Cation Control of Molecular Sieving by Flexible Li-containing Zeolite Rho
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Abstract
The adsorption of CO2 on zeolite Li-Rho (unit cell composition Li9.8Al9.8Si38.2O96) has been
investigated by the measurement of adsorption isotherms (273 – 300 K), breakthrough curves
with a CO2/CH4/He mixture (308 K) and in situ synchrotron X-ray powder diffraction in CO2
(298 K). The Rho framework distorts when in the Li-form to give a shape selective adsorbent
for CO2 over CH4, although breakthrough curves reveal diffusional limitations. In situ
synchrotron powder XRD follows the expansion of the Li-Rho unit cell upon adsorption,
which remains single phase to a CO2 pressure of ca. 0.6 bar. Partial cation exchange of Li1

Rho by Na+ or Cs+ gives two series of M,Li-Rho zeolites (M = Na, Cs). Where the occupancy
of window sites (8R, D8R) between lta cages is less than 50%, hysteresis is not observed in
CO2 isotherms at 298 K. For Cs1.8Li8-Rho, which has a larger unit cell and a wider window
than zeolite Li-Rho due to the presence of large Cs+ cations in double 8-ring sites,
breakthrough curves indicate faster CO2 diffusion without significant loss of selectivity. We
propose this control of adsorption kinetics of the flexible zeolite Rho via modification of
cation content as a mechanism for cation controlled molecular sieving.

1. Introduction
The selective adsorption of CO2 is important for a range of separation technologies, including
purification of air,1 natural gas and biogas upgrading2-5 and carbon capture from pre- and
post-combustion gas streams.6 Small pore zeolites are promising sorbents for this purpose,7,8
because their performance can be adjusted through control of their polarity, cage and window
size, pore capacity and extra-framework cation content.9-12 Commonly, the aluminosilicate
framework of a zeolite is considered rigid, with a pore size derived from crystallographic
measurements – values for which can be found in the ‘Atlas of Zeolite Framework Types’13
– so that its molecular sieving performance is determined by the location of charge-balancing
cations. In zeolite A, for example, the effective window size can be modified by cation
exchange with Na+, K+ or Ca2+ (Linde 4A, 3A and 5A, respectively, where 4A, etc. refers to
the effective pore size in Å).14-16 Recent computational studies have demonstrated that extraframework cations can move in the presence of CO2,17 making cation gating effects
possible.18-24 In the postulated ‘trapdoor’ mechanism, cations occupying window sites permit
the passage of molecules such as CO2 or H2O that interact strongly with cations but block the
windows to molecules that interact more weakly (such as CH4 or N2). These ‘trapdoor’
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zeolites adsorb CO2 from mixtures of CH4 or N2 with very high selectivity. Zeolites A18,19
and chabazite20,21 with particular cation compositions have been suggested to demonstrate
such behaviour, as have certain forms of zeolite Rho22-24 and structures related to Rho.25,26
In zeolite Rho,27 large lta cages are linked by double 8-ring structural units, which act as
windows and are also the favoured sites for large univalent cations such as Na+, K+ and Cs+
(8-ring refers to a ring of 8 framework metal atoms and 8 oxygen atoms). These cations adopt
sites in either single 8-rings or double eight-rings (represented as 8R or D8R sites in this
work) depending on their ionic radius (Figure 1). Na-Rho with a framework Si/Al ratio of 3.9
has Na+ cations in 8R sites in every double 8-ring window and yet still permits CO2 uptake at
low pressures while excluding CH4.23 However, the kinetics of adsorption and desorption in
this Na-Rho are not fast enough for pressure swing adsorption applications, where timescales
less than a few minutes are required. As a consequence, alternative approaches to high
selectivity must be found that also permit rapid adsorption/desorption cycles. A kinetic
separation mechanism based on pore size was suggested for a Cs,Na-Rho which gave good
separation in breakthrough curves on a reasonable timescale (minutes) at relatively low CO2
pressures, although additional cation gating effects cannot in that case be ruled out.24
Certainly, kinetic separation of molecules of different dimensions on the basis of pore size
has previously been shown to be possible for CO2/CH4 separation over carbon molecular
sieves.28

3

Figure 1. Cation sites in a cage of zeolite Rho. Double 8-ring site (D8R), yellow; single 8ring site (8R), red; single 6-ring site (6R), blue.

All Rho materials referred to in this work have the same framework Si/Al ratio, 3.9, as those
we have described previously,22,23 unless stated otherwise. Unlike the other alkali metal
cation forms of this zeolite Rho, the lithium form (Li-Rho) shows reversible CO2 adsorption
and desorption isotherms without hysteresis.22 In Li-Rho the Li+ cations (cation radius 0.70
Å) adopt 6-ring (6R) sites in the lta cages22,29 in preference to 8R or D8R sites in the windows
(Figure 1). As a consequence the majority of the windows in Li-Rho are left unblocked and
CO2 molecules can pass through these relatively unhindered. Percolation theory indicates that
in cubic lattices (such as Rho) all internal space can be reached if the occupancy of windows
by blocking cations is below ca. 50%.30 Furthermore, only at a blocked window site fraction
of ca. 2/3 does long range diffusivity through a cubic cage and window structure drop to
approximately zero.31 The presence of the small Li+ cations in 6R sites has the effect of
distorting the framework so that the 8-ring windows become strongly elliptical, with a
crystallographic free diameter of 1.90 Å22 (assuming a van der Waals radius for O of 1.35
Å13). We therefore expected these openings to be too narrow to allow the uptake of small
hydrocarbon molecules such as methane which are larger than CO2 with Lennard-Jones 
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3.73 Å and 2.98 Å, respectively.32 Furthermore, we found that the presence of low fractional
occupancies of alkali metal cations larger than Li+ (e.g. M+ = Na+, Cs+) in the window sites of
mixed cation M,Li-Rho changed the unit cell size, and this was expected to modify
adsorption selectivity and kinetics.
We aimed to control the molecular sieving behaviour of Li-Rho in separations of CO2 from
CH4 and so we prepared series of mixed cation Na,Li- and Cs,Li-Rho materials and
investigated their selectivity and kinetics of adsorption from CO2/CH4 mixtures typical of
certain natural gases. We report the CO2 adsorption behaviour of Li- and M,Li-Rho materials,
including adsorption isotherms and CO2/CH4 breakthrough curves, and relate it to their
structural response, as determined by analysis of synchrotron X-ray powder diffraction data
measured under CO2 gas pressures.

