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Abstract  

A new generic synthesis method is presented for the production of a polyimide (PI)/adsorbent (80 wt% 

13X zeolite) regenerable foam filter. The method uses a dual parallel reaction foaming process 

comprising CO2 generation (blowing) and polymerisation reactions. The paper describes the 

development of the foam structure and its characterisation in the context of removing CO2 from air. 

Polyvinylpyrrolidone (PVP) of different molecular weights (10k, 40k and 58k) was used as a pore 

former to allow more adsorption sites to be exposed to CO2. In dynamic adsorption breakthrough 

experiments at 101.325 kPa and 293 K, 10k PVP foams demonstrated an equilibrium loading of 0.039 

g g-1 for CO2 (at 40,000 ppmv in air), showing the best equilibrium time and adsorption capacity. The 

foams and equivalent commercial 13X beads were able to achieve loadings of 0.094 g g-1 and 0.097 g 

g-1 (at 40 mbar), respectively, when tested using pure CO2 in an Intelligent Gravimetric Analyser. At 

pressures beyond 100 mbar, a weighted average isotherm shows only a 1.3 wt % reduction in adsorption 

capacity due to the polymer binder. The foams showed superior CO2/N2 selectivity compared to other 

adsorbents in literature. The thermal analysis of pure PI and 13X powder showed that the foams can be 

regenerated at 300℃. Computational Fluid Dynamics simulation was successfully implemented in 

order to understand the CO2 adsorption behaviour on the new foam filter. Such modelling proved to be 

invaluable in understanding adsorptive behaviour through the complex foam structures as this is 

difficult to achieve experimentally.  
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Nomenclature  

Roman 

Symbol Definition Units 

𝐴′ Coefficient for calculating 𝑘𝐾
′  - 

𝐶 CO2 concentration mol m-3 

𝐶0 Initial Adsorptive Concentration mol m-3 

𝐶𝑡 Effluent Adsorptive Concentration at time t mol m-3 

𝐷 Diameter of foam m 

𝐷𝐶𝑂2
 CO2 diffusion coefficient m2 s-1 

𝐷𝐷 Dispersion tensor of CO2 m2 s-1 

𝐷𝑒 Effective diffusion coefficient of CO2 m2 s-1 

𝐷𝐿 Axial dispersion coefficient of CO2 m2 s-1 

𝐷𝑝 Pore diameter m 

𝐷𝑤 Pore-window diameter m 

𝐹 Molar Flow Rate of CO2 mol s-1 

𝐻 Cell size m 

𝐾 Permeability of porous domain m2 

𝑘𝐾
′  Modified Kozeny constant - 

𝑘𝐿 Langmuir constant m3 mol-1 

𝐿 Length of foam m or cm 

𝑚 Dry Adsorbent Weight g 

𝑀𝑤 Molar Mass of CO2 g mol-1 

𝒏 Flux vector mol m-2 s-1 

𝑃 Pressure Pa 
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𝑃𝑒 Peclet Number - 

𝑄 Volumetric flow rate of CO2 m3 s-1 or mL min-1 

𝑞𝑏 Breakthrough Loading of CO2 g CO2 g-1 13X Zeolite 

𝑞𝑒𝑞 Equilibrium Loading of CO2 g CO2 g-1 13X Zeolite 

𝑞𝑚𝑎𝑥 Maximum adsorption capacity mol CO2 g-1 13X Zeolite 

𝑞𝑒𝑞,𝑁2
 Equilibrium Loading of N2 g N2 g-1 13X Zeolite 

𝑟 Radial direction m 

𝑅𝑒𝑚 Modified Reynolds Number - 

𝑆𝑐 Schmidt Number - 

𝑆𝐶𝑂2/𝑁2
 CO2/N2 Selectivity - 

𝑇 Temperature K 

𝑡 Time s 

𝑡𝑏 Breakthrough Time s 

𝑡𝑒𝑞 Equilibrium Time s 

𝒖 Velocity vector m s-1 

𝑢𝑚 Mean fluid velocity m s-1 

𝑢𝑚𝑎𝑥 Maximum fluid velocity m s-1 

𝑢𝑧 Fluid velocity in axial direction m s-1 

𝑊 Radius of foam m 

yCO2
 Molar fraction of CO2 - 

yN2
 Molar fraction of N2 - 

𝑧 Axial direction m 

 

Greek 

Symbol Definition Units 

𝜀𝑝 Foam voidage - 
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𝜇𝑓 Viscosity of CO2 Pa s 

𝜌𝑏 Bulk density kg m-3 

𝜌𝑓 Density of CO2 kg m-3 

𝜌𝑝 Polyimide density kg m-3 

𝜏𝑓 Tortuosity factor - 

𝜂 Cell ratio - 

 

1 Introduction 

Zeolites and many other adsorbents are produced in powder form and engineered in the form of beads, 

granules or extrudates for conventional gas adsorption systems. These adsorbents require a binder to 

provide mechanical strength and macroporous structure for access to their active sites [1]. The particles, 

consisting of 15-20 w/w% binder, are commonly contained in packed beds, which are cost effective 

and versatile. According to many experts, the adsorption performance of packed beds, however, is far 

from optimised and often incurs significant pressure drop as well as high mass transfer resistances [2,3]. 

Attrition of particles could also occur due to the movement of the particles in the packed beds or during 

pressurisation-depressurisation steps. Uneven gas flow distribution through the bed can also contribute 

to poor performance of a packed bed [4,5]. It is very clear that there are many opportunities for the 

improvement and optimisation of adsorptive gas separation processes which should include the 

development of improved structured adsorbents [6].  

To address the above issues, adsorbent structures such as nanotubes, fibres, laminates and monoliths 

have gained considerable interest as they enable immobilisation of particles to polymeric binding 

materials. The addition of an adsorptive filler to a polymeric membrane has been demonstrated to be an 

effective way of improving performance by enhancing sorption capacity for one or more of the 

compounds to be separated [7]. Parallel channel monolithic structures with controllable shape, cell 

density and wall thickness offer low pressure drop operation and higher mass transfer rates [8]. Pressure 

drop through monoliths is typically three to five times lower than that in a pellet system [9], although 
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the mass transfer characteristics of monoliths have been reported to be inferior compared to packed 

beds [10]. Monoliths with a high cell density provide a better separation performance but such a design 

becomes complex and thus difficult and expensive to manufacture [6].   

Use of adsorbents in foam form is a relatively novel development [6]. Unlike monoliths, adsorbent foam 

structures can be manufactured and tailored into a wide variety of shapes, as they are not limited by the 

geometry of the extrusion die [11]. Although research has been carried out on adsorbent polyimide (PI) 

membranes, limited research has been reported on adsorbent polymeric foams [12]. Although foams 

are sponge-like structures with high porosity, the amount of adsorbent material in them may not be 

sufficient to exhibit the same volume activity as packed beds [6]. To overcome this issue, Yoon et al 

[13], reported a hydrothermal synthesis method of growing zeolite crystals within a macroporous 

structure, and thereby made the adsorbent surface accessible.  

Ceramic foams are used for catalytic applications. Generally, these are either alumina or metallic and 

hence they are suitable for high temperature, abrasive and severely corrosive applications as a result of 

their high thermal and chemical stability [14]. Nonetheless, ceramic foams are disadvantageous as the 

manufacturing process is time-consuming and requires substantial heating at high temperatures for the 

calcining-sintering which can reach temperatures up to 1000℃ and the need for impregnation of 

chemical precursors for adsorbent encapsulation [15]. Polymeric/adsorbent composite foams, on the 

other hand, can be synthesized into any geometrical shape at room temperature via a simple process 

comprising of two parallel reactions [11,16]. Therefore, this paper concentrates on the development of 

a highly loaded adsorbent foam structure by manipulating the adsorbent content, the pore-former such 

as polyvinylpyrrolidone (PVP), the composition and the reaction conditions thereby creating the 

potential to increase the adsorbent content and the mass transfer in the foams compared to other 

adsorbent structures. An example model adsorbent selected for this research was commercially 

available 13X zeolite. 

