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ABSTRACT: The uptake and adsorption enthalpy of carbon
dioxide at 0.2 bar have been studied in three different topical
porous MOF samples, HKUST-1, UiO-66(Zr), and MIL-
100(Fe), after having been pre-equilibrated under different
relative humidities (3, 10, 20, 40%) of water vapor. If in the
case of microporous UiO-66, CO2 uptake remained similar
whatever the relative humidity, and correlations were difficult
for microporous HKUST-1 due to its relative instability
toward water vapor. In the case of MIL-100(Fe), a remarkable
5-fold increase in CO2 uptake was observed with increasing RH, up to 105 mg g−1 CO2 at 40% RH, in parallel with a large
decrease in enthalpy measured. Cycling measurements show slight differences for the initial three cycles and complete
reversibility with further cycles. These results suggest an enhanced solubility of CO2 in the water-filled mesopores of MIL-
100(Fe).

■ INTRODUCTION
There is no doubt that there is a global increase in land−sea
temperatures with time.1 While factors such as celestial
variations2 and stratospheric water vapor concentration3

contribute to this temperature variation, it is clear that there
is also a strong correlation of anthropogenic activities to global
CO2 levels. This sharp increase of CO2 atmospheric
concentration over recent times, as observed at Mauna Loa
for example,4 explains the huge effort devoted to CO2

management.
Recovery of CO2 from industrial processes is a challenging

problem, with various technologies being investigated including
amine baths,5 membranes,6 and chemical capture.7 The use of
adsorption with porous solids can also prove of interest. Indeed,
pressure swing adsorption is a relatively economical and
technically simple process for the separation or purification of
specific components from a gas mixture. Thus, the search for
materials with a high adsorption capacity, fast adsorption−
desorption kinetics, and mild regeneration properties is ever
continuing.
Several families of adsorbent materials are currently used in

separation processes, including silicas, aluminas, zeolites, and
active carbons.8 More recently, other porous solids such as
metal organic frameworks (MOFs)9,10 have also shown

promise in areas such as hydrogen storage,11−13 recovery of
greenhouse gases,14−18 liquid phase separation,19,20 energy
storage,21 and drug delivery.22,23

Significant amounts of water vapor can be present in some
gas separation processes, and while in a limited number of cases
water may aid the separation (3% of water is present in BaY for
xylene separation, for example24), water is most often
detrimental to separations. As an example, Brandani and
Ruthven25 investigated the effect of water on CO2 adsorption
on X zeolites and showed that the CO2 adsorption capacity at a
given partial pressure is strongly reduced by the presence of
water. This adsorbed water essentially acts as a contaminant
poison for many gases, including CO2.
The effect of water on CO2 uptake has only recently been

studied in the case of MOFs.26,27 Benchmark work by the
group of Yazaydın et al. has shown that small amounts of water
(4 wt %) may increase CO2 uptake in HKUST-1 by 45% at 1
bar.28 Yiu et al. also studied CO2 uptake on HKUST-1 that was
pre-equilibrated with different water loadings.29 At low water
loadings, the CO2 capacity effectively increased by 10%, but
with further increases in water loading the uptake of CO2
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gradually fell. Cycling measurements also showed a decrease in
CO2 uptake, which was attributed to the partial degradation of
the network. Decomposition of the HKUST-1 network at high
relative humidity (RH) was also highlighted by Gul-E-Noor et
al.30 using 1H and 13C solid-state NMR. The structure was
stable when only a small amount of water (0.5 mol equiv with
respect to copper) was absorbed, but decomposition occurred
at higher water contents. This instability of some MOFs in the
presence of water has been studied by other groups,31,32

although many other MOF structures have been shown to be
water stable.32,33

Another material that has shown promise is the CPO-27
MOF. The high concentration of Lewis metal sites in this MOF
profers an exceptional low-pressure capture of CO2, which
unfortunately decreases drastically in the presence of a limited
amount (>4%) of water.29