2. Experimental
2.1

Preparation and Characterisation of Dehydrated Li- and M,Li-Rho materials

Zeolite Rho with a Si/Al ratio of 3.9 was synthesised in the Na,Cs-form in the presence of the
crown ether, 18-crown-6.33 The organic was removed by calcination and Li-Rho and mixed
M,Li-forms of zeolite Rho(3.9) (M ≡ Na or Cs) were prepared via sequential aqueous cation
exchange steps and analysed by a mixture of EDX and atomic adsorption as described in the
Supporting Information. In addition, a sample of Li-Rho with a framework Si/Al of 3.2 was
prepared via a crown ether-free preparation adapted from the literature34 followed by
extensive lithium exchange as described in the Supporting Information (described here as
Rho(3.2)). The compositions of specific mixed cation samples in this work, determined by a
combination of chemical analysis and Rietveld refinement of diffraction data, are given in the
form MxLi-Rho, where M = Na or Cs, x is the number of M+ cations per unit cell, and the
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remaining framework charge per unit cell is balanced by Li+ cations. The total negative
framework charge per unit cell of Rho(3.9) is -9.8. More generally, we use M,Li-Rho to
denote mixed cation zeolites.
Powder X-ray diffraction (PXRD) patterns of all Rho samples were measured in dehydrated
form. Samples were loaded into 0.7 mm quartz glass capillaries and heated for 16 h at 623 K
under a vacuum of 10-7 bar, before being sealed under vacuum and run in Debye-Scherrer
geometry on a Stoe STAD i/p diffractometer using Cu K X-rays (1.54056 Å).
2.2 Adsorption Isotherms and In Situ PXRD Measurements CO2 adsorption isotherms
for all samples were measured volumetrically at 298 K from 0 to 1 bar, using equilibration
times of up to two hours. These measurement conditions give reversible isotherms where
diffusion is relatively fast but give marked hysteresis loops when adsorption is diffusion ratelimited. Such hysteresis loops have previously been described for other compositions of
zeolite Rho.22,35 In addition, for Li-Rho, Na2.1Li-Rho and Cs1.8Li-Rho, series of adsorption
isotherms were collected at 273, 278, 283 and 293 K using a Micromeritics 2020
porosimeter. For these series, the isosteric heats of adsorption were calculated by
interpolation of the uptake/pressure data and plots of lnp vs. 1/T at fixed uptakes. In addition,
methane adsorption isotherms were measured volumetrically on selected samples using the
Micromeritics instrument at 298 K, and ethane adsorption isotherms were measured on LiRho and H-Rho22 at 298 K on a custom-built laboratory glass line.
To investigate the structural basis of the reversibility (or otherwise) of CO2 adsorption on
Rho, in situ synchrotron X-ray powder diffraction at beamline I11 of the Diamond Light
Source36,37 was performed on Li-Rho and Cs2.5Li-Rho samples that showed rapid and
reversible CO2 uptake and a Na6.2Li-Rho sample that adsorbed CO2 more slowly and
demonstrated hysteresis. The samples were each loaded in a 0.7 mm quartz glass capillary,
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held in place by a quartz wool plug and attached to a goniometer head attached to a gas
handling system. The samples were dehydrated at 500 K for 2 h (with additional treatment by
hot air gun at 573 K for ca. 10 min) under a vacuum of 10-8 bar, prior to the stepwise addition
of CO2 up to 10 bar, after which the CO2 pressure was reduced stepwise. For those samples
that showed no hysteresis, diffraction patterns were taken every 3 minutes until there was
little visual change, whereas for Na6.2Li-Rho a diffraction pattern was taken 15 min after each
increase (or decrease) in CO2 pressure. Diffraction patterns were measured for 5 or 10 s per
pattern using monochromated X-rays (λ = 0.826956 or 0.826163 Å) and a MythenII position
sensitive detector.37