The criteria for selecting a suitable polymer is that it should be thermally stable at temperatures higher 

than 300℃ (used for regeneration), have good mechanical strength and have low foam manufacturing 

cost. PI and polybenzimidazole (PBI) are typical examples of commercial polymers which can be used 
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as a potential binder for foam filters because of their high mechanical strength and thermal stability 

[17]. A pure PI foam has been described by Liu et al [18]. The preparation of PBI foams would involve 

the addition of sulfuric acid to a PBI solution and heating up to temperatures of about 350 – 600℃ [19]. 

More importantly, PI is reported to have excellent CO2 solution-diffusion properties and permeation 

transport [20], and provides a class of amorphous high performance polymers characterised by excellent 

thermal properties and resistance to inorganic acids and bases [21]. Hence, PI was selected for 

producing the adsorbent foams in this work. A main challenge of this research is to ensure that 

embedded zeolite crystals provide the access to adsorb molecules such as CO2, while retaining thermal 

stability for regeneration. 

This paper presents the research and development of regenerable 13X zeolite/PI foam structures which 

have high adsorption capacity. The CO2 adsorption performance of the foams and the effect of PI on 

the adsorption performance have been quantified using dynamic adsorption flow breakthrough curves 

and intelligent gravimetric analyser (IGA) adsorption isotherms. The thermal stability of the foam 

structures has been analysed using a thermogravimetric analyser (TGA), in order to select a suitable 

regeneration temperature. Alongside the experimental work, numerical modelling has been used to 

elucidate the mass transfer characteristics of CO2 through the foams including the adsorption of CO2 

onto the surface of the immobilised 13X zeolite.  

2 Materials and Methods 

2.1 Materials 

Pyromellitic dianhydride (97%, PMDA), 1-methyl-2-pyrrolidone (Reagent grade, 99%, NMP), silicon 

oil (viscosity 350 cSt), ethanolamine (Amine Catalyst), dibutyltin dilaurate (Tin Catalyst), poly [(phenyl 

isocyanate)-co-formaldehyde] (Isocyanate) and polyvinylpyrrolidone (PVP) with molar mass of 10000 

Da (10k), 40000 Da (40k) and 58000 Da (58k) were all supplied by Sigma-Aldrich. Adsorbent 13X 

powder was supplied by Honeywell UOP (HU), Air Products (AP) and Zeochem (ZC). The adsorptive 

gas for adsorption experiments was CO2 (40000 ppmv/4% vol.) in air and was supplied by BOC Ltd. 

(UK). 
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2.2 Preparation of 20 wt% PI/ 80 wt% 13X Foams 

The first mixture (as shown in Figure 1) was prepared by mixing PMDA:NMP (1:8.4), distilled water 

(10 – 15 mL), amine catalyst (~50 µL), silicon oil (1 – 2 g) and PVP (5 wt% based on PMDA/Isocyanate 

content) using a homogeniser at 6500 rpm for 30 seconds. Then 13X (40 g), additional NMP (20 – 30 

mL) and tin catalyst (~25 µL) were added to the mixture and stirred using a homogeniser at 6500 rpm 

for 30 seconds to generate the second mixture (see Figure 1). The second mixture was then added to 5 

g of isocyanate and mixed using the homogenizer at 6500 rpm for 5 seconds. During the last mixing 

step, the PI foaming process begins and this involves the ‘blowing’ and polymerization reactions taking 

place simultaneously. During the blowing reaction, isocyanate reacts with the distilled water to produce 

CO2 and a primary amine to create pores in the foam. The importance of the presence of water during 

the foaming process can be seen in Table 1. Small air bubbles that were created during mixing serve as 

nucleation sites for the CO2. The CO2 diffuses into the small air bubbles and as more CO2 is generated, 

the bubbles expand and the foam starts to rise. The amine catalyst controls the reaction between the 

isocyanate group and water. At the same time, in the polymerization reaction, the primary amine reacts 

with PMDA to produce an amic-acid which subsequently imidizes to produce an imide whilst 

regenerating water at the same time. During this reaction, gas-filled cells with thin walls are formed. 

This polymerization reaction is catalysed by the tin catalyst [22–25]. The foaming process takes 

approximately 10 – 15 seconds for the mixture to rise and polymerize. The polymerized PI foam was 

then obtained by washing, soaking in a water bath and drying in an oven at 100℃ till no change in foam 

weight was observed.  
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Figure 1: Method of preparing a PI/13X (80 wt%) Foam. 

Table 1: Amount of water content for the fabrication of PI/13X zeolite foams. 

 

Figure 3 (a) 

PI/13X (AP) 

foam 

Figure 3 (b) 

PI/13X (ZC) 

foam 

Figure 3 (c) 

PI/13X (HU) 

foam 

Figure 3 (d) 

PI/13X (ZC, 

dried) foam 

Figure 3 (e) 

PI/13X (HU) foam 

after water content 

adjustment 

Zeolite powder 

treatment prior 

to foaming 

None None None 

Dried in oven at 

300℃ for 24 

hours 

None 
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Water content 

in zeolite 

powder 

24.8% 19% 0% 0% 0% 

Water content 

(mL) 

0.5 – 1* 10 – 15* 

Zeolite content 80 wt% 

PI content 20 wt% 

* Water content recommended for saturating the zeolite (may vary based on type of zeolite used) as well as for the foaming process 

In addition to the existing pores created by the blowing reaction, PVP was added as a pore former to 

further improve the accessibility of the adsorptive gas to the zeolite surface. The removal rate of PVP 

depends on its’ molar mass and its’ solubility in water. During the phase inversion and regeneration 

process, it is assumed that the PVP is removed from the foam. 

2.3 Characterisation 

2.3.1 Thermogravimetric Analyser (TGA) 

A TGA (Setaram TG-92) was used to analyse the thermal properties of pure PI and pure 13X. A small 

alumina crucible was used to hold and weigh crushed samples on a microbalance in the insulated 

furnace at room temperature. Cool water was used to control the environment in the furnace and the 

system was purged using argon gas. The sample was then heated in nitrogen from 20 to 1000℃ at a 

rate of 10℃ min-1. The temperature in the furnace was regulated by the built-in thermocouple. Using 

the same conditions, a blank thermogravimetry (TG) curve was generated with an empty alumina 

crucible as shown in Figure A. 1 (Appendix) and this was used to correct the TG measurements 

presented in this paper. The analyser was connected to a computer which recorded the changes in the 

mass of the sample at different temperatures using a programme called SetSoft2000. Once the analysis 

had completed, the sample was cooled to room temperature before removal from the furnace. From the 

recorded data, TG curves were obtained by plotting the change in the weight of the sample as a function 

of temperature and differential thermogravimetry (DTG) curves were obtained by plotting the derivative 

of the TG values, as a function of temperature. 
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2.3.2 Intelligent Gravimetric Analyser (IGA) 

Pure CO2 adsorption properties of pure 13X, PI/13X (80 wt%) and PI/13X (85 wt%) foams, 13X beads, 

pure PI and pure N2 adsorption properties of PI/13X (80 wt%) foams were determined using a Hiden 

Intelligent Gravimetric Analyser (IGA-001). The sample (~100 mg) was crushed and loaded onto the 

sample holder and weighed using the built-in microbalance at room temperature and pressure. The 

reactor chamber was sealed and outgassed at a rate of 150 mbar min-1 to 10-6 mbar to ensure that there 

was no gas remaining in the chamber. All samples were pre-treated in the IGA by heating at 300℃ for 

10 hours under vacuum to remove water or gas contaminants that may have been present. The sample 

was then cooled to room temperature (20oC) and the dry mass of the sample was recorded. CO2 

adsorption isotherm data were obtained at 10 mbar increments up to 100 mbars, followed by 100 mbar 

increments up to 1 bar all at 20℃. During the isotherm measurements, the sample weight was recorded 

at each pressure point and allowed to equilibrate before moving to the next pressure point. Using the 

measured data, the equilibrium adsorption capacity of the samples was plotted as a function of pressure. 

