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Abstract 

Zeolites with flexible structures that adapt to coordinate extra-framework cations when dehydrated 

show a rich variety of gas adsorption behaviour, and can be tuned to optimise kinetics and selectivity. 

Merlinoite zeolite (topology type MER) with Si/Al = 3.8 has been prepared in Na-, K- and Cs-forms 

and its structural response to dehydration measured: the unit cell volumes decrease by 9.7, 7.7 and 

7.1% for Na-, K- and Cs-MER, respectively. Na-MER adopts Immm symmetry, while K- and Cs-

MER display P42/nmc symmetry, the difference attributed to the preferred locations of the smaller 

and larger cations. Their performance in CO2 adsorption has been measured by single component 

isotherms and by mixed gas (CO2/CH4/He) breakthrough experiments. The differing behaviour of the 

cation forms can be related to structural changes during CO2 uptake measured by variable pressure 

PXRD. All show a ‘breathing’ transition from narrow to wide pore forms. Na- and Cs-MER show 

non-Type I isotherms and kinetically-limited CO2 adsorption and delivery of pure CH4 in CO2/CH4 



2 
 

separation. However, K-MER shows good uptake of CO2 (3.5 mmol g-1 at 1 bar and 298 K), rapid 

adsorption and desorption kinetics, and promising CO2/CH4 separation. Furthermore, the narrow-to-

wide pore transition occurs rapidly and at very low pCO2, via a ‘triggered’ opening. This has the 

consequence that whereas no CH4 is adsorbed from a pure stream, addition of low levels of CO2 can 

result in pore opening and uptake of both CO2 and CH4, although in a continuous stream the CH4 is 

replaced selectively by CO2. This observed cation size-dependent adsorption behaviour derives from 

a fine energetic balance between different framework configurations in these cation-controlled 

molecular sieves. 

 

Introduction 

The selective uptake of carbon dioxide from methane is of great importance for fuel gas applications 

such as the upgrading of natural gas and biogas,1-4 and aluminosilicate zeolites are robust and 

inexpensive adsorbents that show potential applicability for this process, particularly for dry or dried 

gas streams.5,6 Cationic forms of zeolites such as the readily available zeolites A and X demonstrate 

high CO2 uptakes, particularly at low partial pressures, because of their large pore volumes and strong 

cation - CO2 interactions.7,8 They also show high CO2/CH4 selectivity because the extra framework 

cations interact more strongly with CO2 than with CH4. Nevertheless, there would be a strong 

advantage in the later stages of multi-stage separation processes for adsorbents that demonstrate very 

high selectivity. Consequently there has been much interest in recent developments in understanding 

the different adsorption mechanisms in the cationic forms of small pore zeolites and this has enabled 

materials with improved selectivity to be prepared.9-16 

Two such mechanisms are via cation gating (‘trapdoor’ behaviour)10-16 and cation-controlled 

molecular sieving by flexible zeolites.16 Trapdoor behaviour is exemplified by the selective 

adsorption of CO2 in chabazite zeolites with low Si/Al ratios (< 3) in which K+, Rb+ or Cs+ cations 
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fully occupy eight-membered ring (8R) windows that connect the cha cages (8R = eight framework 

cations and eight O atoms).17,18 Molecular diffusion and adsorption can only occur if cations move 

away from these window sites to allow the molecules to pass, and the high observed selectivity to 

CO2 over CH4 indicates that this cation gating permits transport of CO2 but not CH4. Similar effects 

have been observed in Na-, K- and Cs-forms of zeolite Rho.14,15 There is discussion as to the relative 

importance of thermal cation motion in giving rise to ‘open’ windows, compared to the role of the 

cation-adsorbate interaction that could enable cation motion via ‘solvation’,11,12 but the ability of such 

cation gating to give very high CO2/CH4 selectivity has been well demonstrated. 

Cation-controlled molecular sieving over flexible zeolites is another mechanism by which selectivity 

can be modified.16 This is possible for small pore zeolites which possess frameworks that can undergo 

major changes in geometry via the tilting of (Al,Si)O4 tetrahedra that change the shape of their 

secondary building units, such as 6Rs and 8Rs. The archetypal flexible zeolite is Rho, the cationic 

form of which shows a significant contraction upon dehydration, when the framework adapts to 

coordinate the cations more closely.19 One consequence of the flexibility of Rho is the change of 

geometry of the D8R windows that control diffusion between its lta cages. These change from having 

circular cross sections in the protonic form of the zeolite, with a 4 Å free diameter, to elliptical cross 

sections in dehydrated cationic forms. In the Li-form, for example, the windows only have a 2 Å 

minimum free diameter, as measured from the crystal structure.16 If enough of these windows are left 

‘open’ and able to permit diffusion by percolation, then it is possible by changing the cations to 

control the window size and so the diffusivities and molecular sieving. Li-Rho and its derivatives 

Li,Na-Rho and Li,Cs-Rho have been shown to act in this way for CO2/CH4 separation. It should be 

noted that this mechanism is distinct from the traditional control of pore size in zeolite A by cation 

exchange (Ca-A is known as 5A; Na-A is 4A and K-A is 3A), where the larger cations in that cation-

rich structure partially obstruct the window openings but the 8R window dimensions do not change 
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significantly.20 This latter route to changing effective pore size is more similar to the cation gating 

mechanism described above, as shown by studies of the mixed cation Na,K-A.21 

Careful examination reveals that a number of zeolite structures show flexibility. For many of these it 

is likely that their performance in separating small molecules is a complex function of cation gating 

and cation-controlled molecular sieving. For example, in zeolite Na-Rho the window size is reduced 

compared to the open structure and all the D8R windows are occupied, requiring cation motion to 

allow CO2 diffusion. CH4 uptake is negligible on this material, even at high pressures. This is likely 

to be both because it does not interact strongly with the cations and is also larger than CO2. Exact 

atomistic details of the mechanism remain open to question.18 

Higher members of the RHO structure family (PST-29, ECR-18, ZSM-25, PST-20) display a wide 

range of kinetics of uptake of small gas molecules on their different cation forms, and therefore 

differences in their selective adsorption behaviour.22-24 These are likely to result from their different 

window sizes and cage connectivities, and the extent to which the window sites are occupied by 

cations. While of much interest, the complexity of these framework structures, and the large number 

of cation sites, many fractionally-occupied, make unambiguous determination of their detailed 

adsorption mechanisms challenging.  

Here, we investigate the role of the structural chemistry of another flexible small pore zeolite, 

merlinoite (framework type MER),25 in determining its CO2 adsorption behaviour. The framework 

structure of merlinoite, represented in Figure 1 in terms of a simplified tetrahedral site connectivity 

in its maximum (I4/mmm) symmetry, can be discussed in terms of chains of 4Rs parallel to the c axis, 

connected in the ab-plane to give a framework with pore space three dimensionally connected by 8R 

windows. Viewed down the c axis (Fig. 1a), there are two types of 8R ‘channels’, one with centres at 

(0,0) and (1/2,1/2), comprising pau cages alternating with d8r cages (Fig. 1b) and the other with 

centres at (1/2,0) and (0,1/2), which comprises rows of ste cages (Fig. 1c). 
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Figure 1.  Representative images of T-T connectivity of the MER zeolite framework 

Like zeolite Rho, merlinoite possesses a d8r unit in the framework that undergoes distortion in 

dehydrated cationic forms of the zeolite, leading to strong changes in the overall framework geometry 

of the dehydrated zeolite.26-29 Also like Rho, all space within the framework is in principle accessible 

to small molecules such as CO2, so that even though there are no large cages present (the largest being 

the pau cage) there is still appreciable space available for gas uptake.  

We therefore thought it would be possible, as in our previous studies on zeolite Rho, to modify the 

cation content to give a sorbent with good CO2 uptake but more specifically one with high CO2/CH4 

selectivity and rapid adsorption and desorption kinetics. Furthermore, because of the relatively simple 

structure of merlinoite (compared, at least, to those of higher members of the RHO family), it was 

possible to investigate the structural chemistry of merlinoite before and after adsorption of CO2. As 

a result, we have gained an understanding of the mechanism of adsorption and how merlinoite’s 

performance in CO2/CH4 separation can be modified by cation exchange. 

