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Abstract 

Small pore zeolites that show framework flexibility, such as merlinoite (topology type MER), 

possess high potential for the selective adsorption of small gas molecules including CO2. The 

CO2 adsorption properties of Na-, K- and Cs-exchanged forms of a merlinoite zeolite with 

Si/Al = 4.2 have been measured at 298 K and in situ PXRD used to follow their structural 

response to dehydration and CO2 uptake. The Na- and Cs- forms convert from a wide-pore to 

a narrow-pore form upon dehydration, while the K-form remains in the wide-pore form. The 

Na- and Cs-forms exhibit stepped CO2 adsorption isotherms, consistent with breathing 

behaviour and expansion from narrow- to wide-pore phases, whilst K6.2-MER remains in the 

wide-pore structure throughout. Synchrotron PXRD of the K- and Cs-forms reveals the effects 

of CO2 adsorption on the cation site distributions and the framework configuration. All cation 

forms of MER (4.2) show enhanced adsorption kinetics for Ar compared to those with lower 

Si/Al and the wide-pore structure of K6.2-MER (4.2) shows particularly rapid sorption for both 

Ar and CO2. Breakthrough curves over K6.2-MER(4.2) demonstrate good separation of CO2 

from CH4 in flowing CO2/CH4 mixtures, even in pelletised form with an alumina binder. 
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Introduction 

Porous materials exhibit a diverse range of applications including catalysis, ion exchange and 

gas adsorption.1–3 The threat of global warming and climate change posed by increased CO2 

levels provide an impetus for the development of green technologies, including gas separation 

processes with porous materials,4–6 such as carbon capture from industrial sources.7 This may 

involve pre- or post-combustion uptake of CO2 to reduce the environmental impact of fossil 

fuel infrastructure, landfills or biogas usage.8–11 Zeolites are a promising family of porous 

materials for such processes,12 due to their adsorption properties and high thermal and 

hydrolytic stability.13  

Small pore zeolites, such as zeolite A (framework type LTA), chabazite (CHA) and Rho 

(RHO), are amongst those with potential for gas separation processes such as CO2 over CH4.
14–

19 High CO2 selectivity over CH4 in pre-combustion biogas upgrading as well as over N2 in 

post-combustion flue gas purification has been reported in zeolite A.20,21 This is also the case 

for chabazite and ZK-5.12,15,22 The 8-membered rings (8Rs) within these structures allow for 

adsorption of small gas molecules, while facilitating kinetic separation or molecular sieving. 

Very narrow 8R windows, however, can slow the rate of adsorption of desired molecules and 

thus limit application, so that a successful CO2 adsorbent should have sufficiently wide 8R 

windows for rapid CO2 diffusion, but not so large as to compromise molecular sieving. 

Zeolite merlinoite (MER) is a promising candidate for carbon capture. It comprises d8r, pau 

and ste cages, with the cavity types and extended framework shown in Figure 1: 8Rs define 

channels along all three axes. MER possesses a flexible framework which distorts upon 

dehydration to coordinate extra-framework cations more closely. Recently we reported the 

modification of this distortion in a MER material with Si/Al = 3.8, by adjusting univalent cation 

content (Na, K and Cs).23 Larger cations reduced the distortion of the structure, with wider 8R 

windows. We also observed “breathing” effects, with the framework expanding upon 

CO2 adsorption via a narrow- to wide-pore transition. The pressure at which the transition 

occurs depends on the type of cations present; K-MER (3.8) showed the lowest opening 

pressure and kinetic adsorption measurements identified this form as the most promising for 

CO2/CH4 separations. We attributed this behaviour to a combination of cation siting 
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preferences and framework distortion effects directed by K cations. Recent work by Choi et al. 

reported similar behaviour in MER materials, including materials with Si/Al = 2.3.24 

We have since obtained a merlinoite with a slightly higher Si/Al ratio (4.2). The cation content 

per unit cell is correspondingly reduced from 6.7 to 6.2 per unit cell. Recently we reported that 

this had enabled us to produce a Li-MER sample, previously found to be unstable to 

dehydration in the Si/Al = 3.8 material.25 For the Na, K and Cs forms, this small reduction in 

cation content has a significant effect on their equilibrium and kinetic properties of 

CO2 adsorption and CO2/CH4 separation. In situ powder X-ray diffraction (PXRD) enables the 

structural changes associated with the CO2 adsorption behaviour to be related to the cation type 

and location. For the most promising adsorbent, K-MER (4.2), the material has been prepared 

in bead form with an alumina binder and the properties of the composite measured. 

 

  

Figure 1. Structural representations of zeolite merlinoite. (a) Cavity types present in MER and (b) open 

framework structure of MER. Tetrahedral cation sites and O sites are shown in black and grey, 

respectively. The unit cell is indicated by a dashed red line. 
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Methods 

Exchange of MER Zeolites 

K,TEA-MER (TEA= tetraethylammonium) with a Si/Al ratio of 4.2 was provided by Johnson 

Matthey. SEM images are given in Figures S1.1-1.2. The as-prepared K,TEA-MER was heated 

at 823 K under oxygen for 12 h to remove the template (K,H-MER). The calcined zeolite was 

repeatedly exchanged with 10% nitrate solutions of Na, K and Cs (99.5-99.9%; Sigma-Aldrich) 

at 353 K in a round bottom flask with a condenser. In all cases, cation exchange was repeated 

until EDX analysis indicated the exchange was complete. The binary K6.2-xNax[Al6.2Si25.8O64] 

series, where x is close to the integer values 1-6, was prepared from 0.3 g of K-MER, stirred in 

200 mL of different concentrations of sodium nitrate solution at 378 K for 5 h. All ion 

exchanged samples were washed with deionised water and dried overnight at 378 K prior to 

any characterisation. EDX analysis of all samples was performed in a JEOL JSM 5600 SEM 

with an Oxford INCA Energy 200 EDX analyser. 

Pelletisation 

9.8 g of Catapal A alumina hydrate was added to 17.9 g of K6.2-MER to generate a powder 

mixture. The powder mixture was then transferred to a Brabender® mixing torque rheometer 

for paste formation, where a suitable amount of water was added at a constant rate during 

kneading to give a paste with plasticity. The paste was transferred to a Caleva 3-in-1 Multi Lab 

for extrusion, where an extrusion rate of 100 rpm and a 1.6 mm die with 1 mm depth were 

applied. The extrudates were subsequently moved to the spheroniser of the same Caleva 3-in-

1 Multi Lab unit, where 3000 rpm rotation speed was employed for 1 – 2 mins to make alumina-

bound MER granules by breaking extrudates. The obtained granules were oven dried at 383 K 

overnight and sieved with a range of sizes. Prior to measurement of breakthrough properties 

the sample was heated at 573 K for 16 h in helium.  

Sorption Isotherms 

CO2 adsorption isotherms were measured volumetrically for all samples at 298 K from 0 to 1 

bar using a Micromeritics ASAP 2020 Gas Adsorption Analyzer connected to a Julabo F25 

Chiller Unit. The samples were heated to 363 at 5 K min−1 under vacuum and held for 1 h 

before being heated to 523 K under vacuum at 5 K min−1 and held at this temperature for 6 h 

before cooling and measurement. At each adsorption or desorption step the pressure was 
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sampled every 7 s until no further change is observed, so that step times ranged from 10 to 100 

min. 

High-pressure CO2 adsorption isotherms were measured from 0 to 5 bar at 298 K using a Hiden 

IGA gravimetric analyser using ∼20 mg of sample, which was outgassed at 573 K under 

vacuum for 10 h before each adsorption experiment. The temperature of the sample was 

subsequently reduced under vacuum until the target temperature (between 298 and 328 K) was 

reached. The mass change for each adsorption/desorption step was followed, and a final reading 

was taken when it had reached 98% of the asymptotic equilibrium value or after 90 min, 

whichever was shorter. 

Sorption Kinetic Analysis 

Zero Length Column (ZLC) experiments were performed to assess the kinetics of CO2 sorption. 