2.4 Dynamic Adsorption Experiments 

A schematic diagram of the adsorption flow-breakthrough apparatus used to determine the adsorption 

properties of the PI/13X foams is shown in Figure 2. The apparatus consists of an adsorption column, 

feed gas flow system and a data logger for recording the CO2 concentration in the gas stream exiting 

the adsorption column. The adsorption column was placed in a temperature-controlled cabinet. A 

sintered plate flow distributor was fitted prior to the inlet of the foam structure to help create a uniform 

flow distribution (at least at the inlet). A mass flow controller (MFC, Brooks Instruments, 0254) was 

used to control the feed flow rate of CO2 to the column and to maintain the adsorption column at a 

constant pressure of 1 bar. An infrared gas instrument (Edinburgh Sensors) was used to monitor the 

column outlet CO2 concentrations. The PI/13X foams were challenged with 4% vol. CO2 in air for all 

adsorption experiments. The foams were regenerated at 300℃ for 24 hours to examine the effect of 

heat cycles on the adsorption performance of the foams. Polytetrafluoroethylene (PTFE) tape was used 

to create a seal around the ends of each foam before placing inside the column to prevent gas leakage 

at the wall. This ensured that the CO2 only flows through the foam and not around the foam wall. All 
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adsorption experiments were carried out with a feed gas flow rate of 500 mL min-1 and at room 

temperature (20℃) and pressure (1 bar). A stack of three foams (total height: 27 cm, diameter: 3.7 cm) 

with the same composition were used for each adsorption experiment as shown in Figure 2.  

Figure 2: Schematic diagram of the CO2 adsorption apparatus. 

Breakthrough curves generated from the adsorption experiments were used to determine parameters 

such as breakthrough and equilibrium time as well as breakthrough and equilibrium loading. 

Breakthrough time, 𝑡𝑏, indicates when the filter is of no further use, equilibrium time, 𝑡𝑒𝑞 , indicates 

when the effluent concentration, 𝐶𝑡, is equal to the initial adsorptive concentration, 𝐶0. The equilibrium 

loading, 𝑞𝑒𝑞 and breakthrough loading, 𝑞𝑏 of the foams, were calculated using Equations 1 and 2 [26]: 

𝑞𝑒𝑞 =
𝐹 ×𝑀𝑤×[𝑡𝑒𝑞−∫

𝐶𝑡
𝐶0

𝑡𝑒𝑞
0

 𝑑𝑡]

𝑚
                                                        ( 1 ) 

𝑞𝑏 =
𝐹 ×𝑀𝑤×[𝑡𝑏−∫

𝐶𝑡
𝐶0

𝑡𝑏
0

 𝑑𝑡]

𝑚
                                                       ( 2 ) 

where 𝐹 is the molar flowrate of adsorptive gas, 𝑀𝑤 is the molar mass of adsorptive gas and 𝑚 is the 

dry adsorbent weight. All calculations were performed on the assumption that all of the PVP had leached 
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out of the foam during the washing and processing stage. The PI/13X zeolite foam samples that were 

used for dynamic adsorption experiments are summarised in Table 2.  

Table 2: Adsorption characterization of PI/13X zeolite foam samples, Legend: 300 indicates 

regeneration temperature, H indicates number of heat cycles and S indicates different foam samples 

with the same formulation.  

CO2 Adsorption Experiment (Section 3.3) 

Regeneration 

Temperature (℃) 

PVP Molar Mass Zeolite Content PI Content Sample Name 

300 

No PVP 

80 wt% 20 wt% 

300-0k, H1S1 

300-0k, H4S1 

300-0k, H8S1 

300-0k, H10S1 

300-0k, H4S2 

10k 300-10k 

40k 300-40k 

58k 300-58k 

3 Results and Discussion 

3.1 Fabrication of PI/13X Zeolite Foams 

Table 1 and Figure 3 shows the importance of saturating the zeolite prior to the foaming process. The 

different batches of 13X zeolite supplied were dried in the furnace at 300℃ for 24 hours as shown in 

Table 1, to quantify the amount of water required for a generalised adsorbent foam formulation. Since 

13X from AP and ZC were supplied saturated with moisture, significant weight losses of 24.8% and 

19% respectively, were observed. Therefore, Figure 3 (a) and (b) shows that 0.5 – 1 mL of water was 

sufficient to produce the foams. However, 13X from HU was not saturated with moisture and thus 

showed no weight loss. Therefore, Figure 3 (c) shows that the same 0.5 – 1 mL of water had caused the 

foam to collapse on itself during the foaming process and become hard once it had dried. This may have 
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been the result of the water necessary for the blowing reaction having been adsorbed by the hydrophilic 

13X. The lack of water necessary for the blowing reaction did not generate CO2 and thus, the foams 

were hard. 13X from AP and ZC were used successfully to fabricate a foam. Therefore, 13X from ZC 

was dried at 300℃ for 24 hours prior to making the foams to confirm the effect unsaturated zeolite had 

on the foaming process. Similar to the PI/13X (HU) foam, Figure 3 (d) shows that the foam had also 

collapsed when unsaturated 13X from ZC was used. In order to saturate 13X from HU prior to the 

foaming process, 10 – 15 mL of water was added as the water capacity of the 13X was found to be 

approximately 30 wt% of its dry weight [27]. Figure 3 (e) shows that with the addition of 10 – 15 mL 

of water, PI/13X foams containing 80 wt% of 13X, were successfully fabricated using the formulation 

described in Section 2.2. Since this was the best formulation, it was used to produce foams for all 

experiments in this study. 

 

Figure 3: (a) PI/13X (AP) foam, (b) PI/13X (ZC) foam, (c) PI/13X (HU) foam, (d) PI/13X (ZC, dried) 

foam, (e) PI/13X (HU) foam after water content adjustment; PI/13X (HU) foams were used for all 

adsorption experiments. 

3.2 Thermal Analysis of Pure PI and 13X Zeolite 

A suitable regeneration temperature was determined from the analysis of the thermal stability of pure 

13X powder and pure PI foam samples. The pure PI foam sample was prepared as stated in Section 2.2. 
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Figure 4 (a) and (b) shows the weight loss of pure 13X zeolite powder and pure PI foam as a function 

of temperature respectively. The DTG curve was used to examine for changes in the weight of the 

sample that were not distinctly shown on the TG curve. As a result of a clear slope observed for pure 

13X in Figure 4 (a), the DTG curve was not plotted for the zeolite. 

(a) 

 

(b) 

 

Figure 4: (a) Thermogravimetry (TG) curve of pure 13X zeolite powder, (b) Thermogravimetry – 

Differential Thermogravimetry (TG-DTG) curves of pure PI foam (Peak 1: 50 – 150℃, Peak 2: 150 – 

300℃, Peak 3: 300 – 400℃, Peak 4: 500 – 600℃ on DTG curve). 

The TG curve of pure 13X powder plotted in Figure 4 (a) shows a weight loss of approximately 11% at 

400℃. This was due to the loss of water that was adsorbed on the zeolite surface as well as present in 

the zeolite channels. Figure 4 (a) suggests that by 400℃, 13X had completely regenerated. These 

observations were confirmed by Zhou et al [28]. Since it is necessary to ensure that the PI will remain 

stable during the regeneration process, the thermal degradation of the pure PI foam sample was analysed 
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as shown in Figure 4 (b). The TG curve of the pure PI foam sample plotted in Figure 4 (b) shows a 

distinct weight loss of approximately 10% at 150℃ as a result of the removal of moisture from the 

sample. A significant weight loss is seen from 150℃ to 600℃. In order to identify the presence of 

overlapping weight loss, the DTG curve was plotted as shown in Figure 4 (b). Figure 4 (b) indicates 

four weight loss peaks at 50 – 150℃ (Peak 1), 150 – 300℃ (Peak 2), 300 – 400℃ (Peak 3) and 500 – 

600℃ (Peak 4). Peak 2 that was observed in the DTG curve from 150 – 300℃, may be due to the 

removal of residual solvent (NMP) present in the pure PI foam sample as it has a boiling point of 204℃. 

