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ABSTRACT: The introduction of functional groups in metal−organic frame-
works (MOFs) has been found to be a successful strategy for improving CO2
selective separation from N2. However, little is known regarding how impurities
such as H2O and SO2 may interfere with CO2 capture as a function of the
properties of the functional groups in MOF adsorbent materials. Here, the effects
of water and SO2 on CO2 capture in UiO-66(Zr) MOFs are systematically
explored. The basic structure of UiO-66(Zr) is modified in each case with −NH2,
−OH, or −Br functional groups, and CO2 capture is investigated using molecular
simulations. It is found that for UiO-66(Zr) with −NH2 and −OH groups, due to
strong interactions between water and the framework, the presence of water
lowers CO2 adsorption significantly. In contrast, due to the water-phobic effects of −Br, and subsequent low binding strength
between water and UiO-66-Br, water has much smaller effect on CO2 capture in this MOF. Regarding SO2 effects, the presence
of SO2 in the mixtures decreases water adsorption in both UiO-66-NH2 and UiO-66-Br. The lower water adsorption for the
CO2/N2/H2O/SO2 mixture in UiO-66-NH2 can be mainly attributed to the strong binding strength between SO2 and the
framework. On the other hand, in UiO-66-Br, the lower water adsorption is mainly ascribed to the stronger affinity of water
toward SO2 rather than to the framework. The lower water adsorption makes more sites available for CO2 adsorption, and
therefore, the CO2 adsorptions are enhanced accordingly in UiO-66-Br.
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■ INTRODUCTION

The flue gas emitted from coal-fired power plants includes large
amounts of CO2, leading to an increase of the global
temperature. How to reduce CO2 emissions to minimize
climate change is urgently required.1 The material, as the
separation media, plays a very important role. Metal−organic
frameworks (MOFs), a new class of porous solids, have been
found as promising candidates in separation of various gases
including CO2.

2,3

While the central issue in post-combustion CO2 capture is
the separation of CO2 and N2, the implementation of metal−
organic frameworks for post-combustion CO2 capture must
take into account the fact that flue gas also includes coexisting
impurities. Typically, in addition to CO2 and N2, the flue gas
mixture also includes impurities like water, O2, and SO2 with
corresponding concentrations of 5−7%, 3−4%, and 800 ppm,
respectively.4 In spite of the low concentrations, those
impurities may significantly influence the performance of CO2
capture in MOFs.5,6 The adsorption of those impurities in
MOFs has been studied by a couple of groups.7−10 Recently, we
investigated the effects of water on CO2 adsorption and CO2/
N2 separation properties in two typical MOFs with
coordinatively unsaturated metal (CUM) sites: HKUST-1
and Mg-MOF-74. In HKUST-1, an increase in CO2 adsorption
was observed with an increase in hydration level as a
consequence of increased binding strength between CO2 and

the hydrated framework, which is consistent with comparisons
of the adsorption isotherms for the dry and hydrated 4 wt %
HKUST-1 framework reported by Snurr and co-workers.11,12

On the contrary, the presence of water decreases CO2
adsorption in Mg-MOF-74.13 Aside from CUMs in MOFs,
the introduction of functional groups is another effective
strategy to enhance the adsorption and separation ability of
MOFs. Various functional groups have been employed to date
for preparing MOFs for enhanced CO2 capture performance,
such as those based on nitrogen, hydroxy, nitro, halide groups,
and so on.14−20 Recently, Bell and co-workers have studied
CO2 adsorption in (CH3)2−, (OH)2-, NH2-, and COOH-
functionalized MIL-53, providing detailed information about
the nature and strength of the interaction between CO2 and the
framework.21However, how the coexisting impurities affect
CO2 adsorption and separation in MOFs depending on the
properties of functional groups has been barely studied.22

Here, we present a systematic evaluation and comparison of
the influence of impurities on CO2 capture in UiO-66(Zr)
(UiO: University of Oslo)23 with three functional groups of
−NH2, −OH, and −Br. The water stability of the parent and
functionalized UiO-66 has been studied by a couple of
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groups.24−26 It has been found that both UiO-66-NH2 and
UiO-66-Br show quite high resistance toward water and acid.24

A large number of gas adsorption properties of UiO-66(Zr)
have been explored both experimentally and computation-
ally,27,28 and further, the effect of functional groups on gas
uptake has also been investigated.29,30 The measurements of
CO2, CH4, N2, and water uptakes in amino-, nitro-, methoxy-,
and naphthyl-substitued and parent UiO-66(Zr) revealed that
the amino-functionalized material shows the best adsorption
properties for each pure gas, which is attributed to the
combination of polarity and small size of the functional
group.29 A reported computational work on the ligand
functionalization effect on the CO2/CH4 separation perform-
ance of UiO-66(Zr) showed that UiO-66(Zr) derivatives have
an enhanced affinity for CO2 and improved CO2/CH4
separation abilities.30 Therefore, in this paper, we determine
the effect of impurities on the adsorption of flue gas mixtures
emulating real post-combustion CO2 streams.