The ZLC technique and experimental apparatus are described in detail in refs.26–29 In summary, 

a small amount (5 – 10 mg) of merlinoite sample was packed into a 1/8” stainless steel union 

(Swagelok®), fitted with two porous metal discs to keep the powder in place. The 

determination of the diffusional time constant using the ZLC experiment the analysis is 

independent of the sample mass, provided that a sufficiently small sample is used so that the 

“zero-length” approximation is valid. For CO2 on cationic zeolites 5-10 mg is the correct range 

of sample mass.29 The column and gas connections are placed within an oven (Carbolite) with 

thermostatic control (Eurotherm) or alternatively inside a cooling jacket, connected to a 

thermostatic bath for temperature control (Julabo F-25). The pure helium carrier and dosing 

gas mixtures (typically 1 – 10 vol.% CO2 in helium) are supplied through mass flow controllers 

(Brooks Instrument) and a combination of four solenoid valves is used to direct either of the 

two gas streams to the ZLC. Both helium (BOC, CP grade, 99.999% purity) and CO2 (BOC, 

99.8% purity) are additionally dried using columns packed with a combination of silica gel and 

zeolite 5A molecular sieve. The gas leaving the ZLC is analysed by mass spectrometry (Dycor 

Residual Gas Analyzer, Ametek Process Instruments). Prior to ZLC measurements, the 

samples were activated overnight at 523 K (Na6.2-, Cs6.2-MER) or 573 K (K6.2-MER) under a 

flow of helium. The as-received signals were corrected to account for effects which are intrinsic 

to the experimental setup, by means of a deconvolution procedure as described in Verbraeken 

et al.30 This procedure yields the concentration of the gas as it leaves the column and removes 

extra-column contributions, such as those arising from the detector.  
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The materials’ potential for gas separation was tested via breakthrough experiments. These 

were carried out in a gas mixture which is taken as representative for CO2-containing natural 

gas, with a composition 10% CO2 / 40% CH4, balance He. In these experiments, a special 

“elongated” version of the zero length column (E-ZLC) was used, which consists of a Swagelok 

1/8″ bulkhead union with an internal diameter of 2.286 mm and a length of 25.9 mm. The 

columns can hold up to three times the amount of sample that is normally used in a typical ZLC 

experiment, allowing for clear identification of the separation performance. Apart from the 

extended column, the experimental apparatus used for this study is the same as the Zero Length 

Column (ZLC) setup described above.28 These measurements were performed on Na6.2-, K6.2- 

and Cs6.2-MER in powder form. To study the effect of pelletisation on the separation 

performance, K6.2-MER beads of varying size were measured in a similar way.  

The multicomponent breakthrough experiments were carried out at 308 K at ambient pressure 

and at different flow rates, i.e. 1, and 2 mL min–1. Prior to the experiments, 30 – 60 mg of each 

of the samples were activated overnight as for the ZLC measurements. The experiments consist 

of equilibrating the sample in a constant flow rate of the feed mixture. Once equilibrium is 

reached, the flow is switched to pure He, and the desorption starts. For the entire duration of 

the experiment, the gas composition is monitored using the mass spectrometer 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 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 mass transfer properties of CO2 in K-MER materials were qualitatively evaluated using a 

volumetric adsorption apparatus capable of rapidly logging absolute pressure. The experiment 

consisted of exposing ca. 2 g of an evacuated, activated adsorbent sample at 303 K to specific 

volumes of CO2 at 300 Torr (40 kPa, 0.4 bar) and 380 Torr (51 kPa, 0.5 bar) for K6.2-MER 

(4.2) and K6.7-MER (3.8), respectively. The change in pressure was then followed as a function 

of time. The pressure/time data is then subtracted from a similar pressure history using the 

same weight of quartz beads in the place of the adsorbent sample to obtain a plot of the amount 

of gas adsorbed as a function of time or uptake curve. Heat dissipation from the adsorbent due 

to this relatively large pressure step change upon adsorbing CO2 will significantly affect the 

diffusion parameter, so no attempt was made to extract the diffusion parameters from these 
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uptake curves. Relative rates of adsorption for CO2 on the various MER samples were obtained 

by comparison of the plotted uptake curves. 

The same volumetric adsorption unit was used to quantitatively evaluate the mass transfer 

properties of the Na-, K-, and Cs-exchanged forms of MER(3.8) and MER(4.2) for Ar. The 

experiment consisted of exposing ca. 2 g of an evacuated, activated adsorbent sample at 303 

K, to specific volumes of Ar at 760 Torr (101 kPa).  The change in pressure was then followed 

as a function of time to obtain an uptake curve, as above.  From the initial slope of the uptake 

curve, a diffusion parameter for Ar in units of inverse time (s−1) can be obtained.  Because the 

heats of adsorption for argon on the MER adsorbents are relatively low, the diffusional 

parameter calculated under the assumption of isothermal behaviour should be a reasonable 

estimate of the diffusion parameter. 

PXRD Analysis and Crystallography 

Powder X-ray diffraction (PXRD) patterns of all single cation MER samples were measured at 

298 K in the hydrated and dehydrated forms. The sample was loaded into a 0.7 mm quartz glass 

capillary to a depth of around 1 cm and a quartz wool plug was packed above this to prevent 

loss of powder upon evacuation and dehydration. Materials were analysed by synchrotron X-

ray diffraction at I11 ( = 0.826398 Å) at Diamond Light Source, Oxfordshire using a Mythen 

position sensitive detector. The samples were dehydrated under evacuation (10−5 mbar) for 1 – 

2 h using an Oxford Cryocool blowing hot air at 500 K plus intermittent use of a hot air blower. 

The powder X-ray diffraction patterns of all hydrated and dehydrated samples were measured 

at I11, except for K5.2Na1.0-, K4.2Na2.0- and K2.2Na4.0-MER which were analysed in 

Debye−Scherrer geometry on a Stoe STAD i/p diffractometer using Cu Kα1 X-rays (1.54056 

Å). For these materials, powders were loaded into 0.7 mm quartz glass capillaries to a depth of 

around 2 cm and heated for 16 h at 623 K under a vacuum of 10−5 mbar on a glass line. After 

full dehydration of these materials, all capillaries were flame sealed under vacuum. 

To observe the structural changes during CO2 adsorption on MER samples, in situ X-ray 

powder diffraction was performed on a PANalytical Empyrean diffractometer with a Mo X-

ray tube with a ß-filter (giving Mo Kα1,2 X-rays) and an X’celerator RTMS detector. The 

instrument was equipped with an Anton Paar HTK1200N stage (operating range, room 

temperature to 1100 K, up to 1 bar of inert/reducing gas), working in reflection, 

Bragg−Brentano, θ−θ mode. First, the sample was placed on an alumina disk and inserted in a 

cell, equipped with a furnace. The sample was evacuated and degassed at 573 K for 8 h under 
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a vacuum of 10−6 mbar. The furnace was attached to a gas handling rig and CO2 was dosed via 

a needle valve. The pressure was followed on a RS PRO vacuum gauge with a maximum 

pressure measurement of 0 bar overpressure (1 bar pressure). Series of diffraction patterns, 

each of 60 min and over the 2θ range 3.5−25°, were collected at 298 K before and after 

dehydration and also after dosing with 0.02, 0.10, 0.20, 0.30, 0.40, 0.60, 0.70, 0.80, and 1.0 bar 

CO2, each time after 30 min equilibration.  

The structural response to CO2 adsorption of pure cation MER forms was also measured at I11 

at the Diamond Light Source (0.826398 Å). For each sample, a capillary was attached to a gas 

dosing line attached to a goniometer head, which was permitted to rock by 20° in the beam to 

improve powder averaging during diffraction. The sample was dehydrated as previously 

described. Series of diffraction patterns, each of 2 minutes and over the 2θ range 2 – 90°, were 

collected at 298 K before and after dehydration, and also after dosing with CO2, each time after 

10-20 minutes equilibration. Measurements were made using the Mythen position sensitive 

detector. This gave excellent signal to noise in very short collection times and is the detector 

of choice for these measurements on our samples. The pressure of CO2 was increased stepwise 

from 0.02 to 5 bar, and then removed by evacuation, either fully or in some cases partially, to 

measure the isotherms on the desorption branch of the isotherm. 

