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Functionalizing porous zirconium terephthalate UiO-66(Zr) for natural

gas upgrading: a computational explorationw
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The ligand functionalization effect on the CO2/CH4 separation

performance of the MOF type UiO-66(Zr) was explored

computationally. The –SO3H and –CO2H functionalized forms

show the highest selectivity, good working capacity and medium

ranged CO2 adsorption enthalpy that make these materials very

promising for physisorption-based processes.

The pre-combustion removal of CO2 from its gas mixture with

CH4 is of great economical and technological importance in

the treatment of low-quality natural gas such as biogas and

landfill gases.1 CO2 capture using the porous media has been

considered as an efficient alternative of the amine-based

chemisorption.2 Conventional adsorbents like zeolites,3 meso-

porous silica4 and carbons5 have been widely tested for their

performances in the most efficient and affordable physisorption

techniques such as the Pressure Swing Adsorption (PSA).

However, either these materials are difficult to regenerate

without significant heating or they exhibit poor selectivity,

leading to a low productivity and high energetic costs.1

Throughout the past decade, the associated research on

metal–organic frameworks (MOFs) has been developed into

one of the most prolific areas in chemistry and materials science.

Owing to their many fascinating features, MOFs have been

shown to exhibit great potentials over the conventional adsor-

bents for mixture separation.6,7 It has been further established

that grafting polar functional groups into MOFs offers a

significant opening to design more efficient CO2 capture

materials.8 That is why one of the ongoing endeavors is to

functionalize the organic ligands9 or the open metal centers10

of MOFs without altering their original topologies. Nevertheless,

one drawback faced by most of the MOFs for industrial

applications lies in their low physicochemical stability, leading

to a poor reproducibility and also a decrease in their adsorption

capacities over the cycles.11

Very recently, a zirconium(IV)-containing porous solid

UiO-66(Zr) (UiO for University of Oslo)12a has attracted

much attention for its very promising properties for CO2/

CH4 gas separation including a good selectivity, high working

capacity and low cost regenerability.12b,c It has also been demon-

strated that this material is thermally stable up to 773 K12 and

its structure remains unaltered towards a wide class of aqueous

solvents in contrast to the majority of the MOFs reported so

far.13 The hydroxylated form of this material is built up from

the inorganic building blocks Zr6-octahedra [Zr6O4(OH)4]

bounded to twelve terephthalate (BDC) ligands, leading to a

three dimensional arrangement of micropores in which each

centric octahedral cage (Fig. 1a, free diameter: 11 Å) is connected

to eight corner tetrahedral cages (Fig. 1b, free diameter B8 Å)

through triangular windows (B6 Å). The remarkable stability of

this solid is well suited to conduct further investigations of the

functionalization effect on the CO2 capture. Moreover, several

experimental studies have already identified the feasibility of

functionalizing UiO-66(Zr) without losing the physicochemical

properties of the parent framework.9

Here, a series of UiO-66(Zr)–Xn functionalized solids

(Xn = –Br, –NH2, –NO2, –(CF3)2, –(OH)2, –SO3H and –CO2H)

Fig. 1 Illustration of the UiO-66(Zr) crystalline structure: (a) octahedral

cage, (b) tetrahedral cages, (c) functionalized ligands adopted in this work.

H atoms on the BDC linkers are omitted for clarity. The large yellow and

pink spheres represent the void regions inside the cages (Zr polyhedra:

blue for octahedral cages, green for tetrahedral cages; C, gray; O, red).
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(see Fig. 1c) with a wide range of pore surface polarity was

investigated by Grand Canonical Monte Carlo simulations

(GCMC) (details of the computational strategies provided

in ESIw) with the aims of: (i) deeply understanding the

role of the functionalized groups in the interactions

between the framework and both single CH4 and CO2 gases

and (ii) further predicting the CO2/CH4 separation performance

of all these modified materials in their hydroxylated versions.