 

Experimental  

Synthesis and ion exchange of K,TEA-MER zeolite. MER zeolite (denoted as K,TEA-MER) was 

synthesized by the method of Barrett et al.29 with starting gel composition: 1.75 K2O : 1.0 Al2O3 : 10 
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SiO2 : 2.2 TEA2O : 130 H2O (details in the Supplementary Information, SI). As-prepared K,TEA-

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

Solution-state ion exchange treatments of K,TEA-MER and K,H-MER were performed according to 

published procedures.30 The as-prepared (M,TEA-MER, where M stands for the metal cation) and 

calcined zeolite samples were repeatedly exchanged with 10% nitrate solutions of Li, Na, K and Cs 

(99.5-99.9%; Sigma-Aldrich) at 353 K in a round bottom flask with condenser. All TEA-containing 

merlinoite samples were heated at 823 K under oxygen for 12 h to remove the template (denoted as 

M,H-MER). In attempts to prepare H-MER, the K,H-MER sample was repeatedly ion-exchanged 

with 10% NH4Cl solution (99.9%; Alfa Aesar) and subsequently heated at 823 K for 12 h. In all cases, 

cation exchange was repeated until EDX results indicated the exchange was complete or close to 

complete.  

 

Characterisation Powder X-ray diffraction (PXRD) patterns of all MER samples were measured in 

the hydrated and dehydrated form. In order to measure the structure of dehydrated zeolites, the 

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, all capillaries were 

flame sealed under vacuum. Variable pressure capillary experiments were performed in the same 

glass line, where after dehydration of the zeolitic material, CO2 gas, at required pressures, was added 

to the line and the sample. After equilibration of 1 h, the capillaries were snapped and sealed 

immediately with epoxy glue. The powder X-ray diffraction patterns of all as-prepared, ion-

exchanged, calcined, dehydrated and CO2 loaded samples were measured in Debye−Scherrer 

geometry on a Stoe STAD i/p diffractometer using Cu Kα1 X-rays (1.54056 Å). For hydrated Cs-

containing samples, better statistics could be obtained by measurements in flat plate geometry, which 

were made on a PANalytical Empyrean diffractometer with a Cu X-ray tube (Cu Kα1) and X'celerator 
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RTMS detector. The diffractometer is operated in Bragg Brentano reflection geometry, θ-2θ mode, 

at room temperature. In this way, PXRD data was collected that was suitable for analysis by Rietveld 

refinement, details of which are given in the Crystallography section, below, and in the SI. 

Another approach to observe the structural changes during CO2 adsorption on MER samples is via in 

situ X-ray powder diffraction. The experiment was performed on a PANalytical Empyrean 

diffractometer with a Mo X-ray tube with a ß-filter (giving Mo K α1,2 X-radiation) and an X'celerator 

RTMS detector. The instrument was equipped with an Anton Paar HTK1200N stage (room 

temperature - 1100 K, up to 1 bar pressure 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 for 16 h under a vacuum of 10−6 mbar. The 

furnace was attached to a dosing rig made of 1/8” stainless steel line and a needle valve, which is used 

to dose the CO2 supply. The pressure was followed on a RS PRO vacuum gauge with a maximum 

pressure measurement of 0 bar overpressure (1 bar absolute 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 0.10, 0.20, 0.30, 0.40, 0.60, 0.80 and 1.0 bar of CO2, each time after 60 

min equilibration.  

EDX analysis was performed in a JEOL JSM 5600 SEM, with an Oxford INCA Energy 200 EDX 

analyzer. Solid-state NMR spectra were recorded using a Bruker Avance III spectrometer equipped 

with a 9.4 T wide-bore superconducting magnet (Larmor frequencies of 104.3 and 79.5 MHz, 

respectively for 27Al and 29Si). Details are given in the SI. 

Thermogravimetry of all merlinoite samples was performed using a Netzsch TG 209 instrument with 

a heating rate of 3 K min–1 up to 973 K in flowing air, in order to determine the temperature at which 

water and template were released. 
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CO2 adsorption isotherms for all samples were measured volumetrically at 298 K from 0 to 1 bar, 

using a Micromeritics ASAP 2020 Gas Adsorption Analyser, connected to a Julabo F25 Chiller 

Unit. N2 adsorption isotherms were also measured volumetrically at 77 K using the same analyser. 

The samples were heated to 363 K at 5 K min−1 under vacuum and held for 1 h, before being 

heated to 523 K (or 573 K for K-MER) 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 

sampled every 7 seconds until no further change is observed, so that step times ranged from 10 – 

100 min. CH4 adsorption isotherms (and comparative CO2 isotherms) at 298 K for K,H-MER, Na-

MER, and Cs-MER were also measured volumetrically up to 1.07 bar on a 3Flex Surface 

Characterisation Unit (see SI for details).  

High pressure CO2 adsorption isotherms were measured from 0−5 bar at 298, 308 and 328 K using a 

Hiden IGA gravimetric analyzer, using ∼20 mg of sample, which was outgassed at 523 K (or 573 K 

for K-MER) under a 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 taken when it had reached 98% of the asymptoted equilibrium value or after 90 min, 

whichever was the shorter. 

The mass transfer properties of Na-MER, K,H-MER, K-MER, and Cs-MER CO2 were qualitatively 

evaluated using a volumetric adsorption apparatus capable of rapidly logging absolute pressure. The 

experiment consisted of exposing ~ 2 g of an evacuated, activated adsorbent sample at 303 K, to 

specific volumes of CO2 at 380 Torr (50.5 kPa) and 760 Torr (101 kPa). 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.  Because the heat dissipation from 

the adsorbent due to this relatively large pressure step change in strongly adsorbing CO2 loading will 
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significantly affect the diffusion parameter, no attempt was made to extract the diffusion parameters 

from these uptake curves. Relative rates of adsorption for CO2 on the various MER samples were 

obtained by comparison of the plotted uptake curves.  

The merlinoite materials’ potential for gas separation was tested by means of breakthrough 

experiments. The experiments were carried out in a gas mixture which is taken as representative for 

a CO2 containing natural gas further diluted in 50 % helium with composition 10% CO2 / 40% CH4 / 

50% He. 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 three times 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) setup described in previous work.31,32 In order to minimize 

the pressure drop across the column, the samples were made as binderless pellet fragments of ca. 2 

mm in size. The amounts of material used were 30.7 mg for Na-MER, 40.9 mg for K-MER, and 57.8 

mg for Cs-MER. The multicomponent breakthrough experiments were carried out at 298 K at ambient 

pressure and at different flow rates, i.e. 1, and 2 mL min–1. Prior to the experiments, the samples were 

regenerated overnight at 493 K (Na-MER and Cs-MER) or 573 K (K-MER) for He flow. The 

experiments consist of equilibrating the sample to 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 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 void fraction close to that observed in the presence 
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of the samples. This allows the dead volume and the intrinsic kinetics of the system to be measured 

when no adsorption occurs. 

Additionally, some zero length column (ZLC) experiments were performed to analyse desorption 

kinetics and obtain diffusivities at low CO2 loadings, when the kinetics are under diffusion control. 

Experimental details are given in the SI. 

 

Crystallography 

Structures were determined by Rietveld refinement against PXRD data, using TOPAS Academic 

software.33 Starting framework models were adapted from literature examples with the unit cell 

modified to that derived from the diffraction pattern. There are a number of suggested space groups 

for merlinoite in the literature.25-29 Although the maximum topological symmetry is I4/mmm, 

merlinoite refinements in the literature were performed in either the Immm or P42/nmc space groups, 

or their sub-groups, which give very different refined structures. Multiple daughter and grand-

daughter space groups have been examined for the merlinoite structures in this work, including those 

previously reported in the literature (Tables S1.1 and S1.2) but either P42/nmc or Immm gave the best 

fits in all cases, as explained in the Results and Discussion. 

Starting cation positions were estimated from literature models and geometric restraints on T−O and 

O−O distances of 1.63 Å and 2.66 Å, respectively, were used to maintain regular tetrahedral 

coordination. Atomic scattering factors were used for all atoms. Using fully ionic scattering factors 

(e.g. Si4+, O2-) made no significant different to the refinements. 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 TEA+ cations and CO2 molecules in templated and CO2-loaded 

samples, respectively. TEA+ cations were modelled as a single N atom with an occupancy consistent 
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with the experimentally expected value. CO2 molecules were treated as rigid bodies and their final 

positions and occupancies were determined by refinement. 