2.3 Crystallography Rietveld structure refinements of zeolite Rho materials in the
dehydrated state and with adsorbed CO2 were carried out using the GSAS suite of
programs.38 For the dehydrated Rho materials determined by refinement against laboratory
PXRD data, the structure of Li-Rho (space group I-43m) reported previously22 was used as a
starting model. Restraints were applied to Si,Al-O and tetrahedral O-O distances (1.63 and
2.66 Å, respectively) for these and all synchrotron PXRD refinements. Background was fitted
by a 36 term shifted Chebyshev function and peak profiles matched by a Pseudo-Voigt
profile function. In M,Li-Rho samples, Na+ or Cs+ cations were located by refining electron
density at the 8R and D8R sites they are known to occupy in the dehydrated Rho structure
(Na+ preferentially at 8R, Cs+ at D8R). Li+ cation occupancies were then fixed in 6R sites
knowing the chemical composition and assuming Li+ cations preferentially adopt 6R sites.
A similar approach was adopted for refinements of Li-Rho, Na6.2Li-Rho and Cs2.5Li-Rho
samples measured by PXRD during CO2 adsorption at beamline I11 at the Diamond Light
Source. The compositions given here for M,Li-Rho samples are in terms of the Na+ or Cs+
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cations whose occupancies were established by structural refinement: Li+ cations make up the
residual cation content. In the dehydrated Li- and Cs2.5Li-Rho samples, cation occupancies at
sites occupied by Li+ (6R, 8R) and Cs+ (D8R) were obtained (capping Li+ in 6R sites at full
occupancy), whereas for the Na6.2Li-Rho, Na+ cations were refined in the 8R sites and the
remaining Na+ and Li+ placed together at the 6R sites.
Different strategies were used to refine the structures with adsorbed CO2. For Li-Rho and
Na6.2Li-Rho, two sites for CO2 (with constrained linear molecular geometry) were located as
described previously for Na-Rho, and their occupancies refined. Although Li+ cation
positions and occupancies could be refined in the dehydrated forms with no CO2, this was not
possible for Rho zeolites with adsorbed CO2. In these cases the refinements began with the
dehydrated forms and then structures with increasing adsorbed CO2 were refined
sequentially. Cation occupancies and positions were held at their last refined values or moved
to chemically sensible positions and kept fixed there, according to a model where Li+ cations
favour 6R sites in aluminosilicate zeolite Rho. For Cs2.5Li-Rho the different location of Cs+
prompted us to detect extra-framework scattering by different Fourier analysis, and refine this
as isolated O atoms of CO2 molecules. Three sites for O atoms were located: their position
and occupancy were refined. The weak X-ray scattering factor of Li+ and disorder of CO2
makes precise verification of Li, C and O positions by powder X-ray diffraction in all these
structures highly challenging, and so they are presented as structural models which enable
determination of framework geometry and Cs+ positions. Only single phase materials were
structurally refined. Details of all these refinements are given in the Supporting Information
(Tables S2.1 - S2.11, Figures S2.1 - S2.19, also in the cif files).
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2.4 Breakthrough Curve Analysis39-45 CO2/CH4 breakthrough curves were measured at
308 K for gases of composition 5% CO2 / 40% CH4 / 55% He, where the CO2 and CH4 levels
were taken as representative of a CO2-containing natural gas. Li-Rho, Na2.1Li-Rho and
Cs1.8Li-Rho were examined. In these experiments, a special “elongated” version of the Zero
Length Column (E-ZLC) was used. The E-ZLC consists of a Swagelok 1/8” bulkhead union
with an internal diameter of 2.286 mm and a length of 25.9 mm. As a result the columns can
hold up to 5× the amount of sample that is normally used in a typical ZLC experiment,
allowing a clear identification of the separation performances. Apart from the extended
column, the experimental apparatus used for this study is the same as the Zero Length
Column (ZLC) set-up described in previous work.39,40 In order to minimise the pressure drop
across the column, the samples were made as binderless pellet fragments ca. 2 mm in
dimensions: 43 mg for Li-Rho, 46.3 mg for Na2.1Li-Rho and 53.9 mg for Cs1.8Li-Rho.
Multi-component breakthrough experiments were carried out at a total pressure of 1 bar, 308
K and different flowrates (1, 2 and 5 ml min-1). In addition to the multicomponent
experiments, single component CH4 breakthrough experiments (40% CH4 in He), were
carried out at the same conditions to verify the CH4 uptake on the samples under similar
conditions. Prior to the experiments, the samples were regenerated overnight at 623 K under
He flow. The experiment consists in equilibrating the sample to a constant flowrate of the
feed mixture. Once equilibrium is reached the flow is switched to pure He and the desorption
starts. During the entire length of the experiment all the components of the feed mixture are
followed using a Dycor Ametek Benchtop quadrupole mass spectrometer (MS) connected at
the outlet of the column.
To enable analysis of the results, blank runs were also carried out. These consist of repeating
the breakthrough experiments under the same conditions as described above, but without
adsorbent. In this case the column is filled with 2 mm glass beads to give a pressure drop and
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void fraction close to that observed in the presence of the samples. This allows the dead
volume and the intrinsic kinetics of the system to be measured when no adsorption occurs.
The experimental breakthrough curves are analysed using CySim, the in-house adsorption
process simulator.41 The simulator, originally developed for the simulation of the dual-piston
PSA system42 was extended to the simulation of general adsorption cycles.43,44 and more
recently to the analysis of ZLC experiments.44 CySim incudes different modular units,
including adsorption columns, valves and splitters, which can be combined to simulate the
desired adsorption process. The simulator includes accurate multicomponent mass and energy
balances which allow the adsorption column dynamics to be described, taking into account
variable flowrates and nonlinearities in the system. For this study the system simulated is the
same as that used previously for modelling ZLC measurements, with the difference that the
dimensions of the columns correspond to those of the E-ZLC.

