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Abstract 

One of the critical factors affecting the performance of an adsorption-based direct air capture (DAC) 

process is the CO2 adsorption kinetics. Yet, this data is not currently available in the literature for many 

DAC adsorbents, particularly at the relevant conditions for DAC (i.e. ~ 0.04%vol or 400 ppm). In this 

study, we report temperature-dependent linear driving force constants (kLDF(T)) measured at 400 ppm 

CO2 between 20 °C and 70 °C for three promising DAC adsorbents: Lewatit VP OC 1065, Purolite 

A110, and TIFSIX-3-Ni. TIFSIX-3-Ni exhibits the fastest adsorption kinetics across the whole 

temperature range, while Purolite A110 has faster adsorption kinetics compared to Lewatit VP OC 1065 

at temperatures greater than 40 °C. Overall, the kLDF(T) values determined in this work can be used for 

initial process scale modelling to assess the process performance of these adsorbents for DAC, while 

additional experiments would have to be conducted to determine kLDF constants outside this temperature 

range and at different CO2 concentrations. 
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1. Introduction 

The abatement of anthropogenic CO2 emissions is no longer considered sufficient to achieve climate 

change mitigation targets. Removal of historical CO2 emissions from the atmosphere is now necessary 

[1], and adsorption-based direct air capture (DAC) is one technology that can be used to do so [2]. 

However, there is great disparity between the scale of deployment required and the present position [3]. 

One of the critical factors that influences the performance of a DAC process are the CO2 adsorption 

kinetics. The CO2 adsorption kinetics, accounting for both the intraparticle CO2 diffusion and CO2 rate 

of adsorption/reaction, impact the productivity, energy consumption, and therefore capital and operating 

costs of a process [4, 5]. If the adsorption kinetics are not considered, the performance of a slow 

adsorbent could be greatly overestimated, and the costs underestimated.  Rapid kinetics enable shorter 

cycle times, which in turn, results in higher productivity (tonnes of product per day, per tonne of 

adsorbent). Enhanced productivity means that a given amount of CO2 can be captured with fewer 

contactor units, leading to reduced capital costs. Slow adsorption kinetics cause not only a decline in 

the aforementioned productivity, but may also hamper CO2 recovery. For a given contactor size and 

feed gas velocity, slow kinetics result in a greater portion of that feed gas breaking through the bed, 

resulting in a loss of CO2 back to the atmosphere. This can be compensated for by reducing the feed 

gas velocity, however, that further hampers the process productivity. With reduced CO2 recovery, more 

feed gas needs to be processed to capture a given amount of CO2, which results in greater energy 

consumption and operating costs. For these reasons, investigating and quantifying adsorption kinetics 

become critical to the deployment of adsorption-based DAC technologies. 

The CO2 adsorption kinetics can be experimentally measured at various scales; the crystal, the shaped 

adsorbent (e.g. pellet), or packed adsorption column, using a variety of techniques to extract diffusion 

coefficients (Figure 1) [6-8]. All experiments described here will also encompass any CO2 reaction 

kinetics present in the adsorbent, though more comprehensive mathematical models and additional 

experiments may be needed to decouple the reaction kinetics from diffusion resistances. At the crystal 

scale, nuclear magnetic resonance (NMR) techniques such as pulsed field gradient (PFG) can track the 

diffusion of individual adsorbate molecules within the crystal, where attenuations in the NMR signal 

relate to molecular displacement [9]. Here, resistances due to micropore/surface diffusion (arising from 
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the transport of physically adsorbed molecules) are captured, and typically less than 10 mg of sample 

is needed. Shifts in the NMR peaks corresponding to the new reacted species and growth of the peaks 

over time can also allow for extraction of the reaction kinetics [10, 11]. At the pellet scale, techniques 

such as direct uptake/desorption rate measurements, zero length column measurements, and imaging 

utilise ~ 10 to 100 mg of sample and can account for both micropore and macropore resistances, where 

the latter comprises molecular diffusion, Knudsen diffusion, surface diffusion, and Poiseuille flow. 

