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Abstract 

The overall aim of this research is to successfully fabricate a functional polyimide (PI) 

foam structure comprising high proportion (80 wt%) of adsorbent and antibacterial 

agents for the removal of pollutant gases and microbes from air. The need for such a 

filter arises due to the lack of existing filters that can be regenerated for reuse and also 

the ease of being able to use existing infrastructure for the production of these foam 

filters on a large scale.  

The foaming process involves CO2 generation (blowing) and polymerisation reactions 

occurring simultaneously. Foam structures containing sorbents namely 13X, HiSiv 

3000, HiSiv 1000 and potassium bicarbonate were tested against a range of gases of 

different molecular sizes such as CO2, butane, cyclohexane and hexane to determine 

the adsorption performance of the foam filter. PI foams containing antibacterial agents 

such as copper, nickel and copper - nickel mixtures were synthesized and tested against 

a model bacterium, Erwinia carotovora (gram-negative), to determine the anti-

bacterial efficacy and filtration efficiency of the air filter.  

Highly loaded PI/13X (80 wt%) adsorbent foams were characterised in the context of 

removing CO2 from air. Thermal analysis of pure PI and 13X powder showed that the 

foams can be regenerated at 300 ℃. Polyvinylpyrrolidone (PVP) of different 

molecular weights (10 kDa, 40 kDa and 58 kDa) were used as pore former to enable 

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

experiments at 101.325 kPa and 20 ℃, 10k PVP foams demonstrated an equilibrium 

loading of 0.05 g g-1 for CO2 (at 40,000 ppmv in air), showing the longest equilibrium 

time and highest adsorption capacity. The adsorption loading of the foams  

(0.094 g g-1) were found to be comparable in performance to commercial 13X beads 

(0.098 g g-1) at 40 mbar, when tested using pure CO2 in an Intelligent Gravimetric 

Analyser (IGA). At pressures beyond 10 kPa, only 1.3 - 4.5% reduction in adsorption 

capacity was observed due to some of the zeolite being covered by the polymer binder. 

The adsorbent foams showed superior CO2/N2 selectivity compared to other adsorbent 

structures in literature and was comparable in selectivity to commercial 13X beads. 

However, the incorporation of PVP into the foam structure did not result in drastic 

increment in CO2 adsorption. On the other hand, PI foams incorporated with potassium 

bicarbonate replacing 13X and PVP, improved the CO2 adsorption capacity of the 
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foam by approximately 74% and it also reduced the regeneration temperature from 

300 ℃ to 165 ℃.  

The butane adsorption performance of HiS-3 (PI/HiSiv 3000 (80 wt%)), HiS-1 

(PI/HiSiv 1000 (80 wt%)) and HiS-3,1 (PI/HiSiv 3000 (40 wt%) - HiSiv 1000  

(40 wt%)) foams were compared against the PI/13X (80 wt%) adsorbent foams. HiS-

3 foams displayed the highest adsorption capacity of 6.7 wt% for butane whilst HiS-1 

foams were the worst performing with 0.97 wt%. The butane study also showed that 

the PI/13X foams were not only efficient in removing CO2 but were also able to 

achieve a 3.7 wt% adsorption capacity for butane as well. The cyclohexane and hexane 

isotherm studies showed that the HiS-3 foams were limited by the shape of the zeolite 

structure and the size of the zeolite pore diameter whilst HiS-1 foams achieved a high 

adsorption capacity and thus, were found to be ideal for removing cyclohexane and 

hexane. In order to deal with multiple pollutants in the environment, a combination of 

zeolite types could be incorporated into the foam structure to successfully remove the 

pollutants.   

PCu80 (PI/copper (80 wt%)) displayed a high log reduction value (LRV) of 99.996% 

and thus exhibited a bactericidal effect. PNi80 (PI/nickel (80 wt%)) displayed a lower 

LRV of 99.4%. However, the LRV values were higher compared to the control, 95.5% 

(PI foam without antibacterial agent) and thus, confirmed bacteriostatic effect. 

PCu64Ni16 (PI/copper (64 wt%) - nickel (16 wt%)) exhibited and sustained 

exceptional microbe removal efficiencies of 99.9997% for 24 hrs at high humidity 

levels and demonstrated the highest zone of inhibition (ZOI) value of 33.90 ± 0.16 mm 

compared to PCu80 (27.5 ± 1.1 mm). Nickel strongly inhibited the proliferation of 

bacteria whilst copper killed the bacteria on the foam filters. Therefore, such 

functionalized filters can potentially overcome the inherent limitation in conventional 

filters and imply their superiority for controlling indoor air quality.  

Computational Fluid Dynamics simulations were successfully implemented in order 

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

proved to be invaluable in understanding the adsorptive behaviour through the 

complex foam structures as this is difficult to achieve experimentally. Experimental 

pressure drop data obtained from the foams, were successfully reverse engineered to 

achieve a correlation between porosity and the Forchheimer drag coefficient. As such, 
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interpolation can be done using the correlation to predict the pressure drop of the 

prepared polyimide foams based on their porosity.  
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1 Introduction 

Atmospheric air in enclosed environments such as buildings, aircraft, automotive 

cabins, clean rooms and hospitals act as a carrier for the circulation of chemical (e.g. 

CO2, CO, SO2, NOx, Radon, O3, volatile organic compounds (VOCs)) and biological 

(e.g. microbial cells, viruses, dormant spores as well as fungi) contaminants. In this 

research, the main focus is on developing adsorbent structures for removal of 

pollutants such as VOCs and CO2 and biological contaminants such as microbial cells 

from contaminated air. In order to avoid health issues in humans, adequate purification 

of the build-up of contaminants in enclosed spaces is necessary.  

In order to tackle VOCs and CO2, zeolites and many other adsorbents such as activated 

carbon (AC) and metal organic frameworks (MOFs) are available. In this research, 

zeolites were selected for the removal of VOCs and CO2 due to the loss of carbon and 

the reduction of capacity during the regeneration and reactivation processes 

(Reimerink and Kleut, 1999) and the high cost of manufacturing MOFs on a large scale 

(Kumar et al., 2015). In small enclosed spaces such as automotive cabins where CO2 

can build-up very quickly, adsorbents with a high CO2 capacity such as amines and 

alkali metal carbonates are greatly considered. Alkali metal carbonates were selected 

as amine sorbents were found to lose their capacity for CO2 after each regeneration 

cycle (Wagner et al., 2013). As such, the amine sorbents would have to be constantly 

replaced resulting in an increase in maintenance costs.   

Zeolites are produced in powder form and typically engineered in the form of beads, 

granules or extrudates for conventional gas adsorption systems such as gas separation 

and gas storage. These adsorbents require 15-20 wt% of binder to provide mechanical 

strength and macroporous structure for access to their active sites (Thomas and 

Crittenden, 1998a). A disadvantage of packed beds is that they incur high pressure 

drop and mass transfer resistances (Akhtar et al., 2014). The movement of the particles 

within the column can lead to attrition and also result in uneven gas flow distribution 

throughout the bed (Feng et al., 1998; Gilleskie et al., 1995). To address the above 

issues, adsorbent structures such as monoliths, hollow fibres and foams have gained 

considerable interest as they enable the immobilisation of the adsorbent particles onto 

the filter structure.  

Due to the straight channels present in the monoliths, low pressure drop is achievable 

but the mass transfer of gases is poorer compared to the packed bed system. The 
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separation performance of monolithic structures can be improved by increasing the 

cell density but this leads to an increase in pressure drop and such a design becomes 

complex and expensive to manufacture (Li et al., 1998; Rezaei and Webley, 2010). 

Hollow fibres are similar to monoliths where several fibres are bundled together and 

thus resulting in multiple straight channels in each bundle. Although the fibre bundles 

are enclosed in a cylindrical module, using the bundles in an aircraft or automotive 

cabin where vigorous vibrations are present, can result in some of the fibres to break 

due to the fragility of the individual fibres. Unlike monoliths and hollow fibres which 

are limited to the capability and the shape of the extrusion die used, foams can be 

produced in a wide variety of shapes. As a result, foams are more versatile and have a 

tuneable structure. Additionally, foams have a high tortuosity which makes them 

effective in trapping and removing microbes and VOCs compared to monoliths and 

hollow fibres. Therefore, a foam structure would be a suitable choice to use as a filter 

for enclosed air spaces.  

Foams can be categorised into ceramic and polymeric foams. Ceramic foams have 

commonly been used for catalytic applications as they are suitable for high 

temperature, abrasive and severely corrosive environments due to their high thermal 

and chemical stability (Liu and Chen, 2014). However, their manufacture requires a 

sintering process at temperatures ranging from 1400 ℃ to 1600 ℃ to produce a 

ceramic skeleton (Montanaro et al., 1998; Drioli and Giorno, 2010). Polyimide (PI) 

was selected for this study as it is commercially used due to its high mechanical 

strength and thermal stability, owing to the presence of heterocyclic units in the 

polymeric structure (Marvel, 1968). A simple process involving ‘blowing’ and 

polymerisation reactions occurring simultaneously at room temperature, has been 

established for the fabrication of only non-functionalised PI foams (Vazquez et al., 

2004; Takekoshi, 1996). As a result, there has been limited research reported on 

adsorbent polymeric foams (Chung et al., 2007). Therefore, this research presents the 

manufacturing and testing of polyimide foams incorporated with adsorbent and 

antibacterial agents.  

In order to tackle the biological contaminants, state-of-the-art high-efficiency 

particulate air (HEPA) filters are being used. These HEPA filters are able to remove 

99.99% of airborne particles from the environment but the trapped dust can lead to 

clogging and the trapped microbes can accumulate and proliferate on the filter medium 



6 

 

at the ideal temperature and humidity (Möritz et al., 2001; Maus et al., 2001; Price et 

al., 2005). This results in an additional cost for the filters to be constantly replaced and 

maintained as they cannot be reused or regenerated. As a solution, the filters would 

have to be functionalised with antimicrobial metals such as copper or silver in order to 

prevent the still-living microbes from proliferating in the filter.  

The majority of antimicrobial metals are essential for the normal physiology and 

function of organisms but they become lethal to all cells when present in excess. The 

most frequently used antimicrobial metals are copper and silver due to their excellent 

antimicrobial properties against a variety of different micro-organisms and their 

efficacy in killing bacteria (Santo et al., 2012; Rai et al., 2009; Turner, 2017). Unlike 

copper which requires higher concentrations (15 ± 3 mM) to achieve the required 

bactericidal activity, silver is extremely poisonous to most bacteria and thus displays 

microbiocidal activity at very low concentrations (0.09 ± 0.04 mM) (Harrison et al., 

2004). However, copper is much cheaper compared to silver and thus can be used in 

higher concentrations on a large scale (Vincent et al., 2016; Villapun et al., 2016; 

Lemire et al., 2013). Therefore, copper was selected as one of the model antibacterial 

agents in this study. Studies have shown that by using antimicrobial agents in 

combination, the antimicrobial efficacy of the filter can be further improved compared 

to when an individual agent is used (Vaidya et al., 2017; Garza-Cervantes et al., 2017). 

Similar to copper, nickel is also inexpensive and has the ability to display a 

bacteriostatic effect (Argueta-Figueroa et al., 2014). Therefore, nickel and copper were 

used in combination so that the filter exhibits a dual action; bactericidal - bacteriostatic 

effect on the microbes.  
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Aim & Objectives 

The overall aim of this research is to develop and fabricate a regenerable and self-

supporting polyimide (PI) foam structure highly loaded with adsorbents and 

antibacterial agents which is capable of removing pollutants and microbes, and to 

elucidate the mass transfer characteristics of gas pollutants and estimate the pressure 

drop along the length of the foam filter.  

The objectives that need to be completed to achieve this aim are broken down into four 

categories: 

Development and fabrication of PI adsorbent/antibacterial foams 

❖ Incorporation of selected adsorbents/antibacterial agents whilst ensuring the PI 

foam structure is able to support the weight of the additional components 

without collapsing. 

❖ PI foam structure should be thermally stable to be able to regenerate the foam 

filter for reuse. 

❖ Adsorbents/antibacterial agents should be evenly distributed throughout the 

foam. 

Adsorbent foams 

❖ Determine the adsorption performance of the adsorbent foams via 

breakthrough and isotherm studies. 

❖ Inclusion of pore formers to further improve the accessibility of pollutants to 

adsorbent surface and to minimise the effect of PI binder covering the 

adsorbent sites.  

❖ Analyse adsorption capacity of the foam structures after multiple regeneration 

cycles to assess the effect, regeneration has on the performance of the 

adsorbents. 

❖ Incorporate a combination of different types of adsorbents in the PI foam 

structure to tackle a range of pollutants. 

Antibacterial foams 

❖ Determine the antibacterial efficacy of the antibacterial foams using log 

reduction and zone of inhibition studies. 
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❖ Ensure that the incorporation of different antibacterial metals does not result in 

a non - synergistic interaction in the foam filter.  

❖ Ensure the antibacterial efficacy of the antibacterial agents in the foam filter 

are not affected by multiple regeneration cycles. 

❖ Use a staining technique for a qualitative analysis of the live/dead bacteria to 

ensure the foam is not acting as just a filter. 

Modelling 

❖ Use numerical modelling to simulate breakthrough models to predict the 

movement and adsorption of the pollutants along the length of the foam filter 

with adsorption parameters of the adsorbent from experimental isotherm data. 

❖ Use experimental pressure drop data to generate correlations to predict 

pressure drop along the length of the foam filter.   
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Scope of Research 

This research is comprised of four major aspects and they are; the fabrication of highly 

loaded adsorbent and antibacterial polyimide (PI) foams, assessing the adsorption 

performance of the adsorbent PI foam structures, analysing the antibacterial efficacy 

of the PI foam structures containing antibacterial agents and using computational fluid 

dynamics (CFD) as a tool to elucidate the transport and adsorption of adsorptive 

molecules through the foam filter. 

Adsorbent and antibacterial foam fabrication 

The scope of this research is focused on the fabrication of foam structures using PI as 

it has been greatly used as a membrane for gas separation applications but there is 

limited research on using PI as a functionalised foam structure. PI is also a thermally 

stable polymer which is advantageous when the filter needs to be regenerated for reuse.  

Adsorption 

The scope of this research is focused on the testing of PI foam structures containing 

hydrophilic 13X, hydrophobic HiSiv 3000 and HiSiv 1000 and potassium bicarbonate 

as the sorbents are commercially available and established in literature. CO2, butane, 

cyclohexane and hexane were used as model gases to assess the adsorption 

performance of the foam filter as they offer a good molecular size range as well as 

polarity.  

Thermal stability of the adsorbent PI foam structures was assessed using a 

thermogravimetric analyser (TGA). Polyvinylpyrrolidone (PVP) was used as a pore 

former to understand the effect it has on the accessibility of CO2 to the zeolite surface 

as it showed no interference with the foaming process. The CO2 adsorption 

performance of the PI/13X adsorbent foams and the effect of PI on the adsorption 

performance were quantified using dynamic adsorption flow breakthrough curves and 

intelligent gravimetric analyser (IGA) adsorption isotherms. Due to the presence of N2 

in the environment, the CO2/N2 selectivity of the PI/13X adsorbent foams was 

analysed and compared with other adsorbent structures in literature. 

The CO2 adsorption performance of the PI/13X adsorbent foams was compared against 

PI/potassium bicarbonate foams to determine if the CO2 capacity of the foams could 

be further enhanced for high CO2 concentration applications. In order to determine the 
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effect of using different types of zeolite, 13X, HiSiv 3000 and HiSiv 1000 zeolites 

were challenged with butane and the achieved adsorption capacities were compared. 

The effect of using different zeolites was analysed by comparing the adsorption 

isotherms of HiSiv 1000 and HiSiv 3000 adsorbent foams challenged with 

cyclohexane and hexane using a dynamic vapour sorption (DVS) instrument. The 

effect of regeneration on the adsorption performance of the adsorbent foams was 

assessed by determining the adsorption capacity of the foams after multiple 

regeneration cycles.  

Antibacterial  

The scope of this research is focused on the development and evaluation of the 

antibacterial efficacy of copper, nickel and copper - nickel encapsulated PI foam 

structures. Gram-negative bacterium, Erwinia carotovora was selected as a model 

bacterium as it is safe to use in a university laboratory environment and has a fast 

doubling time which allows for fast data processing. Upon fabrication of the foams, 

the distribution of copper, nickel and copper - nickel throughout the foams was 

confirmed using a scanning electron microscope - energy dispersive X-ray 

spectroscopy (SEM - EDX). Log reduction values (LRVs) and zone of inhibition (ZOI) 

tests were utilised in assessing the antibacterial efficacy of the pure copper and pure 

nickel foams when challenged with a bacterial (Erwinia carotovora) aerosol. In order 

to further enhance the antibacterial efficacy of the foams, different copper - nickel 

compositions were compared to the pure copper and pure nickel foam filters. The 

presence of dead bacteria in the foam filter were confirmed using staining methods 

and SEM. The effect of regeneration on the antibacterial efficacy of the foam filter 

was assessed by re-testing the same foam under the same conditions after a 

regeneration cycle.    

