
CO2 Desorbs Water from K‑MER Zeolite under Equilibrium Control
Hwangho Lee, Dan Xie, Stacey I. Zones, and Alexander Katz*

Cite This: J. Am. Chem. Soc. 2024, 146, 68−72 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Competitive adsorption by water in zeolites is so strongly prevalent that established gravimetric techniques for
quantification have assumed that humid CO2 has no effect on preadsorbed water at the same relative humidity. Here, we
demonstrate sites in small-pore zeolite K-MER, in which CO2 adsorption causes 20% of preabsorbed water to desorb under
equilibrium control at 30 °C and 5% relative humidity. Diffuse reflectance IR spectroscopic data demonstrate that dimeric water
species that are coordinated to cationic sites in K-MER zeolite are selectively displaced by CO2 under these humid conditions.
Though Cs-RHO contains more weakly bound water than K-MER, we observe a lack of dimeric water species and no evidence of
CO2 outcompeting water in Cs-RHO. We conclude that the desorption of water by CO2 in K-MER is driven by a highly desired site
for CO2 adsorption as opposed to an intrinsically weak binding of water to the zeolite. Our demonstration that CO2 can outcompete
water in a zeolite under wet conditions introduces new opportunities for the design of selective sites for humid CO2 adsorption and
stresses the importance of independently characterizing adsorbed water and CO2 in these systems.

Zeolites are regarded as promising host candidates for CO2
capture and storage (CCS) due to their high volumetric

capacity, as well as the tunability afforded by their
exchangeable cations and microporous framework structure,
which control guest adsorption.1−9 However, the presence of
water in flue gas, unavoidable for a postcombustion gas
mixture, causes competitive adsorption that has been shown to
significantly diminish CO2 adsorption.10−13 It is essential to
develop a deeper understanding of humid CO2 adsorption in
zeolites, in order to enable the rational design of these
functional materials,5,14−17 particularly as new understanding
emerges about the role of water under zeolitic confine-
ment.18,19 When characterizing humid CO2 adsorption in Cs-
RHO zeolite, we have recently demonstrated a synergistic role
in which water facilitates humid CO2 adsorption.15 We used
thermogravimetric analysis (TGA) to estimate water and CO2
uptakes in conjunction with a long-standing heuristic,5,13,20−25

which assumes that the adsorption of CO2 under wet
conditions does not cause the desorption of equilibrated
water at the same relative humidity.26 Motivated by K-MER
zeolite being investigated extensively as a host for
CCS,9,12,27−29 in this study, initially, we apply the approach
above to measure the humid CO2 uptake of K-MER (Table 1)
at 5% relative humidity and 30 °C (see Figure S2 and Table
S1, Supporting Information).

In order to understand the interactions between CO2 and
water during humid CO2 adsorption, we independently
characterize water and CO2 by combined diffuse-reflectance
Fourier-transform infrared spectroscopy (DRIFTS) and TGA.
In situ DRIFTS bands at 3800−3000 and 1640 cm−1 in Figure
1a and 1b are assigned to −OH stretching and H−O−H
bending vibrations of water clusters within K-MER zeolite,
respectively. These data demonstrate a significant decrease in
both infrared bands of water after humid CO2 adsorption. We
conclude that CO2 adsorption leads to the desorption of pre-
equilibrated water at 5% relative humidity (RH) in K-MER
zeolite, which is also supported by TGA (see Figures S3,
Supporting Information). Such desorption of equilibrated
water at the same relative humidity as humid CO2 adsorption
goes against conventional wisdom, which states that CO2 is
unable to displace preadsorbed water in zeolites under
equilibrium control.20−25 Combining DRIFTS data of Figure
1 and TGA, we quantify the amount of desorbed water caused
by humid CO2 adsorption at 5% RH to be 1.17 mmol/g (see
Figures S2, S4−S6, Supporting Information). These results
indicate that CO2 must adsorb in a greater amount compared
to what is measured using TGA alone, in which the
conventional approach assumes that the amount of desorbed
water released during humid CO2 adsorption is zero by a
heuristic.5,13 When accounting for the actual amount of
desorbed water, the true humid CO2 uptake in K-MER zeolite
is nearly 60% higher (1.27 mmol/g) than the 0.8 mmol/g
measured with the conventional approach of TGA combined
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Table 1. Chemical Composition of K-MER and Cs-RHO
Obtained by ICP-AES Results

Si
(wt %)

Al
(wt %)

Cs
(wt %)

K
(wt %)

Si/
Al2

a
M+/
Ala

K-MER 22.8 11.0 15.0 4.00 0.94
Cs-RHO 21.8 5.66 27.9 7.41 0.99
aMolar ratio.
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with the heuristic. This result emphasizes the critical
importance of understanding the interactions of water and
CO2 in zeolites.