Uptake/desorption rate measurements can often be done using commercial instruments either 

volumetrically, where the pressure change in the system is tracked over time, or gravimetrically, by 

measuring the mass change of the adsorbent over time after a stepwise introduction of the adsorbate 

[12]. The latter can be conducted using either constant pressure or constant volume experiments, though 

constant volume experiments require a correction to account for the changing driving force during the 

period of gas uptake. In the zero length column (ZLC) method, the desorption curve is tracked as a 

previously saturated adsorbent is exposed to a flow of inert gas. Here, the setup can be considered a 

perfectly mixed continuous flow cell and axial concentration gradients and heat transfer resistances are 

considered negligible [13]. It is also possible to directly track the diffusion of the adsorbate through the 

adsorbent pellet using imaging techniques such as interference microscopy (IFM), infra-red microscopy 

(IRM), and X-ray computed tomography (CT), which allow one to measure the internal transient 

concentration profile of the adsorbate in the adsorbent [14, 15]. Finally, one can also extract kinetic 

information from the breakthrough response of a column packed with an adsorbent (usually > 1 g) as 

the adsorbate is continuously flowed through the system [16]. At this scale, contributions from 

convection, axial dispersion, and external diffusion can be accounted for along with the aforementioned 

macropore and micropore diffusion resistances.     
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Figure 1. Schematic of the different adsorbent scales and their associated mass transfer mechanisms, 

measurement techniques, and sample masses. 

 

In this study, we utilise a thermogravimetric analyser to conduct CO2 uptake rate measurements at 

constant pressure for different adsorbents. This technique was chosen due to the ease of accessibility 

and the small sample mass required. To extract and quantify the adsorption kinetics for use in process 

modelling, the experimental data must be fitted to appropriate mathematical models. One of the simplest 

and most common ways to describe the CO2 adsorption kinetics is with the linear driving force (LDF) 

model [17, 18]: 

𝑑𝑞

𝑑𝑡
= 𝑘𝐿𝐷𝐹(𝑞𝑒 − 𝑞) (1) 

where q is the amount of CO2 adsorbed at time t, qe is the CO2 equilibrium adsorption capacity, and the 

linear driving force constant, kLDF, is a lumped mass transfer coefficient accounting for both macropore 

and micropore diffusion resistances, as well as the rate of reaction in cases where chemisorption occurs. 

This model has been used in the literature to describe the adsorption kinetics of both chemisorbents (i.e. 
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amine-functionalised adsorbents) and physisorbents for DAC [19-23]. Other models used to describe 

the kinetics of DAC adsorbents include various rate order models (e.g. pseudo-first order (PFO), 

pseudo-second order (PSO), fractional order) [24-38], the Avrami model [27, 28, 30, 31, 33, 34, 36-

39], combined PFO and Avrami [40], and reaction-mechanism based models [41, 42]. Modified forms 

of the shrinking core model  have also been investigated, where the adsorbed phase is modelled as a 

product layer forming around a core of unreacted sorption sites, which shrinks as the reaction proceeds 

[43-45]. In contrast to the LDF model, one of the most rigorous methods to describe the kinetics within 

an adsorbent pellet is with the Fickian diffusion model [8, 18] given by equations (2) and (3): 

 𝐽 =  −𝐷
𝜕𝐶

𝜕𝑟
 (2) 

 𝐷 = 𝐵 [
𝑑 𝑙𝑛𝑃

𝑑 𝑙𝑛𝐶
]

𝑇
 (3) 

where J is the flux of the adsorbate, C is the adsorbate concentration, r is the radius of the adsorbent 

particle, P is the pressure, T is the temperature, D is the Fickian diffusivity, and B is the mobility of the 

adsorbate. 

A separate term for the reaction kinetics would need to be included in the case of chemisorbents. It is 

mathematically/computationally intensive to incorporate this model into adsorption-based process 

simulations as the equations need to be repeatedly integrated at the pellet and column levels until cyclic 

steady state is achieved. Furthermore, since most processes will realistically operate under non-

isothermal and non-isobaric conditions, these calculations would also have to be coupled with mass, 

heat, and energy balance equations across all scales. These factors aside, although equation (2) is a 

convenient mathematical representation, information as to how the diffusion coefficient is actually 

obtained is unclear or abstracted [46, 47]. For process modelling, simpler kinetic models such as the 

LDF model can be sufficient, as the information from a detailed kinetic model describing local rates of 

adsorption (i.e. spatial variation) within a pellet is often lost during the numerous integration/averaging 

steps [18]. There are some limitations to the LDF model when used for the modelling of rapid cycles 