 

Results and Discussion 

Sample Preparation and Preliminary Characterisation 

Zeolite merlinoite (henceforth, MER as shorthand for specific samples) was prepared by the method 

of Barrett et al.29, using tetraethylammonium as a structure directing agent. This gives cuboidal 

crystallites 0.3-0.6 μm in dimensions (Figure S1.1). The addition (and incorporation) of TEA enables 

merlinoite to crystallise with higher Si/Al ratios than from inorganic-only preparations, and so with 

fewer charge balancing cations. This gives merlinoite with enhanced adsorption capacities and 

kinetics. The as-prepared merlinoite gave an X-ray powder diffraction pattern similar to that reported 

previously (Figure S1.2), which our structural analysis (see below) suggests is impurity-free. 

The as-prepared K,TEA-MER unit cell composition was determined to be K5.9TEA0.8 [Al6.7Si25.3O64] 

from a combination of EDX and TGA. 29Si MAS NMR spectroscopy gives peaks at -98 ppm, -103 

ppm and -109 ppm corresponding to Si(2Al), Si(1Al) and Si(0Al) environments, respectively (Figure 

S1.3). In addition, the signal at 62 ppm in the 27Al MAS NMR spectrum (Figure S1.4) reveals that 

the MER zeolite contains only tetrahedral aluminium. The framework Si/Al ratio is 3.8, estimated by 

deconvolution of the signals and employing the Engelhardt and Michel equation,34,35 in good 

agreement with EDX analysis.  

Calcination of K,TEA-MER gives a crystalline K,H-MER that retains stability upon hydration. The 

calcined form can be ion exchanged to give Na-, K- or Cs-merlinoite without loss of crystallinity 

(Figure 2). In each case solid-state NMR indicates all aluminium remains tetrahedral, indicating the 

framework remains intact (Figure S1.4) Some residual K was present in the Cs-MER even after 
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extended ion exchange (Cs6.2K0.5Al6.7Si25.3O64) but in the other materials the ion exchange was 

complete. The Li-MER form can also be prepared, but has lower crystallinity (Figure 2). Subsequent 

back exchange of Li-MER to K-MER indicates that some damage has been done to the framework 

by the lithium ion exchange, which is reflected by broadening of the PXRD peaks of the back 

exchanged K-MER and a reduction in its CO2 uptake (Figure S1.5). Attempts to prepare H-MER by 

ion exchange to the ammonium form followed by calcination gave an amorphous non-porous solid, 

indicating that the polarising effect of small cations results in structural collapse of the MER 

framework (Figure S1.5). 

 

Figure 2. PXRD patterns of hydrated (a) K,H-MER, (b) Li-MER, (c) Na-MER, (d) K-MER and (e) 

Cs-MER collected at 298 K.  

An approach to cation exchange was also adopted in which the as-prepared material was exchanged 

with Li+, Na+ and Cs+ prior to calcination, so that M,TEA-MER materials were in every case prepared 
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as crystalline solids (Figure S1.6). The higher crystallinity of Li,TEA-MER compared to Li-MER 

indicates that TEA imparts stability, possibly by protecting the structure against distortion, or 

reducing the number of Li+ cations near Si-O-Al bonds that are vulnerable to hydrolysis. The M,TEA-

MER materials were subsequently calcined to give the corresponding M,H-forms of MER. Li,H-

MER was unstable, becoming amorphous, while the Na,H-form showed peak broadening due to 

partial loss of crystallinity, presumably due to the presence of protons in addition to Na+ cations. The 

K,H- and Cs,H-forms retained full crystallinity. 

 In summary, stable M-MER (M = Na, K, Cs) and M,H-MER (M = K, Cs) can be prepared, in addition 

to M,TEA-MER (M = Li, Na, K, Cs). The structural chemistry of each material has been investigated 

by powder XRD, and their CO2 adsorption isotherms have been measured (298 K, 0 - 1 bar) but most 

attention is paid to the Na-MER, K-MER and Cs-MER materials. Others are discussed as appropriate 

and their associated details given in the Supplementary Information. 

 

Structural Studies in the Hydrated and Dehydrated States 

As described in the Crystallography section, the merlinoite materials in this work were refined in 

either the Immm or the P42/nmc space group, and the Rietveld plots are given in Figure 3. The 

framework topology is the same in each case. 
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Figure 3. Rietveld plots of hydrated (a) Na-, (b) K- and (c) Cs-MER. 
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The cation locations of all the merlinoite structures can be discussed in terms of the general cation 

site description in the MER framework structure shown in Figure 4. Similar sites have been observed 

in previous work.25-29 Univalent cation positions in the ‘main’ pau-d8r-pau channel along the c axis 

have been found in the planar S8R of the pau cage (site I) or in the centre of the d8r unit (site Ia).  In 

the ste-ste-ste channels cations are located in the buckled S8Rs between ste cages (site III). Cations 

in site II occupy the buckled S8Rs between the pau and ste cages. In the P42/nmc space group these 

sites along the b and a axes are symmetry equivalent. In Immm however these become 

crystallographically unique sites IIa and IIb, respectively. The nomenclature adopted for the cation 

sites (I, II, III) is also adopted here for the associated 8R windows (I, pau cage windows along [001]; 

II, between pau and ste cages; III, between ste cages). 

 

Figure 4. The open framework structure of MER, showing a pau cage, 2 adjacent d8r units and 3 ste 

cages. Also shown are the positions of extra-framework cation sites: I, S8R between d8r and pau 

(light blue); Ia, D8R (dark blue); II, S8R between pau and ste cages, symmetry related in the P42/nmc 

space group, unique sites IIa (dark green) and IIb (light green) in Immm; III, S8R between ste cages 

(red).  

 

The hydrated structure of MER was first reported as adopting the Immm space group by Galli et al. 

in 1979 for a naturally occurring zeolite26 and Barrett et al. also indexed their as-prepared K,TEA-

MER and hydrated K,H-MER in that space group.29 However, Skofteland et al. observed multiple 
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space groups in their syntheses of K-MER.27 A lower Si/Al sample was reported to adopt the Immm 

space group when hydrated, while a higher Si/Al sample exhibited additional peaks in its diffraction 

pattern. It was suggested this could be attributed to a Pnnm structure, although no refinement was 

attempted with this lower symmetry space group. In the case of the hydrated K,TEA-, K- and K,H-

MER samples investigated here, peaks were observed that could not be fitted in the Immm space 

group, specifically at ca. 26.1° corresponding to {302} reflections, forbidden under body centring. 

The primitive Pnnm space group proposed by Skofteland et al.,27 however, was found to give a 

relatively poor fit. Instead the P42/nmc space group, previously observed in a dehydrated K,Na-MER 

sample by Pakhomova et al.,28 was used and found to give improved fits with chemically-sensible 

refined structures. In this way, the observed peak violating body-centring was accounted for without 

the need to invoke the presence of an impurity. This space group also successfully described the 

structure of hydrated Cs-MER and Cs,TEA-MER. By contrast, the PXRD pattern of hydrated samples 

of Na-MER (as well as Na,TEA-MER and Li,TEA-MER) could be best fitted in Immm. 

The two space groups describe different modes of distortion of the MER framework away from 

I4/mmm symmetry, although the differences are slight in the hydrated samples. This is not the case 

for the dehydrated samples, where the cation forms retain the same symmetry as their hydrated 

counterparts, but distortions are much larger. The structural adaptations will therefore be discussed in 

detail when the dehydrated materials are described. The structures of hydrated Na-MER, K-MER and 

Cs-MER are represented in Figure 5, and details are given in Tables 1 and 2. Window sizes were 

estimated by measuring the smallest crystallographic O-O distances across the midpoint of each 

window opening and subtracting 2.7 Å, twice the van der Waals radius of O. Further details of 

hydrated materials are given in section S2 in the SI. All the 8R windows in hydrated Na-, K- and Cs-

MER structures have free diameters of 2.8 Å or greater. Cations in the three structures partially occupy 

sites I and III. In Cs- and K-MER cations partially occupy all Type II buckled 8R sites but in Na-

MER only the narrower Type IIa window sites are occupied. Water molecules are found throughout 
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the pore space. The unit cell volumes for each sample are similar, and are taken as representative of 

‘expanded’ merlinoite. 