■ COMPUTATIONAL METHODS
GCMC simulations31 using the MUSIC code32 were employed to
calculate the adsorption of a single component and their mixtures in
the MOFs. The crystal structures of UiO-66-NH2, UiO-66-OH, and
UiO-66-Br were obtained from DFT optimizations following the
methods reported by Yang et al.30 The parent UiO-66 is built up from
inorganic nodes Zr6O4(OH)4 linked with 12 terephthalate (BDC)
ligands to form a three-dimensional porous structure, where each
centric octahedral cage with a free diameter of 11 Å is connected with
eight corner tetrahedral cages with a free diameter of 8 Å through
triangular windows with a diameter of 6 Å. A schematic diagram of the
UiO-66-X (X = −NH2, −Br, and −OH) structure is given in Figure 1.

The atomic partial charges for UiO-66-NH2 and UiO-66-Br were taken
from ref 30, and atomic partial charges for UiO-66-OH (Figure S1,
Supporting Information) were calculated following the same methods

reported by Yang et al.30 In our simulations, we modeled all MOFs as
rigid frameworks. A cutoff radius of 12.8 Å was applied to the
Lennard−Jones (LJ) potential, and Ewald summations were used to
evaluate long-range effects of the electrostatic interactions.33 Each
GCMC simulation consisted of 1 × 107 steps to guarantee equilibrium
and 1 × 107 production steps.

Both CO2 and SO2 were represented as rigid linear triatomic
molecules with one charged Lennard−Jones (LJ) interaction site
located at each atom.34,35 The geometry, potential parameters, and
partial point charges for adsorbates are summarized in Table S1 of the
Supporting Information. The N2 molecule was represented as a rigid
three-site model with two sites located at two N atoms and the third
one located at its center of mass (COM).34 Water was mimicked as a
rigid three-site model SPC/E with one charged LJ interaction site
located at each atom.36 The LJ potential parameters for the MOF
framework atoms were taken from the DREIDING37 or UFF38 force
fields, as shown in Table S2 of the Supporting Information.39

Lorentz−Berthelot mixing rules were employed to calculate the pair
site−site interactions among the MOF framework and each gas
species.

In the series of MOFs of UiO-66(Zr)-X (X = NH2, OH, and Br),
the binding energy (BE) is used to evaluate the binding strength of
adsorbates (CO2, N2, water, and SO2) with respect to the cluster
models resembling the local environments of functional groups
(−NH2, −Br, and −OH) in MOFs. Density functional theory (DFT)
calculations using the GAUSSIAN 0940 suite of programs were
employed to calculate the binding energies. The exchange and
correlation functionals used for geometrical optimization were
B3LYP41 with a 6-311++G (d,p) basis set, and B97D was used for
BE calculations. Compared to the popular functional B3LYP, B97D
shows superiority in describing long-range dispersion interactions.42,43

Taking UiO-66-NH2 as an example, an aniline structure shown in
Figure 1 closely resembles the local environment of the −NH2 group
in UiO-66-NH2. The BE between CO2 and aniline is defined as the
overall energy of the following reaction.

+ →CO C H NH C H NH (CO )2 6 5 2 6 5 2 2

=> = − − −E E EBE ( )C H NH (CO ) C H NH CO6 5 2 2 6 5 2 2

■ RESULTS AND DISCUSSION
The effects of impurities including water and SO2 were
evaluated. We did not take into account the influence of oxygen
in this paper because our previous results suggest negligible
effects of oxygen on CO2 capture due to the small quadrupole
moment of oxygen.11

Effects of Water on CO2 Capture in UiO-66(Zr)-X (X =
NH2, OH, and Br). As a first step, pure CO2 and N2 adsorption
isotherms in UiO-66-NH2 using DREIDING force fields were
simulated and compared with the experimental results.29 As
shown in Figure S2 of the Supporting Information, simulated

Figure 1. Schematic diagram of framework structure for UiO-66-X
(left) and a structure resembling the local environment of the −X
group in UiO-66-X (right). Color schemes: light turquoise = Zr, gray =
C, red = O, lavender = H, and green = X.