Modelling 

The scope of this research is focused on the validation of dynamic CO2 breakthrough 

simulations using the experimental adsorption breakthrough data. Experimental 

conditions used in generating the CO2 breakthrough curves were inserted into the 

model to replicate the similar conditions. The characteristics of the foam structure were 

based on calculated/measured dimensions such as bulk density, foam voidage, length, 

diameter, weight and pore dimensions obtained from SEMs of the foams. The CO2 
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adsorption performance of the foams was determined based on adsorption parameters 

such as Langmuir constant and maximum adsorption capacity obtained from the IGA 

adsorption isotherms. Experimental pressure drop data obtained from the foams was 

used to generate a correlation between a Forchheimer drag coefficient and foam 

voidage to be able to predict the pressure drop for the foams. 
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Structure of Thesis 

There are four major aspects to this thesis; fabrication of foams containing adsorbents 

and antibacterial agents, removal of pollutant gases via adsorption, removal of 

microbes using antibacterial agents and computational fluid dynamics (CFD) 

modelling. The fabrication of foam structures containing a high composition of 

adsorbent and antibacterial agents have been described in detail at the beginning of 

each Chapter.  

In this research, the main model pollutants considered for removal were CO2 and 

volatile organic compounds (VOCs). Chapter 2 summarises the effects of CO2 and 

VOCs on human health and provides a critical review of the available literature 

surrounding different VOC destruction technologies, types of adsorbent and 

antibacterial agents as well as different structures and suitable materials used in 

filtration systems. Various idealized geometry models for specifically foam structures 

were reviewed for CFD modelling. 

Adsorbent polyimide (PI) foams highly loaded with commercially available 13X 

zeolite, were first assessed with model gas CO2. In applications where there is an ease 

of CO2 building up in enclosed spaces, potassium bicarbonate (KHCO3) was also 

considered due to its high capacity for CO2. Chapter 3 presents CO2 breakthrough and 

isotherm studies to characterise the adsorption performance of PI foams comprised of 

13X zeolite. Due to the presence of N2 in the model gas, CO2/N2 selectivity of the 13X 

foams were assessed and compared with other types of adsorbent present in literature. 

CO2/moisture breakthrough studies were also carried out with PI foams containing 

KHCO3 to determine if KHCO3 can further improve the CO2 adsorption performance 

of the foams. 

Although 13X zeolite can be used to remove both CO2 and VOCs, it is a hydrophilic 

zeolite and thus, displays a reduced adsorption performance in the presence of 

moisture. Therefore, hydrophobic zeolites such as HiSiv 3000 and HiSiv 1000 which 

have a high affinity for VOCs were incorporated in the foams and tested. Chapter 4 

analyses the adsorption performance of PI foams comprised of HiSiv 3000, HiSiv 1000 

and 13X zeolite against a range of VOCs. Butane breakthrough studies were performed 

in this Chapter to compare the adsorption performance between 13X and HiSiv zeolite 

foams. Hexane and Cyclohexane isotherms were also generated with HiSiv 1000 and 
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HiSiv 3000 zeolite foams to analyse the effect their pore size and zeolite structure have 

on the adsorption capacity of the foams.  

In addition to the build - up of chemical pollutants such as CO2 and VOCs in enclosed 

air spaces, there is another issue of biological contaminants accumulating and 

proliferating within the filter. Chapter 5 presents the fabrication of copper, nickel and 

copper - nickel encapsulated PI foam structures which exhibit bactericidal and 

bacteriostatic properties for the removal of airborne microbes. The antibacterial 

efficacy of the copper, nickel and copper - nickel composite foams when challenged 

with a bacterial (Erwinia carotovora) aerosol was assessed by using staining methods, 

log reduction values and zone of inhibition tests.  

Alongside the experimental work, numerical modelling was used to elucidate the mass 

transfer characteristics of CO2 through the foams and the adsorption of CO2 onto the 

surface of the immobilised 13X zeolite in Chapter 6. The adsorption parameters used 

for the models were determined using experimental isotherm data obtained in Chapter 

3. The experimental breakthrough profiles were used to validate the generated model 

breakthrough profiles. Experimental pressure drop data was used to generate a 

correlation for predicting pressure drop across the length of the foam for a range of 

porosities. 

Finally, in Chapter 7, the key findings from each Chapter have been discussed and 

summarised. Recommendations of future work have been proposed in Chapter 8 to 

further build upon the research presented in this thesis. 
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2 Literature Review 

This review provides a critical assessment of; technologies associated with the removal 

of pollutants and microbes from the environment as well as geometry models available 

for foam structures. The first aspect of this review involves the understanding of the 

effects of chemical pollutants such as volatile organic compounds (VOCs) and CO2 on 

human health and the review of; air filtration technologies used in enclosed air spaces 

for the removal of VOCs and CO2, different types of sorbents, different types of 

sorbent structures and various materials used to fabricate the sorbent structure. The 

second aspect of this review involves the understanding of the structure of microbes 

and the review of; currently used antimicrobial technologies and the different types of 

antibacterial materials that can be incorporated into the selected polyimide foam 

structure for killing microbes. Alongside adsorption and antibacterial experimental 

work, the third aspect of this review involves the understanding of the flow regime 

within the foam structure and an assessment of idealised geometry models for selecting 

a model that best represents the internal structure of the foam.  

2.1 Pollutants in Enclosed Air Spaces 

Human exposure to indoor air pollution can occur in both private and public 

environments such as homes, offices, schools and transport systems. The indoor air 

quality is also dependent on the outdoor air quality as a result of the presence of the 

heating, ventilation and air-conditioning (HVAC) systems which introduce the 

outdoor air, indoors to ventilate the building (Graudenz et al., 2005; Kotzias et al., 

2005; SCHER, 2007). Indoor air pollutants released in an enclosed air space include, 

CO2, CO, SO2, NOx, Radon, O3 and VOCs. VOCs are released from various sources 

such as household products, building materials and furnishings, office equipment such 

as copiers and printers, graphics and craft materials. In this research, the main focus is 

on the removal of CO2 and VOCs from the environment. 

An aircraft cabin is similar to indoor environments such as buildings because of the 

mixture of both outside and recirculated air (National Research Council (US) 

Committee on Air Quality in Passenger Cabins of Commercial Aircraft, 2002). 

According to BASF Aerospace, (2016), aircrafts have been flying at higher altitudes 

in order to reduce fuel consumptions. However, this results in pollutants to enter the 

cabin air via the environmental control system (ECS). The ECS controls the cabin 

pressure and temperature, maintain air quality and filter any particulate matter, smoke 
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and odours. The air that is brought into the cabin comprises of 50% of outside air 

mixed with 50% of filtered recirculated air (Bull and Roux, 2010). VOCs entering the 

cabin may result in health effects such as eye, nose and throat irritation, headaches, 

loss of coordination, nausea, damage to liver, kidney and central nervous system and 

some organics can even cause cancer in humans (Yu et al., 2009; EPA, 2017; Wang et 

al., 2007).  

In addition to VOCs, CO2 is also produced in large quantities as it is a major source of 

human metabolism. Although CO2 in ambient air ranges from 400 - 500 ppm, exhaled 

air from a human range from 40,000 - 55,000 ppm (Zhang et al., 2017). The 

concentration of CO2 in non-industrial settings is dependent on human occupancy and 

the rate of exchange with outdoor air. According to the health and safety executive 

(HSE) in the UK, the workplace exposure limits for CO2 is 5,000 ppm for 8 hours 

(long term exposure limit) and 15,000 ppm for 15 min (short term exposure limit) 

(Health and Safety Executive (HSE), 2018). CO2 concentrations greater than 20,000 

ppm lead to deepened breathing, 40,000 ppm increases respiration markedly, 100,000 

ppm results in visual disturbances, tremors and has also been associated with loss of 

consciousness and 250,000 ppm can cause death (Fisk et al., 2012). As a result of 

exhaust emissions on the road, most transport systems are able to recirculate the cabin 

air to reduce the exposure to particulate matter being brought into the vehicle from 

outdoors. However, this can lead to CO2 exhaled by the occupants to accumulate 

rapidly due to the reduction in indoor air being exchanged with the outdoor air. This 

was observed by Zhu et al., (2007) where CO2 levels reached 4,500 ppm in less than 

10 minutes in a vehicle with 3 occupants.  

Similar to VOCs and CO2, ventilation also helps to regulate indoor moisture levels 

(Seppänen and Kurnitski, 2009). Both low and high indoor humidity levels can lead to 

health issues in humans. At high levels of humidity, human health is indirectly affected 

due to increased population growth and survival of micro-organisms such as bacteria, 

viruses and mould and thus leading to airborne transmitted infectious diseases 

(Arundel et al., 1986). However, at low humidity levels, the indoor environment is 

considered to be dry and thus, human health is directly affected due to skin and eye 

irritation, drying of the mucous membranes of the nose, mouth and throat, nosebleeds, 

sore throat and minor respiratory difficulties (Berglund, 1998; Nagda and Hodgson, 

2001).   
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Regardless of whether it is in a building, vehicle or on-board an aircraft, people are 

exposed to a mixture of air brought in from outside and recirculated air. In order to 

provide a safe, healthy and comfortable environment for occupants in enclosed air 

spaces such as buildings, automotive and aircrafts, techniques to achieve adequate air 

purification are necessary.  

2.2 Enclosed Air Spaces Filtration Technologies 

The main focus of this research is to fabricate a filter comprising of a high loading of 

adsorbent and antibacterial agents for the removal of pollutant gases and microbes 

from air. Antibacterial agents suitable for removing microbes will be discussed in 

Section 2.8 - 2.10. The most effective and commonly used purification method for 

pollutant gases is adsorption (Liu et al., 2017). However, there are other technologies 

that can also be used for the destruction of VOCs such as oxidation methods which 

include thermal, catalytic, photocatalytic and non-thermal plasma oxidation.  

Thermal oxidation 

Thermal and catalytic oxidation are the most common types of technology for 

removing VOCs on an industrial scale and they have a destruction efficiency of 95 - 

99% for almost all types of VOCs. However, the temperature at which thermal 

oxidation takes place on an industrial scale range from 704 ℃ to 982 ℃ (Khan and 

Kr. Ghoshal, 2000). As a result of such high temperatures, thermal oxidation is not 

being used for indoor applications. Yet, Concorde aircrafts utilized thermal oxidation 

for the removal of VOCs as a temperature of 300 ℃ was sufficient for an effective 

oxidation. This was feasible, as the bleed air from the engine compressors was in 

excess of 300 ℃. However, this was not feasible in the more conventional aircraft 

designs as the temperature of the bleed air was only in the temperature range of 150 

℃ to 200 ℃. As a result, in buildings and in automotive as well, additional heat would 

have to be provided to further raise the temperature to 300 ℃ and this would be an 

energy intensive process (Budd, 1980). Another disadvantage is that if the required 

operating temperature is not met, there is a possibility that incomplete oxidation could 

lead to the production of unnecessary by-products that may be more toxic than the 

initial pollutants. 
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Catalytic oxidation 

Unlike thermal oxidation, catalytic oxidation operates at lower temperatures ranging 

from 371 ℃ to 482 ℃ due to the presence of catalysts (Khan and Kr. Ghoshal, 2000). 

However, over time, the contaminants start to build up on the catalyst and may result 

in deactivation of the catalyst due to poisoning or masking of the active sites of the 

catalyst. The operating costs for catalytic oxidation include the fuel costs for a 

supplemental heat burner to raise the temperature of the polluted air and the cost for 

replacing the catalyst which will deactivate over time. As the catalysts deactivate over 

time, the heat supplied for the oxidation reactions would have to be increased gradually 

in order to compensate for the reduction in catalytic activity (Matros et al., 1996; 

Gallastegi-Villa et al., 2014; Argyle and Bartholomew, 2015). Therefore, replacing 

catalysts as well as generating heat to raise the temperature of the pollutant air would 

incur additional cost.   

Photocatalytic oxidation 

Unlike thermal and catalytic oxidation, photocatalytic oxidation (PCO)  takes place at 

ambient conditions where the environmental pollutants are degraded into harmless 

inorganic substances on the surface of heterogeneous catalysts in the presence of 

radiant energy from natural or artificial light (Kabir and Kim, 2012). Metal oxides or 

sulphides are most commonly used as photocatalysts and the most popular 

photocatalyst is TiO2 as it is non-toxic, inexpensive and records high photo-efficiency 

and activity (Wang et al., 2007; Luengas et al., 2015). A study conducted by Wang et 

al., (2007) showed that the PCO operating with TiO2 was able to degrade 95% of the 

VOCs at room temperature. Highly reactive electrons such as hydroxyl or superoxide 

radicals are generated on the surface of TiO2 under ultraviolet (UV) light. These 

electrons in-turn chemically react with the environmental pollutants to produce CO2 

and H2O (Kabir and Kim, 2012). Although the PCO is able to operate efficiently at 

room temperature, due to the process being a chemical reaction, Wang et al., (2007) 

found that an improvement in the rate of reaction was observed at higher temperatures.  

One of the disadvantages of the PCO is that due to some of the VOCs containing 

siloxanes, Hay et al., (2010) observed that the photo-oxidation of these siloxanes 

resulted in the deactivation of the photocatalyst. This could in turn result in by-

products that are more toxic than the initial VOC source to be released into the 
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environment  due to an incomplete chemical reaction (Zhong and Haghighat, 2015).  

This is an increased cost as it is difficult to regenerate the catalyst after deactivation 

has occurred and thus, would have to be replaced.  

The operation and replacement costs of the UV lights utilized in the PCO are the major 

contributing factors (Zhong and Haghighat, 2015). It was also observed by Jo and Kim, 

(2009) that the degradation efficiency of VOCs and carbonyl compounds when 

operated under UV light was close to 100% compared to when operated under visible 

light. Humidity in the environment is another factor that can reduce the efficiency of 

the PCO for some of the VOCs. HSE recommends the humidity in buildings to be 

maintained within a range of 40 - 70% (Health and Safety Executive (HSE), 1992). At 

high humidity levels, a thin liquid film covering the surface of the photocatalyst is 

formed and in order to react with the photocatalyst, the pollutant needs to first dissolve 

into the liquid film before coming into contact with the surface of the photocatalyst. 

Therefore, this results in a weak adsorption of VOCs (e.g. toluene, ethylene, 

formaldehyde), that have a low water solubility (Vildozo et al., 2011; Obee and Hay, 

1997; Quici et al., 2010; Lin et al., 2013).  

Non-thermal plasma oxidation 

Similar to the PCO, non-thermal plasma oxidation (NTPO) is also able to operate at 

ambient conditions. NTPO utilizes plasma which is an ionized gas where the ionic 

charges and electrons are in equilibrium. In this case, plasma is commonly generated 

via corona discharge and dielectric barrier discharge (Jo et al., 2016). Unlike PCO, 

NTPO is able to produce UV radiation using the high-energy electrons, which can then 

be used to degrade the pollutants into CO2 and H2O. Therefore, there is a reduction in 

operating cost as UV lights do not have to be provided and replaced as observed with 

the PCO (Liu et al., 2017; Schiavon et al., 2017).  

However, during plasma generation, oxygen molecules in the air start to dissociate to 

produce atomic oxygen. The atomic oxygen then reacts with another oxygen molecule 

to produce ozone. In addition to ozone molecules, nitrogen molecules present in the 

air, react with oxygen molecules to produce N2O and an atomic oxygen. As a result, 

the production of N2O produces more ozone molecules (Ikaunieks et al., 2011). 

Although ozone has a strong oxidizing capability and would be able to effectively 

degrade the pollutants, the rate of reaction with most VOCs indoors, are slow as a 
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result of short residence times (Kwong et al., 2008). There is a possible risk that toxic 

molecules such as ozone and N2O may be released into the environment along with 

the treated air (Bahri et al., 2016).  

With all the oxidation processes, there is a main disadvantage of potentially generating 

unwanted by-products that could be more toxic than the existing pollutants present in 

the enclosed air space. It can be seen that they require energy in the form of electricity 

or heat. Therefore, instead of destroying the VOCs, removing them using recovery 

processes would be more energy and cost efficient in an enclosed air space.   

