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Abstract 
 

Nanoporous adsorbent materials are a key part of many industrial processes, including the rapidly-

expanding carbon capture industry. Development of advanced sorbents requires an assessment of 

the sorbent’s performance under mixed-gas conditions. Existing measurement techniques tend to 

be slow, material-intensive, and have limited ability to measure competitive mixed-gas sorption. 

We have developed a novel technique that measures thin films of sorbents deposited onto sensitive 
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micro-electromechanical system (MEMS) transducers.  This technique is fast, requires very little 

material, and enables real-time monitoring of binary gas sorption.  We report measurements of 

CO2/H2O mixed-gas isotherms at three different temperatures on the carbon capture MOF CALF-

20.  The measured experimental data on CO2/H2O mixture adsorption in CALF-20 demonstrate 

the severe limitations of the Ideal Adsorbed Solution Theory (IAST) in providing a quantitative 

estimation of the component loadings. Departures from the IAST are quantified by introduction of 

activity coefficients and use of the Real Adsorbed Solution Theory (RAST). 

 

Adsorbent materials span a range of important industrial applications including gas separations,1 

gas storage,2 and carbon capture3 from both point sources and directly from the atmosphere to 

mitigate the effects of climate change.  The practical implementation of adsorbents into an 

industrial process often requires a quantitative understanding of the material’s adsorption and 

desorption properties under mixed gas conditions.4–6  Without this detailed understanding, both 

the selection of a material and the design of a separation process can become slow and tedious and 

may rely on optimization through trial-and-error that is often based on flawed extrapolations of 

simpler separations. 

Today there are many commercially available instruments6 capable of measuring adsorption 

properties of materials including porosimeters, dynamic vapor sorption (DVS), thermo-

gravimetric analysis (TGA), gravimetric or volumetric physisorption, and column breakthrough 

(CB).  While these instruments have standardized the measurement of single-component gas 

adsorption, their ability to characterize mixed-gas adsorption is often limited.  In the absence of 

experimental data on the mixture adsorption equilibrium, researchers may rely on the use of the 

Ideal Adsorbed Solution Theory (IAST) of Myers and Prausnitz7 to quantify and compare mixture 
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separation performance. The IAST description of mixture adsorption equilibrium relies on a 

number of basic tenets: (a) homogeneous distribution of guest adsorbates, (b) no preferential 

locations of any guest species within the pore landscape, and (c) no molecular clustering due to 

say hydrogen bonding between pairs of adsorbates.8–14 In a number of publications on CO2 capture 

from mixtures containing N2, CH4, C2H4, C2H6, C3H8, and H2O using cation-exchanged 

zeolites,8,10,12–19 the IAST has been shown to fail due to non-compliance with one or more of the 

afore-mentioned tenets.  

We report here a new experimental technique for rapid and direct measurements of binary 

polar/non-polar gas mixtures.  This technique measures adsorbent materials in the form of thin 

films, a form-factor that enables the use of compact micro-electromechanical system (MEMS) 

measurement devices with very high sensitivity.  We use two types of transducers:  1) gravimetric, 

and 2) electrical capacitance.  The gravimetric transducer is a quartz crystal microbalance (QCM), 

and the electrical capacitance transducer is an interdigitated electrode (IDE) capacitor. The QCM 

measures the total mass of both species in the binary gas mixture, and the IDE response is 

dominated by only the polar species.   

This thin film technique has several advantages including measurement speed and low material 

requirements. The measurement speed of equilibrium gas adsorption is often limited by the 

equilibration time of the material, typically a diffusion-limited process.6  The equilibration time of 

even small amounts of bulk powders can be hours or even days for a single data point, especially 

in the case of separations involving water.20–22 The thin films in the technique reported here are 

typically <10 microns thick with equilibration times that are typically tens of minutes to 2 hours, 

representing a 10x to 20x improvement in measurement speed.  Furthermore, the thin films have 

very low material quantity requirements and can be made with <100 mg of starting powder. 
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We apply this technique to competitive CO2 and water sorption in Calgary Framework (CALF)-

20,20 a metal-organic framework (MOF) adsorbent that is used commercially for post-combustion 

carbon capture.  In this case, the QCM measures total sorption of CO2 and water, while the IDE 

measures sorption of water only.  Through careful calibration and signal processing, we obtain a 

direct measurement of the amount of CO2 and water adsorbed into the CALF-20 material (See 

Figure 1). Using this technique, we report, for the first time, experimental data that illustrates the 

humidity-dependent nature of thermodynamic non-idealities on CALF-20 adsorption capacity.     

 

Figure 1. Illustration of how the sorption of polar (e.g. water, blue circles) and non-polar (e.g. 

CO2, orange circles) species can be separately measured using the thin film technique reported 

here.  A QCM measures the total mass of all species (e.g. CO2 and water) adsorbed in the material.  

An interdigitated electrode (IDE) capacitor measures the dielectric of the material which varies 

with the amount of adsorbed polar species (e.g., water) and can be converted to mass of water 

present.  Subtracting the two calibrated signals results in the mass of the non-polar species (e.g. 

CO2). 
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The process of obtaining these mixed-gas measurements proceeded as follows: 

1) Initial characterization: The MOF was characterized to ensure the integrity of the starting 

material. 

2) Sample preparation: An ink was then formed from MOF powder and a polymer binder. This 

MOF ink was cast onto the QCM and IDE transducers. 

3) Instrument setup: The QCM and IDE samples were mounted in identical flow cells, placed 

into the measurement system, and a specific test sequence was programmed. 

4) Data collection and analysis: The instrument executed the gas test sequence and recorded 

data from the QCM, IDE, and environmental sensors.  

5) Data analysis was performed to generate the reported isotherms and compare to in-house and 

literature measurements by different techniques.  

Further details may be found in the Experimental Section and the supporting information. 

The starting powder measurements replicate those reported in the literature.20 Crystallinity as 

assessed by PXRD matches the literature-reported data (Figure S1). CO2 sorption at 273 K was 

measured by porosimetry and shown to be comparable to that reported in the literature. The 273 

K isotherm was measured independently at University of Calgary (Micromeritics ASAP 2460) and 

at Matrix Sensors (Micromeritics 3Flex). These isotherms agree to within 5%, verifying the quality 

of the starting material (Figure S2). SEM imaging was conducted at Matrix Sensors and shows 

that particle sizes are < 7 μm (Figure S3). The thin films, as-cast on the QCM, show MOF particles 

embedded in polymer uniformly across the surface of the substrates. The particle sizes in the thin 

films range from submicron to about 7 μm, which is similar to the estimate obtained from SEM 

imaging of the powder alone (Figures S4, S5). TGA degradation measurements to assess the MOF 
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content23,24 of the films are within 10% of the expected MOF content based on initial ink 

composition (see discussion in supporting information and Figure S6).   