Figure 2. CO2 uptake for CO2/N2/H2O mixtures with different water concentrations from 0% to 5% in UiO-66-NH2 (left), UiO-66-OH (middle),
and UiO-66-Br (right) at 298 K.
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adsorption isotherms for CO2 and N2 agree reasonably well
with the reported experimental data. Subsequently, GCMC
simulations were employed to simulate the pure CO2
adsorption isotherms in UiO-66-OH and UiO-66-Br. CO2
adsorption isotherms in three MOFs indicated that UiO-66-
NH2 shows the highest but UiO-66-Br shows the lowest
adsorption capacity for CO2 (Figure S3, Supporting Informa-
tion).
The adsorption of a CO2/N2 (15:85) gas mixture

(mimicking the ratio in flue gas) in UiO-66-X at 298 K was
also studied with GCMC simulations, and the results are given
in Figure S4 of the Supporting Information. The adsorption of
CO2 is substantially greater than N2 in the three MOFs. The
predominant CO2 adsorption over N2 can be attributed to the
larger quadrupole moment of CO2. Particularly, the introduc-
tion of the functional group in the framework makes CO2
adsorption even more favorable. The separation factor of the

binary mixture as a function of the total pressure was also
evaluated. A slight increase in selectivity for CO2 over N2 is
observed over the studied pressure range, which is mainly
attributed to the higher CO2 uptake at higher pressures. The
calculated selectivity of CO2 over N2 in UiO-66-NH2 is about
∼42 at 298 K and a total pressure of 1 bar, which is comparable
with the predicted selectivity for a 15CO2/85N2 mixture in
UiO-66-NH2 at the same conditions obtained using both
GCMC and quantitative structure−property relationship
(QSPR) techniques.44

To examine the effect of water on the capture of CO2 in
UiO-66-X, the adsorption of CO2/N2/H2O mixtures with water
concentrations of 0.5%, 1%, and 5% were examined. In each

Figure 3. Water uptake for 15:80:5 CO2/N2/H2O mixtures in UiO-
66-X (X = NH2, OH, and Br) at 298 K.

Figure 4. Optimized geometries of aniline interacting with CO2, N2, water, and SO2, and water interacting with CO2 (SO2) at the B3LYP/6-311++G
(d,p) level. Color schemes: red = O, lavender = H, blue = N, gray = C, and yellow = S.

Table 1. Binding Energies (BEs, kcal/mol) between
Adsorbates (CO2, N2, Water, and SO2) and aniline, as well as
BEs between CO2 (SO2) and Water at B3LYP and B97D/6-
311++G (d,p) with BSSE Correcteda

functional

models optimized geometries B3LYP B97D

H2OCO2 I 2.19 1.95
II 1.50 1.44

C6H5NH2CO2 I 1.38 3.05
II 0.88 1.29

C6H5NH2N2 I 0.42 0.95
C6H5NH2H2O I 4.89 5.72

II 3.54 3.81
C6H5NH2SO2 I 5.33 7.16

II 1.62 2.19
H2OSO2 I 3.56 4.16

II 1.84 2.40
aGeometries I and II correspond to Figure 4.
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mixture, the water concentration varies, but the CO2
concentration is fixed at 15%. N2 makes up the rest of the
mixture. As shown in Figure 2, the presence of water drops
CO2 uptake significantly in all of the three MOFs over the
pressure range we studied, particularly for a CO2/N2/H2O
mixture with 5% water. However, the lower extents are different
depending on the properties of functional groups. For example,
a substantial decrease in CO2 adsorption was observed at a
pressure lower than 1 bar in UiO-66-NH2 and UiO-66-OH. In
contrast, CO2 uptakes for mixtures with and without water at 1
bar are almost identical in UiO-66-Br.
Figure 3 reports the water adsorption isotherms for 15:80:5

CO2/N2/H2O mixtures in UiO-66-X. A predominant water
adsorption was observed in all of the three MOFs. The uptake
of CO2 decreases as a result of the competition of adsorption
sites, as observed in Figure 2. Moreover, the comparison of
water adsorption isotherms indicated that UiO-66-NH2 and
UiO-66-OH show a much higher water uptake than UiO-66-Br.