3. Results and Discussion
3.1 Structure of Dehydrated Li,M-Rho Table 1 lists the zeolite Rho materials prepared and
characterised in this work, giving the composition, the unit cell parameter in the dehydrated
state, and the cation location determined by Rietveld refinement. In the structure of
dehydrated Li-Rho, reported previously, it was possible to locate Li+ cations in the 6R sites,
but even if full occupancy of those sites is assumed, that would leave 1.8 Li+ cations per unit
cell elsewhere. Notably, in Li-Rho(3.2), the structure of which is refined in this work for the
first time, Li+ is observed in 6R and 8R sites, preferentially in the former (Tables S2.1, S2.4,
Figure S2.7). The dehydrated form of this Li-Rho(3.2) has a strongly reduced unit cell
(14.1715(2) Å) when dehydrated.
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In M,Li-Rho materials, Na+ and Cs+ cations are located in 8R and D8R window sites,
respectively, when present at <6 per unit cell. In this work, the Na+ or Cs+ occupancies are
refined and the Li+, which is very difficult to locate accurately by XRD was placed in 6R
sites as a plausible model. In samples with more than ca. 6 Na+ per unit cell, some Na+
cations are located in 6R sites. The presence of Na+ or particularly Cs+ in window sites in
M,Li-Rho zeolites results in an increase in unit cell size compared to Li-Rho. This effect is
small for NaxLi-Rho (14.3331(3) Å for Na2.1Li-Rho cf 14.2448(2) Å for Li-Rho) but larger
for CsxLi-Rho (14.4691(2)Å for 2.8 Cs+ cations).
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Table 1. Compositions and unit cell parameters for Li-, Na,Li- and Cs,Li-Rho samples
analysed. Cation site occupancies determined by Rietveld refinement.
Unit cell
parameter
(Å)

Number of
cations in
D8R

Number of
cations in
8R

Number of
cations in 6R
(Li placed
unless refined*)

Number
of Li
cations
(AAS)

Li9.8Al9.8Si38.2O96

14.2448(2)

-

1.8 Li

8.0 Li

9.8

Li11.4Al11.4Si36.6O96

14.1715(5)

-

2.3 Li*

7.2 Li*

-

Na2.1Li7.7Al9.8Si38.2O96

14.3017(1)

-

2.1 Na

7.7 Li

7.4

Na4.3Li5.4Al9.8Si38.2O96

14.3176(2)

-

4.3 Na

5.4 Li

5.5

Na8.0Li1.8Al9.8Si38.2O96

14.3331(3)

-

5.0 Na

1.8 Li, 3.0 Na

2.4

Cs0.8Li9.0Al9.8Si38.2O96

14.3559(6)

0.8 Cs

-

8 Li

7.6

Cs1.8Li8.0Al9.8Si38.2O96

14.4113(3)

1.8 Cs

-

8 Li

7.0

Cs2.8Li7Al9.8Si38.2O96

14.4691(2)

2.8 Cs

-

7.2 Li

6.4

Na6.2Li3.6Al9.8Si38.2O96a

14.3384(3)

-

5.4 (Na)

3.0 (Li) 0.8 (Na)

3.5

Cs2.5Li7.0Al9.8Si38.2O96a

14.4789(1)

2.5 (Cs)

-

7.0 (Li)

7.1

Unit cell compositions
(estimated)

a

Examined using diffraction using synchrotron X-radiation. All other refinements with

laboratory PXRD.

3.2 Adsorption on Li-Rho Li-Rho was previously found to adsorb CO2 with a high uptake
(5 mmol g-1 at 1 bar at 298 K) and without hysteresis, even at the relatively short
equilibration times used in the screening experiments.22 In this work, adsorption isotherms
were measured between 273 K and 293 K and the isosteric heat of adsorption was determined
as a function of uptake (Figure 2). The heat of adsorption was estimated to increase from ca.
25 kJ mol-1 to 36 kJ mol-1 as the CO2 uptake increases from 0 to 1 mmol g-1, and then stays at
approximately this value as the uptake increases to 4 mmol g-1, decreasing slightly thereafter.
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Li-Rho did not adsorb significant amounts of CH4 at 308 K (as seen from CH4 breakthrough
desorption curves (see below) or C2H6 at 293 K (Figure S3.1).

Figure 2. (Left) CO2 adsorption isotherms on Li-Rho at 273 - 293 K and (right) isosteric
heats of adsorption of CO2 (±1 - 1.5 kJ mol-1) on Li-Rho as a function of uptake.