Adsorption 

Adsorption has commonly been used for the removal of VOCs from indoor air (Bastani 

et al., 2010; Bull, 2014). Initially, high efficiency particle air (HEPA) filters 

comprising of super fine glass fibre paper were commonly used for removing 

particulate matter greater than or equal to 0.3 µm and can achieve an efficiency of 

99.99998% (Liu et al., 2017). The HEPA filter is able to remove a wide range of 

particle sizes with the aid of a combination of three mechanisms; (diffusion, 

interception and impaction). Each of these mechanisms vary in importance based on 

the particle size (Brincat et al., 2016). However, they were not suitable for removing 

gaseous contaminants. Therefore, adsorbents such as granular activated carbon have 

been incorporated into these filters for the removal of VOCs from indoor air (Chen 

and Zhang, 2005). HEPA/carbon filters are also being used for treating cabin air on-

board an aircraft to remove any pollutant gases (Bull, 2014). With the adsorption 

phenomenon, different types of adsorbents can be incorporated into filters based on 

the contaminant that needs to be removed. Alternatively, a combination of adsorbents 

can be used to target a variety of contaminants and the filter can be regenerated for 

reuse instead of having to replace the filters at regular intervals. Therefore, the 

adsorption process was selected for the removal of pollutants in enclosed air spaces. 

Several types of adsorbents are available for removing pollutants as well as controlling 

moisture levels in indoor environments. In the next section, a review of sorbents has 

been carried out in order to select model sorbents for this research. 

2.3 Sorbent Types for VOC, Low & High CO2 applications 

This section is a review of different types of adsorbents such as activated carbon, metal 

organic frameworks and zeolites for the removal of VOCs and low concentrations of 
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CO2. In enclosed spaces where CO2 builds up very quickly leading to high CO2 

concentrations, sorbents with a high CO2 capacity will be reviewed. The presence of 

moisture in the system can play a role in further improving their CO2 removal 

performance. Therefore, sorbents that are able to retain moisture to promote the 

removal of CO2 will be reviewed as well.   

Activated carbon (AC) 

AC has generally been used in several applications including air purification. 

Carbonaceous matters such as wood, peat, coal, petroleum coke, bones, coconut shell 

and fruit nuts serve as raw materials and they naturally contain pores. However, the 

desired pore structure and mechanical strength of AC can be further improved via gas 

or chemical activation (Yang, 1987; Buekens A. and Zyaykina N.N., 2009). AC has a 

large surface area ranging from 300 - 2500 m2 g-1 and pore diameter ranging from 10 

- 25 Å. The surface of an AC is generally non-polar but surface oxidation via heating 

in air at 300 ℃ or through chemical treatment, can cause some polarity to occur. This 

shows that based on the application, AC can be treated to introduce a hydrophilic 

character for the removal of polar molecules or retain its hydrophobic nature for the 

removal of non-polar organic molecules (Thomas and Crittenden, 1998b). In addition, 

regeneration of AC requires much lower energy requirements as the heat of adsorption 

is lower compared to other sorbents (Yang, 1987).  

Although carbon can be regenerated at lower temperatures to remove the adsorbed 

contaminants, reactivation is sometimes necessary to destroy organic contaminants 

and this takes place at temperatures in excess of 800 ℃. The reactivation process 

would have to take place in a controlled environment as there is a high risk of the 

carbon igniting at temperatures greater than 500 ℃. During the regeneration and 

reactivation processes, approximately 5 - 10% and 3 - 15% of the carbon is lost 

respectively and this would have to be replaced with virgin carbon. Also, the capacity 

of the regenerated carbon reduces with each regeneration cycle and if the spent carbon 

cannot be regenerated or reactivated, it would have to be disposed (Reimerink and 

Kleut, 1999; Ferhan and Özgür, 2012). Therefore, the need to replace or add carbon 

incurs more cost and defeats the purpose of saving cost by reusing the filter via 

regeneration. Therefore, AC was not selected for this study.  
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Metal Organic Frameworks (MOFs) 

MOFs have attracted a great deal of attention and have been used for several 

applications such as gas storage, gas separations and drug delivery due to their large 

internal surface area and pore volume (Kuppler et al., 2009). MOFs are porous hybrids 

that are comprised of organic ligands linked to metal salts through coordination bonds 

and they are commonly synthesized via solvo-thermal reactions at temperatures below 

300 ℃ (J.R. Li et al., 2009). In solvo-thermal reactions, the reactants are mixed in high 

boiling polar solvents such as water, dialkyl formamides, dimethyl sulfoxide and 

acetonitrile. Alternative methods include mixing of non-miscible solvents, an 

electrochemical route, a high-throughput approach and microwave irradiation which 

allows for a wide range of temperatures to be used for shortening crystallization times 

whilst controlling face morphology and particle size distribution (Kuppler et al., 2009). 

The choice of ligands and metal salts allow chemical tuneability of the pore geometry 

and surface functionality of the MOFs and thus making them versatile (Bao et al., 

2016).  

However, MOFs have a high affinity towards water which not only compromises the 

gas sorption capacity but also their chemical stability (Fernandez et al., 2015; 

Mukherjee et al., 2019). This is an issue in indoor environments as the expected 

humidity levels is 40 - 70%. In order to overcome this shortfall, ongoing research is 

being carried out on the fabrication of hydrophobic MOFs where either the metal-

ligand bonds are difficult to hydrolyse or the MOFs contain organic struts that contain 

hydrophobic groups to prevent the penetration of water molecules into the channels 

(Antwi-Baah and Liu, 2018; Duan et al., 2018). Although the properties of MOFs can 

easily be tailored to suit the needs of various applications, the cost to purchase or 

synthesize MOFs is much higher compared to commercialized adsorbents. This can 

pose as a disadvantage when there is a need to produce them on a large scale (Kumar 

et al., 2015; Liu et al., 2014). In order to incorporate a high adsorbent loading in the 

foams, large quantities of MOFs would be required and this would not be cost-

effective. Due to MOFs still being in the development stage and yet to be manufactured 

on a large scale, they were not selected for this research. 
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Zeolites 

Zeolites are crystalline alumina-silicates of alkali or alkali earth metals such as sodium, 

potassium and calcium and the stoichiometry is represented as: 

𝑀𝑥/𝑛[(𝐴𝑙𝑂2)𝑥(𝑆𝑖𝑂2)𝑦]𝑧𝐻2𝑂 

where 𝑀 is the cation with valence 𝑛, 𝑧 is the number of water molecules, 𝑥 and 𝑦 are 

integers which indicate the alumina to silica ratio. In order to balance the electrical 

charge of the aluminium atoms, cations are added. The water molecules can be easily 

removed using heat, producing an unaltered alumina-silicate skeleton. Pore sizes range 

from 3 - 10 Å based on the type and number of cations in the zeolite stoichiometry and 

this allows adsorption to occur with great selectivity (Yang, 1987). The number of 

cations can be reduced by replacing the aluminium atoms with silicon atoms or the 

cations can be exchanged. The BET surface area of zeolites measured with N2 ranges 

from 500 - 800 m2 g-1 (Yang, 1987) and they can be regenerated at temperatures 

ranging from 204 - 316 ℃ (Honeywell UOP, n.d.). Highly reactive materials such as 

freshly co-precipitated gels or amorphous solids are used at temperatures of  

25 - 100 ℃ for the production of synthetic zeolites. There are several types of zeolite 

and they are designated by a letter such as Type A, Type X, Type Y, Type ZSM and 

so on (Yang, 1987).  

The primary structural units, 𝑆𝑖𝑂4 and 𝐴𝑙𝑂4, for Type A, X and Y zeolites are 

assembled into secondary polyhedral building units such as cubes, hexagonal prisms, 

octahedra and truncated octahedra. The aluminium and silicon atoms located in the 

corners of the polyhedra are connected together by a shared oxygen. The oxygen atoms 

are located in the inner parts of the window and thus, the size of the window depends 

on the number of oxygen atoms in the ring (8 - Ring, Type A and 12 - Ring, Type X 

and Y). The structural unit for Type A, X and Y zeolite is the truncated octahedron 

(sodalite cage, Figure 2-1 (a)) and the ‘unit cell’ of each zeolite type can be seen in 

Figure 2-1 (b) and (c) (Yang, 1987; Flanigen, 1991).  
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(a) (b) (c) 

Figure 2-1: (a) Truncated Octahedron (sodalite cage), (b) Type A zeolite ‘unit cell’, 

(c) Type X and Y zeolite ‘unit cell’ adapted from Yang, (1987). 

General Properties of Type A zeolite (Figure 2-1 (b)) (Yang, 1987; Flanigen, 1991):   

• Internal diameter of central cavity is 11.4 Å and eight smaller sodalite cages 

with diameters ranging from 3.0 - 4.5 Å dependent on the size of cations 

present;  

• Sodium cations are used for 4A zeolite synthesis; 

• Potassium cations are used for 3A zeolite synthesis for a smaller aperture size 

as potassium cations are larger; 

• Calcium or magnesium cations are used for 5A zeolite synthesis for a larger 

and unobstructed aperture as two sodium cations can be replaced by one 

bivalent cation. 

General Properties of Type X and Y zeolite (Figure 2-1 (c)) (Yang, 1987):   

• Has the largest central cavity volume compared to other zeolite types which 

amounts to 50% void fraction in the dehydrated form; 

• Has an aperture (diameter of the sodalite cages) of 7.4 Å; 

• Calcium and sodium cations are used for 10X and 13X zeolite synthesis 

respectively. 

Type ZSM are examples of zeolites with a different structure compared to Type A, X 

and Y as the former are made up of pentasil units as shown in Figure 2-2. 
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Figure 2-2: Micropore system and dimensions of zeolite structures comprised of 

pentasil units adapted from (Weitkamp, 2000). 

ZSM-12 is an example of zeolites with unidimensional, 12 - membered - ring pores 

which are slightly elliptical. ZSM-5 is an example of zeolites with a two - dimensional, 

10 - membered - ring framework which consists of intersecting channels where one 

set is straight whilst the other is sinusoidal (Weitkamp, 2000).  

Although Type A, type X and Y zeolites are suitable for CO2 capture, the pollutants 

that are being targeted in this research are not only CO2 but also VOCs. Díaz et al., 

(2004) found that 13X zeolite allowed easier access of VOCs into the cavity compared 

to 5A zeolite due to 13X having a larger aperture size of 7.4 Å. Although type X and 

type Y zeolites have the same ‘unit cell’, the difference lies in the silica - to - alumina 

ratio where it is 1:3 for type X and 2:3 for type Y. Due to the presence of more 

aluminium atoms in type X zeolites, more cations are present in type X zeolites 

compared to type Y zeolites to balance the electrical charge. As a result, type X zeolites 

are more hydrophilic compared to type Y zeolites as the increased number of cations 

interact more with polar or easily polarisable molecules such as CO2 as well as some 

VOCs (Walton et al., 2006). For this study, 13X zeolites were selected as a model 

adsorbent for the removal of model gas, CO2 and butane as it is also well established 

in literature.   

However, to tackle a broad range of VOCs in humid conditions, high silica content 

zeolites were also considered as they are selective and they retain a high capacity for 

organics even at a humidity that is approaching complete saturation (Honeywell UOP, 

2006). Some examples of high silica zeolites include ZSM and HiSiv zeolites which 

have a high proportion of silica to alumina and thus making them hydrophobic. ZSM 

zeolites were not selected for this study as they are commonly used as a heterogenous 

catalyst in commercial applications such as petroleum refining, petrochemicals and 
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aromatics processing and methanol - to - hydrocarbons reaction (Venuto, 1994; Fu et 

al., 2017; Xian et al., 2018). By using zeolites, a combination of hydrophobic and 

hydrophilic zeolites can be incorporated into the foam to tailor the performance of the 

foam filter for a selected application. Therefore, zeolites were selected as it would offer 

an efficient technology for removing both CO2 and VOCs from enclosed air spaces 

and allow the adsorbent filters to be reused via regeneration due to the high thermal 

stability of the zeolites. There are also other sorbents available that have a much higher 

capacity for CO2 and thus, can be used in applications where high concentrations of 

CO2 need to be removed. 

Sorbents for High CO2 Applications 

Liquid amine absorption techniques have mainly been used for removal of CO2 on a 

large scale. Although they are highly efficient in removing CO2, liquid amines are 

corrosive and energy intensive and costly to regenerate due to the presence of large 

quantities of liquid (Sanz-Pérez et al., 2016; Shi et al., 2019; Ünveren et al., 2017). 

These limitations are overcome by synthesising three classes of solid amine sorbents: 

physically loading monomeric or polymeric amine species onto a porous support, 

amine covalently tethered to a solid support and a combination of the previously 

mentioned two classes where the amino polymers are polymerised in situ in a porous 

support (Samanta et al., 2012). Although these amine sorbents are able to achieve high 

CO2 capacities, a reduction in CO2 adsorption capacity was observed due to 

degradation by urea formation after each thermal cycle (Wagner et al., 2013; Drage et 

al., 2008). This would lead to an increase in operating cost as the sorbents would have 

to be constantly replaced in order to achieve the desired efficiency.  

Other types of solid sorbents include dry alkali metal - based carbonates such as 

sodium and potassium carbonates which have become popular for the removal of CO2. 

Carbonate based reactions remove CO2 via the carbonation (forward) reaction where 

the alkali metal carbonate reacts with CO2 and H2O to form an alkali metal hydrogen 

carbonate as shown in Equation ( 2-1 ). The alkali metal hydrogen carbonate undergoes 

the regeneration (backward) reaction where CO2 is released and the alkali metal 

carbonate is achieved again as shown in Equation ( 2-2 ) (Liang et al., 2004; Lee et al., 

2006; Lee et al., 2009; Zhao et al., 2010c).  

𝑀2𝐶𝑂3 (𝑠) + 𝐶𝑂2 (𝑔) + 𝐻2𝑂 (𝑔)
𝐶𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑖𝑜𝑛 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛
→                 2𝑀𝐻𝐶𝑂3 (𝑠) ( 2-1 ) 
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𝑀2𝐶𝑂3 (𝑠) + 𝐶𝑂2 (𝑔) + 𝐻2𝑂 (𝑔)
𝑅𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛
←                 2𝑀𝐻𝐶𝑂3 (𝑠) ( 2-2 ) 

where 𝑀 is an alkali metal element.  

The advantage of carbonate systems is that the regeneration of the sorbent occurs at 

temperatures greater than 100 ℃ based on the composition of the regeneration gas 

used (Green et al., 2002) and the carbonation reaction takes place effectively at 

temperatures below 60 ℃ (Zhao et al., 2010c; Esmaili and Ehsani, 2013; Zhao et al., 

2010b). In the bicarbonate study carried out in this thesis, carbonation temperatures of 

20 - 45 ℃ and regeneration temperatures of 165 ℃ were used. Between sodium and 

potassium carbonate, Lee et al., (2004) found that K2CO3 was able to achieve a higher 

CO2 capacity compared to Na2CO3 under the same operating conditions. However, due 

to the slow carbonation reaction rate of pure K2CO3, Zhao et al., (2009) found that 

K2CO3 calcined from KHCO3 resulted in a higher CO2 capacity compared to using 

K2CO3·1.5 H2O or K2CO3 calcined from K2CO3·1.5 H2O. Therefore, based on the 

evidence from literature, KHCO3 was incorporated into the polyimide foam as K2CO3 

would be achieved when the foam is regenerated prior to testing with CO2. Although 

K2CO3 calcined from KHCO3 has the ability to react with CO2 in the presence of 

moisture, including a hydrophilic adsorbent into the filter to trap more moisture would 

enable K2CO3 to undergo carbonation at a faster rate and thus achieve a higher CO2 

capacity (Zhao et al., 2011). Therefore, hydrophilic sorbents that have a high capacity 

for moisture were reviewed. 

Sorbents for Moisture Storage 

13X zeolite would be the first option as a result of its high adsorption capacity for 

moisture, but due to its high heat of adsorption of water vapour, regeneration 

temperatures greater than 300 ℃ would be necessary (Yang, 1987). In addition to 13X, 

silica gel and alumina are also commonly used commercial desiccants due to their 

hydrophilic nature. Silica gel is a white jelly-like precipitate which is polymerized 

from a sodium silicate solution and a mineral acid such as sulfuric or hydrochloric 

acid. A rigid continuous network of spherical particles 2 - 20 nm in size, form the 

adsorbent with pore sizes in the range of 6 - 25 nm. The surface area of silica gel ranges 

from 100 - 850 m2 g-1 based on its density (Yang, 1987).  

Alumina is commercially produced by thermal dehydration or activation of aluminium 

trihydrate. The surface area of alumina ranges from 250 - 350 m2 g-1 based on the 
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activation temperature used. Compared to silica gel, alumina is able to achieve a higher 

water capacity at higher temperatures and this is an advantage for carbonate systems 

as higher temperatures promote the carbonation reaction (Yang, 1987; Thomas and 

Crittenden, 1998b). Unlike the high heat of adsorption of water vapour observed with 

13X, the heat of adsorption of water vapour for alumina is much lower (Kim et al., 

2003). Therefore, regeneration temperatures for alumina range from 160 ℃ - 220 ℃, 

depending on the composition of the regeneration gas and its water content (Axens, 

2011). Therefore, alumina was selected to provide KHCO3 with more moisture that is 

necessary to increase the carbonation reaction rate and thus improve the CO2 

adsorption performance of the bicarbonate foam filter. The combined performance of 

alumina and KHCO3 would also serve as a comparison against the CO2 adsorption 

performance of the 13X zeolite. Since the adsorbent type has been selected, an 

optimum filter bed design needs to be selected. 