Some of us have shown that the flexible MOF MIL-53(Cr) is
found in the NP form when pre-equilibrated at 50% RH. In this
state, only negligible methane uptake occurs up to 40 bar. In
the case of CO2, negligible uptake occurs up to 20 bar, at which
point the NP→LP transition occurs and CO2 is adsorbed with
displacement of the pre-adsorbed water.34 In the case of the
mesoporous MOF MIL-100(Cr), water adsorbed on the Cr3+

CUS leads to an increased Brønsted acidity, as observed by
FTIR.35

The present work has taken these various previous studies
one step further. In the context of postcombustion CO2
capture, a flow system was built in which a carrier gas
(nitrogen), the target adsorptive (carbon dioxide at a pressure
of 0.2 bar), and varying quantities of water vapor (3, 10, 20, and
40% RH) were allowed to flow through different MOF samples.
The particularity of this system is that the sample is placed in a
calorimeter, allowing direct measurement of the heat effects
occurring at any time. Breakthrough curves were obtained with
the aid of a gas chromatograph, and the water was further
evaluated with a hygrometer. Various protocols were used to
evaluate CO2 uptake and the associated energy under different
relative humidities. For one system, the CO2 cycling experi-
ments were carried out at two different relative humidities, and
some initial FTIR studies were carried out. However, prior to
this, the stability of the samples in the presence of water was
investigated via a simple cycling of water vapor isotherms.
To highlight the different behaviors that can be observed

with various MOFs, three topical systems were chosen for this
study: UiO-66,36 HKUST-1,37 and MIL-100(Fe).38 The UiO-
66 material [Zr6O4(OH)4[O2C-C6H4-CO2]6] is composed of
zirconium oxoclusters which are linked through 12 tereph-
thalate ligands.36 Its cubic structure is built up from octahedral
cages (diameter d = 11 Å) and eight tetrahedral cages (d = 7.5
Å) in a 1:2 ratio, accessible through triangular windows of a free
diameter of 5−7 Å. UiO-66 is of interest here as it has been
shown to be stable to quite high temperatures (above 480
°C39) as well as to humidity.
HKUST-137 [Cu-BTC, or Cu3(BTC)2(H2O)3] is one of the

most studied MOFs to date. Its structure is built from copper
paddlewheels related together through four benzene-1,3,5-
tricarboxylate (BTC) linkers to create a 3D cubic pore system.
This material presents a bimodal distribution of pores: a large
central pore with d = 9.0 Å surrounded by pockets with d = 5.0
Å. Pores and pockets are interconnected by triangular windows
with d = 3.5 Å. It has one of the highest volumetric uptakes of
CO2 (230 cm

3 cm−3 at 6 bar40) and was the sample highlighted

by Liu et al.29 for its increased CO2 uptake in the presence of
4% water.
MIL-100(Fe)38 [FeIII3O(H2O)2X(C6H3(CO2)3)2 (X = F,

OH)] was chosen as a mesoporous MOF with quite high molar
CO2 uptake (18 mmol g−1 at 50 bar41). Its 3D framework is
constructed from hybrid supertetrahedral units consisting of
inorganic subunits of trimers of iron(III) octahedra connected
together by oxygen atoms from the organic linker BTC. Two
types of mesoporous cages are created by the assembly of
supertetrahedra with d = 25 and 29 Å, respectively, accessible
through microporous windows of 4.7 × 5.5 and 8.6 Å. A
significant amount of accessible Lewis iron(III) sites are
accessible that can be partially reduced to iron(II) sites,
resulting in higher interaction with specific gas molecules (NO,
propylene, etc.).35 It is this latter system which shows the most
interesting results, and so both an FTIR study and cycling
measurements were carried out in an attempt to elucidate
further the mechanism of the CO2 capture.