The crystal structures of these functionalized UiO-66(Zr) forms

(see Fig. S1 and Table S1 in ESIw) were determined through a

computationally assisted procedure, based on density func-

tional theory (DFT) geometry optimization and starting from

the experimental unit-cell parameters (see ESIw). Primarily, we

investigated the single gas adsorption in the UiO-66(Zr) and

its NH2-functionalized form. These two materials have been

selected as their experimental and simulated physicochemical

properties (surface areas and pore volumes) are in very good

agreement (Table S1, ESIw). It thus ensures a fair comparison

between the predicted adsorption properties and the experi-

mental data obtained by joint gravimetry/microcalorimetry

measurements (see ESIw for details of the procedure). As

shown in Fig. S10 and S11 (ESIw), the simulated adsorption

isotherms for CH4 and CO2 agrees reasonably well with the

experimental ones collected for both solids. This concordance

remains also true from an energetic point of view as the

calculated adsorption enthalpies at low coverage for the

UiO-66(Zr) (CO2: �26.2, CH4: �18.9 kJ mol�1) and

UiO-66(Zr)–NH2 solids (CO2: �28.6, CH4: �19.8 kJ mol�1)

concur very well with the calorimetry values for the former (CO2:

�27.8, CH4: �19.6 kJ mol�1) and the latter (CO2: �30.9, CH4:

�20.1 kJ mol�1) forms obtained in this work. Such a validation

step allowed us to confidently carry out the further explorations

for the whole series of modified UiO-66(Zr) systems.

Fig. 2 shows a comparison of the simulated low-coverage

adsorption enthalpies for the single gas in the nonmodified

UiO-66(Zr) and its various functionalized forms at 303 K. For

CH4, it can be observed that the adsorption enthalpy slightly

increases when the functional group becomes bulkier and the

pore volume smaller (see Table 1), leading to the highest value

for the –(CF3)2 group. Further, the exploration of the adsorption

behavior for CH4 in this UiO-66(Zr) series (see the radial

distribution functions plotted between these guest molecules and

potential interacting sites of the framework in Fig. S12–19,

ESIw) clearly demonstrates the absence of specific adsorption

sites, the molecules being randomly distributed within the

tetrahedral cages without any significant interactions with

the functional groups.

At first glance, compared to CH4, the enhancement of the

affinity for CO2 seems to be more related to the intrinsic

property of the functional group. Indeed, the increase of the

adsorption enthalpy for CO2 in the modified materials generally

follows the sequence of the polarity for the functional groups:

–SO3H 4 –CO2H 4 –NH2 4 –OH 4 –NO2 4 –Br 4 –CF3,

except for the solids functionalized with –NO2 and –(CF3)2
groups. Although the polarity of the –CF3 group is the lowest,

the strongest CO2 adsorption in the UiO-66(Zr)–(CF3)2 mainly

results from the highest confinement caused by the significant

decrease of the accessible pore volume as mentioned above.

The same argument also holds in the case of the –NO2 modified

form. Thus, the adsorption enthalpy for CO2 in this class of

materials not only depends on the polarity of the grafted

functional groups but also on the accessible pore space

experienced by the adsorbate molecules, as already demon-

strated with other adsorbate/functional MOFs systems. For

the subcategory of the materials grafted with the hydrophobic

functional groups, i.e., –Br, –NO2 and –(CF3)2, the radial

distribution functions reported in Fig. S17–19 (ESIw) show

that there are no specific interactions between CO2 and these

functional groups. Regarding the materials modified with the

hydrophilic groups, one can suspect a direct interaction between

these functional groups and the CO2 molecules. This is what is

evidenced for the functionalized –NH2, –CO2H and –SO3H

materials from the resulting radial distribution functions reported

in Fig. S13–15 (ESIw). Fig. 3a provides a typical illustration of the

arrangements of CO2 in the –NH2 materials, emphasizing that

the geometry of the solids authorizes a direct interaction between

Fig. 2 Calculated low-coverage adsorption enthalpies of pure CO2

and CH4 gases in the non-modified UiO-66(Zr) and its functionalized

derivatives at 303 K.

Table 1 Adsorption selectivities (S) and working capacities (VWC) in
the UiO-66(Zr) series at 303 K

Materials

S (CO2/CH4)

VWC
a/cm3(STP)/cm31.0 bar 10.0 bar

UiO-66(Zr) 9.4 8.9 78.8
UiO-66(Zr)–(CF3)2 8.7 5.7 22.5
UiO-66(Zr)–Br 9.8 10.3 52.8
UiO-66(Zr)–NO2 12.7 14.4 57.7
UiO-66(Zr)–NH2 14.8 14.7 86.2
UiO-66(Zr)–(OH)2 13.8 18.8 76.9
UiO-66(Zr)–SO3H 16.8 22.6 45.5
UiO-66(Zr)–CO2H 19.2 23.2 57.0

a Calculated from the difference of the adsorption amounts of CO2 in

the mixture adsorbed in MOFs at 1.0 and 10.0 bar.