Structures were determined by Rietveld refinement against PXRD data using TOPAS 

Academic software.31 Starting framework models were adapted from literature examples with 

the unit cell modified to that derived from the diffraction pattern. For dehydrated materials, the 

Pmmn space group gave the best fits in most cases, with some samples best fitted by the Immm 

space group. Starting cation positions were estimated from literature models, and geometric 

restraints on T−O and O−O distances of 1.63 and 2.66 Å, respectively, were used to maintain 

regular tetrahedral coordination. Pseudo-Voigt peak profiles gave the best fit of those available. 

Final extra-framework cation positions and occupancies were determined by refinement of 

starting positions and through the use of difference Fourier mapping. The latter was used to 

determine the positions of water and CO2 molecules in hydrated and CO2-loaded samples, 

respectively. Water molecules were modelled as a single O atom whilst CO2 molecules were 

treated as rigid bodies, with final positions and occupancies determined by refinement. Further 

details on Rietveld refinement are given in the Supporting Information. 
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Results  Discussion 

Structures of MER (4.2) 

Previously we reported the synthesis of various cation forms of a zeolite merlinoite (MER) 

with Si/Al = 3.8.23 Altering the cation content of this material strongly affected the adsorption 

properties, according to the size and siting of Na, K and Cs cations. Here, we investigate a 

material with Si/Al = 4. 2, with correspondingly fewer cations in the structure (6.2 per unit cell 

(uc), as opposed to 6.7). To investigate the effect of reducing the number and locations of 

cations on the gating and breathing behaviour, and the impact on equilibrium and kinetic 

adsorption performance, Na6.2-, K6.2- and Cs6.2-MER materials were prepared as described in 

the experimental section and their XRD patterns in hydrated and dehydrated forms are shown 

in Figure 2. (From here onwards all materials discussed have Si/Al = 4.2, unless stated 

otherwise.) 

 

Hydrated materials are all single phase. Upon dehydration their unit cells undergo contraction. 

As seen in Figure 2(b,i), Na-MER exhibits an additional peak at ca. 6.5° upon dehydration, and 

so far, the unit cell and space group of this phase has not been determined. However, as 

described below, a Na-MER with a small amount of K exchanged in has similar structure and 

properties to the Na-MER and can usefully be compared.   

Rietveld refinement of K- and Cs-MER shows both adopt the Pmmn space group, a daughter 

space group of the P42/nmc unit cells observed for the lower Si/Al analogues.23 The unit cells 

Figure 2. Synchrotron PXRD patterns of (a) hydrated and (b) dehydrated MER samples ( = 0.826398 

Å): (i) Na6.2-, (ii) K6.2- and (iii) Cs6.2-MER. 
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of these materials are very similar in appearance to those of the lower silica (Si/Al = 3.8) 

materials although the loss of tetragonal symmetry allows the a and b axis lengths to diverge 

and cation ordering to change. While K6.2-MER can be fitted in P42/nmc with little impact on 

the Rwp value, we consider that the improvement in peak profile fitting is consistent with 

distortion away from tetragonal to a pseudo-tetragonal system. The loss of the 42 axis also sees 

2 separate sites (I and I’) close to the d8r unit with different displacements from the S8R site. 

(An alternative fit using the higher symmetry space group is provided in S2.1.1). 

Crystallographic data is listed in Table 1 with extra details given in Section S2. 

To compare cation locations in MER (4.2) with those in MER (3.8), when the symmetry is 

different (orthorhombic Pmmn compared to tetragonal P42/nmc) required alteration to the site 

labelling scheme we used previously. The revised nomenclature is illustrated in Figure 3. Those 

found in the planar 8Rs of the pau cavity are denoted as sites I and I’. For simplicity, and to 

aid discussion, these are treated together as site I*, more similar to site I in the Si/Al = 3.8 

material. Cations in the centre of the d8r unit (Ia) and in the buckled 8Rs between pau and ste 

cavities (IIa and IIb, along a and b axes, respectively) retain previous labelling. Cations 

occupying the 2 symmetry inequivalent ste cavities are denoted by III and III’, which are 

discussed together as III*. The nomenclature adopted for cation sites (I, II, III) is also used for 

associated 8R windows (I, pau cavity windows along [001]; II(a,b), between pau and ste cages; 

III, between ste cages; with I’ and III’ used for symmetry inequivalent relatives). 

  

Figure 3. Open framework structure of MER with labelling schemes used here for cation sites. 

Tetrahedral cation sites and O sites are shown in black and grey, respectively. Extra-framework cation 

sites are shown as: I and I’ (together termed I* for ease), S8Rs between d8r and pau (orange and dark 

red); Ia, D8R (bright red); IIa and IIb (II*), S8R between pau and ste cavities (purple and blue); III 

and III’ (III*), inside the ste cavity (bright and pastel pink). 
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Sample Diffractometer SG a (Å) b (Å) c (Å) V (Å3) Rwp 

Cs6.2-MER I11 Pmmn 13.794(1) 13.776(1) 9.940(1) 1889(1) 5.5 

K6.2-MER I11 Pmmn 13.950(1) 13.894(1) 9.831(1) 1905(1) 2.4 

K5.7Na0.5-MER I11 Pmmn 13.978(1) 13.913(1) 9.820(1) 1910(1) 3.3 

K5.2Na1.0-MER Stoe Pmmn 13.918(1) 13.746(1) 9.862(1) 1887(1) 6.1 

K4.2Na2.0-MER Stoe Pmmn 13.753(1) 13.647(1) 9.851(1) 1849(1) 5.7 

K3.2Na3.0-MER I11 Pmmn 13.671(1) 13.598(1) 9.864(1) 1833(1) 3.3 

K2.2Na4.0-MER Stoe Pmmn 13.629(1) 13.564(1) 9.846(1) 1820(1) 5.8 

K1.2Na5.0-MER I11 Pmmn 13.606(1) 13.551(1) 9.845(1) 1815(1) 3.4 

 

The structures of dehydrated K6.2- and Cs6.2-MER are shown in Figure 4, with site occupancies 

according to the nomenclature of Figure 3. Cation siting preferences were previously found to 

have important effects on adsorption properties and simplified details on site occupancies for 

these materials are given in Table 2, with a fuller description detailed in the Table S2.2.  

Table 2. Cation site distribution determined by Rietveld refinement. Site labelling (I, Ia, IIa, IIb, III) is 

largely as described in the text. Sites denoted by * indicate merging of related sites in Immm and 

P42/nmc space groups, i.e. I, I’ and III, III’. For each sample the multiplicity (M), fractional occupancy 

and number of cations per unit cell are given. 

Sample 
I* IIa IIb 

M frac. occ. atoms/uc M frac. occ. atoms/uc M frac. occ. atoms/uc 

K6.2-MER 4 0.31(1) K 1.2(1) K 4 0.58(1) K 2.3(1) K 4 0.64(1) K 2.6(1) K 

K5.7Na0.5-MER 4 0.26(1) K 1.0(1) K 4 0.47(1) K 1.9(1) K 4 0.61(1) K 2.4(1) K 

K5.2Na1.0-MER 4 0.41(2) K 1.6(1) K 4 0.37(1) K 1.5(1) K 4 0.78(1) K 3.1(1) K 

K4.2Na2.0-MER 4 0.20(1) K 0.8(1) K 4 0.41(1) K 1.6(1) K 4 0.46(1) K 1.8(1) K 

K3.2Na3.0-MER 4 0.38(2) Na 1.5(1) Na 4 0.37(1) K 1.5(1) K 4 0.38(1) K 1.5(1) K 

K2.2Na4.0-MER 4 0.30(2) Na 1.2(1) Na 4 0.40(1) K 1.6(1) K 4 0.70(1) Na 2.8(1) Na 

K1.2Na5.0-MER 4 0.38(3) Na 1.5(1) Na 4 0.31(1) K 1.2(1) K 4 0.66(2) Na 2.6(1) Na 

          