■ RESULTS AND DISCUSSION
Stability to Water Vapor Observed by Isotherm

Cycling. Prior to the adsorption of CO2 in the presence of
humidity, pure water isotherms were obtained at 298 K on the
three samples, and these isotherms were cycled six times
without any further activation (Figure 1). In the case of UiO-
66, a reversible stepped Type-V isotherm is obtained with
significant water uptake around 20% RH. A slight loss of uptake
(4%) occurs after the first run, which can be explained by a
small rehydroxylation of the sample.39 However, for the second
to sixth runs, the water isotherms on this sample overlap, which
indicates good water stability under these conditions. This does
not seem to be the case for the HKUST-1 sample used here.
Indeed, Type-I-shaped isotherms are obtained which are similar
in shape to those observed previously.31 However, for each of
the water isotherm cycles, a slight decrease in uptake was
observed to lead to >50% loss in volume during the sixth run.
This loss in pore volume was confirmed by nitrogen
physisorption experiments (see SI), and a certain loss in
crystallinity of the sample exposed to water was also observed
by XRD (see SI). In the case of MIL-100(Fe), Type-V-shaped
isotherms are again measured with a marked hysteresis loop.
This isotherm shape is similar to that observed previously.31

The water uptake starts at 25% RH, and each of the six
isotherms overlap, showing no sample degradation under these
experimental conditions.

CO2 Adsorption in the Presence of Water. Uptakes and
Energies. A flow system was built on the laboratory scale to
follow the effect of water on CO2 adsorption. The experimental
setup (see SI for details) is similar to those used in other
studies,29 with the exception that the sample was placed inside a
Tian-Calvet microcalorimeter in order to directly follow the
heat effects occurring during the experimental protocol.
Breakthrough curves were obtained with a gas chromatograph,
and the exited water was additionally followed with a
hygrometer.
The approach taken in this study to follow the effect of water

on CO2 adsorption was to use a dynamic system at 1 bar with
nitrogen as vector gas. CO2 adsorption was carried out at a
partial pressure of 0.2, chosen as being close to the partial
pressure reached during some CO2 emissions. The RH of the
water vapor was varied at this fixed CO2 partial pressure.
The protocol used here consists of three main steps, which

are highlighted in Figure 2. The first step (region A in Figure 2)
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involves the adsorption−desorption of CO2 on the sample to
follow the reversibility of CO2 adsorption. This reversibility can
be followed from the breakthrough curves as well as from the
microcalorimeter signal. The second step (region B in Figure 2)
involves pre-equilibrating the sample with water vapor at the
relative pressure chosen. After equilibration is attained, both
CO2 (0.2 partial pressure) and water vapor (at the given RH)
are flowed through the sample. After this adsorption step,
nitrogen is flowed through the sample in order to desorb both
the water and the CO2. Again the microcalorimeter signal
allows a convenient way to estimate the degree of reversibility.
The final step (region C in Figure 2) involves a second CO2
adsorption−desorption cycle. This cycle can be compared to
the first step in order to follow the reversibility/non-
reversibility of the second step.

Four series of experiments were thus carried out at water
vapor relative humidities of 3, 10, 20, and 40%. Each
experiment was repeated at least three times, and average
values are reported. The results are presented in Figure 3 in bar
graph form. The left-hand series shows CO2 uptake as
estimated from the breakthrough curve, whereas the right-
hand graph shows the enthalpy associated with CO2 uptake.
The uptake of CO2 in the UiO-66 sample shows only minor