A similar pattern was observed by Liu et al [18] when N, N-dimethyl formamide (DMF, solvent) was 

released at approximately 175℃ for a pure PI foam. At 300℃ and 400℃, the corresponding weight 

loss observed using the TG curve was approximately 25% and 40% of the original PI foam weight 

respectively. This may have been due to the release of small residual molecules such as O2 and CO2 and 

the thermal decomposition of unstable segments (urea bonds) in the foam. At 500℃ and 600℃, the PI 

foam had lost approximately 55% and 65% of its original weight respectively. This could have been 

due to the thermal pyrolysis of the imide ring in the rigid PI structure. Both these observations were 

confirmed by Yu et al [29] when they carried out a thermogravimetry-Fourier transform infrared 

spectroscopy analysis on a pure PI foam.  

The criteria for selecting a suitable regeneration temperature is to avoid pyrolysis of the PI component 

in the foam whilst ensuring the regeneration of the 13X zeolite. 13X zeolites used in industry are 

regenerated at temperatures ranging from 204℃ to 316℃ for thermal swing cycles [27]. In order to 

avoid long periods of regeneration and the pyrolysis of the PI component in the foam, 300℃ was 

accordingly selected as a suitable regeneration temperature.  

3.3 Effect of PVP Molar Mass on Adsorption Properties  
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(a) 

 

(b) 

 

Figure 5: (a) Effect of number of heat cycles on adsorption breakthrough curve, (b) Repeatability of 

breakthrough curves using two different batches of 300-0k foams, Legend: L – Total length of three 

foams, W – Total weight of three foams, H – Number of heat cycles, S – Sample number. 

Figure 5 and Figure 6 show the breakthrough curves obtained from running CO2 adsorption experiments 

using the PI/13X foams. To examine the effect of heat cycles on the adsorption performance of the 

foams, the breakthrough curve obtained after one, four, eight and ten heat cycles were compared, as 

shown in Figure 5 (a). This shows that that there were negligible differences observed in the 

breakthrough curves. Repeatability of breakthrough curves using 300-0k H4S1 and 300-0k H4S2 are 

shown in Figure 5 (b). These two different samples with the same formulation were manufactured using 

the same foaming conditions. Both samples contain no PVP and were regenerated at 300℃ prior to all 
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adsorption experiments. The discrepancies could be due to the slight variation between the samples. 4% 

vol. CO2 adsorption breakthrough curves after four heat cycles using the four different PVP 

formulations after four heat cycles, are shown in Figure 6. 

 

Figure 6: Comparison of adsorption breakthrough curves obtained with 4% vol. CO2 in air challenge 

foams with 10k, 40k and 58k PVP pore former and without any PVP in the structure (after four heat 

cycles), Legend: W – Total weight of three foams. 

The breakthrough data such as 𝑡𝑏 and 𝑡𝑒𝑞, were obtained from the breakthrough curves shown in Figure 

6. 𝑡𝑏 indicates the time point when CO2 is detected at the outlet of the filter and 𝑡𝑒𝑞 indicates the time 

point when the filter has become saturated. 𝑞𝑒𝑞 and 𝑞𝑏, were calculated using Equations 1 and 2 and 

these results are presented in Table 3. 𝑡𝑏 was selected when CO2 concentration reached 1% of the initial 

concentration, 𝐶0. 𝑡𝑒𝑞 was selected once a maximum of five consecutive 𝐶0 readings had been achieved. 

Table 3: Adsorption properties of PI/13X foams tested at 20℃ (Each sample regenerated at 300℃).  

Sample 𝑡𝑏  (𝑠) 𝑡𝑒𝑞(𝑠) 𝑞𝑏 (
𝑔 𝐶𝑂2

𝑔 13𝑋
) 𝑞𝑒𝑞 (

𝑔 𝐶𝑂2

𝑔 13𝑋
) 

300-0k 1287 ± 0.5% 5195 ± 2.2% 0.021 ± 1.3% 0.032 ± 6.4%  

300-10k 1144 7462 0.018 0.039 

300-40k 1216 6738 0.018 0.029 
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300-58k 886 6692 0.013 0.021 

 

Table 3 shows that the CO2 breakthrough time for 10k PVP foams was 1144 s, compared to 1287 s for 

300-0k. Therefore, the breakthrough loading for 10k PVP foams was 0.018 𝑔 𝐶𝑂2 𝑔 13𝑋⁄  and this was 

lower compared to 0.021 𝑔 𝐶𝑂2 𝑔 13𝑋⁄  for 300-0k. However, the equilibrium time for 10k PVP foams 

was 7462 s, compared to 5195 s for 300-0k. The equilibrium loading for 10k PVP foams was 0.039 

𝑔 𝐶𝑂2 𝑔 13𝑋⁄  and this was higher compared to 0.032 𝑔 𝐶𝑂2 𝑔 13𝑋⁄  for 300-0k. This can be explained 

by PVP domains that are created throughout the PI matrix, as a result of the hydrophilic nature of PVP 

and the hydrophobic nature of PI [30]. In the presence of these domains, the diffusional pathway for the 

CO2 molecules is enhanced. This shows that the 10k PVP foams adsorbed more CO2 compared to 300-

0k, as there is an improvement in the accessibility of the adsorptive molecules to the 13X active site. 

Unlike the improvement in the adsorption performance that the 10k PVP foams showed, the 

breakthrough and equilibrium loading of 40k PVP foams were 0.018 𝑔 𝐶𝑂2 𝑔 13𝑋⁄  and 0.029 

𝑔 𝐶𝑂2 𝑔 13𝑋⁄  respectively, and the breakthrough and equilibrium loading of the 58k PVP foams were 

0.013 𝑔 𝐶𝑂2 𝑔 13𝑋⁄  and 0.021 𝑔 𝐶𝑂2 𝑔 13𝑋⁄  respectively. Both the breakthrough and the equilibrium 

loadings were lower compared to 300-0k. 

This may be a result of the 10k PVP having a lower retention factor (wt% of PVP remaining in the 

foam) due to a higher amount of PVP leaching out into the water bath during the pre-treatment washing 

process thus creating greater amount of skin porosity, compared to the 40k and 58k PVP. This 

observation was confirmed by an analysis that was done on a polysulfone membrane containing PVP 

by Matsuyama et al [31]. These results also suggest that the presence of high molar mass PVP in the 

foam might be causing some of the 13X adsorption sites to be covered and thereby reducing the 

adsorption capacity of the foams. Therefore, the 10k PVP foams had a higher adsorption loading 

compared to the 40k and 58k PVP foams as confirmed in Table 3.   

3.4 IGA CO2 Adsorption Isotherms  

Since the adsorbent foams were composed of 20 wt% PI and 80 wt% 13X zeolite, there may be a 

possibility that PI could also mask the adsorbent active sites. As a model system of 4% vol. CO2 in air 
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was used to challenge the PI/13X foam samples during the dynamic adsorption experiments, it is 

possible that N2 adsorption could interfere with the adsorption of CO2. PI/13X foams were tested to 

determine if there was interference to CO2 adsorption caused by the presence of PI and N2. Figure 7 

presents the adsorption isotherms obtained using pure CO2 for pure 13X, 300-10k (PI/13X (80 wt%)), 

Pure PI, PI/13X (85 wt%) and 13X beads (Park et al, [32]) and pure N2 for 300-10k (PI/13X (80 wt%)). 