2.4 Adsorbent Structures in Gas Separation  

Zeolites are first synthesized in the form of a powder and mixed with a binder to 

produce beads, granules or extrudates so as to provide mechanical strength and a 

macroporous structure for the gas pollutants to have access to the active sites of the 

zeolite (Thomas and Crittenden, 1998b). The particles, consisting of 15-20 w/w% 

binder, are commonly contained in packed beds, which are cost effective and versatile 

but often incurs significant pressure drop as well as high mass transfer resistances 

(Ruthven and Thaeron, 1996). High mass transfer resistances can be overcome by 

reducing the particle size but this can lead to an increase in pressure drop and vice 

versa. Since the particles are not immobilized onto a support, high pressure drop can 

cause attrition due to the movement of the particles and this in turn can lead to 

fluidization of the bed (Feng et al., 1998; Gilleskie et al., 1995). Therefore, rigid 

adsorbent structures with a low pressure drop and mass transfer resistance would be 

ideal. In this section, structured adsorbents such as monoliths, hollow fibres and foams 

will be reviewed and discussed as these can be produced for small scale applications 

such as for air filtration in enclosed air spaces.   

Monoliths 

Monoliths can be manufactured with different channel shapes such as hexagonal, 

circular and square (Crittenden et al., 2005). Examples of monoliths with circular and 

square channels can be seen in Figure 2-3.  
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Figure 2-3: Ceramic adsorbent monoliths with circular/square channels prepared via 

extrusion by others at the University of Bath for their specific research projects. 

In order to achieve a high mass transfer rate and low pressure drop, the channel and 

wall thickness should be sufficiently small. At a constant cell density, the pressure 

drop decreases with decreasing wall thickness as the diameter of the channel openings 

increase. At a constant gas flow rate, monolith length and cross-sectional surface area, 

the pressure drop of the system increases as the cell density increases due to the 

decrease in the diameter of the channel openings (Ruthven and Thaeron, 1996; Rezaei 

and Webley, 2010).  

Due to the presence of straight channels, Li et al., (1998) found that the pressure drop 

in the monolith system was almost 3 - 5 times lower but the mass transfer was reported 

to be inferior compared to a packed bed system. But the mass transfer resistance can 

be improved by increasing the cell density due to the increase in surface area and solid 

loading. However, with a high cell density the manufacturing cost increases as the 

extrusion process becomes complex and difficult due to the high cost of the extrusion 

die (Rezaei and Webley, 2010). G. Li et al., (2009) overcame this issue by depositing 

zeolites on a cuttlebone (biogenic honeycomb monolith) with a high cell density of 

16,000 cells per square inch (cpsi). The monolith showed exceptional performance in 

terms of a higher adsorption productivity when compared with conventional pellet 

adsorbents. More recently, in order to avoid the extrusion process, Couck et al., (2018) 

used 3D printing to produce zeolite monoliths for gas separation. Although the 

monolith showed a high selectivity for CO2, the adsorption capacity was poor due to 

thermal effects and material degradation. Hence, the monolith was not possible to 

regenerate for reuse. 
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Adsorbent Hollow Fibres 

Hollow fibres have been extensively used as membranes (Rackley, 2010) for gas 

separation applications but adsorbent hollow fibres were first developed by Perera and 

Tai, (2006). These adsorbent hollow fibres are comprised of a polymer binder which 

entraps adsorbent particles inside a porous structure for the removal of pollutant gases. 

Adsorbent hollow fibre modules consist of a few hundred to several thousand fibres 

bundled together and packed into a module. The fibres are normally sealed together 

with a resin on one end so that the gas stream only passes through the channels of the 

fibres. This can be seen in Figure 2-4. 

 

 

  
Figure 2-4: Single bore and tri-lobe three bore adsorbent hollow fibres prepared by 

others at the University of Bath for their specific research projects. 

The pollutants are removed via adsorption as the pollutants diffuse through the porous 

structure of the fibre and into the adsorbents encapsulated within the fibre (Nevell and 

Perera, 2011). 

One of the advantages of the hollow fibre technology is that it can be manufactured on 

a small scale for applications such as for indoor environments and it provides a large 

filtration area due to the spread of smaller bores for a given volume. Due to a space 



30 

 

and weight constraint for cabin air filters in vehicles and airplanes, hollow fibres would 

be advantageous as large filtration areas in a small volume is a key criterion. However, 

the filter unit would need to be shaped specifically to be able to fit confined spaces 

that have been allocated for the filter (Sparks and Chase, 2016). This is a disadvantage 

for hollow fibres as they are generally bundled and packed in a cylindrical module and 

there is a limitation on the configuration of the filter unit. Although the fibres are 

encased within a module, vigorous vibration within a vehicle or an airplane could 

result in the fibres to break. As a result, the filter would have to be replaced frequently 

and thus incurring additional cost.  

Foam Type Structure 

Unlike monoliths and hollow fibres, foam structures can be synthesized into any 

geometrical shape or size and therefore, are not affected by the limitations in space 

allocated for the filter units (Richardson et al., 2000). Patcas et al., (2007) compared 

the carbon monoxide oxidation performance of ceramic foams, monoliths and a packed 

bed and found that the tortuous foam structure improved mass transfer due to radial 

mixing and enhanced turbulence in the pores. However, ceramic foams have been 

more commonly used as catalyst supports (Rezaei and Webley, 2010) as porous 

ceramics are strong and have a high thermal and chemical resistance. 

The most common method used for fabricating ceramic foams is the replication 

method. This technique involves the immersion of a polymeric sponge in a ceramic 

suspension and a thermal treatment to burn out the polymer and other organic 

substances, followed by a sintering process which takes place at high temperatures 

ranging from 1400 ℃ - 1500 ℃ to obtain a ceramic skeleton. Alternatively, the 

ceramic foam can be prepared via a direct foaming process from a ceramic slurry but 

this would also involve the sintering process as this allows the powdered material in 

the structure to coalesce (Richardson et al., 2000; Buekenhoudt et al., 2010; Montanaro 

et al., 1998). The need for high temperatures and several steps makes the 

manufacturing of ceramic foams expensive and time consuming. In addition, the 

incorporation of zeolites into the ceramic foam, limits the temperature necessary for 

the sintering process, as zeolites are able to withstand temperatures of up to only  

800 ℃ before they undergo a phase change (Zhou et al., 2013). Therefore, adsorbent 

polymeric foams would be more suitable to use as a filter unit in enclosed air spaces.  
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The incorporation of adsorbent into polymeric foam structures for gas separation 

applications is scarce. Yoon et al., (2002) and Saini and Pires, (2012), reported a 

hydrothermal synthesis method of growing zeolite crystals within a macroporous 

polymeric foam structure, and thereby made the adsorbent surface accessible. 

However, this method could lead to some parts of the foam not being exposed to the 

zeolite solution due to the tortuosity of the foam structure or the presence of blocked 

pores. Additionally, the use of a polyurethane foam as a template would require the 

foams to be calcined at high temperatures of 550 ℃ (Saini and Pires, 2012) to burn off 

the polymer and therefore, it becomes an energy consuming process.  

As an alternative, Frederick Eugene Bailey, (1990) incorporated zeolite into a 

polyurethane foam in the ratio of 0.5 - 10 parts per 100 parts of polyol but the 

application was to improve the combustion resistance of polyurethane foams without 

the aid of phosphorous or halogen containing flame retardants. Frost, (1985) 

incorporated 60 wt% of zeolites into a closed cell rigid polyurethane foam where the 

polyurethane was replaced by polyimide resin precursors to produce a hybrid 

polyurethane-polyimide foam. However, with 40 wt% of the foam being polymer, 

there is a possibility for a reduction in accessibility to the zeolite surface. Also, in both 

the examples stated above, only a low composition of zeolite was incorporated into 

the structure. In order to achieve a high adsorption capacity, an adsorbent polyimide 

foam containing a high zeolite composition of 80 wt% was first achieved in this study. 

Having selected the polymeric foam structure for encapsulating the zeolite, a suitable 

polymer which is thermally stable for regeneration and strong to withstand vibrations 

when used in moving vehicles or airplanes needs to be selected.  

2.5 Suitable Polymers for Foam Structure 

There are several different types of polymers available that are being used for the 

manufacturing of membranes for gas separation applications. Thermal stability is one 

of the key criteria as the foam filter has to be stable after each regeneration cycle. The 

structure of a thermally stable polymer usually consists of an aromatic carbocyclic 

and/or a heterocyclic backbone. Most commonly used carbocyclic polymers include 

polysulfone (PSF) and polyethersulfone (PESF) and the most commonly used 

heterocyclic polymers are polyimide (PI) and polybenzimidazole (PBI) (Marvel, 1968; 

Rezakazemi et al., 2018). Due to the regeneration temperature range (204 - 316 ℃) 

for zeolites, the selected polymer should be stable when heated repeatedly within that 
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temperature range. The glass transition temperature for PSF and PESF are 190 ℃ and 

224 ℃ respectively (Minnesota Rubber and QMR Plastics, 2003). Whereas, the glass 

transition temperature of PI and PBI are 315 ℃ and 420 ℃ respectively (Chen et al., 

2017). Due to the lower glass transition temperature of PSF and PESF, the filter unit 

would have to be regenerated closer to 204 ℃ to prevent the filter unit from losing its 

mechanical strength. However, a longer period of time would be required for the 

zeolite regeneration process and there would be a risk of degrading the polymer if the 

temperature was raised to reduce the regeneration time. Therefore, PI and PBI were 

selected to be reviewed further. 

PI has been widely used in various applications such as electrical, electronics, 

automotive and aerospace industries in different forms such as films, fibres, foams, 

membranes and plastics. PI membranes have been used for gas separation as they 

exhibit high selectivity and permeability compared to most common glassy polymers. 

PI foams on the other hand have mainly been used for sound and thermal insulation as 

they are fire-resistant and lightweight (Thiruvasagam, 2013; Chen et al., 2017). PBI 

has also been used in similar fields such as semi-conductor, petrochemical and 

aerospace industries in the form of fibres, solutions, coatings, moulded shapes, film, 

membranes for separation processes, foams and composites due to its high thermal and 

mechanical strength and strong chemical stability (Dawkins et al., 2014). PBI foams 

had been considered mainly to be used as a fire barrier (Kemmish, 1995). 

PIs are generally synthesized via a two - step method by reacting an aromatic 

dianhydride and an aromatic diamine at ambient temperatures in a dipolar aprotic 

solvent such as N,N-dimethylacetamide (DMAc) or 1-methyl-2-pyrrolidone (NMP) to 

produce an intermediate poly-amic acid. The amic acid group is formed due to the 

nucleophilic attack of the amino group (diamine, electron donor) on the carbonyl group 

of the dianhydride (electron acceptor) which in turn results in the opening up of the 

anhydride ring. The poly-amic acid is then dehydrated thermally or chemically to form 

an insoluble polyimide. Thermal imidization of the poly-amic acid is commonly used 

for the formation of films, coatings, fibres and powders and this takes place at 

temperatures ranging from 250 ℃ - 350 ℃ to form the polyimide. Chemical 

dehydration of poly-amic acid takes place at ambient temperatures but it involves 

dehydrating agents (acetic anhydride, propionic anhydride, n-butyric anhydride, 

benzoic anhydride, etc.) in dipolar aprotic solvents or in the presence of tertiary amines 
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(pyridine, methylpyridines, lutidine, N-methylmorpholine, trialkylamines, etc.) to 

form the polyimide (Burningham and Seader, 1970; Takekoshi, 1996).  

This two - step method was improved to a one - step method which involved the 

interaction between a diamine and a dianhydride to directly form the polyimide but 

this occurs in a high boiling solvent at temperatures ranging from 190 ℃ - 210 ℃. 

This method still involves the formation of the poly-amic acid intermediate but due to 

the high temperatures, the intermediate is unstable and thus rapidly imidizes 

(Vinogradova et al., 1970).  

PBI foams are synthesized by dissolving the PBI polymer in a suitable solvent such as 

DMAc, NMP, N,N-dimethyl formamide (DMF) or dimethyl sulfoxide (DMSO). The 

prepared polymer dope is acidified using sulfuric acid and cast into a film. The solvent 

used is then removed from the film at temperatures ranging from 50 ℃ - 175 ℃ 

depending on the volatility of the solvent. The foaming of the PBI film takes place at 

temperatures ranging from 400 ℃ - 600 ℃ (Trouw, 1985). Similar to the PI foaming 

process, the PBI foaming process is also an energy consuming process due to the high 

temperatures. However, the use of PI has been more successful due to the availability 

of different fabrication routes compared to PBI which has only this single effective 

fabrication route (Critchley et al., 1983).  

In the two - step and one - step PI synthesis process, both the chemical and thermal 

conditions can be avoided by reacting the dianhydrides with diisocyanates instead of 

diamines in the presence of blowing agents, catalysts and surfactants. This enables the 

PI foaming process to take place at temperatures below 50 ℃ and under milder 

conditions (Farrissey Jr et al., 1967; Rosser, 1971; Riccitiello et al., 1978; Vazquez et 

al., 2004). Therefore, PI was selected for preparing the adsorbent/antibacterial foam 

filters.   

2.6 Polyimide (PI) from Dianhydride and Diisocyanate 

There are several types of monomers available that can be used as a suitable 

dianhydride for the fabrication of polyimides. As mentioned earlier, the carbonyl 

group of the dianhydride is an electron accepter. The reactivity of the dianhydride is 

reflected by the electrophilic nature of the carbonyl group. Pyromellitic dianhydride 

(PMDA) has commonly been used to prepare commercial PI films (Kapton films from 

DuPont) as it has the highest electron affinity compared to the other monomers and 
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thus is the most reactive (Takekoshi, 1996; Matienzo and Unertl, 1996). The foaming 

materials used for polyurethane and polyimide foams are similar with the only 

exception of being the type of monomer used to produce the foam. The two most 

commonly used diisocyanates for the fabrication of polymeric foams are toluene 

diisocyanate (TDI) and polymethylene polyphenyl diisocyanate (PMDI). PMDI is 

commonly used for rigid foam applications whereas TDI is used for flexible foam 

applications. In addition, due to the lower vapour pressure of PMDI, it is less toxic 

compared to TDI (Chevali and Kandare, 2016; Fink, 2005).   

There are two types of blowing agents that can be used to form the cellular structure 

of the PI foam. The first would be physical blowing agents such as methyl chloroform, 

acetone and liquid CO2 which have a low boiling point and thus expands the polymer 

by vapourisation. The second would be chemical blowing agents such as CO2 

generated during the foaming process due to the use of water (Singh, 2001; Vazquez 

et al., 2004). Compared to the physical blowing agents, the use of water is non-

hazardous and widely available. The PI foaming process begins with the ‘blowing’ 

and polymerisation reactions taking place simultaneously. During the blowing reaction 

(Figure 2-5), isocyanate reacts with the water (Farrissey Jr et al., 1967) to produce an 

intermediate product called carbamic acid which breaks down to produce CO2 and a 

primary amine. The generated CO2, creates pores in the foam.  

 

Figure 2-5: 'Blowing' Reaction adapted from (Liu et al., 2011). 

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 
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expand and the foam starts to rise. The chemical (‘blowing’) reaction between the 

isocyanate group and water is controlled by triethanolamine (amine catalyst, TEOA). 

TEOA is an alcohol amine catalyst that has a low catalytic activity but it is cheap. 

Also, alcohol amine catalysts are reactive catalysts that can be used in combination 

with high activity catalysts (Ruiduan et al., 2018). This is important as another catalyst 

will be introduced into the foaming process to promote the polymerisation reaction. In 

the polymerisation reaction (Figure 2-6), the primary amine (generated in Figure 2-5) 

reacts with PMDA to produce an amic-acid which subsequently imidizes to produce 

an imide whilst regenerating water at the same time.  

 

Figure 2-6: Polymerisation Reaction adapted from (Sarkar, 2005). 

During this reaction, gas-filled cells with thin walls are formed (Takekoshi, 1996; 

Defonseka, 2013). This polymerisation reaction between the primary amine and 

PMDA is controlled by dibutyltin dilaurate (tin catalyst, DBTDL). DBTDL is an 
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organotin catalyst that is commonly used for gelling reactions due to its high catalytic 

activity (Piver, 1973). Therefore, TEOA was used in combination with DBTDL where 

TEOA promotes the production of CO2 whilst DBTDL promotes the formation of PI. 