We compared the phenomena in Figure 1 with Cs-RHO as a
small-pore zeolite with D8R (double eight-membered rings),
which has been previously demonstrated to be effective for
humid CO2 adsorption (see Tables 1 and S1, Supporting
Information).15 The corresponding DRIFTS and TGA data for
Cs-RHO show a lack of evidence for water desorption by
humid CO2 adsorption (see Figure S7, Supporting Informa-
tion). We conclude that humid CO2 adsorption in Cs-RHO is
consistent with the conventional view on the interactions
between CO2 and water in zeolites, which is encompassed by
the longstanding heuristic described above (see Figures S8 and
S9 in the Supporting Information). Water isotherm data show
that significant pore filling occurs in the RH range of 3−7.5%
for Cs-RHO, whereas for K-MER, water uptakes are nearly
saturated in this range (see Figure S10, Supporting
Information). Based on these data, we surmise that the
desorption of water in K-MER cannot be attributed to weaker
water adsorption alone. We posit that the observed difference
in CO2 causing no change to the amount of adsorbed water for
Cs-RHO versus causing 20.1% water desorption in K-MER is
highly sensitive to the local structure of water at the humid
CO2 adsorption site.

To gain more microscopic insight into this possibility, we
used DRIFTS to understand the nature of the water that
desorbs during humid CO2 adsorption in K-MER. DRIFTS
data show the presence of two different types of adsorbed
water in K-MER, which have distinct hydrogen-bonding
characteristics (see Figure S11a, Supporting Information).30−32

At the lowest background RH (i.e., controlled by the unsealed
nature of the TGA equipment and trace amounts of water from
the gas cylinders), we see evidence of bulk water clusters with
broad hydrogen-bonded water bands with a maximum
centered at 3400 cm−1 and a distinct high-energy shoulder at
3561 cm−1. We observe no presence of water species
represented by a band at 3612 and 3525 cm−1 at this low
RH (see inset in Figure S11a, Supporting Information), but we

do observe these latter bands in K-MER at a higher RH of 5%,
along with a concomitant increase in the 3400, 3525, and 3612
cm−1 bands. We also observed the delayed appearance of water
species represented by the 3612 and 3525 cm−1 bands in
transient water-adsorption experiments (see time-resolved
spectra in Figures S12a and S13 in the Supporting
Information). Altogether, our data demonstrate that water
species represented by bands at 3612 and 3525 cm−1 are
distinct species from the more strongly hydrogen-bonded
water clusters characteristic of the broad band centered at 3400
cm−1.

On the basis of previous literature,33−36 we assign the sharp
band at 3612 cm−1 to be the −OH stretching vibration of an
adsorbed water dimer (i.e., (H2O)2) and the 3525 cm−1 band
to correspond to slightly more hydrogen-bonded species than
this dimer (e.g., (H2O)3) in K-MER.33,36,37 Based on the
higher intensity of the 3612 cm−1 band at 5% relative humidity
(see Figure S13, Supporting Information), which is known to
have a lower extinction coefficient relative to the lower energy
species (i.e., band at 3525 cm−1),31,38 we surmise that the
water species represented by the 3612 and 3525 cm−1 bands
under our conditions in K-MER mostly represents a water
dimer, which is involved in less hydrogen bonding. The
DRIFTS data in the inset of Figure 1a demonstrate that the
water that desorbed during humid CO2 adsorption in K-MER
is represented solely by the 3612 and 3525 cm−1 bands; in
particular, the bands for bulk water clusters remain unchanged.
Similar DRIFTS data of adsorbed water in Cs-RHO show no
evidence of adsorbed dimeric water in this zeolite (see Figures
S7 in the Supporting Information). We conclude that CO2
adsorption causes the desorption of mainly dimeric water
within K-MER and that this type of adsorbed water is absent in
Cs-RHO. There are a variety of zeolite properties that control
these phenomena, such as the framework flexibility and
environment surrounding the adsorption site (the D8R
diameters and shapes in K-MER and Cs-RHO are subtly
different, as are the structures of their cages), which can also be
influenced by the cation type and the Si:Al ratio.

Figure 1. DRIFT spectra after water saturation (black, circle) and subsequent saturation with humid CO2 (red, triangle) at 30 °C, both at 5%
relative humidity. Spectra in the (a) OH-stretch and (b) H−O−H bending spectral regions for adsorbed water in K-MER. The inset in (a) shows
the subtraction of black (circle) to red (triangle) spectra.
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We investigate how the adsorption of water under
equilibrium control influences infrared bands in the T-O-T
structural vibrational region (1200−850 cm−1),26 which are
perturbed by the cation positions in K-MER. We observe
emergence of a strong negative band4,39 at 950 cm−1 at 5% RH
(see Figure S11b, Supporting Information). This IR band is
assigned to asymmetric stretching of perturbed zeolite T-O-T
vibrations, which are controlled by cation/framework oxygen
(K+−Of) interactions.39 The negative intensity of this band
(relative to dry K-MER zeolite as the background) is a
consequence of a weaker K+−Of interaction upon water
adsorption. We infer that the interactions between adsorbed
water and K+ cations displace the latter from their dry-state
equilibrium positions, which are located in the middle of the
D8R of K-MER (vide inf ra).40 At the lowest background level
of RH, we observe no change in the 950 cm−1 band, while we
do observe evidence of adsorption of water species represented
by the broad band centered at 3400 cm−1 (see Figures S11,
Supporting Information).