Thin film quality was further assessed by a measurement of the quality factor (Q) of the QCM 

resonator.  Generally, a Q>10,000 is needed for high-sensitivity mass measurements; the Q of this 

sample is approximately 89,000.  Details may be found in the SI. 

The frequency of the QCM is tracked throughout the duration of the test and is used to determine 

the total mass of gas adsorbed into the CALF-20 film. The sample is equilibrated at the intended 

test temperature to establish a baseline. As gases are introduced (Figure 2a), the frequency change 

of the QCM enables mass calculation by the Sauerbrey equation.25  

The IDE capacitance (pF) of the CALF-20 film is read out using a bridge circuit. A capacitor 

measures the dielectric constant of the material between its electrodes. This dielectric constant 

varies with the presence of polar species. This is the basis of most commercial humidity sensors.26 

As water and CO2 adsorb into the thin film, the capacitance is only slightly affected by the presence 

of CO2 but responds very strongly to water (Figure 2b). The CO2 capacitance response over the 

range of CO2 concentrations used (0-0.5 bar CO2) is <2% of the relative humidity capacitance 

response over the range of humidities tested (Figure S7) and we therefore treat it as negligible for 

the purposes of data analysis, and assign all capacitance response to water. See the supporting 

information for further discussion.  
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Figure 2. a) A representative test sequence for measurement of CO2, H2O, and mixed-gas isotherms 

showing the CO2 and RH (relative humidity) set points during the test. This test sequence was run 

at several different temperatures, including 308 K. b) Representative raw, uncorrected frequency 

change and capacitance change from the CALF-20 thin films on QCM and IDE sensors, 

respectively, at a test temperature of 308 K. In both plots, the pink shaded region indicates the CO2 
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isotherm; the blue-shaded region indicates the H2O isotherm; and the purple-shaded region 

indicates the mixed-gas isotherm at constant 0.15 bar CO2. 

 

The resonant frequency of a QCM changes in response to mass gain or loss on its surface. Thus, 

the change in frequency before and after thin film formation, dFfilm, is proportional to the total 

mass of the film.  During an adsorption test, gas concentrations of interest are introduced in 

sequential steps. The resulting change in QCM frequency dFchange is proportional to the change in 

total adsorbed species in the material, and the ratio of dFchange to dFfilm produces a weight percent 

loading in (g adsorbed species)/(g sorbent). In single gas measurements, this value represents the 

sorption of the single component present (either CO2 or water); in mixed-gas conditions, this 

measurement represents the combined mass of CO2 and H2O adsorbed. To prevent overshoots and 

incomplete sample equilibration from affecting our calculations, the last 10 minutes of each pulse 

are averaged to obtain isotherm points. Based on previous work,20 we assume that the sorption of 

our carrier gas (dry air) is negligible in the MOF. 

The IDE capacitor was calibrated by measuring a single-component water isotherm and 

comparing the IDE capacitor reading to the QCM gravimetric response.  A curve fit generated 

from these points enables the conversion from capacitance to water loading in g/g. This calibration 

was performed at each test temperature.  Specifically, the sample was dried for 24h at 353 K, 

baselined at the test temperature for a minimum of 3 hours, and a single-component water isotherm 

was measured on both the IDE and QCM to generate a calibration curve.   A comparison of the 

calibration curves shows differences between test temperatures, but two calibrations at the same 

temperature are reproducible (Figure S8).  

Finally, the uptake values are normalized to eliminate the presence of the polymer in the weight 

fraction, that is, the denominator of the g/g values is adjusted to reflect only the MOF content of 
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the film. This step likely introduces the most uncertainty to our uptake measurements since the 

amount of MOF in the composite is not precisely known. 

The CO2 and water single-gas isotherms on CALF-20 thin films were measured using the QCM 

(frequency/mass) readout and compared to measurements on powder samples conducted on 

commonly-used static and dynamic sorption instruments including TGA, DVS, and a porosimeter 

(Micromeritics 3Flex). The thin film CO2 sorption, normalized for MOF content only, falls 

between the TGA and 3Flex data. While it is within 10% of the TGA measurement, it is roughly 

17% lower than the isotherm reported by the 3Flex, when comparing data points above 0.1 bar 

CO2 (Figure 3a). The observation that the thin film QCM measurements are relatively close to 

both the TGA and porosimetry measurements is verification that our thin film is representative of 

the powder.  However, the lack of agreement between the TGA and porosimetry measurements on 

the same powder merits further investigation, discussed in the supporting information. 

The thin-film water isotherm was compared to powder measurements collected by DVS, TGA, 

and 3Flex (Figure 3b and Figure S9). While the DVS measurement agrees well with the thin film 

(within 5-10%), the TGA measurements are roughly 40% lower, while the 3Flex isotherm is 

roughly 14% higher than the thin film. These variations are also discussed in the supporting 

information. 

Overall, despite the disagreement between various established dynamic and static sorption 

techniques, we believe our thin film is representative of the starting powder. The polymer 

component of our thin film has been shown to absorb negligible amounts of water and CO2 (Figure 

S10). We do not believe the polymer is blocking MOF pores to a significant extent27,28 or 

interacting with the CALF-20 in a suppressive way (see further discussion in the supporting 

information). 
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Figure 3. Thin-film a) CO2 and b) H2O single-component isotherms of CALF-20 measured on a 

QCM, with comparison to powder data obtained by conventional methods:  a) TGA and 3Flex and 

b) DVS and TGA. Filled shapes represent adsorption, and open shapes represent desorption. 

 

Mixed-gas isotherms of CALF-20 thin films are in agreement with results previously published 

by Shimizu et al (Figure 4a, Figure S11)20 and others.22 Several key differences in our isotherm 

are noted and may be ascribed to different methods of assessment, material composition, and test 

temperature. Shimizu et al. performed adsorption measurements at 295 K on a structured version 

of the material composed of 80% CALF-20 and 20% polysulfone. Our sorption measurements are 

conducted at 298 K on unstructured CALF-20 powder mixed in a non-adsorptive binder. Our 

calculated isotherms are corrected to remove the wt% of this binder, thereby reporting a 

normalized MOF-only mass measurement. Due to the ease and speed of data collection, we also 

obtained mixed-gas desorption isotherms which shows that there is no hysteresis (Figure 4a, Figure 

S11a). 

Analysis of isotherms indicates that unstructured CALF-20 powder has a higher affinity for 

competitive CO2 and higher overall loading capacity compared to the structured material reported 

by Shimizu et al. We furthermore observe the critical inhibitory effect of CO2 on water adsorption 

capacity reflected in previous data (Figure S12). The discrepancy in the total uptake of our powder 

when compared to the Shimizu et al. isotherm is attributed to the polysulfone binder reported in 

the structured material; CO2 isotherms reported in Science20 for the structured CALF-20 show a 

25% decrease in adsorption compared to the as-synthesized powder. Comparatively, the difference 

in adsorption between the structured, literature CALF-20 and our normalized powder isotherm is 

17%, which is similar but not identical to the magnitude expected from the structuring of the 

Shimizu sample. Our isotherm is measured at a slightly higher temperature (298 K vs 295 K) which 
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is expected to decrease uptake. There are also other effects that are not perfectly controlled that 

may contribute to the difference, including error in the wt% measurements of our composite ink 

and MOF dispersion in the bulk versus film composite. 