The CO2 adsorption isotherm results of two different 10k PVP foam samples with the same formulation 

were represented as error bars, as shown in Figure 7.   

 

 

Figure 7: CO2 adsorption isotherms of pure 13X, pure PI, ‘Weighted Average’ PI/13X (80 wt%) foam 

sample, 300-10k (PI/13X (80 wt%)) (n = 3), PI/13X (85 wt%) foam, 13X beads (Park et al, [32]) and 

300-10k (N2 adsorption isotherm) up to 1 bar at 20℃.   

The CO2 adsorption properties of pure 13X and a pure PI foam sample without any 13X, were 

determined using the IGA. An isotherm was then predicted for a PI/13X foam sample, by taking a 

weighted average of the pure 13X isotherm and the pure PI isotherm as shown in Equation 3. Since the 

actual PI/13X foam samples contain 80 wt% of 13X zeolite and 20 wt% of PI, the same composition 

was used to predict the ‘weighted average’ isotherm.  

𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 = (0.8 × 𝐶𝑂2 𝑢𝑝𝑡𝑎𝑘𝑒 𝑏𝑦 𝑝𝑢𝑟𝑒 13𝑋) + (0.2 × 𝐶𝑂2 𝑢𝑝𝑡𝑎𝑘𝑒 𝑏𝑦 𝑝𝑢𝑟𝑒 𝑃𝐼)  ( 3 )  
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As shown in Figure 7, typical type I isotherms were observed for all the samples tested. This 

characteristic is typical of micro-porous materials. Figure 7 clearly shows that over the low-pressure 

range (0 – 100 mbar), CO2 adsorption occurs rapidly and approaches equilibrium as the pressure 

continues to increase. Adsorption capacity of 300-10k (PI/13X (80 wt%)), increased from 

approximately 0.056 g g-1 at 10 mbar to 0.2 g g-1 at 1000 mbar. Similarly, adsorption capacity of pure 

13X increased from 0.088 g g-1 at 10 mbar to 0.249 g g-1 at 1000 mbar.  

With the pure PI foam, negligible uptake of CO2 was observed. As expected, the adsorption isotherm 

obtained from the 10k PVP (PI/13X (80 wt%)) foam samples was lower compared to the pure 13X 

isotherm. Figure 7 shows that the ‘Weighted Average’ isotherm of the PI/13X (80 wt%) foam was 

slightly higher than the measured adsorption isotherm of 300-10k (PI/13X (80 wt%)). Hence, it is 

possible that some loss of adsorption capacity is observed as a result of masking by the polymer.  

At 100 mbar, the adsorption capacity of the ‘Weighted Average’ isotherm was approximately 9% higher 

compared to the measured isotherm of 300-10k (PI/13X (80 wt%)). However, at pressures beyond 100 

mbar, the adsorption capacity of the ‘Weighted Average’ isotherm was approximately 1.3% higher 

compared to the measured isotherm of 300-10k (PI/13X (80 wt%)). This suggests that by operating at 

higher concentrations, a higher adsorption capacity can be achieved due to more CO2 molecules being 

attracted onto 13X zeolite. This similar trend was seen in a study that was carried out by Hauchlum and 

Mahanta [33] for commercial 13X powder at 25℃ using 13.8 vol% CO2 in air. However, the adsorption 

capacity obtained by Hauchlum and Mahanta was lower compared to the adsorption capacities observed 

in our study (Figure 7) due to the higher operating temperature and lower CO2 concentration.  

Figure 7 shows that the adsorption capacity of the PI/13X (85 wt%) foam sample increased from 

approximately 0.056 g g-1 at 10 mbar to 0.21 g g-1 at 1000 mbar. At a lower pressure (<100 mbar), the 

adsorption capacity of the PI/13X (85 wt%) foam sample was similar to 300-10k. However, as the 

pressure increased the difference in adsorption capacity between 300-10k (PI/13X (80 wt%)) and the 

PI/13X (85 wt%) foam sample increased by 0.01 g g-1. However, this paper concentrated on PI/13X (80 

wt%) foam since it is comparable to commercially supplied adsorbents (20 wt% binder/80 wt% 13X). 

The data presented for 13X beads in Figure 7 were obtained from Park et al [32]. The 13X beads had 
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an adsorption capacity of approximately 0.2 g g-1 at 100 kPa and this was similar to the adsorption 

capacity obtained by 300-10k (PI/13X (80 wt%)). This shows that both 300-10k (PI/13X (80 wt%)) and 

the commercial 13X beads exhibit an adsorption performance that is comparable to each other.  

Unlike the CO2 uptake observed with 300-10k (PI/13X (80 wt%)), the foam sample showed very low 

uptake of N2 as seen in Figure 7. The ideal adsorption solution theory (IAST) was used to predict the 

CO2/N2 selectivity for a binary gas mixture [34]:  

𝑆𝐶𝑂2/𝑁2
= (

𝑞𝑒𝑞

𝑦𝐶𝑂2

) (
𝑞𝑒𝑞,𝑁2

𝑦𝑁2

)⁄                                                           ( 4 ) 

where 𝑆𝐶𝑂2/𝑁2
 is selectivity, 𝑞𝑒𝑞 and 𝑞𝑒𝑞,𝑁2

 are equilibrium loading of CO2 and N2 respectively, 𝑦𝐶𝑂2
 

and 𝑦𝑁2
 are molar fractions of CO2 and N2.  

 

Figure 8: Comparison of equilibrium adsorption capacity and CO2/N2 selectivity of 300-10k (PI/13X 

(80 wt%)) foam with different adsorbents at 25℃ (unless otherwise shown in the figure) and 1 bar for 

a flue gas mixture (85% N2, 15% CO2). 

Figure 8 compares the adsorption performance and the CO2/N2 selectivity of 300-10k (PI/13X (80 

wt%)) with other adsorbents from literature. Since the selectivity values of Bamboo-1-973 [35], PC 

[36], K4-700 [37], PC-2 [38], NPC-650 [39], OM-CNS [40], FC4 [41], CS-500-1.5 [42], AC [43], 

PAC650/2 [44], NPC-1-600 [45] and AC-KOH-N [43] were for a flue gas mixture (85% N2, 15% CO2), 
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the selectivity of 300-10k (PI/13X (80 wt%), this work) and the 13X beads (data obtained from Park et 

al [32]) were calculated for a flue gas mixture using Equation 4. As seen in Figure 8, most of the 

adsorbents obtained from literature had a lower adsorption capacity compared to 300-10k (PI/13X (80 

wt%)) except for PAC650/2, NPC-1-600 and AC-KOH-N. However, all of the adsorbents had a lower 

selectivity compared to 300-10k (PI/13X (80 wt%)).  

4 Numerical Modelling 

A 2-dimensional axisymmetric model was developed and solved using a commercial package 

COMSOL Multi-Physics V5.3. Species and momentum conservation equations were coupled and 

solved to describe the transport of CO2 through the foam as well as CO2 adsorption throughout the foam. 

4.1 Physical Model and Assumptions 

The model foam system implemented in the computational fluid dynamics (CFD) consisted of a single 

foam with diameter, 𝐷 of 0.037 m and length, 𝐿 of 0.27 m. The flow rate of CO2 in air, 𝑄 was set at  

8.33 × 10−6 m3 s-1 (500 mL min-1), CO2 concentration, 𝐶0 was 4% vol. and the model was set to solve 

at temperature, 𝑇 of 293.15 K and at pressure, 𝑃 of 101325 Pa. These conditions were based on the 

conditions used in the dynamic flow experiments. The domain was assumed to be porous with voidage, 

𝜀𝑝 and 13X zeolite was uniformly immobilized in the polymer matrix. A model representation of the 

experimental setup and the foams is shown in Figure 9 (a). Definition and values of the model input 

parameters and variables used in Section 4, is summarised in Table 4.  