Fig. 3 Local views of the snapshots extracted from the GCMC

simulations at 0.1 bar and 303 K, emphasizing the interactions

between the CO2 molecule and the functional groups of the modified

UiO-66(Zr): (a) –NH2 and (b) –SO3H.
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the functionalized hydrophilic groups and CO2, allowing an

optimization of the role of the grafting functions. Such a

favourable scenario is not always achieved in functionalized

MOFs as for instance in the MIL-53(Al)–NH2 solids.
14

Further, the highest adsorption enthalpy in the material

grafted with –SO3H groups is consistent with the shortest

interaction distance between CO2 and this functional group

(see Fig. S13–15, ESIw) with a characteristic mean distance

of 1.92 Å as illustrated in Fig. 3b. Regarding the material

UiO-66(Zr)–(OH)2, the formation of intra-framework hydrogen

bonds between this functional group and the carboxylic oxygen

atoms (see Fig. S1, ESIw) renders a direct interaction between

CO2 and the hydroxo functions no longer possible.

As a further step, Fig. S20 (ESIw) reports the pressure

dependence of the predicted selectivities of CO2 from the

equimolar CO2/CH4 gas mixture in the UiO-66(Zr) series.

Except for the bulky –Br and –(CF3)2 functionalized solids,

one observes a significant enhancement of the selectivity for

all the functionalized forms compared to the non-modified

UiO-66(Zr) in the whole range of pressure. Interestingly,

although the –SO3H groups lead to stronger interactions with

CO2 than the –CO2H functions, the predicted selectivity is higher

for the UiO-66(Zr)–CO2H solid in the low pressure range, which

results from its lower interaction energy with CH4 (see Fig. 2).

Table 1 lists the CO2/CH4 selectivities in all the UiO-66(Zr)

series at the regeneration (1.0 bar) and production (10.0 bar)

pressures currently considered in the PSA processes as well as

the working capacities defined as the difference of the adsorbed

amounts of CO2 in the binary mixture between these two

pressures. The selectivities obtained in this range of pressure

reveal that: (i) the materials functionalized with the hydro-

philic groups strongly outperform the non-modified UiO-66(Zr)

solid and its functionalized forms with hydrophobic groups. These

values are also higher than those reported in other function-

alized MOFs under similar conditions such as NH2–PAF-1

(6),7c and ZnMOF–OH (7.0),8c (ii) the functionalization with

–SO3H and –CO2H groups leads to even higher selectivities

compared to the grafting of –NH2 functions that is generally

considered so far to improve the performance of various

porous solids for such mixture separation.2 Further, the

resulting selectivities for both solids that range from 16.8 to

23.2 are at least comparable with those reported for the most

commonly used zeolite 13X in PSA applications.3a

In addition, for these two later solids, the working capacities

(see Table 1 for the definition) of 45 and 57 cm3(STP)/cm3,

respectively, are slightly higher than those reported in zeolite

13X (37 cm3(STP)/cm3).3b These working capacities are most

likely to be conservative due to the overestimation of the

adsorbed amount of CO2 at 1.0 bar (see Fig. S10 and

S11, ESIw). One observes that this working capacity is even

higher for the –NH2 and –(OH)2 functionalized UiO-66(Zr)

forms. In addition, the lower adsorption enthalpies (�33.0 and
�33.8 kJ mol�1) for CO2 in the –SO3H and –CO2H solids

compared to this zeolite (�45.0 kJ mol�1)3b also suggest that

these two functionalized materials can be potentially regenerated

under milder conditions. This last remark remains also true for

the other modified UiO-66(Zr) solids.