[48-50], however, DAC cycles are not expected to operate in that way. For this work, we thus utilise 

the LDF model for quantification of our experimental adsorption kinetics.   
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Here, we analyse Lewatit VP OC 1065 (i.e. Lewatit), Purolite A110 (i.e. Purolite), and TIFSIX-3-Ni, 

as we previously highlighted these materials as promising adsorbents for DAC and reported many of 

their physicochemical and equilibrium sorption properties [51, 52]. In terms of their CO2 adsorption 

kinetics, no data is currently available for Purolite and TIFSIX-3-Ni. For Lewatit, Young et al. fitted 

the LDF model to dynamic column breakthrough data, with experiments conducted at 25 °C, 50 °C, 

and 70 °C and 1%vol CO2 balanced with N2, and reported a constant kLDF of 3 × 10-3 s-1 within this 

temperature range [53]. Bos et al. measured the intrinsic adsorption kinetics of Lewatit in absence of 

transport limitations using a flat bed reactor at 5 °C to 40 °C and pure CO2 pressures of 50, 100, and 

200 mbar. They compared the use of the LDF model, quadratic driving force (QDF) model, and a Toth 

rate reaction model, and found that the Toth rate reaction model was best able to fit the CO2 uptake data 

across the varying temperatures and pressures [54]. In that study, the reported k values for the LDF 

fitting of data measured at 50 mbar (i.e. 5%vol) CO2 ranged from 8 × 10-2  s-1 to 27.3 × 10-2  s-1 between 

5 °C and 40 °C. Recently, Wu et al. measured the CO2 uptake rate of Lewatit at 25 °C and 400 ppm (i.e. 

0.04%vol) CO2 balanced with N2 using a thermogravimetric analyser. The data was fitted to the Avrami 

model and a mass transfer coefficient (kA) of 2.5 × 10-4 s-1 was reported [5]. The temperature dependence 

of the mass transfer coefficient remains unknown. For perspective, the kLDF value for zeolite 13X beads 

of 1 mm in diameter at 10 °C at 1 mbar (i.e. 0.1%vol) CO2 is 1.6 × 10-2 s-1 [55]. Assuming the kLDF value 

of 3 × 10-3 s-1 reported by Young et al. for Lewatit was also for bead sizes of 1 mm in diameter (Lewatit 

bead sizes range from 0.3 to 1.2 mm [56]), the adsorption kinetics of zeolite 13X is already a magnitude 

faster than that of Lewatit at 10 times lower CO2 concentration and 15 °C lower temperature.  

This study aims to fill the gaps in adsorption kinetics for Lewatit, Purolite and TIFSIX-3-Ni, and reports 

their temperature-dependent mass transfer coefficients at relevant DAC conditions. This work relies on 

using a thermogravimetric analyser to measure the mass of CO2 adsorbed as a function of time at 

multiple temperatures for each adsorbent under a flow of 400 ppm CO2, representative of dry ambient 

air. Following this approach, we then attempted to minimise any external mass transfer limitations as 

much as possible by modifying the thermogravimetric analyser sample holder. We then fitted the 

resulting experimental data simultaneously to a temperature-dependent LDF equation to obtain 
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temperature-dependent kLDF constants, which can be used to describe the CO2 adsorption kinetics of 

these materials in subsequent process models.  

 

2. Experimental section 

2.1 Adsorbent materials 

Lewatit was purchased from Sigma-Aldrich, while Purolite was supplied by Purolite Ltd. UK. These 

resins are formed as spherical beads with particle sizes between 0.3 to 1.2 mm and containing up to 60 

% water content [56, 57]. Further details of the material properties of these resins can be found in our 

previous work [51].  

TIFSIX-3-Ni in powder and then pellet form was synthesised as described in our previous work [52]. 

For the experiments discussed here, ~ 400 mg of the powder sample referred to as “batch 5” in that 

work was used to form a 13 mm diameter pellet with ~ 5 mm thickness.  To form these pellets, powdered 

TIFSIX-3-Ni was ground using a mortar and pestle and placed into a pellet die (13 mm evacuable 

stainless steel, Specac). This was positioned into a manual hydraulic press (Atlas™ Manual 15T, 

Specac) fitted with a low tonnage gauge conversion kit (0–1 t, Specac). A load of 0.5 t was applied and 

maintained for 45 s to form a pellet approximately 5 mm in height. The pellet was ejected with a small 

load applied to an extractor ring placed onto the base of the pellet die and cut into 9 pieces following a 

grid pattern. One of these pieces was then further cut into granules of ~ 1 to 2 mm in dimension to 

achieve similar particle sizes compared to the resin beads. Pellets were used in this study instead of 

powder as adsorbents in structured form would need to be used in an actual DAC process. 