 

 

 

Figure 5. Representative structures of hydrated (a) Na-, (b) K- and (c) Cs-MER. Na+, K+ and Cs+ 

shown along the y direction (A) and down the z direction (B). Cations are shown in pink, purple and 

orange, respectively. Water molecule O sites are shown in light blue. Framework T and O sites are 

shown in black and grey, respectively.  
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Table 1.  Unit cell and symmetry (O, Immm; T, P42/nmc) of hydrated (H), dehydrated (DH) and CO2-loaded (CO2) M-MER samples and free diameters 

of windows (labelled and estimated as described in the text). 

Sample a (Å) b (Å) c (Å) V (Å3) Window I 
Window II 

Window III 
IIa IIb 

Cs-MER (H)           T 14.219(2)  10.015(1) 2025(1) 3.88(4) 3.62(4) 3.54(4) 

Cs-MER (DH)        T 13.751(1)  9.950(1) 1881(1) 2.97(4) 2.84(4) 2.75(4) 

Cs-MER (CO2)       T 14.197(1)  10.016(1) 2019(1) 3.75(4) 3.22(4) 3.73(4) 

K-MER (H)            T 14.114(1)  9.916(1) 1975(1) 3.27(4) 3.36(4) 3.78(4) 

K-MER (DH)         T 13.586(1)  9.876(1) 1823(1) 2.39(4) 2.48(4) 2.46(4) 

K-MER (CO2)        T 13.990(1)  9.832(1) 1924(1) 3.25(4) 3.39(4) 3.30(4) 

Na-MER (H)         O 14.144(2) 14.141(2) 10.022(1) 2005(1) 3.70(4) 3.35(4) 3.24(4) 3.22(4) 

Na-MER (DH)      O 13.493(1) 13.520(1) 9.914(1) 1809(1) 2.10(4) 1.64(4) 2.67(4) 1.70(4) 

Na-MER (low CO2)   O 13.477(1) 13.441(1) 10.015(1) 1814(1) 1.79(4) 1.75(4) 3.11(4) 1.53(4) 

Na-MER (high CO2)  O 14.121(1) 14.122(1) 10.031(1) 2000(1) 3.88(4) 3.12(4) 3.64(4) 3.21(4) 
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Table 2.  Cation site distributions determined by Rietveld refinement. Site labelling (I, Ia, II, IIa, IIb, III) as described in the text, and for each the 

multiplicity (M), fractional occupancy and no. per unit cell are given 

Sample 
Site I Site Ia Site II Site IIa Site III 

M Frac. 
Occ. 

Atoms/
uc M Frac. 

Occ. 
Atoms/
uc M Frac. 

Occ. 
Atoms/
uc M Frac. 

Occ. 
Atoms/
uc M Frac. 

Occ. 
Atoms/
uc 

Cs-MER (H) 4 0.59(1) 2.4(1)       8 0.46(1) 3.7(1)       4 0.25(1) 1.0(1) 

Cs-MER (DH)       2 0.78(1) 1.6(1) 8 0.24(1) 1.9(1)       4 0.62(1) 2.5(1) 

Cs-MER (CO2) 4 0.53(1) 2.1(1)       8 0.44(1) 3.6(1)       4 0.25(1) 1.0(1) 

K-MER (H) 4 0.40(3) 1.6(1)       8 0.55(1) 4.4(1)       4 0.13(1) 0.5(1) 

K-MER (DH) 4 0.38(1) 1.5(1)       8 0.48(1) 3.8(1)       4 0.28(1) 1.1(1) 

K-MER (CO2) 4 0.41(2) 1.6(1)       8 0.55(1) 4.4(1)       4 0.26(1) 1.0(1) 

Na-MER (H) 4 0.38(1) 1.5(1)             4 0.95(5) 3.8(2) 4 0.36(3) 1.4(1) 

Na-MER (DH) 8 0.40(2) 3.2(2)             8 0.33(1) 2.6(1) 4 0.22(2) 0.9(1) 

Na-MER (low CO2) 8 0.37(2) 3.0(2)             4 0.39(3) 1.6(1) 4 0.56(3) 2.2(1) 

Na-MER (high CO2) 4 0.27(3) 1.1(1)             4 0.74(3) 3.0(1) 4 0.68(3) 2.7(1) 
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Structural response to dehydration   

To examine the role of the structure of different cation forms of merlinoite on the uptake of CO2 and 

other fuel-related gases, diffraction patterns were also measured on the dehydrated materials. TGA 

on the M,TEA-MER samples indicates that they lose template above 650 K, while these and the M-

MER materials lose adsorbed water below this temperature (Figure S3.1). Dehydration is complete 

for all but the Li-materials at 600 K (so that prolonged evacuation at 550-573 K is expected to remove 

all water in this activation step). 

 

Dehydration causes a major distortion of the merlinoite framework in each of the Na-, K- and Cs 

forms, as determined by Rietveld analysis (see Figure 6 for profile fits and Tables 1 and 2 for details). 

The unit cell volumes of the dehydrated merlinoite samples are all smaller than their hydrated 

counterparts, by 9.7% for Na-MER, 7.7% for K-MER and 7.1% for Cs-MER. The space groups 

remain the same as in the hydrated forms (Na-MER, Immm; K- and Cs-MER P42/nmc). Further peaks 

disallowed by body-centering appear in the PXRD patterns of K- and Cs-MER as the structural 

difference from Na-MER is emphasised (ca. 16, 19, 23 and 33°, corresponding to {201}, {102}, 

{311} and {412} reflections, respectively).  

 

There are also changes in the cation positions and window sizes.  The most notable of cation site 

changes is the movement of Cs+ upon dehydration from sites of type I (S8R) to the nearby Ia (D8R) 

similar to the type of inter-site migration of Cs+ observed upon dehydration of zeolite Cs-Rho.14,15 In 

all cases but one (described below) windows become smaller upon dehydration (Table 1). 
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Figure 6. Rietveld plots of dehydrated (a) Na-, (b) K- and (c) Cs-MER 
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The mode of distortion of the frameworks is different from Na-MER to K- and Cs-MER. This can 

best be shown by views of the frameworks down [001] and [100] (and [010] for Na-MER) (Figure 

7). In the P42/nmc space group, for K- and Cs-MER, the 8Rs of the d8r unit are related by a 42 screw 

axis, causing neighbouring 8Rs to be aligned perpendicular to each other. This is accompanied by 

adjacent 8Rs of the pau cage distorting to an “egg” shape, as viewed along [100]. There is a similar 

distortion of delimiting 8Rs along the ste channel. For the Immm structure of Na-MER, the 42 screw 

axis is replaced by a mirror plane, and as a result the 8Rs in the d8r unit are aligned parallel to each 

other. The other 8Rs in the pau cage are therefore elliptical, with one set becoming narrow and the 

other becoming wide, as viewed down [010] and [100], respectively. This is similar for rings down 

the ste channel. 

We speculate that the distortion modes adopted by samples upon dehydration are related to cation-

framework interactions, with cation size an important factor. The smaller Na+ cations result in 

narrower 8Rs that permit closer Na-O coordination. Examination of Table 1 shows that Na-MER 

possesses the smallest window sizes of all dehydrated structures, with the exception of the unoccupied 

window IIb. The d8r window dimensions are similar to those observed in Na-Rho14; however, unlike 

Rho, upon distortion neighbouring 8Rs are aligned parallel to each other. For this reason, it is assumed 

that the driving force for the Immm distortion is not directly related to the d8r unit but instead the 

pau/ste windows (IIa and IIb). Whilst the wider IIb windows are unoccupied, the narrow IIa windows 

exhibit a relatively high level of occupancy (fractional occupancy of window IIa is 0.66). Therefore 

it is suggested that the formation of such narrow elliptical window sites is preferable over that of the 

wider egg-shaped 8Rs observed in the P42/nmc space group structures. The larger cations are 

expected to bind well in these larger egg-shaped 8Rs, and indeed these windows show the highest 

degree of occupancy for K-MER. Even larger cations may be expected to favour a higher degree of 

coordination, as is possible within the ste cage or in the D8R site. Whilst we explain our observations 

here in terms of cation-framework interactions, cation-cation interactions may also play an important 
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role. Further work is required to test these hypotheses and computational work by collaborators is 

ongoing. 