To further understand the competition behavior of all of the
adsorbates (CO2, N2 ,and water) in UiO-66-X, DFT
calculations were employed to study the binding strength of
each adsorbate with the frameworks. Because aniline, phenol,
and bromobenzene structures closely resemble the local
environment of −NH2, −OH, and −BR, the main sites for
CO2 adsorption in UiO-66-X, the binding strength between
aniline (phenol and bromobenzene) and each adsorbate was
evaluated. The detailed geometries and corresponding binding
energies for aniline-type ligands are in Figure 4 and Table 1.
The same information for phenol-type ligands is in Figure 5
and Table 2 and for bromobenzene-type ligands is in Figure 6
and Table 3. As listed in Table 1, water shows the highest
affinity among CO2, N2, and water toward aniline through
either N or H sites in geometry 1 and geometry II. Two
binding sites were also identified for CO2 with corresponding
binding energies of 3.05 and 1.29 kcal/mol. N2 shows the
lowest binding strength toward aniline. Due to the higher
binding energy between water and UiO-66-NH2, the presence
of water decreases both the adsorption of CO2 and N2. This is

Figure 5. Optimized geometries of phenol interacting with CO2, N2, and water at the B3LYP/6-311++G (d,p) level. Color schemes: red = O,
lavender = H, blue = N, and gray = C.

Table 2. Binding Energies (BEs, kcal/mol) between
Adsorbates (CO2, N2, and water) and Phenol at B3LYP and
B97D/6-311++G (d,p) with BSSE Correcteda

functional

models optimized geometries B3LYP B97D

C6H5OHCO2 I 1.66 1.85
II 1.72 1.45

C6H5OHN2 I 0.96 1.08
C6H5OHH2O I 6.11 5.97

II 3.74 3.79
aGeometries I and II correspond to Figure 5.

Figure 6. Optimized geometries of C6H5Br interacting with CO2, N2, water, and SO2 at the B3LYP/6-311++G (d,p) level. Color schemes: red = O,
lavender = H, brown = Br, blue = N, gray = C, and yellow = S.

Table 3. Binding Energies (BEs, kcal/mol) between
Adsorbates (CO2, N2, Water, and SO2) and Bromobenzene
at B3LYP and B97D/6-311++G (d,p) with BSSE Corrected

functional

models B3LYP B97D

C6H5BrCO2 0.60 1.38
C6H5BrN2 0.11 0.35
C6H5BrH2O 2.13 3.06
C6H5BrSO2 1.16 1.98
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consistent with the fact that the adsorption of CO2 decreases
for CO2/N2/H2O mixtures. The strong adsorption of water on
the aniline-type ligand indicated that the removal of water from
flue gas or at least partial removal is essential for large-scale
application of amine-functionalized MOFs on CO2 capture.
For phenol-type ligands, water shows the highest affinity

toward phenol as well through either H or O sites. Two binding
geometries were also identified for CO2 with corresponding
binding energies of 1.85 and 1.45 kcal/mol. N2 shows the
lowest binding strength toward phenol. Similar with CO2/N2/

H2O adsorption in UiO-66-NH2, due to the higher binding
energy between water and UiO-66-OH, the presence of water
decreases the adsorption of CO2. This is also consistent with
the lower CO2 uptake for CO2/N2/H2O mixtures shown in
Figure 2. The strong adsorption of water on the phenol-type
ligand indicated that the removal of water from the flue gas or
at least partial removal is also essential for large-scale
application of hydroxyl functionalized MOFs on CO2 capture.
In contrast, due to the water-phobic effect of −Br, the

binding energy between water and bromobenzene is only 3.06

Figure 7. Simulated CO2, N2, and water isotherms for a CO2/N2/H2O/SO2 mixture and a CO2/N2/H2O mixture in UiO-66-NH2 (left) and UiO-
66-Br (right) at 298 K.

Figure 8. Simulated CO2/N2 selectivity (left) and CO2 uptake (right) for CO2/N2/SO2 mixtures with different SO2 concentrations from 0% to 5%
in UiO-66-NH2 at 298 K.