 

Figure 4. a) Mixed gas isotherms of CO2/H2O in a CALF-20 thin film at 100% CO2 and 298 K 

showing the competitive adsorption and desorption of CO2 and H2O over a range of humidities. 

At low humidities, CO2 adsorbs preferentially, while at higher humidities, water dominates. Filled 

circles represent the adsorption isotherm, and open circles represent the desorption isotherm. b) 

Mixed-gas isotherms at 0.15 bar CO2 and temperatures of 298 K, 308 K, and 318 K, plotted using 

absolute humidity as the x-axis. The data points represent adsorption isotherms only. 

 

For carbon capture applications, it is important to understand how competitive adsorption of 

water and CO2 varies with temperature. To explore these temperature effects, we measured mixed 

gas isotherms on a CALF-20 thin film at three temperatures:  298K, 308K, and 318K. We found 

that as expected, single-component isotherms of both CO2 and water decrease with temperature 

(Figure S13). 

Mixed gas water isotherms at a constant CO2 concentration of 0.15 bar were measured at three 

temperatures: 298K, 308K, and 318K (Figure 4b and Figure S14).  We observe that water uptake 
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is suppressed at low humidities by CO2 presence, as was shown in previous work.20 However, the 

temperature-dependence of the mixed-gas isotherm exhibits unexpected behavior: Water loading 

in the MOF decreases significantly with temperature, but CO2 loading in CALF-20 increases at a 

given absolute humidity as temperature is increased (Figure 4b). This suggests that raising the 

temperature of the material and gas stream (assuming a fixed absolute humidity of the gas stream) 

during operation may extend the range of CO2 suppression of water loading, further demonstrating 

the utility of CALF-20 for CO2 capture in humid conditions. When plotting the same data on a 

relative humidity scale instead of an absolute pressure scale (Figure S14b), as expected, CO2 

uptake decreases with temperature, as does overall loading. However, water uptake at low relative 

humidities increases with temperature, further showcasing the competitive effect of CO2 sorption 

when water is present: The CO2 in the MOF diminishes as temperature increases, allowing 

increased water sorption in this regime. At high relative humidities, the expected trend takes over: 

Water loading decreases with temperature.  

As water loading at 298K reaches saturation, the water loading as measured by the IDE appears 

to be greater than the total loading reported by the QCM. In the supporting information, we 

hypothesize two contributing factors for this observation.  

The ease of sample deposition and parallelizability of our measurement is demonstrated in a 

reproducibility study. Two QCM/IDE pairs were cast from the same ink and run simultaneously, 

demonstrating the parallelizability of our measurement system. The single- and mixed-gas 

isotherms are nearly identical between the two samples, demonstrating the reproducibility of our 

method (Figures S15, S16). In the future, we expect to be able to run up to 4 sample pairs 

simultaneously, which will further increase throughput and offer the possibility of statistical 

analysis in far less time than conventional methods. 
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The experimental data on the component loadings of the CO2(1), and H2O(2) with varying % 

relative humidity at three different temperatures 298 K, 308 K, and 318 K measured in this work 

are indicated by symbols in Figure 5. At each temperature the IAST calculations of mixture 

adsorption equilibrium, indicated by the dashed line, is unable to quantitatively match the 

measurements. The failure of the IAST is likely traceable to non-homogeneous distribution of CO2 

and H2O guests within the channels of CALF-20, along with the formation of hydrogen bonds 

between pairs of H2O molecules.29  

The Real Adsorbed Solution Theory (RAST) model with fitted Margules parameters for 

describing activity coefficients9–12,30–32 provide a quantitative match with the experimental 

measurements; the modeling details are provided in the Supporting Information. 

 

Figure 5. Experimental data obtained in this work (indicated by symbols) on component loadings 

for CO2(1)/H2O(2) mixture adsorption in CALF-20 at 298 K, 308 K, and 318 K.  The total pressure 

in the bulk gas phase is 15 kPa with varying % relative humidity.  The dashed lines are the IAST 

estimations; the continuous solid lines are the estimations using RAST calculations using fitted 

Margules parameters. The IAST and RAST calculation details, and input data are provided in the 

Supporting Information accompanying this publication. 
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We have presented a novel approach to sorbent evaluation that enables rapid measurements of 

mixed-gas isotherms. The key to our method is the use of a thin-film form factor instead of 

powders. We validate our thin film approach by demonstrating good correlation of single-

component isotherms to standard powder techniques.  We also demonstrate that our technique for 

mixed-gas adsorption reproduces the data from Shimizu et al20 and others.21,22 Our test time was 

approximately 3 days per isotherm, while the mixed-gas isotherm from Shimizu et al would take 

several weeks to reproduce, albeit on a 16 g column.  In other reported techniques, CALF-20 

mixed-gas equilibration times were >10 hours22 and 24 hours21 per data point, compared to 0.5-2 

hours per data point using our thin film method. We additionally measured mixed-gas isotherms 

at three different temperatures, which allowed us to conduct IAST and RAST modeling of CALF-

20. This work underscores the need for the RAST for quantification of CO2/H2O mixture 

adsorption equilibrium by introduction of activity coefficients. 

We believe that this experimental technique is expandable to other types of materials, including 

supported amines and zeolites. Work in progress includes rapid thermal cycling for testing material 

lifetimes, kinetics and diffusivity.  While this method would not necessarily translate directly to 

the separation performance of a large-scale bed as variables such as heat management and 

structuring-specific diffusion are not captured, the method provides access to critical data in a 

facile and timely manner. We anticipate that the thin film approach reported here can accelerate 

the development of advanced sorbents for DAC and carbon capture industries by accelerating the 

process of prospective materials evaluation under competitive, real-world relevant conditions. 

Experimental Section 

Thin film formation, casting, and characterization techniques. CALF-20 powder was 

combined with an amorphous fluoropolymer binder at a ratio of ~50% MOF, 50% polymer to 
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create an ink solution that was stirred to homogenize. The solution was cast consecutively onto a 

quartz crystal microbalance (QCM) and interdigitated electrode (IDE) capacitance device and the 

resulting thin films were cured under vacuum and characterized. Additional details on ink 

formulation and thin film casting are provided in the SI. 