differences under the various conditions of water vapor, and
those can be considered to be within experimental error. The
enthalpy signals observed during the adsorption of CO2 in
UiO-66 are also quite similar (range of −21 to −26 kJ mol−1)
for all the experiments, except for the adsorption of CO2 at 40%
RH. In comparison, the initial enthalpy of adsorption of pure
CO2 on the fully hydroxylated UiO-66 is around −25 to −26 kJ
mol−1.39 The first adsorption sequences of CO2 at all four
relative humidities lie all in this region (−25 kJ mol−1). When
considering the second adsorption sequences in the presence of
water vapor, a negligible difference in enthalpy is measured at
10% RH, whereas a slightly lower value of −21 kJ mol−1 is
measured at 20% RH. Interestingly, an enthalpy of only −2 kJ
mol−1 is recorded for the adsorption of CO2 on UiO-66 at 40%
RH. According to the pure water adsorption isotherm (Figures
1 and S1), the micropores of UiO-66 should be partially filled
(to around 40%) with the vapor, and thus the pore-filling by
CO2 could occur with a concurrent displacement of water.
Indeed, the hygrometer signal indicates water exiting from the
cell. This measured enthalpy signal would thus be the overall
result of an exothermic effect of CO2 adsorption and an
endothermic effect of water desorption. The third sequence, in
pure CO2, shows an enthalpy of −22 kJ mol−1. This indicates
that the previous desorption step removes a major part of the
pre-adsorbed water reversibly. It would thus seem that, under
the conditions chosen here, the uptake of CO2 in UiO-66 is
barely affected by the presence of water.
Adsorption of CO2 on the HKUST-1 sample is more difficult

to interpret. The uptake of CO2 at 3% RH is around 35 mg g−1,
which is slightly below that measured on the same totally
activated sample (40 mg g−1),42 although this difference may be
due to differences in experimental approach. As observed
previously,29 an increase in amount of CO2 adsorbed is

Figure 1. Water isotherm cycles carried out at 298 K on (a) UiO-66,
(b) HKUST-1, and (c) MIL-100(Fe).

Figure 2. Heat flow curve obtained during an experiment showing the
various steps in the experimental protocol.
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observed in the presence of increased RH. Indeed, in the
present case, at 10% RH, around 52 mg g−1 of CO2 is adsorbed.
However, further increases of RH to 20 and 40% lead to
significant decreases in CO2 adsorbed, to 41 mg g−1 and below
20 mg g−1, respectively. It was noted during these experiments
that the same sample could not be used for long periods. As for
the pure water adsorption cycling experiments, partial sample

degradation seems to occur, as highlighted by nitrogen uptake
at 77 K on a sample obtained after the experiment carried out at
40% RH (see SI, Figure S2). The enthalpy of adsorption
measured for CO2 at 3% RH on the HKUST-1 sample was
around −43 to −44 kJ mol−1, well above that measured for
pure CO2 on the fully activated sample (−29 kJ mol−1).42 This
highlights the role of water during this CO2 uptake, which can

Figure 3. Dynamic CO2 adsorption for UiO-66 (upper), HKUST-1 (middle), and MIL-100(Fe) (lower). Left: amounts of CO2 adsorbed for various
relative humidities. Right: corresponding adsorption enthalpies. Black bars show standard deviations. For each RH, the three bars correspond to CO2
uptake during sequences A, B, and C in Figure 2.
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be explained reference to the work by Yazaydın et al.,28 who
suggested that water occupies the coordinatively unsaturated
copper sites, inducing higher interactions with CO2 with the
protons of the water molecules. However, the enthalpies
measured here are even higher than those proposed by
Yazaydın et al. and this may be due to the simultaneous
adsorption of both species. Note that the initial adsorption of
pure water on HKUST-1 leads to enthalpy of around −95 kJ
mol−1 (see SI, Figure S5). The initial adsorption of pure CO2
leads to an enthalpy of around −29 kJ mol−1.42 If one considers
that the enthalpy values measured here are a linear combination
of the individual water and CO2 enthalpy contributions, then it
can be estimated that around 23% of this energy is due to water
and the remaining 77% is due to the CO2. At 10 and 20% RH,
the adsorption enthalpies measured are around −31 and −33 kJ
mol−1, which are in the range predicted by Yazaydın et al.,28

suggesting CO2 adsorption on the hydrated, coordinatively
unsaturated copper. The quite low enthalpy of adsorption
measured at 40% RH can be explained by a concurrent
displacement of water during the uptake of CO2 (similar to the
UiO-66/40% H2O case). Thus, the overall results obtained with
HKUST-1 agree with those of Yazaydın et al.28 and Liu et al.29

in which a small quantity of water seems to increase the uptake
of CO2 but at higher water vapor contents CO2 uptake
decreases. Slight differences in the explicit results are certainly
due to the different samples used and the slightly different
operating conditions.
The adsorption of CO2 in the presence of humidity on the