Sample 
Ia IIa III* 

M frac. occ. atoms/uc M frac. occ. atoms/uc M frac. occ. atoms/uc 

Cs6.2-MER 2 0.80(1) Cs 1.6(1) Cs 4 0.37(1) Cs 1.5(1) Cs 4 0.69(1) Cs 2.8(1) Cs 

 

In Cs6.2-MER, the d8r site has the highest fractional occupancy, whilst most cations are in sites 

in the ste cavities, as was observed in the lower silica, Si/Al = 2.3 and 3.8 materials.23,24 K6.2-

MER has increased occupancy of window sites between ste and pau cavities compared to the 

Si/Al = 3.8 material (although lower than in the Si/Al = 2.3 analogue, due to the high cation 

Table 1. Rietveld refinement details of dehydrated MER (4.2) samples, including space group (SG), unit 

cell parameters and Rwp. 
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content of that material), and windows between neighbouring ste cavities are not occupied at 

this cation loading. Additional comparisons can be made of unit cell volumes, detailed in Table 

1 and shown graphically in Figure 6. While the unit cell volumes of the Cs-MER materials are 

very similar (1874, 1881 and 1889 Å3 in the Si/Al = 2.3, 3.8 and 4.2 materials, respectively), 

those of the K-MER analogues are very different. Whilst the lower silica materials have unit 

cell volumes of 1765 Å3 (Si/Al = 2.3) and 1823 Å3 (Si/Al = 3.8), in this material 1906 Å3 is 

observed. This is closer to the wide-pore form previously observed and indeed the relative 

cation occupancies and diameters of windows are more in line with those seen in the expanded 

forms of K6.7-MER (3.8). Hence, we see that the structure of K6.2-MER remains in the wide-

pore form upon dehydration.  

To understand the effect of Na+ cations on the unit cell of K-MER materials, a K6.2-xNax-MER 

series was prepared. This showed that upon increased Na+ content, the unit cell volume 

decreased from 1906 Å3 for K6.2-MER to 1815 Å3 for K1.2Na5.0-MER, as shown in Figure 5(a). 

The structure of Na5.0K1.2-MER is illustrated in Figure 4(A). Notably, an Immm fit to the 

dehydrated Na6.2-MER data suggests a unit cell volume of 1807 Å3, in line with the gradual 

decrease in unit cell going from the K- to the Na-form, although it does not describe the 

additional peak at low angles. The reduction in the unit cell volume is accompanied by a 

decrease in the window size, as detailed in Table 3 and depicted in Figure 5(b). The mean free 

diameter of windows (narrowest distance across centre of 8R, less 2 O van der Waals radii, as 

described previously for MER (3.8) materials)23 drops from 3.1 to 2.2 Å from K6.2- to K1.2Na5.0-

MER. Window shapes of materials with more than 1 Na+/uc change from the “egg-shaped” 

pau/ste 8Rs to elliptical 8Rs as previously seen in Na6.7-MER.23 This is possible as the Pmmn 

space group is a daughter space group of both P42/nmc and Immm space groups seen previously 

in the Si/Al = 3.8 materials for large and small cation forms, respectively. 
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Cook and Conner suggest that due to the thermal motion of zeolite frameworks, the ‘free 

diameters’ of windows is effectively 0.7 Å larger than those calculated from the structure in 

the way described above (the crystallographic free diameters). Therefore, for CO2, which has 

kinetic diameter of 3.0 Å, windows with a crystallographic free diameter below 2.3 Å are 

expected to restrict CO2 diffusion strongly.32 As a result, Na6.2-MER likely has a 1D channel 

system for CO2 in the dehydrated narrow-pore form, as was observed in Li-containing MER 

Figure 4. The structures of (A) Na5.0(K1.2)-, (B) K6.2- and (C) Cs6.2-MER viewed along (a, b, c) a, b and 

c axes respectively. Na, K and Cs cations are shown in orange, purple and pink, respectively, with depth 

of colour reflecting fractional occupancy, as detailed in the legends on the right. T and O sites are 

shown in black and grey, respectively. Unit cells are indicated by blue dashed lines. 
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materials,25 with mean free window diameters ca. 2.2 Å wide, based on the trend seen in Figure 

5(b). This also agrees with observations in the Si/Al = 3.8 material, which showed that Na6.7-

MER possessed the narrowest windows of the samples investigated there, as the material 

optimised Na-O coordination by narrowing windows and shortening Na-O distances. Na6.2-

MER has the narrowest windows of the materials reported here. They are expected to be larger 

than its lower silica analogue (the mean free window diameter of Na6.7-MER is 2.0 Å) due to 

the reduced cation content. K6.2- and Cs6.2-MER also have wider windows than their Si/Al = 

3.8 counterparts. Cation occupancies of these materials suggest that Na favours narrow type I 

and II window sites, shown graphically in Figure S2.6, similar to that seen for the lower Si/Al 

materials, enabling close Na-O coordination. K6.2- and Cs6.2-MER have more similar, larger 

window sizes, with cations requiring longer M-O coordination than Na+, with most windows 

slightly larger in the K-form. 

A comparison of structural parameters at different Si/Al is shown in Figure 6, with lower silica 

data obtained from Choi et al. and Georgieva et al.23,24 K1.2Na5.0-MER is used as a ‘Na-form’ 

comparison for the Si/Al = 4.2 material due to the unresolved structure of the pure Na-form. 

We show later that they possess similar CO2 adsorption properties. 

 

Figure 6 shows that the smaller cation, Na+, causes the highest levels of distortion for all 

materials, with the smallest unit cell volumes and correspondingly narrowest windows. The 

converse is true for the largest cation, Cs+ for Si/Al of 2.3 and 3.8, but not for the 4.2 material 

Figure 5. K6.2-xNax-MER series Rietveld refinement data: (a) unit cell volumes and (b) mean free 

window diameters with varying Na content. Open circle indicates Immm fit of Na6.2-MER. 
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reported here. The K-analogue has the largest unit cell volume and most open windows of all 

forms, because this material no longer occupies a narrow-pore structure upon dehydration. The 

values of both unit cell volume and mean free window diameter tend to increase as the Si/Al 

increases and fewer cations occupy the structure. If the window diameter were the sole 

determinant of diffusivity, Cs-MER samples and K6.2-MER would be the fastest adsorbents. 

Table 3. Free diameters of windows, labelled and estimated as described in the text. Those marked by 

* indicate windows too small to allow passage of CO2 molecules, also described in text. 

Sample I I’ IIa IIb III III’ 

Cs6.2-MER 2.8(1) 2.9(1) 3.0(1) 2.9(1) 2.6(1) 3.0(1) 

K6.2-MER 3.1(1) 3.2(1) 3.0(1) 2.9(1) 3.4(1) 3.2(1) 

K5.7Na0.5-MER 3.0(1) 3.3(1) 2.9(1) 3.0(1) 3.3(1) 3.2(1) 

K5.2Na1.0-MER 2.7(1) 3.1(1) 3.2(1) 2.3(1)  3.0(1) 2.7(1) 

K4.2Na2.0-MER 2.7(1) 2.3(1)  2.8(1) 2.0(1)  2.5(1) 2.3(1)  

K3.2Na3.0-MER 2.4(1) 2.3(1)  2.8(1) 1.9(1)  2.2(1)  2.3(1)  

K2.2Na4.0-MER 2.3(1)  2.0(1)  2.8(1) 1.8(1)  2.2(1)  1.9(1)  

K1.2Na5.0-MER 2.3(1)  2.0(1)  2.8(1) 1.8(1)  1.9(1)  2.2(1)  

 

 

 

  

Figure 6. Comparison of (a) unit cell volumes and (b) mean window free diameters for materials with 

Si/Al = 2.3, 3.8, 4.2. Na-MER, orange; K-MER, blue; Cs-MER, purple. Data for lower silica materials 

are taken from Choi et al. and Georgieva et al.23,24 K1.2Na5.0- data is shown in place of Na6.2-MER due 

to unresolved symmetry of the latter. 
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Ar adsorption 

To measure the degree of “openness” of the materials, the kinetics of Ar adsorption at 303 K 

were measured with a starting pressure of 800 mbar as described in the experimental, with the 

data shown in the Figure S3.1. Comparable data was not available for the Si/Al = 2.3 material 

but a comparison of the relative diffusivities (more precisely the scaled inverse of the 

diffusional time constant) of the higher Si/Al materials is shown in Figure 7, with the absolute 

values given in Table 4. As these materials have similar particle sizes (widths ca. 300 nm), 

these will be close to the scaled (relative) diffusivities. SEM images of the two materials are 

shown in Figures S1.1 and 1.2 for reference. From these it can be seen that values change 

strongly even over this small change in Si/Al.  

