents according to

adsorption selectivity Sads. Accordingly, we recommend Cu-

BTC as the only one best adsorbent among those examined

here for the removal of NOx from the flue gases mixture.

Simultaneous removal of SO2, NOx, and CO2 from the

mixture of N2ACO2AO2ASO2ANO2ANO

For the simultaneous removals of SO2, NOx, and CO2

from the flue gases mixture, the biggest absolute total

adsorption comes from Mg-MOF-74 (see Figure 7). And, the

sorting results based on the working capacity also lead to

this adsorbent (see Figure 6). We note that the screening

result is as same as the separation of CO2 from the flue

gases presented in Figures 5 and 6. Similarly, the uptakes of

CO2 are large because of its larger quadrupole moment and

higher polarizability. In addition, the content of CO2 in flue

gases mixture is as more as 15%, which is more than any

other components except N2. As a result, we recommend

Mg-MOF-74 as a promising material among the examined

ones here for the simultaneous removal of SO2, NOx, and

CO2 from the flue gases mixture.

At this point, it is instructive to point out that the influ-

ence of SO2 and NOx on the determination of the promising

materials for the removal of CO2 cannot be completely

neglected. The presence of trace amount of SO2 and NOx

could have influence on the adsorption performance, such as

adsorption selectivity. Essentially, those adsorbed SO2 mole-

cules occupied some adsorption sites and made them inac-

cessible for CO2. Some researchers have confirmed that

compared with a system without SO2, smaller CO2/N2 selec-

tivity was observed for the system of CO2ANO2AH2OASO2

over the pressure range of 0.08–0.14 MPa.37

Conclusions

As two principal pollutants listed in the U.S. NAAQS,

both SO2 and NOx are harmful to human health and environ-

ment. It is crucial to separate them from flue gases before

emitting into the atmosphere. In this present work, 12 porous

materials were selected to separate SO2 and NOx from gas

mixture, including six MOFs, two ZIFs, and four zeolites.

Their adsorption performances were evaluated using GCMC

molecular simulation technique and three criteria such as

absolute adsorption, adsorption selectivity, and working

capacity. For the removal of SO2, both Cu-BTC and MIL-47

performed best and were chosen as the most promising mate-

rials. The presence of open-metal sites in Cu-BTC and suita-

ble pore sizes can explain good separation performance of

Cu-BTC. Next, Cu-BTC was proved to be the best adsorbent

for the removal of NOx from the flue gases mixture. Due to

the small dipole moment of NOx, all of these materials, how-

ever, cannot provide separation with very large capacity and

high selectivity. Finally, we further considered the simultane-

ous removal of SO2, NOx, and CO2 from flue gases. Mg-

MOF-74 was recommended as the only potential material for

this separation due to its high density of open-metal sites

which provides strong interactions with dipole and quadruple

molecules.
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