MIL-100(Fe) sample gives the most surprising results. At 3%
RH, CO2 uptake reaches 26 mg g−1 and corresponds to
enthalpies of −43 and −34 kJ mol−1 for the repeated second
run (Figure 3, right). These values can be compared to an
uptake of around 22 mg g−1 and an associated enthalpy of −30
kJ mol−1 observed for pure CO2.

41 Considering that the initial
adsorption enthalpy of water on MIL-100(Fe) is around −80 kJ
mol−1 (SI, Figure S6) and the initial enthalpy of CO2 of −35 kJ
mol−1,41 this could be explained, as mentioned above for
HKUST-1, by the simultaneous and independent adsorption of
14% of water and 82% of CO2 on the coordinatively
unsaturated iron sites. Alternatively, this value suggests that
water adsorption on the CUS leads to stronger adsorption sites
for CO2, in agreement with the creation of an increased
Brønsted acidity for MIL-100(Cr) upon coordination of water
molecules on the Cr CUS.35 During the second run at 3% RH,
the enthalpy measured would suggest that only CO2 is
adsorbed and thus that all the CUS are saturated with water
and/or CO2. At 10% RH, a slight decrease in amount of CO2
adsorbed on MIL-100(Fe) is observed which is accompanied
by an enthalpy of around −56 kJ mol−1. Interesting, at 20% RH
around 66 mg g−1 of CO2 is adsorbed, and surprisingly at 40%
RH this reaches 105 mg g−1 of CO2. Thus, under 40% RH, 5
times more CO2 is adsorbed than under anhydrous conditions.
Furthermore, the enthalpies of adsorption measured are around
−8 and −1 kJ mol−1 for the adsorption at 20 and 40% RH,
respectively. Again, these enthalpies can be explained by the
concurrent displacement of water during CO2 adsorption,
which is further evidenced by the presence of water exiting
from the cell, as observed by the hygrometer. These results of
increased uptake, obtained from breakthrough experiments, are
confirmed by direct gravimetric measurements at low pressure.
Initial studies using FTIR suggest that water increasingly
occupies the Brønsted sites in MIL-100(Fe) to the detriment of
CO2. This may therefore suggest that the formation of water

induced increased Brønsted acidity at the Fe sites and
migration/sorption of CO2 to the center of the mesopores.
This could not be confirmed by IR due the overlap of signals
with those of the MOF structure, even though the presence of
carbonates can be excluded. Indeed, the formation of carbonate
species would be accompanied by large heat effects (the
enthalpy of CO2 chemisorption, forming carbonates, is >100 kJ
mol−1), which were not observed here.
This 5-fold increase in amount adsorbed associated with an

almost athermal process is of great significance. An increase in
CO2 uptake in the presence of water is known to occur in other
porous solids such as activated carbons. As an example, Wang
et al.43 reported a doubling of the amount of CO2 adsorbed in
the presence of water on a coconut shell carbon. This increase
was explained by the formation of hydrates, and this effect was
accompanied by an isosteric enthalpy of −63 kJ mol−1. The
authors further suggested that the enthalpy and hydrate
formation varies as a function of pore size.43 The concept of
gas over-solubility has been suggested in the case of hydrogen
adsorbed in mesoporous silicas and aluminas pre-equilibrated
with n-hexane or ethanol.44 In comparison with our study, this
may suggest that it is possible to vary other parameters,
including the pre-adsorbed fluid and adsorbing gas. Molecular
modeling has been combined with experiments to understand
the enhanced CO2 solubility in hybrid adsorbents.45−47 Here, a
number of solid adsorbents have been considered, including
MCM-41, SBA-15, alumina, activated carbon, silica gels, and
zeolites. A number of confining fluids which are much bulkier
than water were considered. In these studies, it was suggested
that the CO2 can adsorb in all of the pore volume due to
confinement effects induced by the bulky molecules. It was also
suggested that this phenomenon is less effective in the case of
many microporous solids. This implies that an optimum in
terms of pore size versus solvent size is required to gain an
optimal packing density.
To summarize the present study with respect to this