System details. A schematic of the instrument is shown in Figure S19. The instrument consists 

of three main components: 1) a gas generator to deliver a gas stream with a controlled flow rate 

and gas composition, 2) a controlled environmental chamber with gas flow cells containing the 

mounted QCM and IDE connected in series, and 3) readout and computer control systems. The 

flow cells have closed-loop temperature control.  The gas generator uses infrared CO2 sensors and 

capacitive humidity sensors for closed-loop control of the gas mixture and for environmental 

monitoring inside the flow cell. The capacitive humidity sensor is sensitive to the presence of high 

levels of CO2 so a calibration was performed to correct the resulting humidity readings (see SI for 

details). The readout electronics include a frequency-locked-loop circuit to track the resonant 

frequency of the QCM and a bridge circuit to monitor the IDE capacitance.  A computer controls 

the entire system, which includes setting gas compositions and recording data from the QCM, IDE, 

and environmental sensors.  

Test sequence. The sample was dried at 353 K under flowing dry air at atmospheric pressure 

for 24 hours. The sample was then stabilized at the test temperature for several hours until the 

QCM baseline frequency stabilized. Dry-out and equilibration was performed prior to the start of 

every isotherm sequence of measurements. Two tests are reported in this work: 

1) A reproduction of the mixed-gas adsorption data reported in Science by Shimizu, et al,20 at 

298 K, 1 bar of CO2, and a range of relative humidities. 
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2) At each of three temperatures (298 K, 308 K, and 318 K), CO2 and H2O single-gas isotherms 

and a mixed-gas (constant 0.15 bar CO2) isotherm were measured. 
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1 Experimental Details 

1.1 Thin Film Formation and Characterization Procedures 

General. CALF-20 was prepared and provided by the Shimizu group at the University of Calgary using 

a previously reported synthesis method1 and used as received. All other solvents and starting materials 

were purchased from chemical suppliers and used without further purification (Sigma Aldrich, 

Chemours). 

MOF/Polymer Ink Preparation. A 6% solution of Teflon AF-1601 in FC-40 (0.166 g polymer) was 

added to a 10mL vial containing CALF-20 powder (0.149g) to yield an ink targeting 50 wt% MOF. The 

solution was stirred on a plate (500 rpm, room temperature) to homogenize and was visibly uniform after 

4 days. Casting was performed after 28 days of continuous stirring. 

Thin Film Casting Details. The surface of a bare QCM and IDE was prepared for deposition via 

successive solvent rinses of acetone, MeOH, and deionized water (5mL each) and oxidation under a UVO 

High Intensity Grid Lamp (Jelight, 15 minutes). Immediately before casting, the ink was sonicated for 15 

minutes at room temperature and vortexed to ensure uniform suspension. An aliquot of ink was then 

deposited onto the prepared QCM. The process was immediately repeated with another aliquot of ink to 

create a second layer. The complete composite was cured at 165°C for 15 minutes. The same procedure 

was then used to deposit the same ink upon an IDE capacitor. The QCM and IDE were then transferred 

to a vacuum oven and heated at 105°C for 12h under vacuum. 

PXRD. Powder X-ray diffraction (PXRD) spectra was collected on the starting powder at room 

temperature on a Rigaku MiniFlex 600 with a Cu Kꞵ filter (Ni/Cu) running at 20kV, 2mA for Cu Kɑ (λ 

= 1.5418 Å), with a scan speed of 10°/min, a step size of 0.01° 2θ, and a range of 3 - 50 °2θ. Sample 
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holders used were zero-background Si well-type plates (depth = 0.2 mm). Computed spectra of CALF-20 

(alpha and beta variations) were obtained from literature.2 

SEM (Zeiss). SEM images of the CALF-20 composite film were taken using a Zeiss Sigma 500 SEM 

(Carl Zeiss AG).  

SEM (Phenom). SEM images of the CALF-20 starting powder were taken using a Phenom XL Desktop 

SEM (Phenom World).  

CO2 Sorption Analysis. Approximately 80 mg of starting powder was placed in a tared sample tube 

with filler rod and degassed at 60°C for 2 hours followed by 100°C for 12 hours on a Micromeritics Smart 

VacPrep. Post-degas, the sample tube was weighed and transferred to a Micromeritics 3Flex Analyzer, 

where it was degassed for an additional 4 hours at 80°C. CO2 sorption isotherm data was then collected 

using a volumetric technique. Sample temperature was controlled by a calibrated Micromeritics 

IsoController unit filled with a 10% propylene glycol/water solution. Isotherms were run at both 273 K 

and 298 K. 

TGA- Degradation. Thermogravimetric degradation analysis on the starting powder, the polymer 

binder, and the film was recorded on a TA Instruments Thermogravimetric Analyzer Q500 under a 60 

mL/min N2 stream using an alumina pan at a heating rate of 10°C/min until a 2 h 100°C hold and 5°C/min 

thereafter up to 800°C.  

TGA- Isotherms. Thermogravimetric uptake analysis on the starting powder was recorded on a TA 

Instruments Thermogravimetric Analyzer Q500 with attached gas generator (same design as in the system 

described in the manuscript). The flow rate was 60 ml/min and the balance gas used was dry air. The 

sample was heated to 120 °C until stabilized before holding the temperature at 45°C for the isotherm 

steps. 
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DVS. Dynamic vapor sorption measurements for water isotherms on starting powder were taken by a 

Mettler Toledo Sorption Test System SPSx-1u High Load in aluminum pans using zero air. The samples 

were held at 60°C under dry air until stabilized before holding the temperature at 45°C for the isotherm 

steps. 

Measurement of Q. QCMs are assessed for test viability after thin-film deposition via Q factor. Q is a 

dimensionless parameter by which we characterize the quality of our resonant frequency measurement; 

high oscillator sensitivity is crucial in obtaining precise calculations of the sorption of a gas in our thin 

film. To measure Q, the admittance of the sample was measured versus frequency. The phase of that 

admittance was fitted, and the Q was derived from the slope of the fit (f0 = resonant frequency, φ = phase):  

𝑄 =
𝑓0

2
×

𝑑𝜑

𝑑𝑓
 

 

1.2 Testing Details 

Mounting Details. The QCM and IDE samples were mounted in identical environmentally controlled 

gas flow cells onto ceramic posts within the flow cells using non-conductive epoxy and cured for 15 

minutes at 110°C. Gold wires were bonded to the samples using silver conductive epoxy and cured for 30 

minutes at 110°C. The mounting provides electrical contact to the devices as well as mechanical strain 

relief for the QCM. 

RH Sensor Correction for CO2 Presence. A known humidity was delivered to the RH sensor and 

recorded. CO2 was then introduced to the humid air stream at a series of known partial pressures from 

0.01 to 0.5 bar while keeping the total pressure and flow rate the same. As the CO2 was introduced, the 

RH sensor value was recorded. This procedure was performed at a number of humidities, and the actual 

vs. recorded RH values in the presence of specific CO2 amounts were fit to a line and used to correct the 

RH data from tests at that constant CO2 value. 
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2 Additional Experimental Results 

 

Figure S 1. Powder X-ray diffraction of this CALF-20 sample compared to literature results. CALF-20 

is a flexible material with two different powder patterns. Our powder pattern appears to contain peaks 

from both. 
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Figure S 2. Physisorption isotherms of the as-received powder, measured at both University of Calgary 

and Matrix Sensors, Inc. Adsorption points are indicated with filled circles, and desorption points are 

indicated with open circles. The isotherms are within 5% of each other, indicating good agreement. 