 

Openness is expected to be strongly affected by the window diameters of the framework and 

blockage of these windows by cations. Comparison of mean free window diameters are shown 

in Figure 7. In the case of Na-MER materials, window diameters are extremely narrow, 

however in moving to the higher Si/Al material, the mean free diameter increases by ca. 0.2 Å, 

or 9%, which markedly improves diffusivity. The improvement in Ar diffusivity is not as 

marked in the case of Cs6.2-MER and the increase in window diameter is far less pronounced: 

for the Cs-form the difference in diffusivity results from fewer cations being close to the 

limiting ste cavities at higher Si/Al. While the number of refined cations in such positions is 

similar for the two analogues (4.4 and 4.2 total Cs+ in sites II* and III* for Cs6.7- and Cs6.2-

MER), there are more cations missing from the Cs6.7-MER refinement (only 6.0 Cs+ refined) 

and so there is likely to be additional blocking from Cs cations not located in the refinement. 

Figure 7. Ar kinetic and structural data of MER: (a) Ar uptake rates at 800 mbar, 303 K, (b) unit cell 

volumes and (c) mean free window diameters. Data relating to the Si/Al = 3.8 and 4.2 are shown in 

purple and green, respectively. Diffusivities are scaled relative to the smallest value (Na6.7-MER, 

810−5 s−1). K1.2Na5.0- window diameter data shown in place of Na6.2-MER due to unresolved 

symmetry. 
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While all of the higher Si/Al materials show faster adsorption, the improvement in K-MER is 

most marked, and K6.2-MER allows far more rapid diffusion even than its Si/Al = 4.2 

companions, with an improvement of 2 and 3 orders of magnitude over Cs6.2-MER (4.2) and 

the K6.7-MER (3.8), respectively. This behaviour is due to the remarkable difference in mean 

free window diameter, an increase of ca. 25% compared to the lower silica material. Although 

the window diameter is only slightly larger than in the Cs-MER materials, diffusion in K6.2-

MER is not hindered by such bulky cations occupying vital cavities. This material is not is fast 

as zeolite 4A, which has an Ar D/r2 of 48 s-1 over ranges of 200-450 K and 0-600 Torr (0-800 

mbar).33 The 2 orders of magnitude difference can again be ascribed to window size 

differences, with zeolite A possessing a larger free window diameter of any of the materials 

examined here, over 4 Å.33,34 An approximation of the uptake timescale can be given by 0.2 

r2/D, as ca. 90% of the process has then occurred,35 and this is also listed in Table 4. A timescale 

of 0.5 s for K6.2-MER highlights the relative rapidity of the higher silica samples. 

Table 4. Ar diffusion  for MER materials with Si/Al = 3.8 and 4.2. 

Cation form 

Ar D/r2 (s–1) Uptake timescale (s) 

Si/Al = 3.8 Si/Al = 4.2 Si/Al = 3.8 Si/Al = 4.2 

Na 8.0  10–5 4.6  10–3 2500 43 

K 6.3  10–4 4.1  10–1 317 0.5 

Cs 2.3  10–4 2.1  10–3 870 95 

 

Ar adsorption is expected to occur without unit cell expansion due to the noble nature of the 

gas and hence, as a material which adopts a wide-pore form upon dehydration and without 

blocking of vital sites by large cations, it is not surprising that K6.2-MER exhibits much faster 

kinetics. After initial adsorption of CO2, and subsequent transition to a wide-pore form, other 

materials may possess similar properties. 

 

CO2 adsorption behaviour 

CO2 sorption isotherms for materials are shown up to 5 bar in Figure 8, at temperatures from 

298 to 328 K. Deviations from Type I behaviour (IUPAC nomenclature36) are observed in 

Na6.2- and Cs6.2-MER as was the case for their lower silica analogues, indicating the same 

“breathing” behaviour reported there. The kinks associated with this breathing behaviour have 
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moved to lower pressure for both Na6.2- and Cs6.2-MER, relative to their MER(3.8) analogues. 

The steps in adsorption occur at similar CO2 uptakes for each temperature investigated for a 

given cation form, indicative of a CO2-triggered unit cell expansion, but the uptake required to 

trigger this transition is different for each cation composition. 

 

Uptake at 5 bar and 298 K is increased for all MER (4.2) samples, from 4.3, 3.9 and 2.5 mmol 

g-1 to 4.6, 4.1 and 2.7 mmol g-1 for the Na-, K- and Cs-forms of these two Si/Al materials, 

respectively, which is attributed to increased pore volume upon removal of extra framework 

cations. The reduced specific uptakes with increasing cation size is expected, with much of this 

due to normalisation with respect to mass. This particularly affects the Cs6.2-MER isotherms, 

and comparison of molecules per unit cell is shown in Figure S3.3, with more similar uptakes 

observed for the materials. 

Additionally, Na6.2-MER shows hysteresis in the desorption branch of its isotherm, suggesting 

that the sample does not reach equilibrium within the measurement time used in this setup, as 

was the case for the material we reported earlier.23 Some, less marked, hysteresis can be seen 

for Cs6.2-MER but not for the K6.2-form, suggesting that these materials, especially the latter, 

have more rapid adsorption and desorption kinetics than the Na-form. The CO2 adsorption 

isotherms of the series of Na,K-MER materials (see Figures S3.4 and S4.1) reveal strong 

hysteresis for Na5K1.2-MER (for which the structure was reported above as being representative 

of Na6.2-MER), but this is reduced for Na4K2.2-MER and absent for Na2K4.2-MER. 

The effects of cation type and number on transition pressure are shown in Figure 9. Na-

containing materials exhibit inflection points at higher CO2 pressures than other cation forms, 

due to the strong energetic preference for contracted windows in the narrow-pore form of the 

small cations. This was also observed to be the case in Li-containing MER materials with Si/Al 

Figure 8. CO2 sorption isotherms at 298 K for Na6.2-, K6.2- and Cs6.2-MER up to 5 bar. Adsorption and 

desorption branches are shown in closed and open symbols, respectively. 
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= 4.2, with Li6.2-MER adopting a narrow-pore form up to 2.5 bar CO2 at 298 K.25 K-analogues 

always show the lowest pressure inflections, with no phase change observed in the 4.2 material 

reported here. Increasing Si/Al greatly alters this critical pressure, with a large change observed 

for Cs-MER materials between Si/Al = 2.3 and 3.8 materials, but also for the smaller change 

in aluminium content for the higher silica Na-MER materials. Additionally, Choi et al. report 

a K11.8-MER (1.7) material which exhibits a kink in adsorption isotherm at ca. 0.25 bar,24 

comparable to that of the Na6.2-MER (4.2) material, reported here, highlighting the impact of 

both cation type and number.  