Figure 9. Simulated CO2/N2 selectivity (left) and CO2 uptake (right) for CO2/N2/SO2 mixtures with different SO2 concentrations from 0% to 5%
in UiO-66-Br at 298 K.
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kcal/mol (Figure 6), which is much smaller than those between
water and aniline and water and phenol. Therefore, different
from water effects in UiO-66-NH2 and UiO-66-OH, where
significant water molecules are adsorbed in the frameworks thus
leading to a decrease in adsorption of both CO2 and N2 at
relatively lower pressures, water effects on CO2 capture in UiO-
66-Br are much smaller.
Effects of SO2 on CO2 Capture in UiO-66(Zr)-X (X =

NH2 and Br). To study the effect of SO2 on CO2 capture in
UiO-66-X, two cases were considered. First, we studied the SO2
effects on the capture of CO2 in UiO-66-X for a CO2/N2/
H2O/SO2 mixture (mimicking the ratio of the flue gas)4 with a
bulk composition of 15:79.92:5:0.08. The results were
compared with those for a 15:80:5 CO2/N2/H2O mixture
without SO2. Second, CO2 capture in the UiO-66-X for CO2/
N2/SO2 mixtures with different concentrations of SO2 were
explored. Depending on the source of coal and combustion
conditions, the concentrations of the SO2 in flue gas may be
different. Therefore, the investigation of adsorption of flue gas
mixtures with various SO2 concentrations is necessary.
For the first case, Figure 7 compares the adsorption

isotherms of CO2, N2, and water for two mixtures in both
UiO-66-NH2 and UiO-66-Br. One interesting result from these
comparisons is that even with trace amounts of SO2 in the
mixture, water adsorption drops significantly in both MOFs.
Meanwhile, CO2 uptake increases slightly for the
15:79.92:5:0.08 CO2/N2/H2O/SO2 mixture in UiO-66-Br.
To investigate why the presence of SO2 lowers water

adsorption but improves CO2 adsorption, DFT calculations
were employed to evaluate the binding strength of each
adsorbate including CO2, N2, SO2, and water in both MOFs.
For the MOF modified with −NH2, the binding energy
between SO2 and aniline is as high as 7.16 kcal/mol, which is
the highest among all adsorbates. The largest binding energy
indicated the strongest affinity of SO2 to the framework.
Therefore, when SO2 is present in the mixture, it competes
with water for the amine sites thus decreasing the adsorption of
water. On the other hand, for the MOF modified with −Br,
SO2 only shows weak interaction with bromobenzene (Table
3). This indicates that the competition of adsorption sites by
SO2 could not be the main contribution to the significant
decrease in water adsorption. However, because water shows a
stronger affinity toward SO2 than the framework, water prefers
to interact with SO2 in flue gas. Therefore, the presence of SO2
in the mixture decreases the water uptake in the framework.
The reduced water adsorption in the framework makes more
sites available for adsorption of other molecules. Because the
SO2 concentration is very low and most of the SO2 molecules
interact with either the framework or water molecules, there are
many more chances for CO2 to occupy those available sites.
The CO2 uptake is enhanced accordingly. This is in fact what
we observed in Figure 7, where higher CO2 uptake was
observed for the CO2/N2/H2O/SO2 mixture in UiO-66-Br.
Due to larger amounts of SO2 present at higher pressures, SO2
effects are more obvious.
For the second case, Figures 8 and 9 report the selectivity of

CO2 over N2 and CO2 uptake for CO2/N2/SO2 mixtures with
SO2 concentrations of 0%, 0.5%, 1%, and 5% in UiO-66-NH2
and UiO-66-Br. The results show that as the SO2 concentration
increases in the mixture, CO2 uptake drops significantly in both
MOFs. This is expected due to a much stronger interaction
between SO2 and both frameworks than CO2.

■ CONCLUSIONS
In this study, the influences of water and SO2 on CO2
adsorption and separation in UiO-66(Zr) MOFs with func-
tional groups of −NH2, −OH, and −Br were evaluated using a
combination of GCMC and DFT simulations. We found that in
these MOFs CO2 uptake is substantially greater than N2 for the
CO2/N2 mixture adsorption. Due to a stronger adsorption of
water on the phenol and aniline-type ligands, the impact of
water on CO2 adsorption and CO2/N2 separation in ones with
−NH2 and −OH groups is much higher. In contrast, because of
the hydrophobic property of −Br causing a low binding
strength between water and the framework, water shows much
smaller effects on CO2 capture in UiO-66-Br. In terms of SO2
effects, it was found that the presence of SO2 in the mixtures
decreases water adsorption in both UiO-66-NH2 and UiO-66-
Br, although the associated reasons are different. The lower
water adsorption for the CO2/N2/H2O/SO2 mixture in UiO-
66-NH2 can be mainly attributed to the stronger binding
between SO2 and the framework. However, in UiO-66-Br,
because water would rather interact with SO2 than interact with
the framework, the presence of SO2 decreases water adsorption
in the MOF. The lower water adsorption makes more sites
available for CO2; accordingly, the CO2 uptake is enhanced in
UiO-66-Br.
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