To gain additional insight, we examined the dynamic
intensity profiles for infrared bands at 3612 cm−1 (representing
the dimeric water species), 3561 cm−1 (representing the

strongly hydrogen-bound water species characterized by the
broad 3400 cm−1-centered band), and 950 cm−1 (representing
the framework perturbation band) in time-resolved DRIFTS
during water adsorption in K-MER. Figure 2 demonstrates the
immediate formation of strongly hydrogen-bound water
species and the delayed formation of dimeric water for the
first 48 min (blue dashed line) (vide supra). Crucially, we
observe a perturbation in the 950 cm−1 band only upon
adsorption of the dimeric water, but not during the adsorption
of the strongly hydrogen-bound water that precedes it (see
phase plot in Figure S14, Supporting Information). We infer
that it is the dimeric water that uniquely controls the change in
the 950 cm−1 band upon K-MER hydration.

In a previous study,9 water adsorption/desorption in K-
MER was characterized by Rietveld refinement of PXRD data,
which demonstrates K+ migration upon hydration. The most
marked change in K+ location occurred upon cation migration
out of the center of the D8R site (dry equilibrium position), as
a result of displacement by adsorbed water occupying this site.
Other changes accompanying K-MER hydration such as those
involving K+ in S8R (single eight-membered ring) sites were
more subtle, and we surmise that those changes should have a

Figure 2. Intensity profiles of infrared bands at 3612, 3561, and 950 cm−1 during water adsorption and subsequent humid CO2 adsorption. K-MER
is saturated with humid air at 5% RH, 30 °C for 120 min. Subsequently humid CO2 adsorption at 5% RH is performed after 124 min (black dashed
line) at the same RH and temperature.

Figure 3. (a) Time-resolved profiles for the amount of adsorbed water and CO2 in K-MER during humid CO2 adsorption/desorption at 30 °C
under 5% relative humidity. Black circles represent adsorbed water (mmol/g), and blue empty circles represent adsorbed CO2 (mmol/g). (b)
Parametric plot representing the amount of adsorbed water and CO2 in K-MER during step 3 of Figure 3a. The inset in Figure 3b shows in red the
points chosen from Figure 3a.
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smaller effect on the 950 cm−1 band. We conclude that the
adsorption of dimeric water inside the D8R controls K+-cation
migration out of the D8R, and the strongly hydrogen-bound
water does not interact with K+ in the D8R. Such a confined
environment for the dimeric water isolates the water dimer
from the more strongly hydrogen-bound water cluster, which is
characterized by the broad 3400 cm−1 band.

After 120 min of time on stream in Figure 2, we switched the
gas from humid air to CO2, all while maintaining 5% RH. We
observed humid CO2 adsorption by DRIFTS and tracked the
response of the other infrared bands during this adsorption.
Dimeric water desorption is observed concomitantly with CO2
adsorption (i.e., at the black dashed vertical line in Figure 2).
At the same time, we observe a slight additional increase in the
framework perturbation band at 950 cm−1 in Figure 2 (see the
raw data in Figure S15 and the phase plot in Figure S16,
Supporting Information).

Applying the combined quantification of water and CO2
with TGA and DRIFTS, Figure 3a shows dynamic profiles for
the amount of water and CO2 during adsorption and
desorption in K-MER under wet conditions (see raw data in
Figure S17, Supporting Information). In step 2 of Figure 3a,
we dynamically observe water desorption caused by CO2
adsorption in K-MER. Since water and CO2 compete for the
same adsorption site, the CO2 desorption (shown in step 3 of
Figure 3a) causes simultaneous readsorption of water and leads
the amount of adsorbed water to ultimately return to its
equilibrium level at 5% RH in step 1 of Figure 3a. In Cs-RHO,
CO2 adsorption/desorption under the same conditions does
not influence the amount of equilibrated water (see Figures
S18 and S19, Supporting Information). Data shown in Figure
3b represent a parametric plot (i.e., where time is implicit) for
the relationship between the amount of adsorbed water and
CO2 in K-MER during step 3 in Figures 3a. Based on these
data, we clearly see that each CO2 molecule desorbs two water
molecules. Coupling this result to our spectroscopic observa-
tions above leads to a single adsorbing CO2 releasing one
dimeric water (Figure 1a). Such an outcome is supported by
(i) the similar calculated volumes of CO2, a water dimer, and
the internal cavity of the D8R in K-MER, as well as (ii) the
cumulative molar amount of desorbed dimeric water during
CO2 adsorption being commensurate with the total molar
amount of D8R as an upper bound (Figure S20, Supporting
Information).

The conclusions demonstrated here highlight the impor-
tance of a combined TGA-DRIFTS approach for quantifying
humid CO2 adsorption in zeolites and motivate future
mechanistic work aimed at uncovering the controlling features
of the selective humid CO2 binding site described here for K-
MER.
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