In conclusion, beyond the exploration of the functionalization

effect of the UiO-66(Zr) on the single CH4 and CO2 adsorption,

our calculations demonstrate that grafting polar functional

groups on the MOF type UiO-66(Zr) solid leads to an enhance-

ment of its affinity for CO2 and to a significant improvement of

its CO2/CH4 separation performance. The materials function-

alized with the –SO3H and –CO2H groups show the highest

selectivities, good working capacities and involve medium

ranged CO2 adsorption enthalpy values suggesting a potential

regenerability under mild conditions compared to conven-

tional zeolite NaX, as demonstrated in our previous work.12c

Indeed, such functionalized UiO-66(Zr) materials that have

been previously shown to be resistant towards humidity12,14

are predicted to be an excellent alternative solution to the

conventional zeolite 13X adsorbent used in PSA applications.

It implies that an effort would be required to upscale the

synthesis of such modified UiO-66(Zr) solids in order to

perform test in semi-industrial pilot.

The research leading to these results has received funding

from the European Community’s Seventh Framework

Programme (FP7/2007-2013) under grant agreement no. 228862.
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J. Am. Chem. Soc., 2009, 131, 17490; (b) B. Wang, A. P. Cote,
H. Furukawa, M. O’Keeffe and O. M. Yaghi, Nature, 2008,
453, 207; (c) L. Hamon, E. Jolimaı̂tre and G. D. Pirngruber, Ind.
Eng. Chem. Res., 2010, 49, 7497.

7 (a) Y.-S. Bae, B. G. Hauser, O.M. Farha, J. T. Hupp andR. Q. Snurr,
Microporous Mesoporous Mater., 2011, 141, 231; (b) S. Keskin,
T. M. van Heest and D. S. Sholl, ChemSusChem, 2010, 3, 879;
(c) R. Babarao, S. Dai and J. Jiang, Langmuir, 2011, 27, 3451.

8 (a)A.Torrisi,R.G.Bell andC.Mellot-Draznieks,Cryst.GrowthDes.,
2010,10, 2839; (b)W.Mu,D.Liu,Q.YangandC.Zhong,Microporous
Mesoporous Mater., 2010, 130, 76; (c) Y. Zhao, H. Wu, T. J. Emge,
Q. Gong, N. Nijem, Y. J. Chabal, L. Kong, D. C. Langreth, H. Liu,
H. Zeng and J. Li, Chem.–Eur. J., 2011, 17, 5101.

9 S. J. Garibay and S. M. Cohen, Chem. Commun., 2010, 46, 7700.
10 A. Demessence, D. M. D’Alessandro, M. L. Foo and J. R. Long,

J. Am. Chem. Soc., 2009, 131, 8784.
11 J. J. Low, A. I. Benin, P. Jakubczak, J. F. Abrahamian,

S. A. Faheem and R. R. Willis, J. Am. Chem. Soc., 2009, 131, 15834.
12 (a) J. H. Cavka, S. Jakobsen, U. Olsbye, N. Guillou, C. Lamberti,

S. Bordiga and K. P. Lillerud, J. Am. Chem. Soc., 2008, 130, 13850;
(b) Q. Yang, H. Jobic, F. Salles, D. Kolokolov, V. Guillerm,
C. Serre and G. Maurin, Chem.–Eur. J., 2011, DOI: 10.1002/
chem.201003596; (c) Q. Yang, A. D. Wiersum, H. Jobic,
V. Guillerm, C. Serre, P. L. Llewellyn and G. Maurin, J. Phys.
Chem. C, 2011, 115, 13768, and references therein.

13 L. Valenzano, B. Civalleri, S. Chavan, S. Bordiga, M. H. Nilsen,
S. Jakobsen, K. P. Lillerud and C. Lamberti, Chem. Mater., 2011,
23, 1700.

14 E. Stavitski, E. A. Pidko, S. Couck, T. Remy, E. J. M. Hensen,
B. M. Weckhuysen, J. Denayer, J. Gascon and F. Kapteijn,
Langmuir, 2011, 27, 3970.

D
ow

nl
oa

de
d 

by
 K

in
g 

A
bd

ul
la

h 
U

ni
v 

of
 S

ci
en

ce
 a

nd
 T

ec
hn

ol
og

y 
on

 2
9 

Se
pt

em
be

r 
20

12
Pu

bl
is

he
d 

on
 2

9 
Ju

ly
 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1C

C
13

54
3K

View Online

http://dx.doi.org/10.1039/c1cc13543k