The effect of Li+ in 6R sites in Rho is to distort the framework, which adapts to coordinate
the small Li+ cations more closely, and consequently to reduce the size of the opening to a
crystallographic minimum free diameter of 1.90 Å.22 This does not prevent the diffusion of
CO2 (2.98 Å32). Notably, Li-Rho(3.2) does show significant hysteresis in its CO2 adsorption
isotherm measured at 298 K under the same conditions (Figure S3.2). We speculate that this
arises because at the higher Li+ occupancies in the 8R sites of this material (expected to be
>50% given its composition) some motion of the Li+ cations is required for uptake in this
material.
In situ synchrotron X-ray powder diffraction showed that the unit cell of the dehydrated form
of Li-Rho in these experiments (14.3446(1) Å) is slightly larger than that measured for
samples dehydrated for many hours at 623 K in the laboratory. This is a result of incomplete
water removal under the limited heating time and facilities available at the synchrotron (500
K was the highest temperature available for prolonged in situ heating of capillaries).
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Nevertheless, the unit cell for the Li-Rho determined by synchrotron data is much smaller
than that of the fully hydrated material, indicating most of the water has been removed. Li +
cations are located in 6R sites and in the distorted 8R sites, although the occupancy is
difficult to determine exactly given the low scattering of Li+ and the presence of some water.
Upon CO2 adsorption at 298 K, in situ PXRD (Figure 3) showed that Li-Rho remained a
single phase as the pressure was increased from 0 – 0.62 bar, and the unit cell increased
gradually from 14.3446(1) Å in the dehydrated, evacuated, form up to 14.5875(3) Å at a CO2
pressure of 0.888 bar (Figure 4, Table S2.6). At this pressure, a small amount of a second
phase with a slightly larger unit cell parameter was observed, the amount of which increased
until the sample again became single phase at 9 bar (a = 14.7561(8) Å). Reducing the CO2
pressure results in a reduction of the unit cell, as the CO2 is reversibly desorbed. Full
evacuation regenerates a single phase, with a slightly larger unit cell than the dehydrated LiRho, suggesting that after 10 minutes some adsorbed CO2 remained. Nevertheless, the PXRD
data is consistent with adsorption and corresponding structural ‘breathing’ that is nearly
reversible on the 10 min timescale of each adsorption step, which is consistent with the
reversible CO2 isotherm.
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Figure 3. PXRD of Li-Rho (a) dehydrated and measured with CO2 adsorbed at different
pressures (in bar): (b) 0.052, (c) 0.097, (d) 0.150, (e) 0.220, (f) 0.287, (g) 0.387, (h) 0.617, (i)
0.888, (j) 1.174, (k) 2.530, (l) 4.900, (m) 9.000, (n) 4.250, (o) 1.400 and (p) evacuated.

Figure 4. Unit cell parameter of Li-Rho upon adsorption of CO2 (equilibration time 10 min).
Two Li-Rho phases with slightly different unit cell parameters (represented by circles and
squares) co-existed from 1 - 5 bar.
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Rietveld refinement of the Li-Rho framework structure from these in situ experiments shows
that the unit cell expansion is associated with a decrease of the ellipticity of the 8R
windows.46 As the CO2 pressure is increased from 0 to 0.617 bar, the minimum free diameter
of the window increases from 2.20 Å to 2.86 Å. We interpret this change in the framework
structure as resulting from the increased coordination of Li+ cations by CO2. These therefore
exert a decreased tendency to distort the structure away from its high symmetry form. For
comparison, the unit cell of hydrated forms of Rho, in which the cations are fully hydrated
and their effective charge density reduced, expands so that a = 15.0 Å. The increase in heat of
adsorption of CO2 on Li-Rho with increasing uptake, particularly up to ca. 1 mmol g–1
(Figure 2b) is opposite to what is usually observed for cationic zeolites, where the first
molecules to be adsorbed are located at the most strongly adsorbing sites.47 We speculate that
the lower initial heats might be associated with the energy that must be expended to allow Li +
cations to move away from the framework to coordinate to CO2 molecules, although the unit
cell measurements indicate that expansion continues to pressures corresponding to uptakes of
several mmol g-1. Detailed studies are required to investigate this observation further.
The adsorption data indicate that the CO2 molecules (2.98 Å32) can pass through the empty
window sites and equilibrium is reached on a time scale of tens of minutes in these
experiments, but small alkane molecules (e.g. CH4, 3.73 Å32) are too large to be adsorbed
(Figure S3.1). The situation is very different for adsorption on H-Rho, which has circular 8ring windows with a free diameter of 4 Å, readily allowing ethane to be adsorbed (2.5 mmol
g–1 of C2H6 at 293 K at 1 bar (Figure S3.1)). The effect of the Li+ cations is to control the
window diameter by the electrostatic effect they exert on the framework in both 6R and
(partially occupied) 8R sites (Figure 5).
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Figure 5. Views of part of the structures of (left) H-Rho and (right) Li-Rho, both in the
dehydrated form, showing the change in shape of the 8-ring window (Si atoms, black; O
atoms, red; Li+ cations, orange).

This is a type of cation controlled molecular sieving where the cations do not control the pore
size by partial blocking, but rather by controlling the extent of framework distortion in a
flexible zeolite. The magnitude of this effect will depend on the number and type of cations
present and so is readily tunable. However, in the presence of a strongly coordinating
adsorbate, the window size will also depend on the level of uptake of this component, so true
measures of the separation over these zeolites require mixed component adsorption to be
examined.
Mixed component CO2/CH4 breakthrough and desorption curves for Li-Rho are shown in
Figure 6. In order to compare the different samples the curves are plotted as dimensionless
concentration versus the volume of gas eluted (flowrate × time) normalised against the mass
of adsorbent. The plot of the adsorption branch of the breakthrough experiment clearly shows
that even in a CH4-rich environment the Li-Rho can achieve separation between CH4 and
CO2. The difference in the breakthrough time indicates a significant amount of CO2 adsorbed
with practically no CH4 adsorption. This becomes even more obvious from the analysis of the
17

desorption branch, in which the CH4 curve is not readily distinguishable from the decrease in
signal from a breakthrough experiment measured without zeolite, giving the same response of
a system without adsorption. The amount of CO2 adsorbed on Li-Rho calculated from the
simulations is 1.28 mmol g–1 while the CH4 desorption curve overlaps with the blank of the
system, indicating no appreciable adsorption of CH4. This shows that the Li-Rho is a highly
selective adsorbent under these conditions (essentially infinite selectivity for CO2/CH4).
However, the relatively diffuse front of CO2 from the column suggests that the CO2
molecules experience some mass transfer limitations.
The results from matching the CySim simulations to the desorption curve yield a diffusional
time constant, R2/D, of 28 min. Figure 6b shows the comparison of the experimental and
predicted curves for this sample. In addition, a single component CH4 breakthrough
experiment (40% CH4 in He) was carried out to investigate CH4 adsorption in the absence of
CO2. For Li-Rho, the experiment suggests an uptake < 0.18 mmol g–1, but the shape of the
desorption curve, which nearly overlaps the blank, indicates that this uptake is likely to result
from adsorption at the external surface of the sample rather than within the pores.