It is crucial to achieve a balance between the ‘blowing’ and the polymerisation 

reactions. If the ‘blowing’ reaction is much faster compared to the polymerisation 

reaction, the generated CO2 would have escaped before the formation of the foam 

struts and thus, the foam will collapse. However, if the polymerisation reaction is faster 

than the ‘blowing’ reaction, polymer strength develops too early and this will trap the 

CO2 before the bubbles are allowed to burst and thus a foam with closed cells will be 

formed (Dworakowska et al., 2014; Tian et al., 2019). In addition to catalysts, silicone 

surfactants with a polydimethylsiloxane (PDMS) backbone  are commonly used to not 

only ensure a homogenous mixture is obtained during mixing but to also stabilise the 

bubbles in the foam during expansion to prevent the foam from collapsing before the 

polymerisation reaction has taken place (Zhang et al., 1999).  

Although foams are highly porous structures, the porosity of the foam structure can be 

further improved by incorporating pore formers as the interconnectivity of the pores 

and the pore sizes are enhanced. This in turn would increase the accessibility of the 

adsorptive molecules to the adsorbent surface. 

2.7 Pore formers 

Commonly used additives are poly (ethylene glycol) (PEG) and polyvinylpyrrolidone 

(PVP) (Malik et al., 2018). PEG is hydrophilic and thermally labile and therefore, it 

can either be burned off or removed using water by leaching out. However, PEG is a 

polyol that can be used for preparing polyurethane foams. As such, it could participate 

in the foaming reaction by reacting with the isocyanate (Pinto, 2010). This could affect 

the structure of the polyimide foam due to the production of side chains. PVP has been 

used in several gas separation membranes as a pore former where it is thermally 

removed or allowed to leach out of the membrane structure due to its hydrophilic 

nature, and thus leaving behind pores (Kim et al., 2005; Matsuyama et al., 2007; Youn 

et al., 2004; Salleh and Ismail, 2011). Due to the hydrophobic nature of PI, the prepared 

PI foams can be placed in a water bath and PVP can be removed due to its hydrophilic 

nature. Additionally, PVP does not participate in the polymerisation reaction. 

Therefore, it was selected as a suitable pore former in this study.  
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Based on the review for the first aspect, polyimide foam structures highly loaded with 

zeolite for the removal of VOCs and low CO2 concentrations and bicarbonates for the 

removal of high CO2 concentrations in enclosed air spaces were selected. 

Similar to the pollutants that need to be removed from enclosed air spaces, airborne 

microbes are also present in commercial, industrial and consumer sectors, especially 

in enclosed environments such as aircraft, automotive cabins, clean rooms and 

hospitals. Generally, atmospheric air acts as a carrier for the circulation of microbial 

cells, dormant spores as well as fungi. As mentioned in Section 2.1, the combined 

effect of moisture and micro-organisms can affect human health by causing infections, 

allergic or hypersensitivity and irritant reactions (Decker et al., 1963; Bernstein et al., 

2008).  

2.8 Microbes 

Bacteria can be classified into two categories and they are gram-positive and gram-

negative. The main characteristic that classifies them as such is the differences in the 

structure of the cell envelope. The gram-positive bacteria have a thick peptidoglycan 

layer which is 20 - 80 nm compared to the gram-negative bacteria which have a thin 

peptidoglycan layer which is only 5 - 10 nm thick. Unlike the gram-positive bacteria, 

the gram-negative bacteria have an outer membrane structure above the peptidoglycan 

layer where lipopolysaccharides (LPS) are covalently linked to the outer membrane 

(Salton and Kim, 1996). This can be seen in Figure 2-7. 
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Figure 2-7: Structural differences in the cell envelope between gram-negative and 

gram-positive bacteria taken from (Salton and Kim, 1996). 

The presence of LPS serves as a barrier against hydrophobic molecules and the 

presence of porin proteins in the outer membrane limit diffusion of hydrophilic 

molecules larger than approximately 700 Daltons. With both these components 

coupled together, the outer membrane becomes a selectively permeable barrier which 

has resulted in gram-negative bacteria to become more resistant to antibiotics 

compared to gram-positive bacteria. An example of a gram-negative bacteria is 

Escherichia coli which affects the mammalian gut and has been extensively researched 

on with antibiotics as well as antibacterial agents (Silhavy et al., 2010; Exner et al., 

2017). Similar to Escherichia coli, Erwinia carotovora is also a gram-negative 

bacterium but, it is a plant pathogenic bacterium which causes soft rot and blackleg 

disease of fruits and vegetables (Bell et al., 2004). Erwinia carotovora was selected as 

a model micro - organism as it has similar transport proteins to Escherichia coli since 

both types of bacteria are from the same Enterobacteriaceae family (Kersey et al., 

2012). In addition, not only is it safe for use in a university based laboratory 

environment, it also has a fast doubling time of 43 ± 2 min (Byers et al., 2002). Due to 



39 

 

the great amount of research carried out using Escherichia coli, it can serve as a model 

for understanding the effects of antibacterial agents on Erwinia carotovora. 

In order to aid in the removal of microbes from the environment, antimicrobial 

technologies that are available for use in enclosed environments will be reviewed. 

2.9 Antimicrobial Technologies for Enclosed Air Spaces 

In applications such as cabin air filtration in aircrafts or indoor air clean up, state-of-

the-art HEPA filters are being used. Bacteria generally range from 0.5 - 1.5 µm in size 

and are usually removed by inertial impaction where the bacteria adhere onto solid 

surfaces or pore walls upon impact as they have a higher density than air and thus 

deviate from the air flow stream-lines. On the other hand, viruses which are 

approximately 0.01 - 0.2 µm in size are removed by diffusional interception due to 

their random Brownian movements. However, despite these filters being able to 

remove 99.99% of airborne particles, accumulation and proliferation of microbes, cost 

and routine maintenance are associated problems (Bull, 2008; Menzies, 2005). 

Moreover, the organic and particulate matter deposited on the filter medium contribute 

to microbial growth and they thrive in HVAC systems at the appropriate temperature 

and humidity environment (Möritz et al., 2001; Maus et al., 2001; Price et al., 2005). 

Therefore, this requires the HEPA filters to be changed on a yearly basis and this 

results in additional costs (Liu et al., 2017). 

Other forms of air disinfection include the use of UV radiation which is lethal to 

microbes and has been used via a process called ultraviolet germicidal irradiation 

(UVGI). There are two ways UVGI can be utilized; upper - room and in - duct. Upper 

- room UVGI uses wall - mounted, ceiling - suspended and shielded UVGI fixtures to 

confine the germicidal radiation to above people’s heads and thus, minimize the 

exposure of germicidal radiation to occupants in the room. In - duct UVGI is designed 

to disinfect the air as it passes through the HVAC system as well as disinfect the 

surfaces inside the HVAC systems by further increasing irradiance levels using UV - 

reflective materials (Reed, 2010). This helps in combating the proliferation and 

accumulation of microbes as well as reduce the necessary maintenance requirements.  

However, UV light also has the ability to cause photo degradation of various materials. 

As a result, other processing equipment within the HVAC system could undergo 

material degradation due to exposure to the UV light and thus, lead to component 
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failure and eventually total system malfunction (Kauffman and Wolf, 2013). This can 

incur additional cost as using UVGI lights in existing HVAC systems would be 

difficult unless the existing components are shielded from the UV light or the design 

of the HVAC systems are altered. Also, the temperature of the air flowing through the 

HVAC system can affect the power output of the UVGI lamps as the cooling effect of 

the air on the surface of the lamp can cool the plasma inside the lamp and thus degrade 

the system’s effectiveness in disinfecting the air (Kowalski and Bahnfleth, 2000; 

VanOsdell and Foarde, 2002). This could be hazardous to the occupants as some of 

the microbes may be recirculated back into the enclosed space. Therefore, it would be 

more efficient if the filter is functionalized with antimicrobial agents to prevent the 

still-living microbes from breeding or reproducing in the filter whilst being able to fit 

into the existing infrastructure. 

2.10 Antibacterial Materials & Structures 

Although some antimicrobial metals such as Sodium, Magnesium, Potassium, 

Calcium, Vanadium, Chromium, Manganese, Iron, Cobalt, Nickel, Copper, Zinc, 

Selenium and Molybdenum are essential for the normal physiology and function of 

organisms, these metals become lethal to all cells when present in excess. There are 

also metals such as Silver, Mercury and Tellurium which are extremely poisonous to 

most bacteria and have microbiocidal activity at very low concentrations (Lemire et 

al., 2013). Copper and silver are most frequently used due to their excellent 

antimicrobial properties against a variety of different micro-organisms and their 

efficacy in killing bacteria. Silver has been used in wound dressings and as a coating. 

Similarly, copper has also been used as a coating and impregnated into materials such 

as breathing masks and socks (Santo et al., 2012; Rai et al., 2009; Turner, 2017). Since 

copper is cheaper than silver, it is possible to incorporate high concentrations (> 55%) 

of copper to achieve the required antibacterial activity (Vincent et al., 2016; Villapun 

et al., 2016). Unlike copper, silver containing materials exhibited no antimicrobial 

efficacy at typical indoor conditions such as in hospitals as a humid environment is 

necessary to oxidize and release silver ions for an antibacterial effect (Michels et al., 

2009; Echeverrigaray et al., 2016). This is an important criterion for the selection of 

an antibacterial agent as the efficacy of the filter units should be functional regardless 

of the humidity levels in enclosed air spaces. Several studies have reported the 

antibacterial properties of zinc but it is usually in the form of powder salts or 
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nanoparticles. Although both copper and zinc have the same mode of antibacterial 

effect, similar to silver, zinc is more expensive compared to copper in the form of 

nanoparticles (Beyth et al., 2015; Almoudi et al., 2018). Therefore, copper was 

selected as one of the model antibacterial agents in this study. 

Copper exhibits a bactericidal effect where it kills bacteria via three parallel ways and 

this prevents the risk of bacterial resistance. The copper ions interact with the bacterial 

membrane and alter the structure and permeability of the membrane. Not only are 

enzymes and proteins deactivated, the copper ions bind to nucleic acids and prevent 

microbial replication. Copper ions can also cause the formation of highly damaging 

hydroxyl radicals (Stanić et al., 2010). This can be seen in Figure 2-8. 

 

Figure 2-8: Antibacterial effect of copper ions released from copper - bearing 

zirconium - based bulk metallic glass taken from (Huang et al., 2014). 

Studies have shown that when antibacterial agents are used in combination, the 

antibacterial effect is greater compared to the effects of an individual antibacterial 

agent (Vaidya et al., 2017; Garza-Cervantes et al., 2017). Silver has been used with a 

range of transition metals such as copper, nickel and zinc but there is minimal research 

on the antibacterial effect of copper - nickel combinations. According to Argueta-

Figueroa et al., (2014), nickel displays a bacteriostatic effect which aids in the 

inhibition of bacterial growth and similar to copper, it is cheap. Therefore, nickel was 

selected to be used in combination with copper as it could be advantageous for copper 

to kill the bacteria whilst nickel prevents bacterial repair. 

A number of studies have reported the solution impregnation of antibacterial agents 

into structures such as polyurethane and silicon carbide foams and monoliths for air 
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filtration to inhibit growth of bacteria. Vukčević et al., (2008) performed a study on 

carbon monoliths impregnated with silver. The disadvantage of the monolithic 

structure is its lack of tortuosity compared to the HEPA filter. This reduces the 

efficiency of the monolith in being able to trap and kill the bacteria. Additionally, the 

rate of silver deposition onto the monolith surface was a very slow process. Paladini 

et al., (2014) prepared a silver coated polyurethane foam by placing the foam in a silver 

nitrate solution and exposing it to UV radiation to induce the synthesis of silver 

nanoparticles. The disadvantage of polyurethane is that it cannot be heated up to 

temperatures greater than 150 ℃ for reuse. In addition, producing these foams on a 

large scale would require large quantities of silver and thus incur high material costs. 

Hu et al., (2015) prepared a ZnO coated SiC foam by soaking the substrate in zinc 

solution and calcining it at 500 - 800 ℃ in air. Calcination requires a substantial 

amount of heating to achieve such high temperatures and thus causing manufacturing 

costs to increase. Kim et al., (2002) achieved a copper content of up to 60 wt% by 

forming a slurry in a polymer latex medium to allow impregnation of the particles into 

a polyurethane foam. However, the polyurethane foam was used to combat arthritis 

and rheumatism by coming into direct contact with the patient’s skin. Since copper has 

greatly been used as a coating or in the form of an impregnation, there is little research 

on encapsulating a high loading of 80 wt% of copper in a foam structure for use as an 

air filter application.  

Based on the review for the second aspect, antibacterial agents copper and nickel, were 

selected to be incorporated into the polyimide foam and challenged with model 

bacterium, Erwinia carotovora for the assessment of the polyimide filter unit’s 

antibacterial performance.  

2.11 CFD Modelling 

In this research, the transport and adsorption of the adsorptive onto the foam structure 

was modelled by coupling the momentum conservation and species transport 

equations. The momentum balance was used to simulate the velocity profile of the 

transport of the carrier gas and the adsorptive along the length of the foam and the 

pressure drop across the length of the foam. The species transport equation was used 

to simulate the change in the concentration profile of the adsorptive with time 

throughout the foam structure whilst assuming an isothermal system. Foams consist of 

irregularly shaped cells connected by struts throughout the foam structure, thus 
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creating a tortuous effect. This results in the flow regime within the structures to vary 

due to the generation of viscous and inertial forces.  

The flow regime in a porous structure was analysed via flow visualisation by Dybbs 

and Edwards, (1984) where a dye solution was injected into a packed bed consisting 

of spheres in a hexagonal shaped module and rods arranged in a complex 3-D 

geometry. They classified the regimes into four categories with the corresponding 

range of Reynolds number, i.e. the Darcy flow regime (Re < 1), inertial flow regime 

(1 - 10 < Re < 150), unsteady laminar flow regime (150 < Re < 300) and the highly 

unsteady and chaotic flow regime (Re > 300). The modified Reynolds number, 𝑅𝑒𝑚,𝑔 

was calculated using Equation ( 2-3 ). 

𝑅𝑒𝑚,𝑔 =
𝜌𝑔𝑢𝑚𝐷𝑝

𝜇𝑔(1−𝜀𝑝)
  ( 2-3 ) 

 

where 𝑢𝑚 is superficial velocity of the fluid, 𝜌𝑔 is density of the fluid, 𝐷𝑝 is equivalent 

pore diameter, 𝜇𝑔 is dynamic viscosity of the fluid and 𝜀𝑝 is foam voidage.  

In the Darcy flow regime, the viscous forces dominate over the inertial forces and thus 

the relationship between pressure drop and flow rate is linear. In the inertial flow 

regime, as the Reynolds number becomes greater than 1, inertial forces dominate over 

viscous forces. The presence of inertial forces in turn result in a non - linear 

relationship between pressure drop and superficial velocity. Even at a higher Reynolds 

number of 150, the test dye was still able to follow the contours of the geometric 

structure. In the unsteady laminar flow regime and chaotic flow regime, the increase 

in Reynolds number was indicative of stronger inertial forces and this in turn resulted 

in oscillations of the test dye. However, dispersion of the dye was only observed in the 

chaotic flow regime, thus indicating that the flow had transitioned from laminar to 

turbulent mixing. There are various empirical and semi - empirical models that 

describes fluid flow in porous structures. 

Darcy’s Law: (
−
∆𝑃

𝐿
𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑇𝑒𝑟𝑚

) = (
𝜇𝑔

𝐾
𝒖

𝑀𝑎𝑐𝑟𝑜𝑠𝑐𝑜𝑝𝑖𝑐 𝑉𝑖𝑠𝑐𝑜𝑢𝑠 𝑇𝑒𝑟𝑚
)  ( 2-4 ) 

Brinkman: 

−
∆𝑃

𝐿
=

𝜇𝑔

𝐾
𝒖 − (

𝜇𝑔

𝜀𝑝𝜌𝑔
𝛻2𝒖

𝑀𝑖𝑐𝑟𝑜𝑠𝑐𝑜𝑝𝑖𝑐 𝑉𝑖𝑠𝑐𝑜𝑢𝑠 𝑇𝑒𝑟𝑚
) +

(
𝜌𝑔

𝜀𝑝
2(𝒖.𝛻)𝒖

𝐼𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑇𝑒𝑟𝑚
)  

( 2-5 ) 



44 

 

Brinkman -

Forchheimer: 
−

∆𝑃

𝐿
=

𝜇𝑔

𝐾
𝒖 −

𝜇𝑔

𝜀𝑝𝜌𝑔
∇2𝒖 + (

𝛽𝐹𝜌𝑔

√𝐾
|𝒖|𝒖

𝐹𝑜𝑟𝑐ℎℎ𝑒𝑖𝑚𝑒𝑟 𝑇𝑒𝑟𝑚
)  ( 2-6 ) 

 

where 𝒖 is the velocity vector of the fluid, 𝐾 is permeability, 𝑃 is pressure, 𝐿 is length 

of the porous structure in the direction of fluid flow and 𝛽𝐹 is the Forchheimer drag 

coefficient. 