 

2.2 Kinetic sorption measurements 

A NETZSCH TG 209 F1 Libra thermogravimetric analyser (TGA) was used to conduct all kinetic 

sorption measurements. A simplified schematic of the instrument is shown in Figure 2a. For each 

experiment, gas from a pure He cylinder (BOC, N5.0 grade) was used as the protective gas, which 

interacted with the balance system before entering the sample chamber. He gas was chosen instead of 

N2 to minimise additional adsorption on the samples, especially for the physisorbent TIFSIX-3-Ni. Gas 

from a cylinder containing ~ 800 ppm CO2 balanced with He (BOC, research grade) was used as the 
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sample gas, which entered above the balance and directly into the sample chamber. Here, the two gas 

streams mixed and interacted with the adsorbent sample in the crucible as they flowed up through the 

chamber and out of the top of the instrument. Three mixed gas cylinders were used to complete all 

measurements, whose CO2 concentrations were 806 ppm, 832 ppm, and 834 ppm due to manufacturing 

variability. To create as close to a 400 ppm CO2 in He environment within the sample chamber as 

possible to mimic dry ambient air, flow rate ratios between the mixed gas cylinder and pure He cylinder 

were varied between 0.9:1 to 1:1. 
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Figure 2. a) Simplified schematic of the set-up used for the kinetic sorption measurements, which 

includes (1) gas cylinders, (2) pressure reducing regulators, and a thermogravimetric analyser 

containing the following components: (3) mass flow controllers, (4) microbalance, (5) sample chamber, 

(6) crucible and (7) sample holder, (8) heating elements, and (9) gas outlet. b)  Example of mass and 

temperature profiles over the course of a kinetic sorption measurement for a Purolite sample. Step 1: 

temperature increased from 30 to 120 °C and held for 4 h under a 100 mL min-1 He flow. Step 2: 

temperature decreased back to 30 °C and held for 20 min under the same He flow. Step 3: a 100 mL 

min-1 flow of the 800 ppm CO2/He cylinder is then turned on for 10 h, at 30 °C. 

 

A typical kinetic experiment consisted of three steps as shown in Figure 2b, during which the mass 

change of the sample was recorded as a function of time. First (step 1), sample was loaded into the TGA 

crucible and degassed under a flow of inert He gas until the mass remained stable. For experiments 
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using Lewatit and Purolite, ~ 25 to 30 mg of sample was heated from 30 °C to 120 °C at a rate of 5 °C 

min -1 and held at this temperature for 4 h. For TIFSIX-3-Ni, ~ 15 mg to 20 mg of sample was heated 

from 30 °C to 160 °C at a rate of 5 °C min -1 and held at this temperature for 2 h. 30 °C was chosen as 

the starting temperature for all experiments as it was difficult to consistently maintain a lower 

temperature. After this time, the temperature was decreased to the desired temperature for CO2 

adsorption and allowed to equilibrate for 20 min (step 2). In this work, experiments were conducted at 

adsorption temperatures of 30 °C, 45 °C, and 60 °C. Finally (step 3), the flow of CO2 was turned on to 

achieve an overall gas stream of 400 ppm CO2 balanced with He, and the mass change of the sample 

due to CO2 adsorption was recorded as a function of time. A total flow rate of 200 mL min-1 was used 

for the measurements. For Lewatit and Purolite, samples were exposed to 400 ppm CO2 flow for 10 h, 

6 h, and 4 h at 30 °C, 45 °C, and 60 °C, respectively, and a fresh sample was used for each measurement. 

For TIFSIX-3-Ni, the same sample was exposed to 400 ppm CO2 flow for 3 h, 2.5 h, and 2 h at 30 °C, 

45 °C, and 60 °C, respectively. These times were chosen to ensure that saturation of the sample would 

be achieved within this period, i.e. when the mass reaches a plateau. Three experiments were repeated 

at each temperature.  