The assumptions used in the model were [46]: 

 2-D axisymmetric – since the pores in the foam structures were random as seen in Figure 9 (b), 

it was reasonable to assume that there was negligible variation of flow properties in the 

azimuthal direction.  

 Negligible axial back mixing (Pe ~ 280 according to Equation 7) 

 Permeability and porosity of the system is isotropic 

 Negligible adsorption of the carrier gas (Negligible adsorption of N2, Figure 7) 
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 Low pressure system so the assumption of ideal gas behaviour is reasonable 

 Symmetric flow conditions and geometry along the foam centre plane (r = 0) 

 

 

(a) (b) 

Figure 9: (a) 2-D axisymmetric computational domain approximating the porous domain, labelled with 

CO2 concentrations and velocities (L = 0.27 m , W = 0.0185 m), (b) scanning electron microscopy (SEM) 

micrograph of the PI/13X foam surface, 𝐷𝑤 = (8 ± 1.5) × 10−4 𝑚, 𝐷𝑝 = (2 ± 0.8) × 10−4 𝑚. 

Table 4: Model Parameters.  

Parameter Definition Value Unit Source/Equations 

𝐷 Diameter of foam 0.037 m Experimental data 

𝐿 Length of foam 0.27 m 

Experimental data (Total 

length of 3 foams) 

𝑊 Radius of foam 0.0185 m Experimental data 
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𝐷𝑝 Pore diameter 2.01 × 10−4 m 

Average of 10 readings taken 

from Figure 9 (b) 

𝐷𝑤 Pore-window diameter 8.11 × 10−4 m 

Average of 10 readings taken 

from Figure 9 (b) 

𝜂 Cell ratio 0.969  Equation 11 

𝜀𝑝 Foam voidage 0.55 – 0.6  

Measured experimentally 

using a saturation method 

[47] 

𝑘𝐾
′  Modified Kozeny constant 0.822  Equation 12, For 𝜀𝑝 of 0.6 

𝐴′ 

Coefficient for calculating 

𝑘𝐾
′  

13.3  [48], For 𝜀𝑝 of 0.6 

𝐾 

Permeability of porous 

domain 
1.09 × 10−9 m2 Equation 13, For 𝜀𝑝 of 0.6 

𝑅𝑒𝑚 

Modified Reynolds 

Number 

0.47 – 0.52  

Equation 6, 

For 𝜀𝑝 of 0.55 – 0.6 

𝑃𝑒 Peclet Number 276 - 286  

Equation 7, 

For 𝜀𝑝 of 0.55 – 0.6 

𝑆𝑐 Schmidt Number 0.70  Equation 7 

𝑘𝐿 

Langmuir 

constant 

0k PVP 1.89 

m3 mol-1 Equation 15, Equation 16 

10k PVP 2.17 

40k PVP 2.06 

58k PVP 1.97 

𝑞𝑚𝑎𝑥 

Maximum 

adsorption 

capacity 

0k PVP 0.00206 

mol CO2 g-1 

13X 

Equation 15, Equation 16 

10k PVP 0.00211 

40k PVP 0.00188 

58k PVP 0.00224 
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𝜌𝑏 Bulk density 174 – 195 kg m-3 Determined using foams 

𝜌𝑝 PI density 1300 kg m-3 

Taken from COMSOL 

Multiphysics 5.3 

𝐷𝐶𝑂2
 CO2 diffusion coefficient 1.06 × 10−5 m2 s-1 [49] 

𝜌𝑓 Density of CO2 1.98 kg m-3 [50] 

𝜇𝑓 Viscosity of CO2 1.47 × 10−5 Pa s [51] 

𝑄 Flow rate of CO2 8.33 × 10−6 m3 s-1 

Experimental data, converted 

from mL min-1 

𝑢𝑚 Mean fluid velocity 0.00775 m s-1  

𝑢𝑚𝑎𝑥 Maximum fluid velocity 0.0155 m s-1 

Determined by taking 2 

times 𝑢𝑚 

𝐶0 Initial CO2 concentration 1.66 mol m-3 

Experimental data, converted 

from 40000 ppmv 

𝑃 Pressure 101325 Pa Experimental data 

𝑇 Temperature 293.15 K Experimental data 

 

4.2 Governing Equations 

Continuity Equation: 

The adsorptive gas (CO2 in air) was assumed to be ideal and the gas flow was treated as Newtonian. 

Since the operating pressure is 101325 Pa, it is reasonable to assume that the gas is incompressible. The 

continuity equation can be written as: 

∇ ∙ 𝒖 = 0                                                                      ( 5 ) 

where 𝒖 is the velocity vector. 
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Energy losses in the foam system can be due to viscous and form drags. The energy loss is significantly 

affected by the flow regime and also the foam structure i.e. voidage [52]. The modified Reynolds 

number, 𝑅𝑒𝑚 was used to characterise the flow regime [48]: 

𝑅𝑒𝑚 =
𝜌𝑓𝑢𝑚𝐷𝑝

𝜇𝑓(1−𝜀𝑝)
                                                                   ( 6 ) 

where 𝑢𝑚 is superficial velocity, 𝜌𝑓 is density of CO2, 𝐷𝑝 is pore diameter, 𝜇𝑓 is viscosity of CO2, 𝜀𝑝 

is foam voidage. The voidage was determined experimentally by a saturation method demonstrated by 

Safiuddin and Hearn [47]. 𝑅𝑒𝑚 values ranged from 0.47 – 0.52, for 𝜀𝑝 values ranging from 0.55 – 0.6. 

Hence, for the model it was confirmed the flow regime was laminar [52]. The Peclet number was used 

to determine the significance of convection/diffusion in the distribution of CO2 in the foam [53]:  

𝑃𝑒 =
𝑢𝑚𝐿

𝐷𝐿
                                                                          ( 7 ) 

where 𝐷𝐿 =
[0.23+0.5𝑆𝑐𝑅𝑒𝑚]𝐷𝐶𝑂2

𝜀𝑝
 and the Schmidt number, 𝑆𝑐 =

𝜇𝑓

𝜌𝑓𝐷𝐶𝑂2

, 𝑃𝑒 is Peclet number, 𝐿 is length 

of foam, 𝐷𝐿 is axial dispersion coefficient, 𝐷𝐶𝑂2
 is diffusion coefficient of CO2. Using Equation 7, the 

Peclet number ranged from 276 – 286, for 𝜀𝑝 values ranging from 0.55 – 0.6. Since 𝑃𝑒 is significantly 

large, convection dominates the transport of CO2. 

Conservation of momentum (Brinkman equations): 

The Brinkman equation as shown in Equation 8, was used to describe the fluid flow in the porous 

domain due to the presence of large pores. It is a mathematical model extended from Darcy’s law which 

accounts for viscous effects in bulk. The Brinkman equation can be written as [54]:  

𝜌𝑓 (
𝜕𝒖

𝜕𝑡
) = −𝛻𝑃 + 𝛻 [

𝜇𝑓

𝜀𝑝
{𝛻𝒖 + (𝛻𝒖)𝑇}] − (𝐾−1𝜇𝑓)𝒖                            ( 8 )                                    

where 𝑡 is time, 𝐾 is permeability.  

Permeability, 𝐾 depends on the structure of the porous matrix and is independent of the properties of 

the fluid [55]. The main parameters which affect permeability are porosity, pore shape and the 

connectivity of pores with one another [55]. Since the flow is laminar, the Carman-Kozeny permeability 
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model was used in an attempt to link the permeability factor to 𝜀𝑝 in the model. However, this model 

was primarily developed for packed beds of spherical particles [48]. Since porosity and pore size vary 

significantly in foams compared to packed beds of spherical particles, it was necessary to modify the 

Carman-Kozeny permeability model for foams. The modified model was based on a geometry model 

with interconnected sphere-centred cubes, where the interconnected spheres represented the void phase 

of the porous media. Karimian and Straatman [48] used the dimensions of the unit cube geometry to 

calculate the cell ratio, 𝜂 and this in turn was used to calculate 𝐷𝑝. This can be seen in Equations 9 and 

10. 