 

 

Figure S 3. SEM image of CALF-20 powder at 4500X. Particle sizes range from submicron to ~7 𝝁m. 
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a)  

 

b)  

Figure S 4. Top-down SEM images of thin composite films mounted at 45° at two different 

magnifications. Particles appear reasonably uniformly distributed in a polymer matrix. 
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Figure S 5. Cross sectional image of a thin composite film. The film is roughly 2 microns thick. 

 

 

Figure S 6. TGA analysis of composite ink in comparison with Calgary CALF-20 and binder. The 

highlighted regions are each used to calculate the material loading in the composite ink (see inset table 

and discussion later in the SI). 
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Figure S 7. The total range of CO2 and water capacitances recorded at each of the three test temperatures 

is plotted here. The capacitance range for CO2 represents 0-0.5 bar of CO2. The capacitance range for 

water represents 0-85% RH at 298 K, and 0-65% RH for 308 K and 318 K. The magnitude of the CO2 

change over the range tested is < 2% of the H2O change, which we treat as negligible. 
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Figure S 8. Comparison between two humidity calibration plots taken at the same temperature on 

different days, showing slight differences but good agreement. Filled circles indicate adsorption points, 

and open circles indicate desorption points. 
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Figure S 9. Powder and thin film measurements at 298 K compared. The thin film QCM measurement is 

very similar to the measurement of powder on DVS (dynamic vapor sorption), and both are somewhat 

lower than the static sorption isotherm obtained from a Micromeritics 3Flex. 
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a)  

b)  

Figure S 10. Comparison of loading in the polymer binder vs. in the composite at 308 K of a) CO2 and 

b) H2O. Filled circles indicate adsorption points and open circles indicate desorption points. The polymer 

binder takes up essentially zero CO2 and H2O in comparison with the composite. 
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a)  

b)  

Figure S 11. Mixed-gas sorption of CALF-20 in a CO2 atmosphere and varying % RH is shown plotted 

on a relative humidity scale for a) thin films normalized to MOF only at 298 K in this work (1 bar CO2), 

and b) structured powder with 20% non-adsorbing binder at 295 K using TGA and column breakthrough 

(97 kPa CO2), from Lin, J.-B., et al. A Scalable Metal-Organic Framework as a Durable Physisorbent for 
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Carbon Dioxide Capture. Science 2021, 374 (6574), 1464–1469. https://doi.org/10.1126/science.abi7281. 

Reprinted with permission from AAAS.  

 

 

Figure S 12. Mixed-gas sorption of CO2 and water at 298 K and 1 bar of CO2, compared to water-only 

sorption at the same temperature. The comparison of the green and blue traces show that CO2 presence 

outcompetes water up to ~1.5 kPa water, and suppresses competitive water uptake compared to water-

only uptake up to 2.5 kPa. Filled circles indicate adsorption points and open circles indicate desorption 

points. 
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a)  

b)  

Figure S 13. Single-component isotherms of a) CO2 and b) H2O of a CALF-20 thin film on a QCM at 

three temperatures showing decreasing sorption as temperature increases. Filled circles represent 

adsorption, and open circles represent desorption isotherms. 
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a)  

b)  

Figure S 14. Temperature series mixed-gas isotherms at 0.15 bar CO2 at temperatures of 298 K, 308 K, 

and 318 K, plotted using a) absolute humidity and b) relative humidity as the x-axis. The filled symbols 

represent the adsorption isotherms, and the open symbols represent the desorption isotherms. 
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a)  

b)  

Figure S 15. Comparison of a) CO2 isotherms and b) H2O isotherms at 308 K of two different CALF-20 

thin film samples, showing excellent reproducibility. Filled circles indicate adsorption points and open 

circles indicate desorption points. 
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Figure S 16. Comparison of the mixed-gas isotherms at 0.15 bar CO2 and 308 K of two different CALF-

20 thin film samples, showing excellent reproducibility. Filled circles indicate adsorption points and open 

circles indicate desorption points. 
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a)  

b)  

Figure S 17. a) The capacitance change of the IDE due to the introduction of 0.15 bar of CO2 decreases 

with increasing temperature. If this is assumed constant over the mixed-gas RH isotherm, we would 

anticipate the capacitance is over-estimated by the percentages at the given absolute humidities for b) the 

298 K mixed-gas adsorption isotherm at 0.15 bar CO2. 
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Figure S 18. The mixed-gas RH isotherm at 298 K, 0.15 bar CO2 is shown above. The total loading as 

assessed by the QCM is plotted against the IDE-derived water and CO2 uptake data (black symbols). 

When a correction is applied to subtract the capacitance of the CO2 (blue symbols), the change in mixed-

gas uptake is very small. 
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Figure S 19. Schematic of the instrument depicting the gas generator system (gas tanks and yellow box) 

and sample chamber with flow cells and readout electronics (green box and PC). 

 

3 Additional Discussion 

3.1 Discussion of frequency shift conversion to loading 

The frequency shift of the composite (dFcomposite) was also assessed to establish the mass of thin film 

deposited. Under our controlled conditions, the oscillatory frequency of a QCM is inversely proportional 

to its thickness. The presence of a thin film on the surface of a QCM will thus decrease its frequency. This 

change, or “shift”, can then be applied to calculate a mass measurement using the Sauerbrey equation.  The 

frequency shift is calculated by 

𝑑𝐹𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 = 𝑓𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 − 𝑓𝑏𝑎𝑟𝑒 (2) 

where fbare is the frequency of the bare QCM before deposition and fcomposite is the frequency of the 

composite-coated QCM after the thin film has been activated and is reading a steady dry baseline at the 

target test temperature.  
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The change in frequency, or frequency shift, is directly proportional to the mass changes on the surface 

assuming the Sauerbrey equation holds. This allows us to convert and calculate the loading of a single 

gas from the center frequency data obtained from the QCM. 

 

The frequency shift of the composite at dry conditions must first be calculated by: 

𝑑𝐹𝑓𝑖𝑙𝑚,𝑑𝑟𝑦 = 𝑓𝑓𝑖𝑙𝑚,𝑑𝑟𝑦 − 𝑓𝑏𝑎𝑟𝑒 (3) 

At each gas condition, the frequency shift is calculated by: 

𝑑𝐹𝑓𝑖𝑙𝑚,𝑔𝑎𝑠 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛. = 𝑓𝑓𝑖𝑙𝑚,𝑔𝑎𝑠 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 − 𝑓𝑓𝑖𝑙𝑚,𝑑𝑟𝑦 (4) 

The ratio of the dFfilm, gas condition to dFfilm, dry gives the total loading (g/g) of the film, including the binder. 