 

Structural response to CO2 adsorption 

To understand the relationship between structure and CO2 adsorption, variable pressure XRD 

(VPXRD) experiments were carried out. Synchrotron data was obtained to allow investigation 

of the high-pressure regime and enable Rietveld refinement (See Section S5). The experiments 

gave the series of patterns shown in Figure 10 for pure cation materials. From this it can be 

seen that, whilst Na6.2- and Cs6.2-MER undergo a significant change in XRD pattern during 

adsorption, the K+-containing material experiences only a mild alteration, corresponding to unit 

cell expansion. This is in keeping with a K6.2-MER material which remains in a wide-pore form 

upon dehydration, whilst other samples transition from narrow- to wide-pore forms, as 

observed in Li-containing and the lower silica materials.23,25 

Figure 9. Comparison of inflection points in CO2 adsorption isotherms at 298 K with varying cation 

content and Si/Al. Data for lower silica materials are taken from Choi et al. and Georgieva et al.23,24 

Na-, K- and Cs-materials are indicated by orange, purple and pink bars, respectively. The asterisk at 

K6.2-MER (4.2) indicates that the samples retain a wide-pore form upon dehydration and as such, no 

inflection point is observed. 
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The Na6.2-MER data could not be fitted with the space groups tried, as was the case for the 

dehydrated sample, but a phase transition clearly occurs after exposure to 1.51 bar of CO2. The 

peak shift to lower angle upon CO2 adsorption is consistent with expansion of the material to 

adopt a wide-pore structure. Lab-based VPXRD experiments were also carried out to 

investigate changes in the Na6.2-MER pattern from 0 – 1 bar, leaving longer equilibration times 

between measurements, shown in the Figure 11. A structured fit of these patterns reveals no 

expansion in unit cell volume below 0.2 bar, followed by a relatively rapid increase from ca. 

1840 to 1920 Å3. This agrees with the kink observed in the CO2 adsorption isotherm, suggesting 

a transition from a narrow- to a wide-pore phase.  

 

Figure 10. VPXRD patterns for (a) Na6.2-, (b) K6.2- and (c) Cs6.2-MER at 298 K. The pressure of CO2 

during data acquisition is shown in bar on the right of each plot, with hydrated and dehydrated patterns 

indicated by h and dh, respectively. Patterns denoted 0.00 are those obtained upon desorption. 

Figure 11. Lab-based in situ VPXRD data for Na6.2-MER under a variable pressure of CO2 at 298 K 

(a) patterns obtained, with pCO2 given on the right and (b) refined unit cell volume as a function of pCO2. 
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Notably, VPXRD data on the Na4K2.2-MER (4.2) sample that showed no inflection in the CO2 

adsorption isotherm showed unit cell expansion even at 0.02 bar CO2 at 298 K (see Figure 

S6.1), indicating that reducing the concentration of the Na+ cations markedly reduces the 

tendency for the framework to contract. 

K6.2-MER does not exhibit such a transition, because it is already in a wide-pore form when 

dehydrated, but shows some expansion from a unit cell volume of ca. 1906 to 1977 Å3, as 

shown in Figure 12(a). Patterns above 20 mbar are fitted well by the P42/nmc space group, as 

opposed to Pmmn observed for the dehydrated material, and CO2 molecules can be refined 

within the structure (ca. 5.7 molecules of CO2 per unit cell, shown in Figure 12(b)). The unit 

cell was found to expand linearly with the refined CO2 content, as shown in Figure S5.11. The 

Rietveld plots for the samples with lowest and highest CO2 content investigated, dehydrated 

and exposed to 4.24 bar, respectively, are shown in Figure 12(c,d), along with their refined 

structures. Further details of unit cell volumes and CO2 content found during refinement are 

shown in Section S5.2. The lack of a sudden transition from narrow- to wide-pore forms of 

K6.2-MER agrees with its CO2 sorption isotherms, which show no step, unlike the other samples 

investigated. Furthermore, cation site occupancies and window geometries barely change upon 

adsorption, with a mean window free diameter of ca. 3.2 Å in all refinements. 
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It is interesting to note that the lower silica analogue, K6.7-MER, also exhibits no step in its 

CO2 adsorption isotherm: VPXRD experiments showed that whilst the dehydrated form 

adopted a narrow-pore form, exposure to low pressure CO2 saw an immediate expansion to a 

wide-pore form. This was suggested to be due to a fine energetic balance between narrow- and 

wide-pore forms of K6.7-MER. Recent work by Choi et al. on MER materials with Si/Al = 1.7 

and 2.3 showed a significant step in adsorption of the K-form occurring at ca. 0.25 and 0.1 bar, 

respectively.24 The high cation content of these materials, (11.9 K+ for the Si/Al = 1.7 material 

and 9.7 K+ for the Si/Al = 2.3 equivalent) would be expected to have greater interactions with 

the framework and provide an energetic driving force to remain in a narrow-pore form until 

exposed to a higher pressure of CO2. A pure silica framework, with no K cations, would remain 

open in the wide-pore I4/mmm structure,34 as there is no driving force for contraction upon 

dehydration. With only a small change in Si/Al relative to the material we previously reported, 

we have removed sufficient cations for the wide-pore form to remain the most energetically 

favourable structure upon desorption at 298 K and above. Whilst increasing Si/Al further may 

Figure 12. VPXRD refinement data of K6.2-MER, including (a) unit cell volume, (b) CO2 content with 

pressure and Rietveld plots of K6.2-MER under (c) dehydration and (d) 4.24 bar pressure of CO2, with 

corresponding refined structures shown inset. Framework T and O sites are shown by black and grey, 

respectively, K+ in purple and CO2 molecules shown in black and red. Plot (b) also contains 

experimentally expected CO2 content from adsorption isotherm data. 
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have impacts on adsorption properties of K-MER, with window occupancies decreasing, it is 

unlikely to have as great an effect as achieved in moving from Si/Al = 3.8 to 4.2. 

 

Cs6.2-MER exhibits a phase transition during VPXRD experiments, as was the case for Na6.2-

MER, corresponding to a transition between different pore forms. Refinement details for this 

material are shown in Figure 13, including unit cell volume and refined CO2 content as well as 

fits and structures for selected pressures. Two phases are observed together at 0.1 bar, with unit 

cell volumes of 1911 and 1965 Å3, respectively. This may be an indication of the relative 

Figure 13. VP Synchrotron XRD refinement data of Cs6.2-MER, including (a) unit cell volume, (b) CO2 

content with pressure and (c) Rietveld plots of K6.2-MER under dehydration, 0.04 bar and 2.98 bar 

pressure of CO2, with corresponding refined structures shown beneath. Framework T and O sites are 

shown by black and grey, respectively, Cs+ in pink and CO2 molecules shown in black and red. Plot (b) 

also contains experimentally expected CO2 content from adsorption isotherm data. 
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favourability of the two phases at this CO2 potential, slow kinetics of transition or possibly 

related to limitations of the experimental setup. Below and above this point, only narrow- or 

wide-pore forms are observed, which is consistent with the kink observed in the CO2 adsorption 

isotherm of the material. As is the case for K6.2-MER, the dehydrated Cs6.2-MER adopts the 

Pmmn space group, but upon exposure of the material to CO2, P42/nmc is a suitable description. 

Full refinement data is given in Section S5.1. 

Table 5. Cation site distribution in Cs6.2-MER with varying pCO2 determined by Rietveld refinement. Site 

labelling is as described in the text, with sites denoted by * indicating merging of related sites i.e. III, 

III’. For each sample the multiplicity (M), fractional occupancy and number of cations per unit cell are 

given. 