In the Darcy flow regime in a porous media, pressure drop is calculated using Darcy’s 

law (Equation ( 2-4 )). On the left - hand side of Equation ( 2-4 ), the pressure term 

describes the pressure drop across the length of the foam structure. On the right - hand 

side of Equation ( 2-4 ), the macroscopic viscous term takes into account the viscous 

drag force generated due to the solid struts of the porous matrix which impede the 

momentum transport of the fluid. As seen in Equation ( 2-4 ), pressure drop is a 

function of the structures’ permeability as it is dependent on the geometry of the porous 

medium. However, the applicability of Darcy’s equation is limited to Re < 1 where 

viscous effect is the dominant factor (Nield and Bejan, 2006; Vafai and Tien, 1981).  

Another form of momentum equation is the Brinkman’s equation (Equation ( 2-5 )) 

which is an extension of Darcy’s law. On the right - hand side of Equation ( 2-5 ), the 

three terms account for the macroscopic shear stress (Darcy’s law, macroscopic 

viscous term), microscopic shear stress within each pore channel (microscopic viscous 

term) and microscopic inertial forces (inertial term) respectively. The terms show that 

the Brinkman equation is an interpolation between Darcy’s law and Navier - Stokes 

equations. This can be observed for structures with a high permeability where the 

Brinkman equation (Equation ( 2-5 )) simplifies to the Navier - Stokes single phase 

equation, as the macroscopic viscous term becomes very small. Whereas, for structures 

with a low permeability, the Brinkman equation simplifies to Darcy’s law  

(Equation ( 2-4 )), as the microscopic viscous term and the inertial term become very 

small. Therefore, the Brinkman equation is more versatile compared to Darcy’s law 

(Vafai and Kim, 1995; R.Jecl et al., 1999; Nield and Bejan, 2006). This versatility is 

useful as the experimental flow rates used in this research, result in the flow regime to 

span across the Darcy (Re < 1) and inertial flow regimes (1 < Re < 10).  

As the Reynolds number increases, further rise in inertial effects results in a non - 

linear relationship between pressure drop and flow rate. The existing inertial term 

observed in Equation ( 2-5 ) is not suitable as it predicts a linear drag no matter how 
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large the fluid velocity. Therefore, a Forchheimer term is added to the right - hand side 

of Equation ( 2-6 ) replacing the inertial term, to account for the inertial effects (Nield 

and Bejan, 2006). As observed in Equation ( 2-6 ), the first two terms on the right - 

hand side of the Brinkman - Forchheimer equation also accounts for the macroscopic 

and microscopic viscous terms respectively.                               

In order to solve the momentum balance equations, a suitable idealised geometry 

model of the internal structure of the foam is necessary. Such a model should represent 

the morphology of the foam structure such as the shape and diameter of the cell as well 

as the shape and thickness of the struts connecting the voids. Therefore, as the size of 

the voids vary, the struts exhibit different shapes such as cylindrical, triangular and 

triangular concave (Bhattacharya et al., 2002). The shape of the strut affects the 

specific surface area which in turn affects the pressure drop across the length of the 

foam (Inayat, Schwerdtfeger, et al., 2011; Inayat, Freund, et al., 2011). 

The generation of models to simulate fluid flow through a porous media started with 

regularly packed beds of spheres, followed by more porous fibrous media and then 

open cell metal foams. Compared to packed beds, the foams have a more irregular and 

complex geometry and thus geometric modelling of the foam is significantly difficult 

(Boomsma et al., 2003). It was suggested by Thomson, (1887) that the ideal cell shape 

in a soap foam structure was a tetrakaidecahedron (Figure 2-9 (a)) which consists of 

six squares and eight hexagons. The tetrakaidecahedron model was also used by 

Inayat, Freund, et al., (2011); Inayat, Schwerdtfeger, et al., (2011); Richardson et al., 

(2000) to determine the surface area and in turn the pressure drop across ceramic 

foams. Huu et al., (2009) suggested that since polyurethane foams are composed of 

the pentagonal dodecahedron geometry (Figure 2-9 (b)), the same geometry remains 

in SiC foams as they are prepared using polyurethane foams as a template. Yu et al., 

(2006) used a unit - cube - centred sphere model (Figure 2-9 (c)) to represent the cell 

shape in a carbon foam where the cube has a spherical void at the centre and circular 

openings on the sides of the cube. Giani et al., (2005) and Lacroix et al., (2007) used 

a cubic lattice model (Figure 2-9 (d)) where the metallic foam struts are represented as 

cylinders. The various models mentioned can be seen in Figure 2-9.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2-9: Example of the (a) tetrakaidecahedron model, (b) pentagonal 

dodecahedron model, (c) unit - cube - centred sphere (d) cubic lattice model for 

modelling the cells in the foam structure adapted from Richardson et al., (2000), Huu 

et al., (2009), Yu et al., (2006) and Giani et al., (2005) respectively. 

Most of the geometric models shown in Figure 2-9 were based on ceramic or metallic 

foams with pore diameters ranging from 0.6 - 7 mm and only porosity greater than 0.7 

(Kumar and Topin, 2017). Large pore diameters and a high porosity result in a lower 

internal surface area and thus a lower pressure drop. This would not accurately reflect 
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the internal surface of the polyimide foam used in this research. However, the unit - 

cube - centred sphere model (Figure 2-9 (c)) described by Yu et al., (2006) was based 

on a carbon foam, which was structurally similar to the polyimide foam used in this 

research. In addition, the model can be used for a wider range of porosities  

 (0.52 < 𝜀𝑝 < 0.96) as well as pore diameters less than 0.6 mm (Straatman et al., 2007).  

Based on the review of the third aspect, the Brinkman - Forchheimer equation was 

found to be the best suited for representing the flow regime within the foam structure 

due to its applicability for a wider range of Reynolds number and the unit - cube - 

centred sphere model was selected for representing the internal structure of the 

polyimide foam.  

2.12 Summary 

Following the review of current literature, it shows that existing HEPA/carbon filter 

units are efficient in removing pollutants and microbes from enclosed air spaces. 

However, they have limitations as they cannot be regenerated and also result in the 

proliferation of microbes. The availability of space was found to be another limitation 

for installing a filter unit. 

Polyimide foam structures containing sorbents for the removal of pollutants and 

antibacterial agents for the destruction of microbes, has the potential to deal with such 

limitations. Foam structures can be synthesised in any geometrical shape or size which 

make them more versatile than extruded adsorbent structures. Unlike extruded 

structures with straight channels, the tortuosity of a foam structure aids in trapping the 

microbes at ease. The use of thermally stable polyimide and sorbents/antibacterial 

agents in a filter unit allows the foam structure to be regenerated and reused. 

Additionally, the presence of antibacterial agents aids in killing the microbes rather 

than allowing them to proliferate in the filter. This shows that various combinations of 

sorbent or antibacterial agents can be used to tailor the functionality of the foam filter 

for a desired application.  
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3 Synthesis and Characterisation of Sorbent Loaded Polyimide 

Foams for Low to High Concentrations of CO2 Capture 

This Chapter discusses the development and testing of polyimide (PI) foam structures 

encapsulated with 13X zeolite and challenged with model gas 4% vol. CO2 in air. 13X 

zeolite was selected as a model adsorbent as it is widely used commercially and is well 

- established in research. In order to further enhance the CO2 capacity of the PI foams, 

KHCO3 was used instead of 13X in the foam structures due to its high CO2 capacity. 

The materials and methods used to fabricate both the 13X and KHCO3 foams are 

described in Section 3.1. The characterisation techniques used to examine both 13X 

foams and KHCO3 foams are given in Section 3.2.  

PI (20 wt%)/13X (80 wt%) Foams 

The fabrication and analysis of PI/13X (80 wt%) zeolite foams for the removal of 

model gas CO2 will be discussed in the results and discussion (Section 3.3). 5 wt% and 

10 wt% of 10000 Da (10k), 40000 Da (40k) and 58000 Da (58k) molecular weight 

polyvinylpyrrolidone (PVP) were also incorporated into the PI/13X zeolite foams to 

serve as a pore former. The PI/13X zeolite foams were examined using breakthrough 

curves to determine the adsorption performance of the foams with and without the 

inclusion of PVP. The best performing formulation was analysed at different operating 

temperatures in order to understand the effect temperature has on the adsorption 

performance of the PI/13X zeolite foams. The PI/13X zeolite foams were further 

analysed by generating CO2 adsorption isotherms and comparing the CO2/N2 

selectivity of the foams against commercially available 13X beads as well as other 

types of adsorbents which have a high adsorption capacity for CO2. 

PI (20 wt%)/Alumina (40 wt%) - KHCO3 (40 wt%) foams 

The analysis of PI/Alumina (40 wt%) - KHCO3 (40 wt%) foams will be described in 

Sections 3.4 and 3.5. Since KHCO3 is a reactive sorbent, the changes in the structure 

of KHCO3 in the foam structure were analysed using a scanning electron microscope 

(SEM). The CO2 capacity of the KHCO3 foams and the effect of the operating 

temperature on the performance of the foams were determined from breakthrough 

curves.     

Declaration: The data and text that have been published in the authors ‘Synthesis of 

Novel Regenerable 13X Zeolite-Polyimide Adsorbent Foams’ (G et al., 2019) paper, 
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have been presented in this Chapter. Most of the 13X data from the paper has been 

updated and new data such as the KHCO3 experiments have been included. 

3.1 Materials & Methods 

3.1.1 Materials (13X Foams & KHCO3 Foams) 

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

99%, NMP), silicon oil (viscosity 350 cSt), triethanolamine (TEOA, Amine Catalyst), 

dibutyltin dilaurate (DBTDL, Tin Catalyst), poly [(phenyl isocyanate)-co-

formaldehyde] (Isocyanate), polyvinylpyrrolidone (PVP) with molar mass of 10000 

Da (10k), 40000 Da (40k) and 58000 Da (58k) and potassium bicarbonate (BioUltra, 

≥ 99.5%) were all supplied by Sigma-Aldrich. Industrial adsorbent 13X zeolite powder 

was supplied by Honeywell UOP (HU), Air Products (AP) and Zeochem (ZC) which 

have a particle size range of 3 - 5 µm. Alumina (< 1 µm) and alumina (20 - 50 µm) 

were supplied by Alfa Aesar. The model gas for adsorption and isotherm experiments, 

CO2 (40000 ppmv/4% vol.) in air and pure CO2 were supplied by BOC Ltd. (UK). 

3.1.2 PI/13X (80 wt%) Foam Preparation 

The first mixture (as shown in Figure 3-1) was prepared by mixing PMDA (5 g), NMP 

(40 - 45 mL), distilled water (10 - 15 mL), amine catalyst (~50 µL), silicon oil (1 - 2 

g) and PVP (5 wt% and 10 wt% based on PMDA/Isocyanate content) using a 

homogeniser at 6500 rpm for 30 seconds. Then 13X zeolite (40 g, dry weight), 

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 3-1). The second mixture was then added to 5 g of isocyanate and mixed 

using the homogenizer at 6500 rpm for 5 seconds. As described in Section 2.6, during 

the last mixing step the PI foaming process begins and this involves the ‘blowing’ and 

polymerisation reactions taking place simultaneously.  

During the ‘blowing reaction’, isocyanate reacts with the distilled water to produce 

CO2 and a primary amine. The generated CO2 creates pores in the foam by diffusing 

into small air bubbles created during mixing. As more CO2 is generated, the bubbles 

expand and the foam starts to rise. At the same time, the polymerisation reaction 

involves the primary amine and the PMDA reacting to produce an imide whilst 

regenerating water at the same time. The silicon oil helps to stabilise the bubbles which 

prevents them from bursting before the polymerisation reaction has taken place. The 
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‘blowing’ reaction is catalysed by the amine catalyst whilst the polymerisation reaction 

is catalysed by the tin catalyst. The foaming process takes approximately 10 - 15 

seconds for the mixture to rise and polymerise. The polymerised PI/13X (80%) 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.  

 

Figure 3-1: Method of preparing a PI/13X (80 wt%) Foam. 

A pure PI foam sample (without 13X zeolite and PVP) was also prepared using the 

method mentioned above for comparison purposes. Due to the absence of the 13X 

zeolite powder, the water content used for the formulation was reduced to 2 mL. The 

water content incorporated into the PI/13X foaming process is provided in Table 3-1 

and the importance of the presence of water will be discussed further in Section 3.3.1. 

This manufacturing technique and formulation was used to prepare all PI/13X foams 

mentioned in Table 3-2.  
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Table 3-1: Amount of water content for the fabrication of PI/13X zeolite foams, 

Legend: Honeywell UOP (HU), Air Products (AP) and Zeochem (ZC). 

 

Figure 3-4 

(a) 

PI/13X 

(AP) foam 

Figure 3-4 

(b) 

PI/13X 

(ZC) foam 

Figure 3-4 

(c) 

PI/13X 

(HU) foam 

Figure 3-4 

(d) 

PI/13X (ZC, 

dried) foam 

Figure 3-4 (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 

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 

3.1.3 PI/Alumina (40 wt%) - KHCO3 (40 wt%) Foam Preparation 

The bicarbonate foams were prepared using a similar procedure to the method 

described in Section 3.1.2. However, formulation and modifications were necessary to 

successfully fabricate PI/Alumina (40 wt%) - KHCO3 (40 wt%) foams. The 

adjustments made and the materials used for preparation of the foams are described in 

this section. The first mixture was prepared by mixing PMDA (5 g), NMP  

(35 - 40 mL), distilled water (1 - 2 mL), amine catalyst (~50 µL), silicon oil (1.65 g) 

using a homogeniser at 6500 rpm for 30 seconds. Alumina powder (< 1µm) (10 g), 

Alumina powder (20 - 50 µm) (10 g), potassium bicarbonate (KHCO3) powder (20 g) 

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. The second mixture was 

then added to 5 g of isocyanate and mixed using the homogenizer at 6500 rpm for  

5 seconds. The polymerised KHCO3 foam was then obtained by soaking in a saturated 
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KHCO3 solution bath (100 g KHCO3 in 500 mL distilled water, to avoid the 

bicarbonate from leaching out of the foam and to allow the deposition of KHCO3 onto 

the foam) and drying in an oven at 100 ℃ till no change in foam weight was observed.  

3.2 Characterisation (13X foams & KHCO3 Foams) 

PI/13X (80 wt%) foams as well as pure PI foams were analysed in this Chapter using 

a number of characterisation techniques such as the thermogravimetric analyser (TGA) 

and intelligent gravimetric analyser (IGA). The structure of PI/13X (80 wt%) and 

PI/Alumina (40 wt%) - KHCO3 (40 wt%) foams were analysed using a scanning 

electron microscope (SEM) and the adsorption performance of the foams using 

dynamic CO2 adsorption experiments. 

3.2.1 Thermogravimetric Analyser (TGA) 

A TGA (Setaram TG-92) was used to analyse the thermal properties of a pure PI foam 

and 13X zeolite powder. A small alumina crucible was used to hold and weigh crushed 

samples on a microbalance in the insulated furnace at room temperature. The system 

was purged using argon gas to remove gas contaminants that may have been present 

from the previous analysis. 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 1) 

and this was used to correct the TG measurements presented. 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 by flowing water 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. 

3.2.2 Intelligent Gravimetric Analyser (IGA) 

CO2 adsorption properties of 13X zeolite powder, PI/13X (80 wt%) and  

PI (15 wt%)/13X (85 wt%) foams, UOP 13X beads, pure PI foam and 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 



53 

 

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 (20 ℃) 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 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. 

3.2.3 Scanning Electron Microscope (SEM) 

Scanning electron micrographs of the structure of PI/13X (80 wt%), PI/Alumina  

(40 wt%) - KHCO3 (40 wt%) foams and the structure of KHCO3 and K2CO3 

regenerated from KHCO3 powders were obtained using the JEOL JSM 6480LV. The 

foam samples were placed in liquid nitrogen and sectioned using a blade so as to avoid 

crushing the pores. Carbon adhesive was used to hold the samples in place on a 

stainless-steel sample holder. They were then placed in a vacuum desiccator overnight 

to remove gases present in the sample. Prior to the SEM analysis, the foam samples 

were coated with a thin layer of gold using the Edwards Sputter Coater S150B. They 

were then mounted onto the sample stage in a small vacuum chamber at room 

temperature and pressure. A beam of electrons was projected onto the sample surface 

and the deflected electrons were detected by an electron sensor. This deflection, 

formed the image of the sample surface and it was recorded by a computer.   