𝑇𝑜𝑡𝑎𝑙 𝑈𝑝𝑡𝑎𝑘𝑒 (𝑔/𝑔) =
𝑑𝐹𝑓𝑖𝑙𝑚,𝑔𝑎𝑠𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛

𝑑𝐹𝑓𝑖𝑙𝑚,𝑑𝑟𝑦
 (5) 

To calculate the gas uptake of a target material, the total loading is converted to mmol/g using the 

molecular weight of the introduced gas and is corrected for the mass ratio of the target material in the ink. 

3.2 TGA analysis of composite contents 

We observed a 7% weight decrease between 30°C to 100°C, which corresponds to water loss from the 

powder. The temperature was then held at 100°C for two hours to generate a stable baseline for material 

loading calculations (Figure S 6). 

 

Calculation of material loading using TGA:3,4 

 

𝑅𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 = 𝑅𝑀𝑂𝐹(𝑥) + 𝑅𝑏𝑖𝑛𝑑𝑒𝑟(1 − 𝑥) (6) 

Where: 

Ra = residue 
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x = wt. fraction of MOF loading 

 

Depending on when the degradation residue data is collected, the wt% MOF can change significantly 

(~10%). Our expected MOF loading based on the mass fractions of starting components (~48%) falls 

between the two values obtained using different regions of the TGA degradation profile. Given this 

uncertainty, we have chosen not to recalculate the MOF loading using the TGA-obtained values. 

3.3 Discussion of CO2 capacitance as measured by the IDE 

The CO2 capacitance response is < 2% of the range of the RH response, which we treat as negligible 

for the purposes of data workup. The CO2 capacitance response at 0.15 bar (the CO2 condition of the 

mixed-gas isotherms reported in this paper) is highest at lower temperatures, and reaches 0.13 pF at 298 

K (Figure S 17a). If we assume that this response is constant across the relative humidities of the mixed-

gas isotherm at 0.15 bar CO2, over-estimation of capacitance from CO2 is < 0.4% for the representative 

298 K data set (Figure S 17b). When this flat correction is applied to the 298 K data set, the very small 

magnitude of this effect is negligible (Figure S 18). 

 

 

3.4 Discussion of CO2 and water isotherm differences between thin films and 

starting powder by several techniques 

There are a few possible explanations for the varying CO2 and water loading of our thin film measurement 

and powder measurements. The disagreement of various established static and dynamic sorption 

measurements especially merits further discussion. 

Powder measurements by TGA, DVS, and 3Flex 

 Static sorption measurements collected on the Micromeritics 3Flex give higher water and CO2 

sorption values than the various dynamic sorption methods utilized, including TGA, DVS, and our thin 

film QCM measurement. Although other publications have shown good agreement between static and 
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dynamic sorption measurements,1 it is also well-known that there are several key differences between 

these techniques that could cause us to observe uptake differences: 

1) Activation techniques differ across these measurements. Vacuum activation is achievable with 

the Micromeritics 3Flex, while dynamic dry air flow is utilized for the other techniques. 

2) The presence of a carrier gas in the dynamic techniques. Although CALF-20 is not known to 

take up large amounts of nitrogen or air, it is possible that small amounts of these components 

are being adsorbed and competing with CO2 and water for adsorption sites. 

3) Accuracy and precision of controls within these instruments. Although all instruments were 

recalibrated prior to these measurements, the difference between the error sources, level of 

control, and expected accuracy of the volumetric technique employed by the 3Flex and the 

gravimetric techniques employed by the other methods may be noticeable. 

4)  Assessing and reaching equilibrium in these measurements. Although every effort was taken 

to ensure that the powder and thin film measurements were allowed to reach equilibrium at 

each measurement point, it is possible that equilibrium was not fully reached on the lower-

uptake TGA measurements.   Our TGA is susceptible to temperature variation due to room 

temperature; this can cause small variations in uptake and, subsequently, difficulty assessing 

the “true” equilibrium uptake value in TGA. 

Thin film measurements 

Previous work by Cohen et al5 and others6 shows that certain polymers will partially or fully 

infiltrate MOF pores and block sorption access. We do not expect the polymer we are using to be able to 

intercalate into the pores of this MOF to a significant extent. The polymer is omniphobic and sterically 

bulky, and CALF-20 pore apertures are quite small, lowering the chances of significantly blocked pores. 

In future work, we hope to study possible polymer infiltration in this material using solid-state NMR 

measurements, as utilized by previous researchers.5,6 Since our thin film measurements generally fall in 

the same range as the established powder techniques, we believe we are obtaining useful and 

representative data from our thin films. 
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3.5 Discussion of over-estimation of water loading by IDE seen in 298 K mixed-gas 

uptake data 

The first possible contributor to this over-estimation of the water content by the IDE is that the IDE 

responds very slightly to the presence of CO2, as seen in Figure 2b. While this does not impact our single-

gas isotherms, which are measured using the QCM, the mixed-gas isotherm water isotherm values may 

report slightly higher capacitances due to this, causing the water loading from the IDE to appear higher 

than the water loading from the QCM. If this is the case, we would expect small amounts of error to arise 

from it, similar to the magnitude seen in Figure S 18. A second possible contributor is the fact that 

although we are depositing the same material in the same way on both the QCM and the IDE, they are 

different sensors. The QCM has a planar gold deposition surface, while the IDE consists of patterned gold 

lines on glass with a ~200 nm step height, 5 micron line width, and 10 micron pitch. It is possible that 

interactions between water and the IDE surface exist that are not present in the QCM, because of this. If 

this is the case, we would expect this effect to be only present at high relative humidities, where water 

might be condensing or collecting differently on those surfaces, and only on the IDE, causing an apparent 

“over-estimation” of water loading from the IDE compared to the QCM. From our data, it appears that 

this “over-estimation” of water is more obvious at lower temperatures. We would expect both potential 

effects to be heightened at lower temperatures: Water condensation should occur more readily at lower 

temperatures, and according to our data, the CO2 contribution to capacitance is slightly higher at lower 

temperatures (Figure S 17a). Further study is underway to narrow down the cause of this small over-

estimation. 
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4 The IAST/RAST Models for Mixture Adsorption 

We provide a brief outline of the Ideal Adsorbed Solution Theory (IAST) and Real Adsorbed Solution 

Theory (RAST) for calculation of mixture adsorption equilibrium. The reader is referred to our related 

publication7 for more detailed discussions. 

4.1 Gibbsian thermodynamics of mixture adsorption 

The Gibbs adsorption equation8 in differential form is 

1

n

i i

i

Ad q d 
=

=  (S1) 

The quantity A is the surface area per kg of framework, with units of m2 per kg of the framework of the 

crystalline material; qi is the molar loading of component i in the adsorbed phase with units moles per kg 

of framework; i is the molar chemical potential of component i. The spreading pressure   has the same 

units as surface tension, i.e. N m-1. 

The chemical potential of any component in the adsorbed phase, i, equals that in the bulk fluid phase.  