Condition 

Ia IIa III* 

M frac. occ atoms/uc M frac. occ atoms/uc M frac. occ atoms/uc 

dh 2 0.80(1) 1.6(1) 4 0.37(1) 1.5(1) 4 0.69(1) 2.8(1) 

0.04 bar 2 0.47(1) 0.9(1) 8 0.29(1) 2.3(1) 4 0.59(1) 2.4(1) 

 

Condition 

I II III 

M frac. occ atoms/uc M frac. occ atoms/uc M frac. occ atoms/uc 

2.98 bar 4 0.46(1) 1.8(1) 8 0.35(1) 2.8(1) 4 0.29(1) 1.2(1) 

 

Measurement of the PXRD pattern via synchrotron PXRD conducted with high pCO2 resolution 

allows greater insight into the mechanism by which Cs-MER materials change between 

narrow- and wide-pore forms than was achieved for the Si/Al = 3.8 material.23 A summary of 

cation locations with varying pressure is given in Table 5, with a more detailed description in 

the section S5.1. In the low-pressure (narrow-pore) regime upon exposure to CO2, some Cs 

cations move from the centre of the d8r unit (site Ia) to site IIa, which is driven by favourable 

interactions between Cs+ and the adsorbate. Upon transition to the higher-pressure regime, Cs 

cations again relocate, with sites I and II preferred and no cations in site Ia. The relocation to 

site I is associated with CO2 molecules occupying the d8r unit. The occupancy of site I is too 

high to arise solely from cations previously in site Ia and a decrease in site III occupancy is 

observed. This suggests Cs cations hop from site II to I and from site III to II, which may be a 

concerted mechanism, as shown in Figure 14. CO2 within the d8r unit may improve the 
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energetics of site I, providing a thermodynamic drive for cation relocation, and CO2 movement 

may aid cation relocation. The overall behaviour is similar to that observed in the Si/Al = 3.8 

material, with Cs+ initially favouring site Ia and relocating to sites I and II at high uptake of 

CO2. (The same intermediate site migration may occur in the lower silica material but VPXRD 

data was not collected in the relevant low pressure region.) Window geometries also change, 

with the mean free diameter of windows increasing from 2.9 to 3.5 Å in the narrow- and wide-

pore forms adopted at low and high pressure, respectively. 

 

Kinetics of CO2 adsorption and desorption  

To measure the CO2 diffusivity in the Na-, K- and Cs-MER (4.2) materials and so understand 

the kinetics of their adsorption and desorption, zero-length column (ZLC) experiments were 

performed on all three materials (see Section S7 for details). The measured diffusivities at low 

CO2 loadings could then be compared with values obtained via similar analyses on their Si/Al 

= 3.8 analogues.23   

These ZLC experiments follow the concentration of CO2 in the effluent gas obtained using a 

He carrier gas flow during desorption, following adsorbent equilibration in a 10% CO2 flow in 

He at 298 K. For Na- and Cs-MER, the adsorbate and gas flow are initially in equilibrium 

during desorption, indicating that diffusion is too rapid to be quantified by this method when 

the materials are in the wide-pore phase. However, at longer desorption times and therefore at 

low adsorbate concentrations, when the structures are in the narrow-pore phase, it is possible 

to determine the diffusivities. Both Na- and Cs-MER materials in the narrow-pore form showed 

improved kinetics at 298 K, relative to their Si/Al = 3.8 analogues, with D/r2 values increasing 

Figure 14. Schematic representation of a postulated Cs+ migration mechanism. Cs cations initially in 

sites II and III move to occupy sites I and II. CO2 sited in the d8r unit may provide thermodynamic 

driving force for this migration or may accelerate it. Framework T and O sites are shown in black and 

grey, respectively; Cs+ in pink and CO2 molecules in black and red. 
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from 2.2  10–4 to 8.6  10–4 s-1 and 9.0  10–4 to 6.9  10–3 s–1, respectively, as the cation 

content decreased. Also, because Na6.2- and Cs6.2-MER undergo the narrow-to-wide pore phase 

transitions at lower partial pressure than that observed in their higher silica analogues, kinetic 

limitations will disappear at relatively low CO2 pressures during adsorption and diffusivity 

become more rapid as the materials move from kinetic to equilibrium-controlled adsorption 

behaviour upon expansion to their wide-pore forms.  

The diffusivity of CO2 in K6.2-MER was too fast to be measured using this technique, showing 

equilibrium-controlled desorption throughout the entire experiment. This is because K6.2-MER 

adopts a wide-pore form even when empty and its 8R windows remain relatively wide, as 

shown in Table 3. Notably in K6.7-MER at very low loadings, where the narrow-pore form is 

stable, D/r2 was lower, and determined to be 2.5  10-4 s–1 at 298 K.  

Whilst Choi et al. did not report diffusivity values, it can be seen from their kinetic work that 

the same trend in diffusivity is seen in their Si/Al = 2.3 material, with the Na-form showing the 

slowest kinetics followed by the Cs9.7-MER (2.3) material, and K9.7-MER (2.3) showing the 

most rapid uptake of CO2.
24  

These ZLC results show rapid sorption behaviour for both K6.7- and K6.2-MER but do not allow 

comparison of these materials in the wide-pore form. Qualitative sorption studies were 

therefore carried out, as described in the experimental section. By exposing samples to CO2 

and monitoring the pressure drop over time, this allows us to compare the relative rates of 

adsorption, although heating effects prohibit extrapolation of kinetic parameters. These results 

are shown in Figure 15, with the pressure drop far more rapid for the Si/Al = 4.2 material, and 

correspondingly faster CO2 uptake. This indicates that, whilst the kinetics of both materials are 

extremely rapid on a ZLC timescale, the new K6.2-MER material exhibits faster uptake. 
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Examination of cation sites and window sizes (detailed in Table 2 and Table 3) within the 

materials help to give a structural explanation for the kinetic behaviour observed in these 

materials. Na6.2-MER has the narrowest windows, and its relatively poor kinetics can be 

attributed to the hindrance of molecular diffusion by narrow window sizes, although cation 

siting may also play a role. Discrepancies between K6.2- and Cs6.2-MER cannot be ascribed to 

window dimensions as they possess similar window sizes, as discussed earlier. Instead, 

differences between the 2 materials lie in cation siting. In the Cs-material both sets of ste 

cavities show high occupancy by large Cs cations, as well as the d8r unit and hence, whilst 

window sizes are large enough for rapid diffusion of CO2, transmission along all channels 

within the material are obstructed by Cs+. For percolation through the material to occur, cation 

motion is required as described by the cation gating mechanism,37 and hence diffusivity suffers. 

As there are fewer cations in this material than in the Si/Al = 3.8 material, and window sizes 

in channels along a and b are larger, diffusivity is improved. Choi et al. suggest a cooperative 

cation-gating − breathing mechanism in their low silica material,24 while we consider these 

effects are separate in the higher silica materials, cation-gating being a kinetic phenomenon 

whilst breathing depends on thermodynamic factors. K6.2-MER contains K cations, which 

would be expected to be more mobile than Cs+, and as cations occupy sites II*, as opposed to 

sites III*, they would more readily move out of the path of CO2 molecules percolating through 

the structure, with poorer coordination to the anionic framework. 

Figure 15. Qualitative CO2 kinetic data for K-MER materials at 303 K: (a) CO2 pressure over time and 

(b) CO2 uptake over time, as a fraction of uptake after 500 s. Si/Al = 3.8 and 4.2 data are shown in 

purple and green, respectively. 
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While the fast kinetic behaviour of K6.2-MER is encouraging, it is by no means the only 

property required for application in carbon capture technologies, such as natural gas and biogas 

upgrading. As discussed, the high degree of “openness” of the material might be expected to 

have a negative impact on CO2/CH4 selectivity. To this end, further kinetic testing was carried 

out in the form of breakthrough experiments. Gas streams were composed of 10% CO2/40% 

CH4 in He and experiments were carried out at 308 K. The resulting breakthrough sorption 

curves are shown in Figure 16, plotted against eluted volume per mmol of sample (Ft/N) to 

allow more ready comparison of materials with significant differences in molar mass. In Na6.2- 

and most notably Cs6.2-MER, steps are observed in the breakthrough curves, consistent with 

phase transitions from narrow- to wide-pore structures. As there is no such transition in the 

K6.2-MER material, there is no kink in the breakthrough curve, allowing for a pure stream of 

CH4 for a longer period. 

 

CO2/CH4 selectivity values are given in  

 

Table 6. The more open K6.2-MER material possesses lower adsorption selectivity compared 

to the other materials. The Na-form retains the same selectivity as the Si/Al = 3.8 analogue, 

whilst the Cs-form of MER (4.2) shows very high selectivity, as was the case for K6.7-MER 

(3.8).  

 

 

Figure 16. Breakthrough (a) adsorption and (b) desorption curves for MER (4.2) materials at 308 K. 

CO2 and CH4 data is indicated by solid and dotted lines, with Na6.2-, K6.2- and Cs6.2-MER sample data 

shown in orange, purple and pink, respectively. 
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Table 6. CO2/CH4 selectivities of MER materials as determined by breakthrough experiments. Si/Al = 

3.8 and 4.2 data were collected at 298 and 308 K, respectively. Breakthrough curves for the two 

materials are compared in Figure S8.1. 