 

 

Figure 7. Views down the a, b and c axes of the structures of dehydrated (A) Na-, (B) K- and (C) Cs-

MER, adopting the P42/nmc and Immm space groups, respectively. 
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Notably, the dehydrated M,TEA-MER forms have the same space group symmetry as those with the 

TEA+ fully replaced by metal cations: Na,TEA-MER, Immm and K,TEA- and Cs,TEA-MER, 

P42/nmc. Further, Li,TEA-MER is also fitted better in Immm, supporting our suggestion that cation 

size is an important factor in the mode of distortion of the framework, even when small amounts of 

TEA are present in the pau cage. Details are given in section S3 of the SI. 

The cation occupancies should also be considered in terms of their likely effects during initial 

adsorption of CO2 (and other gases) on the dehydrated materials. For all cation forms, the d8r units 

(sites I / Ia) are heavily occupied. This is especially true for Na-MER which contains some d8r units 

with both adjacent S8Rs occupied. Na-MER also shows a high site IIa occupancy, restricting access 

of potential adsorbates along the b axis. By contrast, IIb is unoccupied and so percolation along the a 

axis might be expected to be relatively rapid. For Cs- and K-MER, in each pau cage approximately 1 

or 2 of the 4 buckled S8Rs leading to ste cages (and 3D transport) is occupied. This would again 

suggest that small gas molecules could move relatively freely through the structure along the a and b 

axes. Although Na- and K,H-MER exhibit relatively low occupancies of site III, the majority of these 

sites in Cs-MER are occupied. Due to the position of these sites and the size of the Cs+ cation, the 

higher occupancy of site III may limit diffusion through ste cages along all axes in Cs-MER. 

 
 
Adsorption Studies 

 

N2 adsorption at 77 K shows low uptakes on all samples (Figure S4.1), indicating that even where 

there is a potential path free from cations, the pores are too small to allow N2 diffusion at significant 

rates at this temperature. In uptake measurements at 303 K, some N2 uptake is observed for all 

samples, but only K-MER is able to reach equilibrium within 30 minutes. Na and Cs-MER are far 

slower, suggesting even smaller or more blocked pores. By contrast, the uptake of CO2 is appreciable 
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on Na-, K- and Cs-MER materials, as well as on all M,TEA-MER materials at 298 K. Isotherms 

measured up to 1 bar are shown in Figure 8. 

 

Figure 8. CO2 isotherms up to 1 bar at 298 K for M,TEA-MER and M-MER zeolites. Adsorption, 

closed symbols; desorption, open symbols. Inserts: lower pressures isotherm region (up to 0.1 bar). 
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For Li-materials, while the Li,H- and fully Li-exchanged materials have very low uptake, due to low 

crystallinity, Li,TEA-MER has appreciable uptake, which reaches 3.1 mmol g-1 at 1 bar. The potential 

issues of template breakdown during high temperature dehydration, plus the difficulty of locating 

light Li atoms by X-ray diffraction, led us to concentrate on the other cation forms to understand the 

structure-property relationships in merlinoite adsorption. 

For Na-MER, similar uptake is observed for samples with and without TEA, 3.8 mmol g-1 at 1 bar, 

with slightly less hysteresis observed for Na,TEA-MER. The hysteresis indicates that adsorption does 

not reach equilibrium within the measurement time of these experiments. The isotherms also show 

deviation from an ideal Type I shape, showing inflexions typical of adsorption on flexible materials 

undergoing structural changes. 

The K-forms of MER show typical Type I isotherms with uptakes of 3.1 mmol g-1 for K,TEA-MER 

and 3.5 mmol g-1 for K-MER at 1 bar, without obvious hysteresis, indicating fast adsorption and 

desorption kinetics. Removal of the relatively small amount of TEA template and its replacement by 

K results in an increase of uptake. The K,H-MER form prepared directly by calcination of the as-

prepared material shows very similar Type I behaviour to K-MER, with a slightly lower uptake, 3.3 

mmol g-1. Calcination of as-prepared K,TEA-MER gives a good adsorbent without the need for an 

ion exchange step, and so measured isotherms and breakthrough curve are given at the end of the SI. 

However, in the remainder of this paper only fully ion exchanged K-MER is considered. Compared 

to the K-forms of other small pore zeolites, uptake on K-MER is less than that reported for K-Rho 

(which gives an uptake of ca. 4.5 mmol g-1 at 1 bar, but shows very slow kinetics due to cation gating), 

and similar to values reported for the K-forms of other small pore zeolites such as K-PST-29, K-ZK-

5 and K-CHA (3.5 – 4 mmol g-1).22,36,37 

The Cs-forms of MER show reduced specific uptakes compared to their K-analogues, which is 

expected due to the greater mass of Cs (which reduces the specific uptake – unit cell normalised 
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adsorption isotherms are given in Figure S4.2). Nevertheless, the Cs-MER does achieve an uptake of 

2.5 mmol g-1 at 1 bar and there is little observed hysteresis. One striking feature observed in the 

isotherms on the Cs-forms is a 2-step uptake, seen before in Cs-bearing zeolites that contain d8r units 

in their structure (RHO, ZSM-25, PST-20).23 This is most obvious in the Cs,TEA-MER, where the 

inflexion occurs around 0.2 bar, but can also be observed in the isotherm of Cs-MER, at ca. 0.03 bar. 

Such isotherm shapes are rare in zeolites, because most zeolite frameworks can be considered rigid, 

but are commonly seen in adsorption isotherms on metal-organic frameworks (MOFs) because of the 

flexibility of many of these materials. In flexible MOFs, these changes in uptake result from strong 

changes in structure, and are commonly referred to as ‘breathing’ behaviour.38 Isotherms with 

inflexions are of interest because they can potentially enhance working capacities over convenient 

pressure ranges in pressure swing adsorption.24 

The CO2 uptake at pressures up to 5 bar and from 298 - 328 K (conditions of relevance to pre-

combustion carbon capture) has also been measured for selected Na-, K- and Cs-MER materials 

(Figure 9). Typical equilibration times were 20 mins in the 0 - 1 bar range. Na-MER shows the highest 

uptake (achieving 4.8 mmol g-1 at 5 bar, 298 K) but significant hysteresis, which is increasingly 

obvious at the higher temperatures. In each isotherm, while the adsorption branches of the isotherm 

do not show Type I behaviour and show at least 2 clear steps, the desorption branch is closer in 

character to Type I. In all the adsorption isotherms the inflexion occurs at a loading of around 3 mmol 

g-1, suggesting a specific uptake is responsible for causing the change. Uptake on the Cs-MER also 

occurs in two clear steps, achieving 2.85 mmol g-1 at 298 K, 5 bar, but by comparison the second step 

in the adsorption isotherm begins at a lower pressure and also at a smaller fraction of the total uptake 

than for Na-MER. Again, the start of the second step in the adsorption isotherms begins at a similar 

value in each case, ca. 0.6 mmol g-1. 
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Only the K-MER shows the usual zeolitic Type I isotherm behaviour, without hysteresis throughout 

the 0 - 5 bar range, displaying a maximum uptake at 5 bar and 298 K of 4.2 mmol g-1. 

 

 

Figure 9. High pressure CO2 isotherms at (a) 298 K, (b) 308 K and (c) 328 K for (A) Na-MER, (B) 
K-MER, (C) Cs-MER. Adsorption, closed symbols; desorption, open symbols. 

 

The presence of hysteresis in both sets of CO2 isotherms (0-1 bar, volumetric, 0-5 bar, gravimetric) 

of Na-MER and Cs-MER, but not of K-MER, indicate that the uptake kinetics of K-MER are fast, 

whereas the uptake is slower on Na-MER and Cs-MER. In additional experiments, volumetric uptake 

of  single doses of CO2 were followed as a function of time after contacting ca. 2 g of dehydrated Na-

, K- and Cs-MER with CO2 at initial pressures of 0.40 bar and 0.80 bar in a closed system at 298 K. 