If the partial fugacities in the bulk fluid phase are fi, we have 

lni id RTd f =  (S2) 

where R is the gas constant (= 8.314 J mol-1 K-1). 

 Briefly, the basic equation of Ideal Adsorbed Solution Theory (IAST) theory of Myers and Prausnitz9 

is the analogue of Raoult’s law for vapor-liquid equilibrium, i.e. 

0  ; 1,2,...i i if P x i n= =  (S3) 

where xi is the mole fraction in the adsorbed phase 

1 2 ...

i
i

n

q
x

q q q
=

+ +
 (S4) 

and 0

iP  is the pressure for sorption of every component i, which yields the same spreading pressure,   

for each of the pure components, as that for the mixture:  
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00 0
31 2 00 0

31 2

0 0 0

( )( ) ( )
...

PP P
q fq f q fA

df df df
RT f f f


= = = =    (S5) 

where 0( )iq f  is the pure component adsorption isotherm. The units of 
A

RT


  , also called the surface 

potential,10–14  are mol kg-1.  

The unary isotherm may be described by say the 1-site Langmuir isotherm   

( )0 ;
1 1

sat

bf bf
q f q

bf bf
= =

+ +
 (S6) 

where we define the fractional occupancy of the adsorbate molecules, ( )0

satq f q = . The superscript 0 

is used to emphasize that ( )0q f  relates the pure component loading to the bulk fluid fugacity. For unary 

isotherms described by the dual-Langmuir-Freundlich model 

0

, ,( )
1 1

A B

A B
A sat B satA B

A B

b f b f
q f q q

b f b f

 

 
= +

+ +
 (S7) 

each of the integrals in eq (S5) can be evaluated analytically. The integration yields for component i,  

( )( ) ( )( )
0

0

0
, ,0 0

0

0
, ,

0

( )
ln 1 ln 1 ;

( )
ln 1 ln 1

i

A B

A Bi

P

A sat B sati
A i B i

A Bf

P

A sat B sati i i
A B

A i B if

q qq fA
df b P b P

RT f

q qq f f fA
df b b

RT f x x

 

 



 



 

=

=

  = = + + +

      
     = = + + +   
         





 (S8) 

The right hand side of eq (S8) is a function of 0

iP . For multicomponent mixture adsorption, each of the 

equalities on the right hand side of Eq (S5) must be satisfied. These constraints may be solved using a 

suitable equation solver, to yield the set of values of , 0

2P , 0

3P ,.. 0

nP , each of which satisfy eq (S5). The 

corresponding values of the integrals using these as upper limits of integration must yield the same value 

of   for each component; this ensures that the obtained solution is the correct one. 

In the IAST, the adsorbed phase mole fractions xi are then determined from  

0

 
; 1, 2,...i

i

i

f
x i n

P
= =  (S9) 
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The applicability of eqs (S3) and (S9) mandates that all of the adsorption sites within the microporous 

material are equally accessible to each of the guest molecules, implying a homogeneous distribution of 

guest adsorbates within the pore landscape, with no preferential locations of any guest species. The 

circumstances in which this mandate is not fulfilled are highlighted in recent works.12,13,15,16  

A further key assumption of the IAST is that the adsorption enthalpies and surface areas of the adsorbed 

molecules do not change upon mixing.17 If the total mixture loading is tq , the area covered by the adsorbed 

mixture is 
t

A

q
 with units of m2 (mol mixture)-1. Therefore, the assumption of no surface area change due 

to mixture adsorption translates as 
( ) ( ) ( )

1 2

0 0 0 0 0 0

1 1 2 2

n

t n n

AxAx AxA

q q P q P q P
= + + ; the total mixture loading is tq  is 

calculated from  

1 2
1 2

0 0 0 0 0 0

1 1 2 2

1
...

....
( ) ( ) ( )

t n
n

n n

q q q q
xx x

q P q P q P

= + + =

+ + +

 
(S10) 

in which 0 0

1 1( )q P , 0 0

2 2( )q P ,… 0 0( )n nq P  are determined from the unary isotherm fits, using the sorption 

pressures for each component 0

1P , 0

2P , 0

3P ,.. 0

nP  that are available from the solutions to equations Eqs 

(S5), and (S8).  

The occurrence of molecular clustering and hydrogen bonding should be expected to applicability of eq 

(S10) because the surface area occupied by a molecular cluster is different from that of each of the un-

clustered guest molecules in the adsorbed phase; see published literature for details.14,16,18  

The entire set of eqs (S3) to (S10) need to be solved numerically to obtain the loadings, qi of the 

individual components in the mixture.  

In a number of publications on CO2 capture  from mixtures containing N2, CH4, C2H4, C2H6, C3H8, and 

H2O using cation-exchanged zeolites,12,13,15,17,19–24 the IAST has been shown to fail due to non-compliance 

with one or more of the afore-mentioned tenets.  
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4.2 Modelling of thermodynamic non-idealities 

To quantify non-ideality effects in mixture adsorption, we introduce activity coefficients i  into eq (S3) 

as7,9,16,17   

0  i i i if P x =  (S11) 

Following the approaches of Myers, Talu, and Siperstein10,11,25  we model the excess Gibbs free energy 

for binary mixture adsorption as follows 

( ) ( )1 1 2 2ln ln
excessG

x x
RT

 = +  (S12) 

For calculation of the total mixture loading 1 2tq q q= +  we need to replace eq (S10) by 

1 2

0 0 0 0

1 1 2 2

1 1

( ) ( )

excess

t t

x x

q q P q P q

 
= + +  

 
 (S13) 

The excess reciprocal loading for the mixture can be related to the partial derivative of the Gibbs free 

energy with respect to the surface potential at constant composition 

,

1

excess

excess

t

T x

G

RT

q

 
  

   = 
 

 (S14) 

The Margules model for activity coefficients in binary liquid mixtures needs to be modified to include 

the influence of the surface potential on the activity coefficients 

( )( ) ( )( )

( )( ) ( )( )

2

1 2 12 21 12 1

2

2 1 21 12 21 2

ln( ) 2 1 exp

ln( ) 2 1 exp

x A A A x C

x A A A x C





= + − − − 

= + − − − 
 (S15) 

In eq (S15) C is a constant with the units kg mol-1. The introduction of ( )( )1 exp C− −   imparts the 

correct limiting behaviors 0; 1i→ →  for the activity coefficients in the Henry regime, 

0; 0tf → →  , as the pore occupancy tends to vanishingly small values. As pore saturation conditions 

are approached, this correction factor tends to unity ( )( )1 exp 1C− −  → . The Margules coefficients 
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12 21,A A  may assume either positive or negative values. The choice of A12 = A21 = 0 in eq (S15), yields 

unity values for the activity coefficients.  We note, in passing, that this correction factor ( )( )1 exp C− −   

is often ignored in the RAST implementations in some published works.26–29  

For calculation of the total mixture loading 1 2tq q q= +  we need to replace eq (S10) by 

  ( )1 2
1 2 12 2 21 10 0 0 0

1 1 2 2

1
exp

( ) ( )t

x x
x x A x A x C C

q q P q P
= + + + −   (S16) 
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5 Analysis of Experimental Data on CO2/H2O adsorption in CALF-20 

Experiments were carried out to determine the component loadings for CO2/H2O mixture adsorption in 

CALF-20 (CALF = Calgary Framework) at three different temperatures 298 K, 308 K, and 318 K  In 

order to test the applicability of the IAST, the data on unary isotherms were first fitted.  