Cation form 

CO2/CH4 selectivity 

Si/Al = 3.8 Si/Al = 4.2 

Na 303 282 

K 850 154 

Cs 340 808 

 

The two K-MER samples are shown to have very rapid CO2 kinetics from ZLC experiments, 

and, based on these selectivity values, K6.7-MER (3.8) would appear to be the better sorbent. 

The improved kinetics of K6.2-MER (4.2), and the smaller change in volume upon adsorption 

(6% and 3% expansion in volume upon exposure to 0.5 bar CO2 for K6.7-MER (3.8) and K6.2-

MER (4.2), respectively)23, may, however, provide advantages for application, such as enabling 

a faster flow rate to be used during kinetic separations. This material was therefore examined 

in more detail, via estimation of the heat of CO2 adsorption and the properties of a pelletised 

sample with alumina. 

Isosteric heats of CO2 adsorption between ca. 40 and 32.5 kJ mol−1 (at 2 and 3.5 mmol g−1, 

respectively, were measured from the isotherms via the Clausius-Clapeyron method as 

described in Section S9. Values. Accurate isotherm data was not available at the lower 

pressures at which lower uptakes were achieved. An independent estimate of 35  1 kJ mol−1 

for the the Henry law region was made via the ZLC data, also described in Section S9. These 

values are consistent with other heats of adsorption of CO2 measured for K-forms of the zeolites 

Y ( 34 - 39 kJ mol−1)38 and L (35 kJ mol−1).39 

As the K6.2-MER material shows rapid kinetics, reasonable CO2/CH4 selectivity, and 

furthermore was available in >20 g batches, we investigated it for application by embedding 

the powder within alumina beads, as described in the experimental section. No crystallisation 

of alumina hydrate was observed upon heating the mixture at 573 K for 12 h, as shown by XRD 

in Figure S10.1. The resulting breakthrough curves on beads of different sizes, measured under 

identical conditions, are shown in Figure 17, plotted vs eluted volume with respect to mass of 
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K6.2-MER, along with images of the beads. The uptakes of the pelletised samples, normalised 

on zeolite mass, are consistent with the binder content of ca. 35 wt%.  

 

Although the use of 2 mm beads introduces some macropore diffusion limitations, consistent 

with fast diffusion in the micropores, incorporation into the smaller 1 mm beads has a 

negligible effect on the zeolite’s performance and gives the same kinetic behaviour as the 

powder, with the advantage of being more appropriate for industrial application. 

 Ultimately the choice of bead size would depend on the process configuration of choice and 

would take into account the pressure drop and mass transfer limitations consistent with small 

and large beads, respectively. Here we have shown the potential for the pelletisation of this 

material, consistent with application for CO2 separation from CH4. 

 

  

Figure 17. Breakthrough (a) adsorption and (b) desorption curves for forms of K6.2-MER at 308 K. CO2 

and CH4 data is indicated by solid and dotted lines, with powder, 1 mm and 2 mm bead sample data 

shown in blue, green and red, respectively. Images of the beads are shown inset. Note that desorption 

curves of powder and 1 mm beads overlap. 
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Conclusions 

The Na, K and Cs forms of a high silica merlinoite (Si/Al = 4.2) have been prepared and their 

adsorption properties measured for Ar and CO2. These have been related to their crystal 

structures determined both in the dehydrated form and during CO2 uptake by in situ PXRD at 

laboratory and synchrotron sources.  

The framework of merlinoite is flexible, and its response to dehydration is strongly dependent 

on the type of alkali metal cation present because of their different cationic radii and charge 

densities. Na6.2-MER (4.2) shows strong unit cell contraction and a framework with narrow 

pores due to structural distortion to give closer Na-O coordination. It has not yet been possible 

to establish the structure of the pure Na end member, but some details can be extrapolated from 

the structure determination of members of a K6.2-xNax-MER series extending to x values as high 

as 5.0: furthermore, Na5K1.2-MER performs similarly to Na6.2-MER as a CO2 adsorbent. By 

contrast, K6.2-MER (4.2) shows little framework contraction and remains in a wide-pore form 

because of the weaker cation-framework interactions. In Cs6.2-MER (4.2), the larger cations 

display a very different cation site distribution and the narrow-pore dehydrated form is much 

less strongly contracted compared to its wide-pore form than it is for Na6.2-MER (4.2). This 

cation-dependent MER behaviour is similar to that observed for Na6.7-MER (3.8) and Cs6.7-

MER (3.8), but not for K6.7-MER (3.8), where a narrow-pore structure is observed during 

dehydration. This demonstrates that the energies of narrow- and wide-pore forms of K-MER 

(and the competition between the energetic cost of distortion versus the benefit of closer cation 

coordination) are finely balanced for K-MER in this compositional range. 

Ar uptake kinetics in MER (4.2) at 303 K reflect the influence of the window sizes and cation 

occupancies of these dehydrated forms, and the diffusivities increase in the order Na < Cs << 

K. The slow uptake in Na6.2-MER (4.2) and to a lesser extent Cs6.2-MER (4.2) reflects the 

narrow windows, while the more open K6.2-MER (4.2) allows very rapid uptake. In all cases 

the uptake is, remarkably, much faster in the MER (4.2) than in the MER (3.8) samples. This 

must arise from faster percolation through more empty windows in Na- and Cs-MER materials 

since the unit cells are similar sizes for both framework compositions. The ca. 3 orders of 

magnitude increase going from K6.7-MER (3.8) to K6.2-MER (4.2) results from both an increase 

in window size and a reduction in blocking cations. 

Measurement of CO2 adsorption isotherms and associated in situ PXRD enable the behaviour 

of these structures in response to CO2 adsorption to be related to changes in unit cell volume 
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and framework conformation, and for the K- and Cs-forms this can be related to measured 

cation site locations. Both Na- and Cs-forms exhibit a phase change from narrow to wide pore 

which leads to stepped isotherms. It is possible in Cs6.2-MER (4.2) to identify the change in Cs 

cation site location associated with this via high resolution synchrotron diffraction, where Cs 

cations move into sites that have better access to adsorbed CO2 molecules and the framework 

consequently relaxes. By contrast, K6.2-MER (4.2) starts in a wide-pore form and expands 

gradually as adsorption proceeds. Comparison with merlinoites with lower Si/Al ratios shows 

that reducing the cation content reduces the pressure at which the narrow-to-wide pore 

transition occurs, because there is less coulombic interaction keeping the framework closed to 

overcome by solvating the cations. 

The kinetics of CO2 adsorption, as measured by zero length column, CO2 uptake and 

breakthrough curve shape, indicate that K6.2-MER (4.2) has the most suitable characteristics 

(the highest diffusivity) to achieve pure methane from mixed CO2/CH4 gas streams, although 

the equilibrium CO2 selectivity from the gas mixture is lower than for the other cation forms. 

With methane production in mind, it was possible to prepare K6.2-MER (4.2) in pelletised form 

using alumina binder, and 1 mm beads were found to retain the excellent performance of the 

K6.2-MER (4.2) powder in breakthrough tests, of potential significance for application. 

These studies underline the great structural complexity that results from the variation of 

framework composition and cation content of flexible zeolites such as merlinoite, and the 

consequent variation in adsorption properties for both inert gases such as Ar and adsorbates 

such as CO2 that interact strongly with the charge-balancing cations. One advantage of this 

adaptability may be the possibility to tune the performance of these adsorbents to a very high 

degree for target gas separations, if their structural chemistry is understood. 

 

Supporting Information 

Supporting Information is available free of charge on the ACS Publications website at 

[doi***********] including: scanning electron microscopy; powder X-ray diffraction and 

crystallographic analysis (including cif files) on hydrated, dehydrated and CO2-loaded 

merlinoites; kinetic Ar and CO2 uptake curves, experimental CO2 adsorption isotherms and 

variable temperature ZLC data and its kinetic analysis.  
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