Absolute pressure uptake curves of Na-, K-, and Cs-MER from 0.4 bar and fractional uptake curves 

of Na- and Cs-MER from 0.4 and 0.8 bar are shown in (Figure S4.3). These measurements confirm 

that the uptake kinetics of K-MER are much faster than that of either the Na- or Cs-MER, which have 

similar uptake kinetics after accounting for the lower capacity of the Cs-MER. Allowing for sample 

heating effects, uptake of 0.4 bar CO2 is essentially complete in 1 sec for K-MER, consistent with the 

structure becoming open for CO2 even at very low CO2 partial pressures. By contrast, uptake of 0.4 

bar and 0.8 bar CO2 is incomplete in both Na-MER and Cs-MER even after > 25 seconds. The rate 

of fractional uptake of CO2 appears to be somewhat higher in Cs-MER than Na-MER for a 0.4 bar 

dose of CO2, but this behavior switches for the 0.8 bar dose. Again these results are consistent with 

structural changes occuring in Cs-MER at lower CO2 partial pressures than in Na-MER. 
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In situ PXRD studies of CO2 adsorption on Merlinoite 

The non-Type I shape of some of the isotherms suggested that the MER structure changes during CO2 

adsorption. Therefore, in order to understand the adsorption behaviour, the structure was followed 

during CO2 adsorption using powder x-ray diffraction. Measurements were first made at 298 - 328 K 

in flat plate geometry under a static CO2 atmosphere at different pressures from 0 - 1 bar for Na-, K- 

and Cs-MER (Figures 10 and S5.1). Although of relatively low resolution, they do show that 

significant structural changes occur in all cases. The diffraction patterns of the hydrated forms 

measured under the same conditions are given for comparison. 

 

Figure 10. PXRD of (A) Na-MER, (B) K-MER and (C) Cs-MER, where (a) hydrated, (b) dehydrated 

and measured with CO2 adsorbed at 298 K at different pressures (in bar): (c) 0.10, (d) 0.20, (e) 0.30, 

(f) 0.40, (g) 0.60, (h) 0.80, (i) 1.0. 

Na-MER shows small gradual changes in the relative intensities of reflections as CO2 is added up to 

a pressure of ca. 0.3 bar at 298 K, above which pressure there is a clearer, more marked change in the 

pattern (reflection intensities and positions) going to 0.6 bar, followed by more gradual change up to 

1 bar. At higher temperatures, the marked change in the pattern is observed at higher pressures (at 

308 K, 0.6 bar; at 328 K, 1 bar: Figure S5.1), which is consistent with a certain uptake of CO2 being 

required to give the thermodynamic driving force for the transition. 
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By contrast, the K-MER pattern changed sharply even under 0.10 bar of CO2, after which it remained 

constant, and bore close resemblance to that of the hydrated form. Attempts to observe the phase 

transition more closely were made adding the lowest pCO2 that could easily be achieved on the set-up 

(0.02 bar), but even at the highest temperature measured (328 K) the PXRD pattern had already 

changed to the ‘CO2-loaded’ one. The phase transition is therefore very rapid, triggered by low CO2 

pressure. 

Finally, the Cs-form was also observed from PXRD to undergo a sharp change in structure by 0.10 

bar at 298 K (and by 0.20 bar at 308 K and 0.60 bar at 328 K), again suggesting a certain uptake of 

CO2 is required to give rise to the structural transition. Unlike Na-MER, the Cs-MER structure change 

is relatively abrupt. 

Although the in situ variable pressure (VPXRD) measurements clearly reveal the structural transition, 

the diffraction data is of insufficient quality to permit structural refinement. Therefore, for selected 

samples and CO2 uptakes, capillaries containing dehydrated MER were loaded with CO2 before being 

sealed with epoxy and run on a high resolution diffractometer. PXRD patterns are shown in Figure 

S5.2, which were of sufficient quality for Rietveld refinement. They show that for K and Cs-MER 

the CO2-loaded samples had undergone the marked structural change observed by the in situ VPXRD, 

while for Na-MER data sets were collected at CO2 pressures above and below that required to give 

rise to a clear structural change.  Representative structures are shown in Figure 11, while unit cell 

parameters, window sizes and cation positions are given in Tables 1 and 2 and details of the Rietveld-

refined structures are available in the SI. 
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Figure 11. Representative structures of samples exposed to CO2 and sealed: (a,b) Na-, (c) K- and (d) 

Cs-MER. In the case of Na-MER, (a) low pressure (317 mbar) and (b) high pressure (684 mbar) 

phases are observed. Na+, K+ and Cs+ cations are shown in orange, purple and pink respectively. CO2 

molecule C and O atoms are depicted in red and white, respectively. Framework T and O sites are 

shown in black and grey, respectively. 

 

The structural study shows that the MER structures expand significantly upon the adsorption of CO2 

at elevated pressures, and the unit cell volumes become similar to those observed for the hydrated 

forms. For each material, the space group is the same in hydrated, dehydrated and CO2-loaded forms. 

For ease of description, and by analogy with the nomenclature of breathing MOFs, the structure 

adopted by the dehydrated phase will be called the ‘narrow pore’ form and the structures adopted by 

the hydrated phase and the phase at higher pCO2 the ‘wide pore’ form. This is simplistic (since one of 

the four window types in Na-MER actually decreases slightly upon CO2 adsorption), but is more 

accurate than using ‘closed’ and ‘open’ as the labels because CO2 can be taken up in both structures.  

Relating the structural work to the adsorption isotherms indicates that a transition between narrow 

and wide pore forms occurs in all cation forms, but the thermodynamics and kinetics of the phase 

transitions and the associated adsorption behaviours are very different. The behaviour of the 

merlinoite structure is therefore another example of cation-controlled molecular sieving.17 A detailed 

consideration of these different behaviours is given below. 
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For Na-MER, the narrow pore form persists to 0.6 bar at 298 K, although small movements in cations 

from site IIa to site III in the ‘ste’ channel take place, with associated minor changes in the unit cell 

and framework. The structure has very narrow windows along all but one direction (along the x axis) 

so that uptake is slow. This is also confirmed by Zero Length Column (ZLC) experiments (see section 

S8 in SI) carried out at a partial CO2 pressure of 0.01 bar at temperatures between 298 K and 328 K, 

yielding a micropore diffusivity for the narrow pore phase at 298 K of D/R2 = 2.0 ´ 10–4 s–1. Using a 

crystallite size of 0.5 µm, this gives D = 5.0 ´ 10–13 cm2 s-1. At CO2 pressures above the transition 

(0.6 bar) there is a structural change including a ca. 10% expansion of the unit cell, larger window 

sizes in all directions and some cation migration from I to IIa. The wide pore Na-MER has CO2 in 

the centre of the d8r unit, whereas this is not observed in the narrow pore Na-MER phase. The 

capacity of the wide pore phase is increased compared to that of the narrow pore, leading to an 

inflection in the isotherm, but the equilibrium uptake has already reached 2.5 mmol g-1 before the 

phase change begins to occur. Notably, the hysteresis on the high pressure isotherms suggests that the 

wide pore form extends to lower pressures in the desorption loop, so Na-MER must become ‘trapped’ 

in this form in a similar way to that observed in breathing MOFs such as MIL-53.38 

 

The adsorption behaviour of K-MER is very different, exhibiting rapid uptake and a Type I isotherm 

typical of those of rigid zeolites (such as K-ZK-5, for example36,37). This is explained by reference to 

the in situ PXRD data, which indicates that there is a very rapid phase change to the wide pore 

structure, triggered at a very low CO2 pressure, giving an open structure with all windows in excess 

of 3.2 Å without significant inter-site movement of cations. The ease of transition indicates that the 

energy advantage of the narrow over the wide pore material due to its closer coordination of the K+ 

cations is easily lost as they coordinate CO2 molecules: the two states must be very finely 

energetically balanced. The occupancy of cations in sites restricting diffusion in all of the x, y and z 

directions is below 50%, enabling rapid uptake of CO2 once the structure has opened. The fast kinetics 
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of the wide pore phase of K-MER are once again confirmed by ZLC experiments (SI). At 298 K, 

partial CO2 pressures above 0.003 bar and typical flow rates (< 50 cc/min), desorption of CO2 is an 

equilibrium process, meaning the kinetics are too fast to be obtained using this technique. At much 

lower partial pressures however, the process becomes kinetically controlled, due to the narrowing of 

the windows. The diffusivity of this narrow pore phase at 298 K is very similar to that of Na-MER, 

i.e. D/R2 = 2.5 ´ 10–4 s–1. 