literature, even though increased uptake of CO2 in porous
samples pre-equilibrated with bulky molecular species has been
observed or simulated for several materials, this is the first time
that this has been evidenced to such a large extent in the case of
MOF materials and with a simple pre-adsorbed species such as
water. Indeed, while the increase in CO2 uptake in HKUST-1
was theoretically suggested to reach 45%28 and experimentally
observed to be around 10%,29 the MIL-100(Fe) system shows a
500% increase here.
It would seem, however, that one common feature of all

these systems so far studied is the mesoporous architectures.
Our work seems to suggest that the pre-equilibrated water in
the mesoporous MIL-100(Fe) forms microporous pockets
(Figure 4a) which are filled with CO2 (Figure 4b) at lower
pressures than if in the absence of water. However, it would
seem that the CO2 is able to displace some, but not all, of the
water (Figure 4c). The more microporous systems such as
zeolites or the UiO-66 studied here does not show any
enhanced CO2 uptake at low pressures in the presence of
humidity. Indeed, this may be because the pre-adsorbed water
does not produce any accessible microporosity (Figure 4d),
even though in the case of UiO-66 it would seem that the CO2
displaces some water (Figure 4e). This tentative explanation
may be one step forward for eventually using this phenomenon
in any real applications.
The CO2 sorption results in the presence of the different

RH’s are summarized in Figure 5, where the amount of CO2
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adsorbed is plotted against the measured enthalpy. In such a
graph, an ideal system can be expected to be found in the top
left-hand region, with high uptake and low energy. We have
included values that we obtained with a reference zeolite, NaX,
obtained at 40% RH. In terms of uptake, Figure 5 indeed
highlights the relatively constant CO2 uptake with varying RH
for UiO-66, the increase and subsequent decrease in CO2
uptake with increasing RH for HKUST-1, and the very large
increase in CO2 uptake with increasing RH for MIL-100(Fe).
The comparison with NaX is quite revealing. At 3% RH, an
uptake of around 221 mg g−1 is observed (not shown), which is
much higher than for any of the MOFs considered here.
Indeed, it would seem that only the CPO-27 materials48 (Table
1) are able to take up such quantities of CO2 at 0.2 bar.
However, under 40% RH, a 4-fold decrease in CO2 uptake is
observed for NaX (54 mg g−1),48 which is only half of that
observed for the MIL-100(Fe) sample at the same RH content.
This decrease in CO2 uptake with increasing RH is in
agreement with the observations of Brandani and Ruthven for
the Faujasite-type zeolites.25 The enthalpies obtained with NaX
equally show a large decrease, from −47 to −1 kJ mol−1. This
latter value suggests again concomitant water desorption on
CO2 uptake. The decrease in measured enthalpy at high RH for
all of the MOF samples is also evident from Figure 5.
This underlines the high interest for the MIL-100(Fe)

system under 40% RH. The CO2 uptake of 105 mg g−1 at 40%

RH can be compared to values found in the literature for
uptake of pure CO2 at 0.2 bar on different materials (see Table
1). It can be seen that this uptake is above that measured on the
active carbon, is similar to that obtained with NaX, and is below
half of that obtained with the two different CPO-27 samples.
Note, however, that the enthalpies of adsorption for the NaX
and the CPO-27 samples are above −40 kJ mol−1, and these
heat effects are significant when developing an adsorption-
based process. Furthermore, as stated above, both the zeolite
and CPO-27 lose their CO2 sorption properties in the presence
of water due to poisoning of the cation/metal sites. It is further
suggested that the CPO-27 samples are not highly stable in the
presence of humidity, as is also the case for the HKUST system.