𝜂 =
𝐻

𝐷𝑤
                                                                     ( 9 ) 

where 𝜂 is cell ratio, 𝐻 is cell size, 𝐷𝑤 is pore-window diameter 

𝐷𝑝 = [√(1 − 𝜂2)] × 𝐷𝑤                                                      ( 10 ) 

Since 𝐷𝑤 and 𝐷𝑝 were determined from SEM images as shown in Figure 9 (b), Equation 10 was 

rearranged to give Equation 11 for calculating the cell ratio. 

𝜂 = √1 − (
𝐷𝑝

𝐷𝑤
)

2
                                                                ( 11 ) 

The Kozeny constant in the model includes the effects of tortuosity, particle shape and their connections 

[55]. The constant is usually approximated as 5 for packed beds but varies strongly with porosity for 

other internal structures [48]. Therefore, the Kozeny constant was modified by incorporating a 

coefficient which varies with porosity. This can be seen in Equation 12. The modified Kozeny constant 

was adapted using a ‘coefficient-porosity’ correlation reported by Karimian and Straatman for foams 

[48]: 

𝑘𝐾
′ = (1 − 𝜂2) × 𝐴′                                                              ( 12 ) 

where 𝑘𝐾
′ is modified Kozeny constant, 𝐴′ is a coefficient which varies with porosity for calculating 

𝑘𝐾
′. 
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With the calculated modified Kozeny constant and the cell ratio, permeability of the porous matrix can 

be determined as a function of porosity. The permeability as a function of porosity can be written as 

[48]: 

𝐾 =
𝐷𝑝

2𝜀𝑝
3𝜂6

𝑘𝐾
′ 𝜋2(3𝜂−2)2                                                               ( 13 ) 

Initial and boundary conditions (variables are defined in Table 4): 

 Foam wall: No-slip, When 𝑟 = 𝑊, 𝑢𝑧 = 0 

 Foam inlet: Flow is fully developed and velocity profile is parabolic due to laminar flow, 

When 𝑧 = 0, 𝑢𝑧 = 𝑢𝑚𝑎𝑥 [1 − (
𝑟

𝑊
)

2
] 

 Foam outlet: Operating pressure (101325 Pa) has been indicated in the model and so, When 𝑧 =

𝐿, 𝑃 = 0 𝑃𝑎 

 Initial conditions: When 𝑡 = 0, 𝑃 = 0 𝑃𝑎 and 𝑢𝑧 = 0 

Species transport and adsorption (mass balance equations): 

The species balance equation for CO2 can be written as: 

(𝜀𝑝 + 𝜌𝑏𝑘𝐿)
𝜕𝐶

𝜕𝑡
+ (𝐶 − 𝜌𝑝𝑞𝑒𝑞)

𝜕𝜀𝑝

𝜕𝑡
+ 𝒖 ∙ 𝜵𝐶 = 𝛻 ∙ [(𝐷𝐷 + 𝐷𝑒)𝜵𝐶]               ( 14 ) 

𝑞𝑒𝑞 =
𝑞𝑚𝑎𝑥𝑘𝐿𝐶

1+𝑘𝐿𝐶
                                                         ( 15 ) 

Linear form of Langmuir isotherm: 

𝐶

𝑞𝑒𝑞
=

1

𝑞𝑚𝑎𝑥
𝐶 +

1

𝑞𝑚𝑎𝑥𝑘𝐿
                                                  ( 16 ) 

where 𝐷𝑒 =
𝜀𝑝

𝜏𝑓
𝐷𝐶𝑂2

and the tortuosity factor (Millington and Quirk Model), 𝜏𝑓 = 𝜀𝑝
−

1

3, 𝜌𝑏 is bulk 

density, 𝑘𝐿 is Langmuir constant, 𝐶 is concentration of CO2, 𝜌𝑝 is polyimide density, 𝑞𝑒𝑞 is equilibrium 

adsorption capacity, 𝐷𝐷 is dispersion tensor of CO2, 𝐷𝑒 is effective diffusion coefficient of CO2, 𝜏𝑓 is 

tortuosity factor, 𝑞𝑚𝑎𝑥 is maximum adsorption capacity. 
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The governing equation for the adsorptive mass balance assumed that the foams consist of uniformly 

distributed immobile 13X zeolite particles. On the left-hand side of Equation 14, the first two terms 

describe the accumulation of CO2 via adsorption in the polymeric matrix. Since the foams are assumed 

to be isotropic, porosity is uniform throughout the foam and constant. The third term describes the 

movement of CO2 through the pore channels and this term incorporates the velocity vector [46]. The 

Langmuir isotherm (Equation 15) was used to predict the concentration of CO2 adsorbed onto and 

desorbed from the 13X zeolite surface [56]. Using IGA data obtained from the actual PI/13X foams and 

Equation 16, 𝑘𝐿 and 𝑞𝑚𝑎𝑥 were determined by plotting a linear Langmuir isotherm. The R2 value 

obtained from the trendline for all the PI/13X foam samples was 0.996. Lastly, the dispersion and 

diffusion term on the right hand side of Equation 14, include the self-induced movement of CO2 within 

the pore spaces [46]. There were no reaction and source terms as there are no products being produced 

and no reactants being consumed.  

Initial and boundary conditions (variables are defined in Table 4): 

 Foam wall: No flux, When 𝑟 = 𝑊, 𝐶 = 0 

 Foam inlet: Inlet concentration of adsorptive gas, When 𝑧 = 0, 𝐶 = 𝐶0 

 Foam outlet: Gas flux dominated by convection, When 𝑧 = 𝐿, 𝐶 = 𝐶𝑡 and − 𝒏(𝐷𝐶𝑂2
∇𝐶) = 0 

 Initial conditions: No adsorptive in the foam system and adsorbent was free of adsorptive, 

When 𝑡 = 0, 𝐶 = 0 and 𝑞𝑒𝑞 = 0 

4.3 Meshing and convergence tests 

The computation domain was approximated using unstructured triangular elements or meshes, as shown 

in Figure 10 (a) and (b). The density of meshes was increased in the area where the velocity gradient is 

maximum (i.e. the region near the wall). The convergence criteria in all simulations were set to 10-2. 

Several diagnostic tests were performed to ensure the accuracy of the solutions. In one, the number of 

iterations for one of the simulation runs was increased by 50%: the solution did not drift away from the 

converged result. In the second, the number of elements used in the simulation was varied using 

different degrees of mesh refinement to determine when mesh dependency had been eliminated. Figure 
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10 (c) shows that the concentration of CO2 was independent of the number of elements from 

approximately 30000 and this was the finer mesh setting in COMSOL. This was employed for all 

simulations. 

  
 

(a) (b) (c) 

Figure 10: (a) Coarser (2269 elements) mesh distribution, (b) Finer (~30000 elements) mesh 

distribution, (c) CO2 concentration at 50% of foam length for varying mesh distribution. 

4.4 Results and discussions 

The comparison of 4% vol. CO2 in air dynamic adsorption breakthrough curves for 10k, 40k and 58k 

PVP adsorbent foams and the modelled breakthrough curves are shown in Figure 11 (a) – (d). Figure 

11 shows that for all the PVP molar masses, the model breakthrough curves were S-shaped, similar to 

the experimental breakthrough curves. The 300-10k model curve was the most accurate compared to 

the experimental curve as seen in Figure 11 (b). 300-58k (Figure 11 (d)) model curve was the least 

accurate compared to the experimental curve.  The experimental breakthrough time observed for both 

300-0k (Figure 11 (a)) and 300-40k foams (Figure 11 (c)), were slightly longer compared to the 

corresponding model breakthrough time.  
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(a) (b) 

  

(c)  (d) 

Figure 11: 4% vol. CO2 Experimental and Model breakthrough curve at 293.15K, 101325 Pa and a flow 

rate of 500 mL min-1 for (a) 300-0k, (b) 300-10k, (c) 300-40k, (d) 300-58k. 