18

Figure 6. Experimental multicomponent breakthrough curves (a) and subsequent desorption
curves (b) for Li-Rho. Feed conditions CO2/CH4/He = 5/40/55, P = 1 bar, T = 308 K,
followed by a switch to He flow.

In light of the kinetic limitations on CO2 diffusion through Li-Rho, we examined the effect of
partially exchanging Li+ by Na+ and Cs+, which occupy window sites preferentially. The aim
was to increase the size of the 8-ring windows while leaving enough free for percolation, and
in this way to allow fast CO2 uptake while retaining the molecular sieving behaviour.

3.3 Adsorption on Mixed Cation Na,Li-Rho Zeolites A series of mixed Na,Li-forms of
Rho was prepared, of general unit cell formula NaxLi9.8-xAl9.8Si38.2O96, with x = 0 – 9.8. The
unit cell of the dehydrated forms of the zeolites determined by Rietveld refinement against
the laboratory PXRD data increased with increasing Na+ content (Table 1): Li-Rho
(14.2448(2) Å), Na2.1Li-Rho (14.3017(1) Å), Na4.3Li-Rho (14.3176(2) Å) and Na6.3Li-Rho
(14.3331(3) Å). The CO2 adsorption isotherms on this Na,Li-Rho series are given in Figure 7.
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Figure 7. CO2 isotherms at 298 K (adsorption, closed squares, and desorption, open squares)
for the Na,Li-Rho series: (a) Na2.1Li-Rho, (b) Na4.3Li-Rho and (c) Na6.3Li-Rho.

At low Na+ loadings (e.g. x = 2.1) the measured adsorption/desorption isotherms show little
hysteresis, and the behaviour is very similar to that of the pure Li-Rho. A series of CO2
isotherms at different temperatures was measured on the Na2.1Li-Rho sample and the isosteric
heats of adsorption calculated (Figure S4.1). The initial heats of adsorption are not markedly
lower in the way that is observed for Li-Rho and over the whole range the heats are slightly
higher (35 – 41 kJ mol–1). Measurement of the CH4 uptake from the single component
breakthrough at 1 bar suggested an uptake of < 0.2 mmol g–1, while a single component
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adsorption isotherm at 298 K (Figure S4.2) indicates an uptake of only 0.05 mmol g–1 at 0.4
bar, indicating that the pore size is too small to take up methane.
The breakthrough curve over Na2.1Li-Rho for the CO2/CH4/He mixture (Figure 8) is similar
to that of Li-Rho, although the CO2 breakthrough is a little sharper, suggesting that the
slightly larger initial window size of dehydrated Na2.1Li-Rho compared to that of Li-Rho
(14.3017(3) Å vs. 14.2448(2) Å) allows slightly faster CO2 diffusion. From the desorption
curve (Figure 8, including simulated curves) a CO2 uptake of 1.37 mmol g–1 was calculated.

Figure 8. Breakthrough curves (a) and subsequent desorption curves (b) for Na2.1Li-Rho and
Cs1.8Li-Rho. Feed conditions CO2/CH4/He = 5/40/55, P = 1 bar, T = 308 K, followed by
switching to He.

The equilibrium selectivity of CO2/CH4 was determined from the desorption branch of the
breakthrough curves. This allows extraction of the adsorption parameters after the system has
reached equilibrium, thereby reducing the uncertainties due to the presence of the roll-up
during the adsorption. The final equilibrium selectivity is high, >200, while the desorption
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kinetics are slightly faster than those of the Li-Rho, with a diffusional time constant of 21
min, suggesting that the pore size of the Na2.1Li-Rho is slightly larger than that of Li-Rho.
At higher Na+ contents in the Na,Li-Rho series the adsorption/desorption hysteresis becomes
much more significant (Figure 7), and is even larger than that for the pure Na-Rho observed
previously.22,23 The slow kinetics observed for the Na-rich end of the solid solution series can
be attributed to the presence of Na+ cations in 8R window sites at levels that require access to
cages in the structure via occupied windows, with resulting need for cation movement. In situ
synchrotron PXRD (Figure S2.11, also Table S2.8) of a sample of composition Na6.2Li-Rho
shows that the dehydrated form has a unit cell parameter of 14.3384(1) Å, which only slightly
increases to 14.3513(2) Å with the introduction of 0.1 bar CO2. At 0.2 bar CO2 a second Rho
phase, with a larger unit cell, can just be identified. The fraction of the larger unit cell phase
of Rho increases continuously as pCO2 is increased (to 0.3 and 0.4 bar) until at 0.5 bar the
larger unit cell phase is the major phase. By 10 bar all of the Rho is in the larger unit cell
form, with unit cell parameter ca. 14.6139(3) Å (Figure S2.11). The structures at 0 and 0.1
bar CO2 were refined assuming CO2 adopts two sites coordinated to 8R (Na+) and 6R (Na+,
Li+) cations. The presence of two different Rho phases over a wide range of pCO2 is very
different from what is seen with Li-Rho. This is a consequence of the slow kinetics of the
CO2 adsorption process, which must require cation movement because of the high occupancy
of the 8R window sites by Na+. As a result, equilibrium is not achieved. The slower uptake in
this material compared to the fully Na+-exchanged form is likely to be because the presence
of smaller Li+ cations in the 6R sites rather than Na+ results in a stronger distortion of the
framework, a smaller unit cell and a more elliptical 8-ring, which results in the Na+ cation
being bound more strongly. This would then make the motion required of the Na+ cation to
permit CO2 adsorption more difficult. Most significantly, this examination of CO2 adsorption
on Na6.2Li-Rho illustrates the much slower kinetics of the adsorption requiring Na+ cation
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motion compared to those of M,L-Rho, where there is a lower than 50% occupancy of
windows by cations.