3.2.4 Dynamic Adsorption Experiments (13X Foams & KHCO3 Foams) 

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

determine the adsorption properties of PI/13X (80 wt%) and PI/Alumina (40 wt%) - 

KHCO3 (40 wt%) foams is shown in Figure 3-2 (a) and Figure 3-2 (b) respectively. 

The apparatus consists of an adsorption column, feed gas flow system and a data logger 

for recording the CO2/moisture 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).  
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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. Prior to the adsorption experiment, the 13X foams were regenerated 

at 300 ℃ for 24 hours with pure nitrogen gas flowing through the furnace. Whereas, 

the KHCO3 foams were regenerated at 165 ℃ for 24 hours in a drying oven. The 13X 

foams were challenged with 4% vol. CO2 in air only whilst the KHCO3 foams were 

challenged with 4% vol. CO2 in air mixed with 93.1% relative humidity (RH) for all 

adsorption experiments. In order to generate a humidified CO2 stream for the KHCO3 

foams, the 4% vol. CO2 in air is bubbled into a gas washing bottle (Figure 3-2 (b)) 

containing water. Humidity is necessary in challenging the bicarbonate foams to 

promote the carbonation reaction (adsorption of CO2 by K2CO3). 

Polytetrafluoroethylene (PTFE) tape was used to create a seal around the ends of each 

foam before placing inside the column to prevent gas/moisture leakage at the wall. 

This ensured that the CO2/moisture only flows through the foam and not around the 

foam wall. An infrared gas instrument (Edinburgh Sensors) was used to monitor the 

inlet and outlet CO2 concentrations whilst a hygrometer (Easidew, Michell 

Instruments) was used to monitor the inlet and outlet moisture content. Initially, the 

CO2/moisture flows through the bypass when valves V2 and V3 are closed. This was 

done to ensure that the actual CO2/moisture concentration and the desired flow rate 

had been achieved. The outlet CO2/moisture concentration was recorded by the 

computer (Picolog software) via a data logger every 2 seconds.  

All adsorption experiments with the 13X foams 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 13X foams with the same composition were used for each adsorption experiment 

as shown in Figure 3-2 (a). As for the KHCO3 foams, all adsorption experiments were 

also carried out with a feed gas flow rate of 500 mL min-1, but at a range of 

temperatures (20 ℃, 32 ℃ and 45 ℃) and pressure of 1 bar. A stack of three KHCO3 

foams with the same composition was used for each adsorption experiment as shown 

in Figure 3-2 (b). The experiments with the KHCO3 foams were run for four hours as 

sufficient data was obtained within that time and also to avoid the accumulation of 

moisture at the CO2 infrared sensor. 
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(a) 

 
(b) 

 

Figure 3-2: Schematic diagram of the CO2 adsorption apparatus for testing three 

stacked (a) PI/13X (80 wt%) foams, (b) PI/Alumina (40 wt%) - KHCO3 (40 wt%) foams 

labelled 1, 2 and 3 in an adsorption column, Legend: PI is polyimide, V is valve. 

3.2.5 Breakthrough Curves  

As shown in Figure 3-3, the theory behind the generation of breakthrough curves is 

due to the movement of the mass transfer zone (MTZ) along the column. As the air 

containing the adsorptive is pumped through the adsorption module from the bottom 

to the top, the adsorptive adsorbs onto the adsorbent. The first section would be unable 

to remove any more adsorptive as it would be in equilibrium and thus, would have 

reached its equilibrium capacity. Since the adsorbent in the first section has been 

exhausted, the next section will remove the adsorptive until it reaches equilibrium and 
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this continues till all of the adsorbent in the adsorption module has been saturated. This 

results in the MTZ to move along the column. This can be seen in Figure 3-3. As the 

MTZ eventually reaches the end of the column, the adsorptive concentration starts to 

rise and once the adsorbent section at the outlet reaches its adsorptive capacity, the 

effluent concentration will be equal to the initial adsorptive concentration. At this 

point, the column is said to be exhausted and at equilibrium (Collins, 1967).  

 

Figure 3-3: Progress of mass transfer zone and the corresponding breakthrough curve 

adapted from (Collins, 1967).  

The shape of the MTZ is influenced by the diffusion rate of the adsorptive through the 

adsorbent structure. A short MTZ is preferred as it makes the most efficient use of the 

adsorbent and thus results in a sharp breakthrough curve. There are several factors that 

can impact the shape of the MTZ (Schweitzer, 1988):  

1. The smaller the adsorbent particle size, the greater the surface area and thus, 

shorter the MTZ compared to larger particles. 

2. Although an increase in temperature reduces adsorption capacity, rate of 

diffusion is increased and thus a shorter MTZ is achieved. 

3. When adsorptive concentration is increased, the adsorbent becomes saturated 

quickly and thus, a sharper breakthrough curve is achieved. 

4. The velocity of the adsorptive affects the length of the MTZ as the flow regime 

can vary between laminar and turbulent. In laminar flow, the rate limiting step 
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is bulk diffusion and thus a longer MTZ will be achieved whilst in turbulent 

flow, the rate limiting step is pore diffusion and thus a shorter MTZ will be 

achieved. 

5. Competitive adsorption due to the presence of other adsorptive reduces the 

adsorption capacity and the sharpness of the MTZ. 

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 the time point 

when the adsorptive concentration is detected at the outlet of the filter, equilibrium 

time, 𝑡𝑒𝑞 , indicates the time point when the filter has become saturated where 𝐶𝑡, is 

equal to the initial adsorptive concentration, 𝐶0. 𝑡𝑏 was selected when adsorptive 

concentration reached 1% of the initial concentration, 𝐶0. 𝑡𝑒𝑞 was selected once a 

maximum of five consecutive 𝐶0 readings had been achieved. The equilibrium loading, 

𝑞𝑒𝑞 and breakthrough loading, 𝑞𝑏 of the foams, were calculated using Equations 

( 3-1 ) and ( 3-2 ) (Tien, 1994) respectively: 

𝑞𝑒𝑞 =
𝐹 ×𝑀𝑤×[𝑡𝑒𝑞−∫

𝐶𝑡
𝐶0

𝑡𝑒𝑞
0  𝑑𝑡]

𝑚
  

( 3-1 ) 

𝑞𝑏 =
𝐹 ×𝑀𝑤×[𝑡𝑏−∫

𝐶𝑡
𝐶0

𝑡𝑏
0  𝑑𝑡]

𝑚
  ( 3-2 ) 

 

where 𝐹 is the molar flow rate 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 out of the foam during the washing and 

processing stage. A sample of the CO2 breakthrough calculation is shown in Appendix 

2.  

3.3 Results & Discussions: PI/13X (80 wt%) Foams 

Table 3-2 lists the PI/13X foam samples that were challenged with 4% vol. CO2 in air 

to generate breakthrough curves. Three different 300-0k (13X foam without PVP) 

foam samples were tested for reproducibility. The same formulation was used for all 

three 300-0k foam samples. Three different types of PVP (pore formers) such as 10k, 

40k and 58k were incorporated into the PI/13X foams to improve the adsorption 

performance of the foams. The breakthrough performance of 300-0k was compared 

against 300-10k (10k PVP, 5 wt%), 300-40k (40k PVP, 5 wt%) and 300-58k (58k 



58 

 

PVP, 5 wt%) foams. The PVP weight content in the PI/13X foams was increased to 

10 wt% to determine if the adsorption performance of the foam could be further 

improved. The breakthrough performance of 300-0k was compared against  

300-10k,10% (10k PVP, 10 wt%), 300-40k,10% (40k PVP, 10 wt%) and 300-58k,10% 

(58k PVP, 10 wt%). All the foam samples were regenerated at 300 ℃ prior to the CO2 

adsorption experiments.  

Table 3-2: Adsorption characterisation of PI/13X (HU) zeolite foam samples, Legend: 

Honeywell UOP (HU), 300 indicates regeneration temperature (℃), H indicates 

number of heat cycles and S indicates different foam sample but with the same 

formulation, 10k, 40k, 58k indicate different PVP molar mass, 5 wt%, 10 wt% indicate 

PVP weight content in the foam. 

Samples used for CO2 adsorption experiments (Section 3.3.3) 

Regeneration 

Temperature 

(℃) 

PVP Molar 

Mass 

Zeolite 

Content 
PI Content Sample Name 

300 

No PVP 

80 wt% 20 wt% 

300-0k, H1S1 

300-0k, H3S1 

300-0k, H4S1 

300-0k, H8S1 

 

300-0k, H3S2 

300-0k, H4S2 

300-0k, H6S2 

300-0k, H8S2 

 

300-0k, H8S3 

10k (5 wt%) 300-10k 

40k (5 wt%) 300-40k 

58k (5 wt%) 300-58k 

10k (10 wt%) 300-10k,10% 

40k (10 wt%) 300-40k,10% 

58k (10 wt%) 300-58k,10% 

 

3.3.1 Fabrication of PI/13X (80 wt%) Zeolite Foams 

As mentioned in Section 3.1.2, water is necessary in the ‘blowing’ reaction to generate 

CO2 for the production of a porous foam structure. In order to prevent 13X zeolite 

(hydrophilic nature) from adsorbing the water necessary for the ‘blowing’ reaction, the 



59 

 

water content of the 13X zeolite obtained from different suppliers were determined by 

drying the zeolite in the furnace at 300 ℃ for 24 hours. This was done to quantify the 

amount of water required for a generalised adsorbent foam formulation. Table 3-1 

shows the amount of water added to the PI/13X formulations (containing 13X zeolite 

from different suppliers) whilst Figure 3-4 shows the importance of saturating the 

zeolite prior to the foaming process.  

Significant weight losses of 24.8% and 19% were observed for AP and ZC respectively 

as the 13X zeolite were supplied saturated with moisture. Therefore, Figure 3-4 (a) 

and (b) shows that 0.5 - 1 mL of water was sufficient to produce the foams. However, 

13X zeolite powder batch from HU was not saturated with moisture and thus showed 

no weight loss. As shown in Figure 3-4 (c), the same amount of water (0.5 - 1 mL) was 

insufficient for reactions to occur successfully. Hence, the foam collapsed on itself 

during the foaming process and became hard once it had dried. This may have been 

the result of the water necessary for the blowing reaction having been adsorbed by the 

hydrophilic 13X zeolite. The lack of water necessary for the blowing reaction did not 

generate a sufficient amount of CO2 and thus, the foams were hard and dense.  

13X zeolite from ZC was dried at 300 ℃ for 24 hours prior to making the foams. This 

was done to confirm the effect unsaturated zeolite had on the foaming process. Similar 

to the PI/13X (HU) foam, Figure 3-4 (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 necessary as the water capacity of the 13X 

was found to be approximately 30 wt% of its dry weight (Honeywell UOP, n.d.). 

Figure 3-4 (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 3.1.2. 13X zeolite (HU) was used to produce PI/13X (80 wt%) 

foams for all experiments in this study. 13X from HU did not need to be dried prior to 

the foaming process as it was supplied in a moisture proof drum and it was not 

saturated with moisture. Therefore, it could be used directly from the drum for 

preparing the PI/13X (HU) (80 wt%) foams. However, the water content in the foam 

formulation could be generalised by drying the zeolite as a pre-treatment process to 

ensure there is sufficient water for the foaming reaction to take place.  
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Figure 3-4: (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. Legend: Honeywell 

UOP (HU), Air Products (AP) and Zeochem (ZC). 

3.3.2  Thermal Analysis of PI & 13X Zeolite 

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

stability of 13X zeolite powder and pure PI foam samples. The pure PI foam sample 

was prepared as stated in Section 3.1.2. Figure 3-5 (a) and (b) shows the weight loss 

of 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 13X zeolite 

powder in Figure 3-5 (a), the DTG curve was not plotted for the zeolite. 
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(a) 

 
(b) 

Figure 3-5: (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 3-5 (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 3-5 (a) suggests 

that by 400 ℃, 13X had completely regenerated. These observations were confirmed 

by Zhou et al., (2013). 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 as shown in Figure 3-5 (b). The TG curve of the pure PI foam sample 

plotted in Figure 3-5 (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 3-5 (b) and the graph indicates 
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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., (2011) 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., (2012) 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 (Honeywell UOP, n.d.). 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.  
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3.3.3 Effect of Molecular Mass of PVP Pore former on Adsorption 

Properties of PI/13X (80 wt%) Foams 

 
(a) 

 
(b) 

 
(c) 

Figure 3-6: Effect of number of heat cycles on adsorption breakthrough curve for (a) 

300-0k S1, (b) 300-0k S2 (c) Reproducibility of breakthrough curves using three 

different batches of 300-0k foams challenged with 4% vol. CO2 in air at 20 ℃ after 8 

heat cycles, Legend: 300 indicates the regeneration temperature (℃), H indicates 

number of heat cycles, S indicates different foam sample but with the same 

formulation. 



64 

 

Figure 3-6 show the breakthrough curves obtained from the CO2 adsorption 

experiments using 300-0k S1, 300-0k S2 and 300-0k S3 (13X foams without PVP). 

The effect of heat cycles on the adsorption performance of the foams were analysed 

using 300-0k S1 (Figure 3-6 (a)) and 300-0k S2 (Figure 3-6 (b)). Repeatability of 

breakthrough curves using 300-0k H8S1, 300-0k H8S2 and 300-0k H8S3 after eight 

heat cycles are shown in Figure 3-6 (c). These three different samples (300-0k S1,  

300-0k S2 and 300-0k S3) have the same formulation and were manufactured using 

the same foaming conditions. All three samples were regenerated at 300 ℃ prior to all 

adsorption experiments.  

Figure 3-6 (a) shows the changes in the breakthrough curves after one, three, four and 

eight heat cycles for 300-0k S1 and Figure 3-6 (b) shows the changes in the 

breakthrough curves after three, four, six and eight heat cycles for 300-0k S2. The 

equilibrium loading of 300-0k S1and 300-0k S2 increased by 0.0074 g g-1 from the 

first to the eighth heat cycle and by 0.0058 g g-1 from the third to the eighth heat cycle 

respectively. This shows that that the heat cycles had a negligible effect on the 

breakthrough curves for both 300-0k S1 and 300-0k S2. Figure 3-6 (c) shows that the 

breakthrough curves generated using 300-0k H8S1, 300-0k H8S2 and 300-0k H8S3 

were reproducible and the percentage error in the adsorption performance was less 

than 3% amongst the three samples.  

 

Figure 3-7: Comparison of adsorption breakthrough curves obtained using 300-0k 

(without PVP), 300-10k (10k PVP (5 wt%)), 300-40k (40k PVP (5 wt%)) and 300-58k 

(58k PVP (5 wt%)) PI/13X (80 wt%) foams challenged with 4% vol. CO2 in air at  

20 ℃. 
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Figure 3-7 shows the 4% vol. CO2 adsorption breakthrough curves obtained after eight 

heat cycles using 300-0k (without PVP), 300-10k (10k PVP (5 wt%)), 300-40k (40k 

PVP (5 wt%)) and 300-58k (58k PVP (5 wt%)) PI/13X (80 wt%) foams. The 

breakthrough data such as 𝑡𝑏 and 𝑡𝑒𝑞, were obtained from the breakthrough curves 

shown in Figure 3-7. 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 ( 3-1 ) and ( 3-2 ) and these results are 

presented in Table 3-3. 𝑡𝑏 has been normalised against the adsorbent weight and was 

selected when CO2 concentration reached 1% of the initial concentration, 𝐶0. 𝑡𝑒𝑞 has 

been normalised against the adsorbent weight and was selected once a maximum of 

five consecutive 𝐶𝑡 𝐶0⁄  readings had been achieved. 

Table 3-3: CO2 adsorption properties of PI/13X (80 wt%) foams challenged with 4% 

vol. CO2 in air tested at 20 ℃ and at 500 mL min-1 (Each sample regenerated at  

300 ℃ prior to testing), 10k, 40k, 58k indicate different PVP molar mass, 5 wt% 

indicate PVP weight content in the foam.  