Prior to the measurements, samples were degassed ex-situ overnight using a Micromeritics VacPrepTM 

061 at 0.02 mbar and either 120 °C (Lewatit and Purolite) or 160 °C (TIFSIX-3-Ni), with the 

temperature increased from room temperature at a rate of 10 °C min-1 for the latter. A correction run 

with an empty crucible and identical analysis conditions was also performed before each measurement 

to account for buoyancy effects. We note that oscillations in the TGA mass signal, as can be seen in 

Figure 2b, sometimes occurred during experiments for both correction and sample measurements for 

indeterminate reasons (see Figures S1 to S3), but this did not significantly impact subsequent fitting 

and analysis procedures.  
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2.3 Data analysis 

To calculate the kLDF constant for each experiment, the data collected in step 3 of the procedure 

discussed above was first adjusted to the mass of CO2 adsorbed as a function of time, with both mass 

and time starting at 0. This was then converted to a fractional uptake using equation (4): 

 𝑓(𝑡) =
𝑚(𝑡) − 𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑚𝑓𝑖𝑛𝑎𝑙 − 𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 (4) 

where f(t) is the fractional mass uptake between 0 and 1 as a function of time t, m(t) is the mass of CO2 

adsorbed at a given t, minitial is the mass of CO2 adsorbed at t = 0, i.e. minitial = 0, and mfinal is the average 

mass of CO2 adsorbed in the last 30 min of the experiment. 

This data was then fitted to an exponential form of the LDF model (equation 5) [18] using the non-

linear curve fit function in OriginPro with the orthogonal distance regression iteration algorithm to give 

the kLDF constant: 

 𝑓(𝑡) = 1 − 𝑒−𝑘𝐿𝐷𝐹∙𝑡 (5) 

 

To compare the effect of different temperatures, a temperature dependence of the kLDF constant was 

described using the Arrhenius equation shown in equation (6): 

 𝑘𝐿𝐷𝐹(𝑇) = 𝑘0 exp (
−𝐸𝑎

𝑅𝑇
) (6) 

where k0 is the pre-exponential factor (or kLDF at infinite temperature), Ea is the commonly called 

activation energy for mass transfer (though we note that not all mechanisms are necessarily activated), 

R is the universal gas constant, and T is the temperature. 

To determine this temperature dependence for each adsorbent, fractional uptake curves repeated at each 

temperature were averaged at each time data point, and the resulting mean f(t) data set at each 

temperature were fitted simultaneously to equation (5) and an alternative form of the Arrhenius equation 

shown as equation (7): 

 𝑘𝐿𝐷𝐹(𝑇) = exp [𝑙𝑛(𝑘0) −  
𝐸𝑎

𝑅𝑇
] (7) 
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with the standard deviation at each time point used to weight the fitting. ln(k0) and Ea were obtained as 

fitted parameters with associated uncertainty bounds for a 95% confidence interval which could then 

be used to calculate kLDF(T). The fitting procedure was again done using the non-linear curve fit function 

in OriginPro with the orthogonal distance regression iteration algorithm.  

 

3. Results and discussion 

3.1 Optimisation of experimental factors for kinetic sorption measurements 

As mentioned previously, the kLDF constant is an overall mass transfer coefficient describing the CO2 

adsorption kinetics, which accounts for both the CO2 intraparticle diffusion and CO2 rate of 

adsorption/reaction. In other words, any differences in the kLDF constants should only be due to the 

adsorbent itself and not affected by external mass transfer limitations. For our experimental set-up, we 

assumed that the sample masses used (~ 15 to 30 mg) were sufficiently low to avoid any bed or heat 

transfer effects. Calculations were also subsequently conducted to confirm our operation in near 

isothermal conditions (see SI for details). In addition, the constant pressure approach used in this work 

requires the bulk gas phase composition to remain constant, therefore, one must ensure that gas around 

the sample is adequately refreshed and not depleted of CO2. This can be affected by the gas flow path 

in the instrument (not within user control), the dimensions of the crucible containing the sample, and 

the gas flow rate. 

The standard alumina crucibles are only open to fluid flow at the top and therefore not ideal for the 

envisioned measurements. As explained in Section 2.2, gas flows from the bottom and up through this 

TGA’s sample chamber, which prevents a good mixing with the sample when using a standard crucible. 