3.4 Adsorption on Cs,Li-Rho We reasoned that if the presence of a fractional occupancy of
Na+ cations of ca 1/3 in the 8R sites of Na,Li-Rho could modify the diffusion rate of CO2, the
inclusion of larger Cs+ cations would have a stronger effect. Fully-exchanged Cs-Rho admits
almost no CO2 up to 1 bar, because the Cs+ cations occupy all D8R window sites and do not
readily move to allow CO2 passage.23 A series of Cs,Li-Rho samples was therefore prepared
with 0.8, 1.8 and 2.8 Cs+ cations per unit cell and their CO2 adsorption isotherms at 298 K
were measured (Figure 9). Rietveld refinement indicated that in the fully dehydrated form
these had significantly larger unit cell parameters than the Li-form (14.3559(6) Å, 14.4113(3)
Å and 14.4691(2) Å, respectively, compared with 14.2448(2) Å). In each case, the Cs+
cations occupy D8R sites in the dehydrated solids (Table 1). The minimum free diameter of
the elliptical 8R windows increases from 1.90 Å in Li-Rho to 2.38 Å in Cs2.8Li-Rho. In these
materials, with Cs+ in D8R sites, the uptake remained high for the lower Cs+ cation contents
(which permit percolation through empty windows) but decreased slightly for the highest Cs+
content. Adsorption isotherms showed little hysteresis for these samples (Figure 9).
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Figure 9. CO2 isotherms at 298 K (adsorption, closed squares, and desorption, open squares)
for the Cs,Li-series: (a) Cs0.8Li-Rho, (b) Cs1.8Li-Rho and (c) Cs2.8Li-Rho.

Cs1.8Li-Rho was examined by breakthrough curve analysis. The breakthrough curve using the
same CH4/CO2/He mixture and flow-rates as for the other samples indicates a later
breakthrough of CO2, indicating a better dynamic separation (Figure 8). Also, the CH4 signal
indicates a roll-up feature suggesting that the zeolite may adsorb some CH 4 initially, which is
displaced by CO2. The shape of the adsorption curve from Figure 8 shows faster kinetics
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relative to the other two samples: the time constant is estimated to be ca. 8.3 min. CH4 uptake
at 308 K from the single component CH4 breakthrough experiment is measured to be < 0.1
mmol g–1, while volumetric adsorption measurements (Figure S5.1) suggest an uptake at 298
K and 0.4 bar of 0.06 mmol g–1, in each case indicating no significant uptake.
To understand the breakthrough curve behaviour a sample of Cs,Li-Rho was prepared with a
similar composition, containing 2.5 Cs+ cations per unit cell. This was then examined for CO2
adsorption from 273 to 293 K and the isosteric heats calculated (Figure S5.2). The isosteric
heat was found to be approximately constant at 37 kJ mol–1 up to an uptake of 3.5 mmol g–1,
decreasing thereafter to 32 kJ mol–1 at 5 mmol g–1. A closer examination was then made of
structural changes of this Cs2.5Li-Rho sample upon CO2 adsorption, by synchrotron X-ray
powder diffraction (Figure S2.16, Figure 10; Table S2.10).
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Figure 10. Unit cell parameters of Cs2.5Li-Rho during adsorption and desorption of CO2.
showing two phases at higher pressure (Filled symbols, adsorption; empty symbols,
desorption).

The unit cell of the dehydrated sample was 14.4789(8) Å. Upon adsorption at 293 K, CO 2
uptake occurred rapidly, and the Cs2.5Li-Rho remained a single phase up to 1.2 bar, with the
unit cell increasing only slightly to 14.5847(8) Å, less than is the case for the Li-Rho (Figures
10 and 11). Above this pressure a second phase appears and two phases co-exist up to 19 bar.
Removal of pressure results in a reversible structural change as the CO2 desorbs. Rietveld
refinement of single phase structures (up to 1.2 bar) shows that the Cs+ cations remain within
the D8R sites at these adsorbate pressures (Tables S2.10, S2.11) and that the minimum free
diameter of the elliptical 8-ring windows increases from 2.40 Å to 2.65 Å.
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Figure 11. Comparison of the variation of the unit cell parameter of Li-Rho (red triangles)
and Cs2.5Li-Rho (blue squares) during adsorption of CO2 from 0 – 1.25 bar at 295 K, as
measured by synchrotron X-radiation. The partial pressure of CO2 used in the breakthrough
experiments is indicated by the vertical dashed line.