Finally, for the Cs-MER, adsorption is slower than for K-MER and similar to that of Na-MER. There 

is a marked inflection in the isotherm after uptake of only ca. 0.7 mmol g-1, while the total uptake can 

go on to reach 2.8 mmol g-1 at 5 bar at 298 K. A closely similar isotherm shape is seen for Cs,TEA-

MER. The inflection can be related to the structural narrow-to-wide pore transition observed by 

diffraction. This is associated with migration of Cs+ from the centre of the d8r in the narrow form 

(site Ia), where it achieves enhanced coordination by framework O atoms, to the nearby S8R site (site 

I) where it reduces coordination to the framework but can also achieve coordination with CO2 

molecules. There is also some associated Cs+ redistribution between sites II and III. The cation 

migration from Ia to I leaves additional sites for CO2 molecules in the wide pore Cs-MER structure 

and consequently results in a step in the CO2 adsorption isotherm. A similar Cs migration from D8R 

to S8R site and inflexion in the isotherm is seen by in-situ diffraction during CO2 adsorption on zeolite 

Cs-Rho.15 Furthermore, similar steps are observed in the CO2 isotherms of Cs,TEA-ZSM-25 and 

Cs,TEA-PST-20,24 structures that also contain flexible d8r units and show transitions between narrow 

(I-43m) and wide pore (Im-3m) structures upon CO2 adsorption. We propose that similar D8R to S8R 

inter-site Cs+ migration is also responsible for these effects, although structural work is required to 

confirm this. 
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The kinetics of CO2 desorption measured by the ZLC method suggest a slightly higher diffusivity in 

the narrow pore phase of Cs-MER than observed for the narrow pore phases of Na- and K-MER, i.e. 

D/R2 = 9 ´ 10–4 s–1. Work is underway to extract kinetic data from the wide pore phases. 

In all cases, the adsorption of CO2 results in the expansion of the merlinoite framework. In the wide 

pore structures of each composition, CO2 molecules occupy sites in the d8r units, and in the Cs-form 

the Cs cations move to allow this to be possible, so this can be considered to be the mechanism of the 

expansion. As Na-MER has the largest number of cations present in the d8r unit when dehydrated, it 

is proposed that this structure has the highest energy barrier to reach the wide pore phase. As such, a 

higher pressure of CO2 must be reached, or a greater length of time must pass to observe CO2 

molecules in the d8r unit. 

 

 

CO2/CH4 separation and breakthrough curves 

To investigate the performance of MER materials in CO2/CH4 separation, CH4 adsorption isotherms 

were measured volumetrically at 298 K and compared with CO2 adsorption measured under the same 

conditions (Figures S7.1, S7.2, S7.3).  In all cases, CH4 adsorption took a long time to equilibrate, 

indicating methane cannot easily access the internal pore space of the zeolites and that simple 

comparison of the isotherms indicated high selectivity in each case. However, for structures that can 

change in response to adsorption, the uptake should be measured in gas mixtures to get a true estimate 

of selectivity. Breakthrough curves were therefore measured at 298 K using a mixed gas flow of 10% 

CO2, 40% CH4, balance He. At this temperature and partial pressure of CO2, on the basis of the CO2 

adsorption behaviour described above, Na-MER is expected to stay in the narrow pore form, K-MER 

is expected to open rapidly to the wide pore form and Cs-MER is expected to undergo a gradual 

transformation to the wide pore form as shown by the step in its corresponding isotherm. 
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In the breakthrough curves of CO2/CH4 on Na-MER (Figure 12A, compared with other 

adsorbents, Figure S7.3), there is an initial period where all the CO2 is adsorbed, giving pure CH4, 

before the CO2 breaks through. Some CH4 is taken in during this period, and is then displaced as 

CO2 adsorption continues. In the subsequent desorption, the CH4 signal shape is indistinguishable 

from that of the no-sample blank, indicating high selectivity (ca. 300(10) as measured by 

integration of the signals, Table S7.1). CO2 desorption under these conditions (measured as 1.24 

mmol g-1) is an equilibrium process and therefore not controlled by diffusion in the micropores. 

Some mass transfer limitation appears to exist during the adsorption however, as evidenced by a 

long time tail until saturation after initial CO2 breakthrough. 
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Figure 12. Breakthrough curve (left: adsorption; right: desorption) for (A) Na-, (B) K-, (C) Cs-

MER in 40% CH4 / 10% CO2 / 50% He at 298 K. The curves are shown as a function of volume 

of gas that has flowed over the sample.  

K-MER was also examined in these experiments, and showed promising separation behaviour (Figure 

12B). CO2 is selectively adsorbed from the mixture, so that a stream of pure CH4 is produced. There 
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is some adsorption of CH4 but this is subsequently displaced by CO2, giving the roll-up curve 

observed. That CH4 is initially adsorbed at appreciable levels (i.e. 0.56 mmol g-1) suggests that 

exposure to CO2 opens the structure to CH4, whereas in its absence an uptake of less than 0.01 mmol 

g-1 would be expected from the single component isotherm. Indeed, a breakthrough experiment under 

identical conditions, but without CO2 present (i.e. 40% CH4 in He) shows negligible adsorption of 

CH4 (Figure S7.4). The sharp breakthrough profile of the CO2 once the sorbent has taken up an 

equilibrium amount is reminiscent of predictions by classical equilibrium theory39 also and indicates 

rapid adsorption kinetics. The desorption curves from the same experiment measure the desorption 

of CO2, giving an estimate of 1.9 mmol g-1, while the CH4 signal is superimposable upon the blank 

signal, indicating that pure CO2 can be produced in this step. A selectivity of 850 is estimated from 

this method (Table S7.1). K-MER is therefore a promising sorbent for CO2/CH4 separation in terms 

of uptake capacity and kinetics that enable pure CH4 and CO2 to be produced. 

The breakthrough curves observed under similar conditions for Cs-MER (Figure 12C) show different 

behaviour. After an initial period where pure CH4 leaves the column, CO2 initially breaks through in 

a shockwave manner. When its gas phase concentration reaches c/c0 ~ 0.5, this sharp profile changes 

to a much more dispersed one. This can be related to the step in the isotherm and is once more in line 

with predictions by equilibrium theory. The emergence of combinations of shock and dispersive 

waves as a result from stepped isotherms was investigated in detail by Basmadjian and co-workers39,40 

and recently rediscovered by Cousin-Saint-Remi and Denayer.41 The occurrence of a dispersive wave 

front means only a fraction of the bed’s capacity can be utilised to obtain pure CH4. Better utilisation 

is possible for lower CO2 concentrations, i.e. below the step in the isotherm. 

Similarly, there are two apparent regimes in the desorption curve of CO2 from Cs-MER, which is also 

attributed to a change in diffusivity due to the phase transition. Again, no significant desorption of 

CH4 is measured, so that desorption of nearly pure CO2 is achieved (ca. 1.2 mmol g-1 with a selectivity 
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of 340). These results indicate Cs-MER does not have the efficiency of K-MER in the separation of 

CO2/CH4, but may suggest that dynamic techniques of this kind can give a method to follow the 

kinetics of adsorption-driven phase transitions in flexible zeolites.  

 

To summarise these structural, adsorption and separation results, it is clear that for the adaptable 

zeolite merlinoite, as for zeolite Rho, the type of the charge-balancing extra-framework cation 

strongly affects its structural response to CO2 adsorption and thereby its performance in CO2/CH4 

separation. In addition to affecting the strength of interaction with CO2 (and so the Henry Law 

constant for equilibrium uptake) as expected from a consideration of cation−CO2 interactions, 

different cations modify the structure type and consequently the thermodynamics and kinetics of 

merlinoite’s narrow pore/wide pore transition and consequently its performance in molecular 

separation. Specifically, the amount, rate and selectivity of uptake are affected, and the structural 

expansion is reflected by non-Type I, stepped, adsorption isotherms rare in zeolites. 