The experimental results show that the dynamic adsorption breakthrough curve for the foam prepared 

using the 58k PVP pore former is much broader than the curves for the foams prepared with 10k PVP 

and 40k PVP respectively. This implies that the foam prepared using a higher molecular weight pore 

former has a much poorer kinetic performance than the 10k PVP foams of the same material. Since the 

model uses the equilibrium isotherm data compared to the dynamic experimental data, high mass 

transfer resistances experienced in 300-58k is not reflected in the predicted breakthrough curve. Table 

5 shows the comparison of the equilibrium loading obtained from the simulation and the experimental 



32 

 

breakthrough curves. Equation 1 was used to determine the equilibrium loading from the simulated 

breakthrough curves. 

Table 5: Equilibrium loading calculated from simulated breakthrough curves for 300-0k, 300-10k, 

300-40k and 300-58k foams challenged with 4% vol. CO2 in Air. 

Sample 

Experimental 

𝑞𝑒𝑞 (
𝑔 𝐶𝑂2

𝑔 13𝑋
) 

Predicted 

𝑞𝑒𝑞 (
𝑔 𝐶𝑂2

𝑔 13𝑋
) 

Difference for 𝑞𝑒𝑞 (%) 

300-0k 0.032 ± 6.4% 0.036 +11% 

300-10k 0.039 0.037 -5% 

300-40k 0.029 0.032 +9% 

300-58k 0.021 0.039 +46% 

 

Table 5 shows that the predicted 𝑞𝑒𝑞 values for 300-0k, 300-10k and 300-40k are in good agreement 

with the experimental 𝑞𝑒𝑞 values as the difference was calculated to be less than 11%. However, 300-

58k had the highest percentage difference of 46% between the predicted and experimental 𝑞𝑒𝑞 values. 

This could have possibly been due to the simulation not considering the effect of PVP masking the 

zeolite surface. As mentioned in Section 3.3, the higher the PVP molar mass, the more difficult it would 

be to remove it. It is evident in Figure 11 and Table 5 that the effect of PVP masking the zeolite surface 

is more significant for PVP molar mass higher than 40k. Therefore, the predicted adsorption capacity 

of 300-58k was higher compared to the experimental adsorption capacity.   

During an adsorption experiment, it is difficult to visualize the movement of the mass transfer zone 

(MTZ) throughout the foam axially and radially. However, with modelling, the movement of the MTZ 

can be obtained to elucidate the shape of the breakthrough curve. Since the 300-10k model data had the 

best match with the experimental data, the progression of the MTZ for the model breakthrough curve 

(Figure 11 (b)), was simulated as seen in Figure 12. 
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Figure 12: CO2 distribution throughout the full (L = 0.27 m, W = 0.0185 m) adsorbent foam column 

(300-10k) at different time points at 101325 Pa and 293.15 K for a flow rate of 500 mL min-1; 𝑡𝑏 – 

breakthrough time, 𝑡𝑒𝑞 – equilibrium time.  

Figure 12 shows the CO2 concentration at the foam outlet at 1100 s, was approximately 0.1 mol m-3 (1% 

of the inlet concentration) and thus indicating that breakthrough had occurred. This matches with the 

experimental observation shown in Figure 11 (b). Both the experimental data and simulation results 

also show that the adsorbent foam was exhausted and had reached equilibrium at approximately 4000 

s. The effect of initial CO2 concentration on the breakthrough performance of the 300-10k foam can be 

predicted using the validated model as shown in Figure 13 (a). As expected, the increase in CO2 

concentration results in a sharper breakthrough curve (Figure 13 (a)) and a higher equilibrium loading 

(Figure 13 (b)). The simulation can also be used for predicting the adsorption performance of the foams 

for multiple gas species or a different adsorptive gas. 
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(a) (b) 

Figure 13: (a) 300-10k model breakthrough curves obtained by varying initial CO2 concentration, (b) 

Predicted and actual effect of initial CO2 concentration on equilibrium loading for 300-10k.  

Figure 14 shows the pressure drop of the 300-0k foam, packed bed filled with 0.4 – 0.8 mm beads (bed 

A) and 1.0 – 1.6 mm beads (bed B), all determined experimentally.  

 

Figure 14: Experimental pressure drop data for 300-0k adsorbent foam compared with packed bed A 

(0.4 – 0.8 mm) and packed bed B (1.0 – 1.6 mm). 

Figure 14 shows that as the flow rate increases, the difference in pressure drop between the foam, bed 

A and bed B become significant. Experimental data shows that the pressure drop in the foam was lower 

than the 0.6mm (average) bead beds. However, the design of the foam bubble/pore windows, and 

pressure drop will require further optimisation by using CFD modelling. Several combinations of 

parameters can be tested using the model to find the best set of parameters that give a good adsorption 

performance whilst reducing pressure drop, without having to physically prepare the foams.  
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5 Conclusions 

Foams containing 80 wt% 13X/20 wt% Polyimide (PI) were successfully fabricated using a new generic 

synthesis method comprising of a dual parallel reaction foaming process, which consists of a CO2 

generation (blowing) reaction and a polymerisation reaction. Three molecular weights of 

polyvinylpyrrolidone (PVP) namely, 10k, 40k and 58k, were used as pore-formers to enable more 

exposure of adsorption sites to contaminants. The adsorbent foam produced with 10k PVP was found 

to be superior in quality in terms of uniform pore size, better adsorption capacity, and improved kinetic 

performance than foams produced from either of the other two PVPs. The adsorbent foam with 10k 

PVP also featured the best breakthrough and equilibrium times for CO2. Isotherm data obtained using 

an Intelligent Gravimetric Analysis (IGA) confirmed that the adsorption capacity of the foam sample 

increased with pressure and the presence of 20 wt% PI in the foam had only slight impact on CO2 

adsorption.  

The morphology and adsorption properties of the foam were found to be mainly dependent on the 

quantity of water used, the ratio of adsorbent to polymer composition, and the pretreatment temperatures 

of zeolites. The bubble skin-pore structure of the 13X foams seems to be largely determined by the 

water content and type of PVP used. Since the foams have highly open porous structures with a small 

skin thickness in bubbles, they are expected to have minimal mass transfer resistance during molecular 

transport processes. Heat treatment influenced not only the morphology but also the 

adsorption/separation performance of the foams. The adsorption-regeneration cycles indicated that the 

CO2 breakthrough time increased until equilibrium was reached. Thermal analysis of the pure PI and 

13X showed that these materials were stable up to 400°C. It is concluded that the optimum heat 

treatment conditions for PI/13X foams is 300oC.  

Computational simulations were successfully conducted to elucidate the concentration profiles of CO2 

within the foams. The breakthrough profiles for 300-10k foams were successfully verified by 

experimental data but the 300-58k data showed significant discrepancies. This may be a result of the 

presence of PVP masking the zeolite surface and not being reflected in the simulation. Further 

investigations will be required to confirm this observation. 
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 It is possible to conclude that the combined effects of suitable polymer/zeolite/additives composition 

and reasonable heat treatment can produce foams which have superior quality for pollution control 

applications. These results augur well for the adsorbent foam composite systems. With such composite 

foam structure, it is anticipated that compact, light-weight, low pressure drop devices could be 

constructed for a range of applications including CO2 recovery, volatile organic compound (VOC) 

removal, gas separation, and wastewater treatment, etc. 

6 Appendices 

Appendix A: TG Blank Test  

 

Figure A. 1: TG curve for empty alumina crucible. 
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