The different rate of increase of unit cell size with pCO2 (at least up to 0.2 bar CO2) for
Cs2.5Li-Rho compared to Li-Rho and the higher enthalpy of adsorption on Cs2.5Li-Rho
compared to Li-Rho derives from the location and the coordination behaviour of the extraframework cations. In dehydrated Li-Rho the initial structure is strongly distorted and the Li+
is closely coordinated to framework O atoms in 6R and 8R sites. We speculate that for the
CO2 to coordinate to Li+ in Li-Rho the cations must move away from these oxygen atoms,
with an associated energy cost, and then the flexible structure may adopt a larger unit cell. In
dehydrated Cs2.5Li-Rho, the presence of the large Cs+ cation in the D8R site results in a larger
unit cell and a less distorted framework structure than in dehydrated Li-Rho. As a result, the
Li+ cations in 6R sites may coordinate the CO2 without the need for strong change in the
framework, giving higher initial isosteric heats and a relatively flat heat/uptake profile.
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The breakthrough curves on the Li-Rho and Cs1.8Li-Rho can be compared in light of these
observations. At the partial pressure of CO2 in the gas stream, 0.05 bar, the window size of
Li-Rho is smaller than that of the Cs2.5Li-Rho and will also be smaller than that of the
Cs1.8Li-Rho measured in the breakthrough curve. CO2 can pass through the window for Li
and Cs1.8Li-Rho, albeit with some restrictions in Li-Rho, whereas methane uptake is highly
restricted for the Cs1.8Li-Rho and not possible for the Li-Rho. At equilibrium in the
breakthrough curves (pCO2 = 0.05 bar) the measured CO2 uptake is similar on Cs1.8Li-Rho to
that on Li-Rho or Na2.1Li-Rho, with a value of 1.45 mmol g–1. The equilibrium selectivity, as
measured from the analysis of the desorption curves, is very high (>200).
The trend of the kinetics of CO2 desorption reflects the trend of the “sharpness” of the
adsorption curves (Figures 6 and 8) . Li-Rho and Na2.1Li-Rho have similar adsorption time
constants of 20-30 min, while Cs1.8Li-Rho has a significantly faster time constant of 8 min.
This is because the pore window of the flexible zeolite Rho can be controlled by cation
composition. We therefore envisage a route to cation controlled molecular sieving over the
flexible zeolite Rho, where its adsorption shape selectivity is modified by modification of its
cation composition. It should be noted that all these Rho samples adsorb CO2 more slowly
than NaA, which has a circular 8-ring window.48
By contrast with zeolite Rho, the large pore zeolite 13X does take up appreciable quantities
of methane under similar conditions (at 298 K, 13X adsorbs 0.35 mmol g–1 at 0.5 bar and 0.6
mmol g–1 at 1 bar49). However, because of its high affinity for CO2 it also shows very high
CO2/CH4 equilibrium selectivity under the conditions examined here (see breakthrough and
desorption curves, Figures S6.1 and S6.2). However, under conditions where adsorption is
kinetically-controlled (for example where cycle times are very short) there could be some
advantage in using zeolite Li-Rho, suitably cation-exchanged with a second cation that
occupies D8R sites and results in the open windows having larger free diameters.
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Furthermore, at higher CH4 pressures, the M,Li-Rho materials may show distinct advantages.
For example, at 10 bar CH4 at 298 K the uptake on 13X approaches 3 mmol g–1, whereas
M,Li-Rho zeolites might still be expected to exclude CH4 and be highly selective to CO2,
even where the latter was present at pressures well below 1 bar. Finally, the kinetics and
thermodynamics of this separation will depend on the details of the crystal chemistry of the
Rho adsorbent (crystal morphology, cation content, framework composition) and this gives
considerable scope for tuning the adsorbent for separations under particular sets of
conditions.

4. Conclusions
Li-rich Rho materials (Si/Al = 3.9) are promising for the separation of CO2 from CH4 in dry
gas streams in terms of their capacity, selectivity and kinetics. There are enough empty
windows to allow rapid motion of CO2 molecules throughout the structure because the Li
cations preferentially occupy 6R sites in the lta cages, away from the 8R windows.
The size of the windows can be adjusted by cation exchange of larger univalent cations into
the Li-Rho. For example, inclusion of the larger Cs+ cation results in an increase of the unit
cell size and the minimum free diameter of the 8R windows. This enables modification of
diffusion rates and molecular sieving effects over M,Li-Rho, although this is complicated for
CO2-containing gases because the uptake of CO2 is accompanied by an expansion of the Rho
framework and change in pore size. All M,Li-Rho materials are expected to be selective for
CO2, but when comparing Li-Rho with CsxLi-Rho (x ≈ 2), at low pressures of CO2 the small
windows of Li-Rho are likely to result in higher selectivity for CO2 over CH4, whereas at a
pressure of CO2 of ca. 0.5 bar the window sizes will be similar, due to greater expansion of
the pore size of Li-Rho.
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For the CO2/CH4 mixture examined, the samples of Li-Rho, Na,Li-Rho and Cs,Li-Rho
studied are all highly selective. The faster adsorption on a sample of Cs1.8Li-Rho results in a
longer time for CO2 breakthrough as a result of its slightly larger pore size. This demonstrates
that modification of the pore size via changes in the cation composition can tune the
adsorbent properties. It is likely that the properties of other flexible zeolites can be modified
in a similar way.
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