5.1 Fitting of unary CO2 and H2O isotherms determined at MSI 

The unary isotherms for CO2, and H2O, measured at three different temperatures 298 K, 308 K, and 318 

K in CALF-20 (CALF = Calgary Framework), were fitted with good accuracy using the 1-site Langmuir-

Freundlich model:  

1

satq bp
q

bp




=

+
 (S17) 

In eq (S17), the Langmuir-Freundlich parameter b  is temperature dependent 

0 exp
E

b b
RT

 
=  

 
 (S18) 

In eq (S18), E  is the energy parameter.  

The unary isotherm fit parameters are provided in Table S1. 

Figure S 20a,b compare the unary isotherm experiments with the Langmuir-Freundlich parameter fits.  

 

5.2 Isosteric heat of adsorption 

The isosteric heat of adsorption, Qst, is defined as 

2 ln
st

q

p
Q RT

T

 
= −  

 
 (S19) 
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where, the derivative in the right member of eq (S19) is determined at constant adsorbate loading, q. the 

derivative was determined by analytic differentiation of the combination of eqs (S17), (S18), and  eq 

(S19).   

Figure S 20c presents the Qst calculations as function of the molar loadings of the guest species. 

5.3 CO2/H2O mixture adsorption data vs IAST 

The experimental data on the component loadings for CO2(1)/H2O(2) mixture adsorption with varying 

% relative humidity at three different temperatures 298 K, 308 K, and 318 K are indicated by symbols in 

Figure S 21a,b,c. Here,  2

2

%Relative Humidity 100
sat

p

p
=   where 2p  is the partial pressure of water in the 

bulk gas phase, and 
2

satp  is the saturation vapor pressure of water. In these experiments, the partial 

pressures of CO2(1) was maintained constant at 1 Pa15 kp = . The dashed lines are the IAST estimations; 

for this purpose the unary isotherm fits used are those provided in Table S1. The IAST is in poor 

agreement with the experimental data; the deviations are higher at lower temperatures, as is to be expected. 

5.4 RAST modelling of CO2/H2O adsorption in CALF-20 

The experimental data on the component loadings of the CO2(1), and H2O(2) with varying % relative 

humidity at three different temperatures 298 K, 308 K, and 318 K measured in this work are indicated by 

symbols in Figure S 22a,b,c. At each temperature the IAST is unable to quantitatively match the 

measurements. A close examination also reveals that the deviations from the IAST from the experiments 

tend to be lowered with increasing temperatures.  This is to be expected because of the lowered values of 

the loadings in the adsorbed phase. The RAST model with fitted Margules parameters, as specified in 

Table S1,  provide a very good match with the measurements, as should be expected.   
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5.5 List of Tables for Analysis of Experimental Data on CO2/H2O adsorption in 

CALF-20 

Table S1. 1-site Langmuir-Freundlich fits for CO2 and H2O determined from fitting unary isotherms 

measured at three different temperatures 298 K, 308 K, and 318 K in CALF-20. 

 

 

mol/kg

satq
 

0

-1Pa

b
 

-1kJ mol

E
 

  

CO2 3 3.597E-10 32 1 

H2O 10.4 1.063E-20 83.2 1.85 

 

Fitted Margules non-ideality parameters for binary CO2/H2O mixture adsorption at 298 K, 308 K, and 

318 K in CALF-20.   

 C / kg mol-1 A12 A21 

298 K 0.0591 4.498 -1.478 

308 K 0.0591 4.114 -0.646 

318 K 0.0591 3.050 2.969 
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5.6 List of Figures for Analysis of Experimental Data on CO2/H2O adsorption in 

CALF-20 

 

 

 

Figure S 20. (a, b) Unary isotherms for (a) CO2, and (b) H2O, measured at three different temperatures 

298 K, 308 K, and 318 K in CALF-20. The continuous solids are 1-site Langmuir-Freundlich model fits 

using the parameters specified in in Table S1. (c) Isosteric heats of adsorption for CO2, and H2O, plotted 

as a function of the molar loadings; the Qst  calculations are based on eqs (S17), (S18), and  eq (S19).    
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Figure S 21. (a, b, c) Experimental data on the component loadings for CO2(1)/H2O(2) mixture adsorption 

with varying % relative humidity at three different temperature 298 K, 308 K, and 318 K measured in this 

work are indicated by symbols. In these experiments, the partial pressures of CO2(1) was maintained 

constant at 1 Pa15 kp = .The dashed lines are the IAST estimations; for this purpose the unary isotherm 

fits used are those provided in Table S1. 
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Figure S 22. Experimental data obtained in this work (indicated by symbols) on component loadings for 

CO2(1)/H2O(2) mixture adsorption in CALF-20 at (a) 298 K, (b) 308 K, and (c) 318 K.  The total pressure 

in the bulk gas phase is 15 kPa with varying % relative humidity. The dashed lines are the IAST 

estimations; for this purpose, the unary isotherm fits are provided in Table S1, The continuous solid lines 

are the estimations using RAST calculations using fitted Margules parameters provided in Table S1. 
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6 Nomenclature 

Latin alphabet 

A  surface area per kg of framework, m2 kg-1 

bi  Langmuir-Freundlich parameter, Pa −  

C  constant used in eq (S15), kg mol-1  

E  energy parameter, J mol-1 

n number of species in the mixture, dimensionless 

pi  partial pressure of species i in mixture, Pa 

pt  total system pressure, Pa 

2

satp    saturation vapor pressure of water, Pa 

0

iP   sorption pressure, Pa 

qi  component molar loading of species i, mol kg-1 

qi,sat  molar loading of species i at saturation, mol kg-1 

qt  total molar loading in mixture, mol kg-1 

R  gas constant, 8.314 J mol-1 K-1  

%RH   % relative humidity, dimensionless 

T  absolute temperature, K  

xi   mole fraction of species i in adsorbed phase, dimensionless 

yi  mole fraction of species i in the bulk fluid phase, dimensionless 

 

Greek alphabet 

i  activity coefficient of component i in adsorbed phase, dimensionless 
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i  molar chemical potential, J mol-1 

ν   Freundlich exponent, dimensionless 

    spreading pressure, N m-1 

  framework density, kg m-3 

Φ  surface potential, mol kg-1 

 

 

 

Subscripts 

i  referring to component i 

t  referring to total mixture 

sat  referring to saturation conditions 
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