In this scenario, the gas only flows around the crucible and directly interacts with the top layer of sample 

particles, before diffusing through the crucible to reach the particles below. As a result, the calculated 

kLDF would be an underestimation. 

To optimise the gas flow through the sample, we employed an aluminium crucible modified by drilling 

0.2 mm holes at the base with a 0.5 mm square pitch. This was meant to allow gas flow through the 

sample, rather than around the crucible. A significant proportion of these drilled holes on the base 

however would have been blocked by the TGA sample holder platform. Hence, to further optimise the 
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set-up, a makeshift basket made of perforated stainless steel was formed in which the aluminium 

crucible could be placed. The rim of the crucible rests on the edge of the basket and elevates the base 

of the crucible from the sample holder platform. Photographs of all three crucible iterations are shown 

below in Figure 3a. 

 
Figure 3.  a) Photographs of the standard alumina crucible, perforated aluminium crucible, and 

perforated aluminium crucible in the makeshift basket. b) Comparison of the experimental (filled 

circles) and fitted (solid lines) fractional uptakes and corresponding kLDF constants of Purolite samples 

measured using the standard alumina crucible, perforated aluminium crucible, and perforated 

aluminium crucible in the makeshift basket. Time is plotted on a square root scale for clarity. 

 

To test each set-up (i.e. standard alumina crucible, perforated aluminium crucible, and perforated 

aluminium crucible with a makeshift basket), we conducted TGA measurements on samples of Purolite 

at 60 °C under a total flow rate of 200 mL min-1 of 400 ppm CO2 balanced with He (Figure 3b). We 

chose to use 60 °C since the adsorption kinetics would be fastest at this temperature amongst our 

selected range, thus any impacts of external mass transfer resistance would be amplified. As seen from 
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Figure 3b, using the perforated aluminium crucible with the makeshift basket allowed for the fastest 

CO2 adsorption kinetics. This set-up was therefore used for all further experiments. We note some sharp 

spikes/dips in the experimental fractional uptake, particularly for the perforated aluminium crucible 

during the first few seconds of step 3. This is likely an artefact of the sudden introduction of CO2, and 

was also sometimes observed in subsequent experiments (Figures S1 to S3). However, these 

experimental discrepancies did not significantly affect the fitting of the kLDF constant.  Overall, these 

modifications improved the mixing of gas with the sample and reduced any mass transfer limitations 

due to the crucible as much as possible. 

 

3.2 Temperature-dependent kinetic sorption measurements 

For process modelling, a temperature-dependent kLDF constant should be determined for adsorbents of 

interest, as it allows accurate modelling of the kinetics throughout the entire cycle (i.e. adsorption, 

desorption, and transition steps). Similarly, the dependence of the kLDF values on the CO2 concentration 

should also be investigated since the CO2 concentration may vary along the length of the column as gas 

is adsorbed. However, in this work we focused our experiments on the initial feed gas concentration in 

a DAC process of 400 ppm CO2. To obtain a temperature-dependent kLDF for Lewatit, Purolite, and 

TIFSIX-3-Ni, we carried out experiments as described in Section 2.2 for each adsorbent at 30 °C, 45 

°C, and 60 °C, with a total flow rate of 200 mL min-1 of 400 ppm CO2 balanced with He using the 

perforated aluminium crucible with a stainless-steel basket. For each adsorbent, three experiments were 

repeated at each of the three temperatures, and subsequent data analysis was conducted following the 

procedure outlined in Section 2.3. The experimental and fitted f(t) data for these measurements are 

shown in Figures S1 to S3. The fitted parameter values for ln(k0) and Ea are shown below in Table 1, 

along with associated uncertainty bounds for a 95% confidence interval. These parameters are then used 

to calculate kLDF as a function of temperature, and their uncertainty bounds can be propagated to 

determine uncertainty bounds on kLDF(T) (see SI for details). These fitted results are shown in Figure 4, 

with an extrapolation of 10 °C above and below the measured temperature range. 
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Table 1. Fitting parameters for equation (5) with uncertainty bounds for a 95% confidence interval for 

Lewatit, Purolite, and TIFSIX-3-Ni. k0 is the pre-exponential factor (or kLDF at infinite temperature) of 

the Arrhenius equation and Ea is the activation energy for mass transfer. 

 ln(k0) (s
-1) Ea (kJ mol-1) 

Lewatit 4.987 ± 0.055 32.90 ± 0.14 

Purolite 11.00 ± 0.09 47.89 ± 0.25 

TIFSIX-3-Ni 6.778 ± 0.174 33.79 ± 0.44 

 

 
Figure 4. Comparison of temperature-dependent kLDF constants with uncertainty bounds (dashed lines) 

for a 95% confidence interval between 20 and 70 °C for Lewatit, Purolite, and TIFSIX-3-Ni. Individual 

data points indicate the temperatures at which kLDF constants were experimentally measured.  