 

It is also apparent that the adsorption behaviour, both equilibrium and kinetic, of flexible zeolites can 

only be understood by detailed in situ structural studies of the kind described here. Although the 

merlinoite framework has a maximum possible topological symmetry of I4/mmm, it is observed to 

distort from this to either of the lower symmetries Immm or P42/nmc. Smaller Li+ and Na+ cations 

give rise to the former distortion, larger K+ and Cs+ cations to the latter. This is most marked in 

dehydrated M-MER zeolites, where the cations interact only with the framework, but it is also 

observed in hydrated and CO2-loaded materials. While the mode of distortion depends on the resultant 

of the sum of all cation-framework interactions minus the energetic cost of the framework distortion, 

it seems significant that the orthorhombic Immm permits alternation of narrow and wide buckled S8R 
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windows between pau and ste cages that permit ordering of the smaller Na+ cations into favoured 

(narrower) sites, whereas larger cations distribute between equivalent sites II in P42/nmc. 

 

The uptake of CO2 on Na-MER, while the highest of the Na-, K- and Cs-forms, is slow, as shown by 

hysteresis in the isotherms and low diffusivity in its narrow pore configuration, which persists up to 

a CO2 partial pressure  of ~0.5 bar at 298 K or 1 bar at 328 K. The wide pore form is only attained at 

pressures higher than this and the difference between adsorption and desorption branches arises from 

sluggish wide-to-narrow pore transition as pCO2 is reduced. Slow uptake by the narrow pore form can 

be explained by its very narrow windows in all but one direction, which renders its pore system one 

dimensional. The slow transition from the narrow to the wide pore form would therefore demand 

extended adsorption cycles, because narrow-to-wide pore structural transitions would be required in 

each cycle. 

Cs-MER also shows relatively slow uptake, and furthermore at 10% CO2 in flow the uptake rate 

changes due to the structural transition. This occurs at much lower pCO2 and lower uptake than in Na-

MER (ca. 0.05 bar at 298 K). Since the 8R window sizes are relatively large along all axes, the slow 

uptake must be explained by the need for movement of Cs+ away from the centres of 8R window sites 

Ia and III that control transport along z: the fractional occupancy of Cs+ is high in these sites (0.78 

and 0.62, respectively). Cs-MER also displays the most obvious cation migration in the series, where 

Cs+ moves from D8R to S8R sites to achieve better coordination with adsorbed CO2. This allows 

significant additional CO2 uptake by making favoured D8R sites available for occupation, resulting 

in a clear 2-step adsorption isotherm. Such features have previously been reported in Cs-members of 

the RHO family,24 so this can be part of the explanation of a more general and potentially useful 

effect. 

The K-MER shows the best properties for CO2/CH4 separation. Adsorption and desorption are rapid 

and Type I and breakthrough curves indicate good potential to produce pure CH4 and pure CO2. Like 
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the Na- and Cs-forms, K-MER exists in a narrow pore form when in the dehydrated state, ‘activated’ 

for adsorption, but unlike the other forms readily opens up to a wide pore form with 8R windows of 

free radii in excess of 3 Å in each direction. The very low pCO2 (<0.02 bar) at which the framework 

expands indicates a fine balance between energies of the narrow and wide pore forms in the 

dehydrated state. Furthermore, the occupancy of site III is low, which may permit rapid diffusion 

parallel to z. In any case, it is clear that the K+ cation’s ionic radius, intermediate between that of Na+ 

and Cs+, is optimum to prepare a selective CO2/CH4 sorbent for this merlinoite, which has Si/Al = 

3.8. The cation size and charge determine both the siting of cations, the ease of opening of the 

structure, and the ease with which they can move out of windows during ‘cation gating’. For K-MER 

the K+ cations allow readily opening to the wide pore form and rapid transport in all directions is 

possible in a way that it is not in the otherwise similar Cs-MER. This ‘Goldilocks effect’ determining 

the dependence of adsorption performance on cation size in adaptable zeolites will be strongly 

structure dependent: for Rho, by contrast, the optimum properties for CO2/CH4 separation reported 

so far are for Li-based Rho.16 Furthermore, K-MER shows the interesting property of being non-

porous to CH4 in the pure gas, when the structure is in the narrow pore form, but upon uptake of low 

levels of CO2 the structure springs into the wide pore form and can adsorb both CO2 and CH4, 

remaining selective for CO2. This underlines the importance of measuring uptakes and selectivity in 

mixed gases for flexible structures that change during adsorption. Single component measurements 

would give incorrect selectivities, which could be too high, depending on the nature of adsorbent-

adsorbate interactions. 

Finally, our attention has here been focussed on CO2/CH4 separations. For other separations, 

particularly those where the sorbates are smaller in size and interact less strongly, it may be that other 

MER compositions other than K-MER would give optimum performance. 
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Conclusions 

Merlinoite with Si/Al = 3.9 has been prepared according to literature methods. Its lower cation content 

than that of merlinoite prepared via inorganic-only syntheses imparts better CO2 adsorption 

properties. Good uptakes are obtained in as-prepared K,TEA- and calcined K,H-MER, but most 

attention was paid to fully exchanged Na-, K- and Cs-MER forms. Attempts to prepare Li- or H-MER 

were unsuccessful, due to framework instability.  

The specific uptake of CO2 decreases strongly in the order Na>K>Cs, although per unit cell of 

adsorbent this decrease is much less marked. More importantly, the shape of the adsorption isotherms 

and the kinetics of adsorption depend strongly on the cation form, so that while K-MER displays 

Type I behaviour and reversible adsorption/desorption isotherms, both Na-MER and Cs-MER have 

non-Type I isotherms and, especially for Na-MER, hysteresis. All MER materials show very low 

uptakes of CH4 in single component adsorption measurements. 

Mixed gas CO2/CH4 breakthrough curve measurements show strong differences in dynamic 

behaviour, although all solids are highly selective for CO2, as expected for cationic zeolites. In 

particular, K-MER shows promising behaviour: good kinetics give high capacity and equilibrium 

selectivity from 10% CO2/40% CH4 mixtures. The breakthrough curves indicate that in a pure flow 

the zeolite remains closed to CH4, whereas a trace of CO2 will allow both gases to adsorb, with CO2 

eventually displacing CH4. Na-MER and Cs-MER have slower adsorption kinetics. 

The adsorption and separation behaviour of merlinoite can only be explained in terms of the flexibility 

of merlinoite’s structure. Its framework distorts strongly upon dehydration, as the framework 

contracts to improve coordination of extra-framework cations by framework O atoms. The symmetry 

(Na-MER; Immm; K-, Cs-MER; P42/nmc), location of extra-framework cations and type of distortion 

depends on cation type: the unit cell is reduced in volume more as the cation size decreases. In situ 

PXRD enables the structural origin of the non-Type I behaviour of Na- and Cs-MER to be established. 
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There is a narrow-to-wide pore transition as pCO2 is increased, which occurs at different pressures 

(and uptakes) for the two solids at the same temperature. For Cs-MER the transition is associated 

with migration of Cs+ from D6R to S6R sites, and we suggest that similar ‘breathing’ type behaviour 

seen for Cs-ZSM-25 and Cs-PST-20 could have the same origin. Although K-MER shows typical 

Type I adsorption isotherms, in situ structural studies show that it also undergoes the narrow-to-wide 

pore transition, but at very low CO2 pressures (<0.02 bar at 328 K). This is very rapid for K-MER 

with little intersite K+ movement, indicating a fine energetic balance.  

We therefore conclude that merlinoite zeolite displays a range of cation-controlled molecular sieving 

behaviour, including ‘breathing’ and ‘CO2-triggered pore opening’, which illustrate the variety of 

adsorption mechanisms that may operate in this and other flexible zeolites. The structural behaviour 

depends on the relationship between the numbers and size of exchangeable cations and the available 

lattice sites in the flexible structure, coupled with the effects of adsorbed molecules on cation-

framework interactions. Careful considerations of these effects may lead to specific applications in a 

range of small molecule gas separations. 
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