Cycling the MIL-100(Fe) System. CO2 uptake during several
cycles in the presence of either 3 or 40% RH was evaluated in
the case of the most interesting MIL-100(Fe) system. Figure 6
shows the uptake and corresponding enthalpy for several cycles.
For both relative humidities studied, a decrease in CO2

uptake occurs for the first cycles until a plateau is reached in
each case. At 3% RH, this plateau is reached after around four
runs, with an approximate 20% decrease in amount adsorbed.
The adsorption energies also decrease from around −44 to −33
kJ mol−1, suggesting an increased role of the water vapor.
However, for all of the six cycles, the desorption energy does
not match that of adsorption, suggesting that full reversibility is
not attained.
At 40% RH, a 36% decrease in CO2 uptake is observed after

3 runs before a steady-state regime seems to be attained where
the adsorption−desorption energies are equivalent. The CO2
uptake in this steady-state regime of around 70 mg g−1 is still
above many MOFs, and the combination of significant amount
adsorbed vs low adsorption energy is still of interest for further
investigation.

■ CONCLUSIONS
Low-pressure CO2 uptake (0.2 bar) has been analyzed for three
topical microporous or mesoporous MOFs pre-equilibrated
with water vapor. For the first time, a remarkable enhancement
of CO2 uptake through pre-adsorption of water vapor has been
highlighted here in the case of mesoporous MIL-100(Fe). This
may arise from the coordination of water molecules on the
Lewis metal sites, while adsorption of CO2 occurs in the center
of the pores with no carbonate formation. The system can be
cycled reversibly after 2−3 initial equilibration cycles. The
measured enthalpies are remarkably low for the systems pre-
equilibrated with 40% RH, suggesting a partial desorption of
water on CO2 sorption.
The key properties of the MIL-100(Fe) system seem to be its

stability under these conditions and the presence of

Figure 4. Schematic representation of possible mechanisms of CO2
adsorption in the presence of humidity.

Figure 5. Amount of CO2 adsorbed as a function of adsorption energy
for the three MOF samples studied under the various RH’s and
compared with the zeolite NaX at 40% RH: ○, MIL-100(Fe); □,
HKUST-1; ◇, UiO-66; △, NaX (increasing symbol size represents
increasing RH).

Table 1. Comparison of Reported Data for Pure CO2 Uptake
at 0.2 bar for Different Materials and Their Initial
Adsorption Enthalpy

sample CO2 uptake/mg g−1 enthalpy/kJ mol−1

UiO-66 2737 −25−2637

HKUST-1 4040 −2840

MIL-100(Fe) 2239 −3039

CPO-27(Mg) 26046 −4346

CPO-27(Ni) 22046 −3946

Takeda 5A 31a −26a

NaX 177a −54a
aIn-house measurements.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja302787x | J. Am. Chem. Soc. 2012, 134, 10174−1018110179



mesoporosity. Indeed, HKUST-1 was shown to degrade in the
presence of humidity, and UiO-66 did not show any enhanced
uptake. On comparing with other materials in which enhanced
CO2 uptake in confined media has been suggested,
mesoporosity seems to be a common factor.
This study provides an opening to further investigations. The

presence of water vapor in a process no longer seems to be a
limiting factor for CO2 recovery at low pressures, as would be
the case for zeolites, for example. The low enthalpies measured
suggest that limited heat effects in a column bed and CO2
uptake during cycling are comparable or better with respect to
other materials. As such, this work marks a significant step in
the problem of low-pressure CO2 recovery.
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