 

The two resins, Lewatit and Purolite, exhibit similar kLDF constants up to 40 °C, with values of 4.76 × 

10-4 s-1 and 6.14 × 10-4 s-1, respectively at this temperature. As the temperature increases beyond 40 °C, 

Purolite begins to have significantly faster adsorption kinetics compared to Lewatit. The kinetic 

resistances dependent on temperature are molecular diffusion (T1.7 dependence), Knudsen diffusion 

(T1/2 dependence), surface diffusion, and the rate of chemical reaction (both e-Ea/RT dependence) [8]. 

Therefore, one or more of these resistances may be more dominant in Purolite compared to Lewatit, 

though the dominant resistance may change throughout our measured temperature range. Since the kLDF 

of Purolite increases faster with temperature than Lewatit, this may suggest a lower activation energy 

for surface diffusion and/or reaction in Purolite.  
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At 25 °C, we calculated the kLDF for Lewatit to be 2.52 × 10-4 s-1. This agrees well with the kA value of 

2.5 × 10-4 s-1 reported by Wu et al. [cite] for Lewatit, who fitted their TGA uptake data measured at 25 

°C and 400 ppm CO2 to the Avrami model given by equation (8): 

 𝑞 = 𝑞𝑒(1 − 𝑒−(𝑘𝐴𝑡)𝑛
) (8) 

where q is the amount of CO2 adsorbed at time t, qe is the CO2 equilibrium adsorption capacity, kA is 

the Avrami mass transfer coefficient, and n is the Avrami constant. 

Since the authors reported an n value of 0.9710 (i.e. close to 1), kA can be roughly compared to kLDF.  

In another comparison, Young et al. reported a constant kLDF of 0.003 s-1  for Lewatit at 1%vol (or 10,000 

ppm) CO2 concentration between 25 and 70 °C [53], which represents an order of magnitude difference 

between our results at 25 °C. This discrepancy is likely due to the difference in CO2 concentration, as 

Lewatit is a macroporous resin and thus it is likely there is a mass transfer resistance arising from 

macropore diffusion, which is impacted by the gas phase concentration. Indeed, Bos et al. previously 

reported a concentration dependence of the CO2 adsorption kinetics for Lewatit, where the CO2 uptake 

of Lewatit was faster with pure CO2 compared to 50% and 25% CO2 diluted with N2  [54]. Therefore, 

it is important for future studies to conduct their kinetic sorption experiments at the relevant CO2 

concentrations for DAC to achieve accurate kinetic estimations. We also note that Young et al. 

performed dynamic column breakthrough experiments with ~ 200 mg of sample and assumed 

isothermal operation of their column [53], where any changes in the temperature of the adsorbent would 

not be accounted for and could result in an inflated kLDF.  

TIFSIX-3-Ni displays significantly faster adsorption kinetics compared to Lewatit and Purolite over the 

20 °C to 70 °C temperature range, ranging from 8.38 × 10-4 to 6.32 × 10-3 s-1. We hypothesise that this 

is due to the absence of reaction kinetics in TIFSIX-3-Ni as it is a physisorbent, resulting in an overall 

faster CO2 adsorption rate. In terms of the intraparticle diffusion, there is likely a contribution of both 

micropore and macropore diffusion due to the intrinsic ultramicropores in TIFSIX-3-Ni and 

pelletisation of the sample, respectively, though our experiments do not allow us to quantify the 

contribution of each resistance. As a result, we cannot directly compare the impact of intraparticle 

diffusion between TIFSIX-3-Ni and the macroporous resins. 
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We also calculated the average equilibrium CO2 loading for the TGA experiments conducted at each 

temperature (see SI for details). We compared these to the CO2 loadings calculated from the CO2 

isotherm fitting model parameters determined from volumetric sorption experiments using a 

Micromeritics 3Flex porosity analyser discussed in our previous works [51, 52]. This analysis helps to 

verify that the equilibrium results from the TGA are indeed reasonable, and that subsequently the kinetic 

results which rely on the final equilibrium loading should be reliable as well. The CO2 isotherm models 

and their fitted parameters are provided in the SI. As seen from Figure 5, the average loadings 

determined from the two methods are in relatively good agreement at 45 °C and 60 °C (~ 5% to 20% 

difference, except for ~ 30% difference for TIFSIX-3-Ni at 60 °C), while there is a larger discrepancy 

between the averaged results at 30 °C (~ 20% to 35% difference). The temperature calibration for the 

TGA used in this study was performed using elements with relatively high melting points (~ 150 °C to 

1110 °C), and so the temperature control may not be as accurate at 30 °C compared to higher 

temperatures. Fluctuations in the TGA balance reading as observed in Figures S1 to S3 were likely 

another source of error. In comparison, the porosity analyser used for the volumetric sorption 

experiments could achieve better resolution, better sample activation (degassed in-situ at 120 °C and 

0.00002 mbar for 24 h), and experimental checks were done in our previous work to ensure that 

equilibrium was indeed reached during measurements. Overall however, the results from the two 

methods are relatively comparable with almost all error bars overlapping, and are in better agreement 

with increasing temperature.  
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Figure 5. Comparison of the averaged equilibrium CO2 loadings for Lewatit, Purolite, and TIFSIX-3-

Ni at 30 °C, 45 °C, and 60 °C and 400 ppm CO2 concentration determined from TGA experiments and 

CO2 sorption isotherm models with error bars for a 95% confidence interval.   

 

4. Conclusions and future work 

This work provides a quantitative evaluation, under DAC conditions (i.e. 400 ppm CO2), of the 

temperature-dependent linear driving force constants, kLDF(T), for three promising DAC adsorbents, 

Lewatit VP OC 1065, Purolite A110, and TIFSIX-3-Ni. We measured the mass of CO2 adsorbed over 

time using a thermogravimetric analyser from a flow of 400 ppm CO2 balanced with He at 30 °C, 45 

°C, and 60 °C, and fitted the experimental data using the linear driving force model. To ensure the 

accuracy of the method, we minimised external mass transfer limitations by adapting the experimental 

set-up, i.e. sample holder.  

The results show that TIFSIX-3-Ni displays faster adsorption kinetics than the resins between 20 °C to 

70 °C. At 25 °C, the kLDF constant for TIFSIX-3-Ni is 1.13 × 10-3 s-1, compared to 2.36 × 10-4 s-1and 

2.77 × 10-4 s-1 for Lewatit and Purolite, respectively. We attribute this to the lack of chemical reaction 

with CO2 as TIFSIX-3-Ni is a physisorbent, resulting in a faster CO2 rate of adsorption compared to the 

resins which have additional resistance from their reaction kinetics. Purolite and Lewatit have 

comparable kinetics up to 40 °C, after which Purolite exhibits faster kinetics than Lewatit, potentially 

due to a smaller activation energy for surface diffusion and/or reaction rate.  
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In terms of future work, additional experiments should be done if kLDF constants at temperatures below 

20 °C or above 70 °C are desired, rather than relying on further extrapolation. Our kLDF values are also 

only valid at a CO2 concentration of 400 ppm, however the CO2 concentration may vary along the length 

of the column as gas is adsorbed. Therefore, additional kinetic measurements should be conducted 

which account for variations in concentration, either by repeating the procedure used in this work at 

multiple CO2 concentrations, or using a different experimental methodology from which the micropore 

and macropore resistances can be extracted, such as the zero length column method [13, 58]. Overall, 

the kLDF(T) values determined in this work can now be used for initial process scale modelling to assess 

the process performance of Lewatit, Purolite, and TIFSIX-3-Ni for DAC. 

 

Supporting Information 

The Supporting Information includes: experimental fractional uptake curves and corresponding fitting 

results; procedures for error propagation; procedures for equilibrium loading calculations from TGA 

experiments; CO2 isotherm models and corresponding fitted parameters used to calculate equilibrium 

loadings from previous volumetric experiments.  
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