Sample 𝑡𝑏  (
𝑠

𝑔 13𝑋
) 𝑡𝑒𝑞 (

𝑠

𝑔 13𝑋
) 𝑞𝑏 (

𝑔 𝐶𝑂2
𝑔 13𝑋

) 𝑞𝑒𝑞 (
𝑔 𝐶𝑂2
𝑔 13𝑋

) 

300-0k 

(without PVP) 
43.0  166.1  0.026  0.039  

300-10k 

(10k PVP (5 wt%)) 
54.6 194.2 0.032 0.05 

300-40k 

(40k PVP (5 wt%)) 
39.4 156.8 0.024 0.037 

300-58k 

(58k PVP (5 wt%)) 
39.0 151.8 0.024 0.036 

 

Table 3-3 shows that the CO2 breakthrough time for 10k PVP foams was 54.6 s g-1, 

compared to 43.0 s g-1 for 300-0k. Therefore, the breakthrough loading for 10k PVP 

foams was 0.032 g g-1 and this was higher compared to 0.026 g g-1 for 300-0k. The 

equilibrium time for 10k PVP foams was 194.2 s g-1 compared to 166.1 s g-1 for  

300-0k. The equilibrium loading for 10k PVP foams was 0.05 g g-1 and this was higher 

compared to 0.039 g g-1 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 (Kim et al., 2005). In the presence of these domains, the 

diffusional pathway for the CO2 molecules is enhanced. This shows that the 10k PVP 
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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 loading of 40k PVP and 58k PVP foams were 0.024 g g-1 and the 

equilibrium loading for both foams were 0.037 g g-1 and 0.036 g g-1 respectively. It 

was found that 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) and thus a higher amount of PVP leaches out into the water 

bath during the pre-treatment process. This creates a greater amount of porosity in the 

skin compared to the foams prepared using 40k and 58k PVP. This observation was 

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

by Matsuyama et al., (2007). 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.  

The weight percentage of 10k, 40k and 58k PVP was increased to 10 wt% in the 

PI/13X (80 wt%) foams (300-10k,10 wt%, 300-40k,10 wt% and 300-58k,10 wt%) 

respectively in order to determine its’ effect on the adsorption capacity of the foams. 

The CO2 breakthrough curves generated by these foams were compared with 300-10k 

(10k PVP (5 wt%)), 300-40k (40k PVP (5 wt%)) and 300-58k (58k PVP (5 wt%)) 

PI/13X (80 wt%) foams. The breakthrough curves of 300-10k,10% (Figure 3-8 (a)), 

300-40k,10% (Figure 3-8 (b)) and 300-58k,10% (Figure 3-8 (c)) shifted to the right 

when compared to 300-10k, 300-40k and 300-58k respectively. 300-10k,10%  

(Figure 3-8 (a)) showed the greatest shift when compared to the 40k and 58k PVP 

foams. 
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(a) 

 
(b) 

 
(c) 

Figure 3-8: Effect of increasing percentage of (a) 10k PVP, (b) 40k PVP, (c) 58k PVP 

from 5 wt% to 10 wt% on adsorption properties of the PI/13X (80 wt%) foams. 
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Table 3-4 shows the 𝑡𝑏 and 𝑞𝑒𝑞 values calculated for PI/13X (80 wt%) foams 

containing 5 wt% PVP (300-10k, 300-40k, 300-58k) and PI/13X (80 wt%) foams 

containing 10 wt% PVP (300-10k,10%, 300-40k,10%, 300-58k, 10%), compared 

against each other and against 300-0k (PI/13X (80 wt%) foam without PVP).  

Table 3-4: Effect of increasing PVP content from 5 wt% (300-10k, 300-40k, 300-58k) 

to 10 wt% (300-0k,10%, 300-40k,10%, 300-58k,10%) on adsorption capacity of 10k, 

40k and 58k incorporated foams when compared to 300-0k (PI/13X (80 wt%) foam 

without PVP). 

 

The breakthrough time for 300-10k,10% was 67.7 s g-1, and this was 19.4% higher 

compared to 300-10k. The equilibrium loading for 300-10k,10% was 0.056 g g-1, and 

this was 10.7% higher compared to 300-10k. This can be seen in Table 3-4. As 

mentioned above, 300-10k (𝑞𝑒𝑞 = 0.05 g g-1) performed better than 300-0k  

(𝑞𝑒𝑞 = 0.039 g g-1). Therefore, the increment of 10k PVP content in the foams further 

improved the breakthrough time and equilibrium loading of 300-10k,10% foams 

compared to 300-0k. However, this trend was not observed for the breakthrough time 

of 300-40k,10% and 300-58k,10%. Although the breakthrough time of 300-40k,10% 

and 300-58k,10% increased by 7.3% and 5.6% compared to 300-40k and 300-58k 

respectively, the breakthrough times were still lower compared to 300-0k. However, 

the equilibrium loadings of 300-40k,10% and 300-58,10% had increased by 11.9% 

and 12.2% compared to 300-40k and 300-58k respectively, and were higher compared 

to 300-0k. This indicates that increasing the PVP content, improves the accessibility 

of the adsorptive molecules to the 13X active site. This could have been due to the 

PVP retention factor being reduced, which may have been caused by the leaching of 

larger quantities of the hydrophilic PVP that exist near the surface of the foam that is 

Sample 𝑡𝑏  (
𝑠

𝑔 13𝑋
) 

% increase 
𝑞𝑒𝑞 (

𝑔 𝐶𝑂2
𝑔 13𝑋

) 
% increase 

300-0k 43.0 ± 2.6% - 0.039 ± 2.7%  - 

300-10k 54.6 
19.4 

0.050 
10.7 

300-10k,10% 67.7 0.056 

300-40k 39.4 
7.3 

0.037 
11.9 

300-40k,10% 42.5 0.042 

300-58k 39.0 
5.6 

0.036 
12.2 

300-58k,10% 41.3 0.041 
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in contact with the water. Similar results were observed by Matsuyama et al., (2007) 

when the PVP content in the polysulfone membrane was increased.  

Although the retention factors for 10k, 40k and 58k may have been reduced at a higher 

PVP content, 10k PVP still has the lowest retention factor. Therefore, 300-10k,10% 

exhibited the highest equilibrium loading and breakthrough time. The effect of 

changing the operating temperature of the CO2 adsorption test on the breakthrough 

curve and the adsorption performance of 300-10k (10k PVP (5 wt%)) was analysed.   

3.3.4 Effect of Temperature on Adsorption Properties of PI/13X (80 wt%) 

Foam 

300-10k foams were tested at 20 ℃ and 25 ℃ using 4% CO2 in air, and compared to 

understand the effect it had on the adsorption performance of the foams. This can be 

seen in Figure 3-9. 

 

Figure 3-9: Effect of temperature on the adsorption properties of the 300-10k (10k 

PVP (5 wt%)) PI/13X (80 wt%) foams at 20 ℃ and 25 ℃. 

Figure 3-9 shows 300-10k, 25 ℃ (PI/13X (80 wt%) foam containing 5 wt% 10k PVP 

tested at 25 ℃) having a shorter breakthrough time compared to 300-10k, 20 ℃ 

((PI/13X (80 wt%) foam containing 5 wt% 10k PVP tested at 20 ℃). The adsorption 

properties (𝑡𝑏, 𝑡𝑒𝑞, 𝑞𝑏 and 𝑞𝑒𝑞) of 300-10k, 20 ℃ were compared against 300-10k,  

25 ℃ as shown in Table 3-5. 
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Table 3-5: CO2 adsorption properties of 300-10k (10k PVP (5 wt%)) PI/13X (80 wt%) 

foams challenged with 4% vol. CO2 in air at 20 ℃ and 25 ℃. 

Sample 
Temperature 

(°C) 
𝑡𝑏  (

𝑠

𝑔 13𝑋
) 𝑡𝑒𝑞  (

𝑠

𝑔 13𝑋
) 𝑞𝑏 (

𝑔 𝐶𝑂2
𝑔 13𝑋

) 𝑞𝑒𝑞 (
𝑔 𝐶𝑂2
𝑔 13𝑋

) 

300-10k, 

20 ℃ 
20 58.0 191.2 0.035 0.051 

300-10k, 

25 ℃ 
25 37.0 137.8 0.022 0.033 

 

Table 3-5 shows that the CO2 breakthrough time for the 300-10k foams decreased from 

58.0 s g-1 at 20 ℃ to 37.0 s g-1 at 25 ℃. The difference in breakthrough times was also 

evident in Figure 3-9. Similarly, the breakthrough and the equilibrium loading 

decreased from 0.035 g g-1 and 0.051 g g-1 at 20 ℃ respectively to 0.022 g g-1 and  

0.033 g g-1 at 25 ℃ respectively. Since adsorption is an exothermic process, lower 

temperatures are more favourable in achieving a higher adsorption capacity. An 

increase in temperature, results in the CO2 gas molecules to gain more energy and 

hence, diffuse faster. This in turn, causes a reduction in the number of CO2 gas 

molecules being trapped and held by the adsorption sites on the 13X zeolite surface. 

This trend was also observed by Cavenati et al., (2004) when they generated CO2 

isotherms using 13X zeolite extrudates at temperatures ranging from 25 ℃ to 50 ℃.  

3.3.5 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 the PI binder could also mask the adsorbent active sites. As 

model gas 4% vol. CO2 in air was used to challenge the PI/13X (80 wt%) foam samples 

during the dynamic adsorption experiments, it is possible that N2 adsorption could 

interfere with CO2 adsorption. PI/13X (80 wt%) foams were tested to determine if there 

was interference to CO2 adsorption caused by the presence of PI and N2. Figure 3-10 

presents the IGA adsorption isotherms obtained using pure CO2 for 13X zeolite 

powder, PI foam (without 13X zeolite), 300-0k (without PVP), 300-10k (10k PVP  

(5 wt%)), 300-40k (40k PVP (5 wt%)) and 300-58k (58k PVP (5 wt%)) PI/13X  

(80 wt%) foams with error bars. An isotherm was also predicted for a PI/13X (80 wt%) 

foam sample, by taking a weighted average of the 13X zeolite isotherm and the PI 

foam isotherm as shown in Equation ( 3-3 ). Since the actual PI/13X foam samples 
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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 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡 𝑝𝑜𝑤𝑑𝑒𝑟) +

(0.2 × 𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 𝑢𝑝𝑡𝑎𝑘𝑒 𝑏𝑦 𝑃𝐼 𝑓𝑜𝑎𝑚)   
( 3-3 ) 

  

 
(a) 

 
(b) 
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(c) 

 
(d) 

 

Figure 3-10: CO2 adsorption isotherms of 13X zeolite powder (Reproducibility,  

n = 2), pure PI foam (Reproducibility, n = 2), ‘Weighted Average’ PI/13X (80 wt%) 

foam sample, (a) 300-0k (Reproducibility, n = 3), (b) 300-10k (Reproducibility,  

n = 3), (c) 300-40k (Reproducibility, n = 3), (d) 300-58k (Reproducibility, n = 3) up 

to 1000 mbar at 20 ℃, Error bars included. 
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As shown in Figure 3-10, typical type I isotherms were observed for all the samples 

tested. This characteristic is typical of micro-porous materials. Figure 3-10 clearly 

shows that over the low-pressure range (0 - 100 mbar), CO2 adsorption occurs rapidly 

and approaches equilibrium as the pressure continues to increase. The adsorption 

capacities of 13X zeolite powder, 300-0k, 300-10k, 300-40k and 300-58k were 

determined from the isotherms (Figure 3-10) and presented as shown in Table 3-6.  

Table 3-6: CO2 adsorption capacity of 300-0k (without PVP), 300-10k (10k PVP  

(5 wt%)), 300-40k (40k PVP (5 wt%)) and 300-58k (58k PVP (5 wt%)) PI/13X (80 

wt%) foams using IGA at 100 mbar and 1000 mbar at 20 ℃.  

Sample At 100 mbar (
𝑔 𝐶𝑂2

𝑔 13𝑋
) At 1000 mbar (

𝑔 𝐶𝑂2

𝑔 13𝑋
) 

Pure 13X 0.172 0.248 

‘Weighted Average’ 0.138 0.202 

300-0k 0.125 ± 1.7% 0.198 ± 1.3% 

300-10k 0.127 ± 2.0% 0.199 ± 2.8% 

300-40k 0.126 ± 0.58% 0.199 ± 0.74% 

300-58k 0.128 ± 1.2% 0.204 ± 0.87% 

 

As seen in Table 3-6, the adsorption capacity of 300-0k, 300-10k, 300-40k and  

300-58k, increased from approximately 0.13 g g-1 at 100 mbar to 0.2 g g-1 at  

1000 mbar. Similarly, the adsorption capacity of 13X zeolite powder increased from 

approximately 0.17 g g-1 at 100 mbar to 0.25 g g-1 at 1000 mbar. With the PI foam, 

negligible uptake of CO2 was observed. As expected, the adsorption isotherms 

obtained from the 0k, 10k, 40k and 58k PVP foam samples were lower compared to 

the 13X zeolite powder isotherm. Figure 3-10 shows that the ‘Weighted Average’ 

isotherm of the PI/13X (80 wt%) foam was slightly higher than the measured 

adsorption isotherm of 300-0k, 300-10k, 300-40k and 300-58k. The loss of adsorption 

capacity observed could be due to the presence of the polyimide masking the zeolite 

surface. For further supporting evidence, SEMs of the cross - section of 300-0k,  

300-10k, 300-40k and 300-58k foam structures were analysed as shown in Figure 3-11. 

13X zeolite with cubic crystals were observed in all four formulations. The cubic 

morphology of 13X was confirmed by Sowunmi et al., (2018) where they analysed 

SEMs of commercial 13X zeolite powder. Thin film - like structures were also 

observed between the 13X crystals in all four formulations. This could be the 

polyimide holding the 13X crystals within the foam structure. Some of the zeolite 
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crystals were observed to have been coated with a thin polymeric layer. This may have 

resulted in a loss of adsorption capacity due to the CO2 not being able to access the 

zeolite surface. 

  

(a) (b) 

  

(c) (d) 

 

Figure 3-11: Scanning electron micrographs of the cross-section of (a) 300-0k 

(without PVP), (b) 300-10k (10k PVP (5 wt%)), (c) 300-40k (40k PVP (5 wt%)), (d) 

300-58k (58k PVP (5 wt%)) PI/13X (80 wt%) foam samples at a magnification of 

×3000. 

As seen in Table 3-6, at 100 mbar, the adsorption capacity of the ‘Weighted Average’ 

isotherm was approximately 7 - 9.5% higher compared to the measured isotherm of 

300-0k, 300-10k, 300-40k and 300-58k. However, at 1000 mbar, the adsorption 

capacity of the ‘Weighted Average’ isotherm was similar to the measured isotherm of 

300-0k, 300-10k, 300-40k and 300-58k. 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 powder. This similar trend was seen in a 

study that was carried out by Hauchhum and Mahanta, (2014) for commercial 13X 

zeolite powder at 25 ℃ using 13.8 vol% CO2 in air. However, the adsorption capacity 
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obtained by Hauchlum and Mahanta was lower compared to the adsorption capacities 

observed in our study (Figure 3-10) due to the higher operating temperature and lower 

CO2 concentration.  

In order to ensure that there is an even distribution of 13X zeolite powder throughout 

the foams, samples from the top and bottom end of 300-0k, 300-10k, 300-40k and  

300-58k were tested using the IGA. The isotherms generated can be seen in Figure 

3-12 and the difference in adsorption capacity at 1000 mbar between the top and 

bottom sample can be seen in Table 3-7. 

  

(a) (b) 

  

(c) (d) 

Figure 3-12: CO2 isotherms generated at 20 ℃ and up to 1000 mbar using the IGA 

for (a) 300-0k, (b) 300-10k, (c) 300-40k, (d) 300-58k foam samples obtained from the 

top and bottom end of the foams to show even distribution of 13X zeolite. 

Figure 3-12 shows a slight difference in adsorption isotherms between the top and 

bottom foam samples for the four formulations. A percentage difference in adsorption 

capacity between the top and bottom sample obtained for each formulation ranged 

from approximately 4 - 8% as shown in Table 3-7 across the four formulations. These 

discrepancies could be due to the slight variation in the distribution of the 13X zeolite 
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throughout the foam. However, the effect it has on the adsorption capacity of the foam 

is insignificant.  

Table 3-7: Difference in adsorption capacity at 1000 mbar between the top and bottom 

end of 300-0k, 300-10k, 300-40k and 300-58k PI/13X foams. 

Sample At 1000 mbar (
𝑔 𝐶𝑂2

𝑔 13𝑋
) 

% Difference at 1000 

mbar 

300-0k, Top 0.195 
4.4 

300-0k, Bottom 0.204 

300-10k, Top 0.195 
7.6 

300-10k, Bottom 0.211 

300-40k, Top 0.197 
6.5 

300-40k, Bottom 0.185 

300-58k, Top 0.208 
5.3 

300-58k, Bottom 0.197 

 

300-10k foams were tested with pure N2 to determine CO2/N2 selectivity as they were 

the best performing. CO2 isotherms were also generated for a PI/13X (85 wt%) foam 

and the corresponding ‘weight adjusted’ isotherm was obtained using Equation  

( 3-3 ). However, the 13X : PI ratio was 0.85 : 0.15 instead of 0.8 : 0.2. Adsorption and 

selectivity performance of 13X beads (Park et al., 2016) were obtained from literature 

and compared against 300-10k.  

Figure 3-13 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 and the PI/13X (85 wt%) foam sample increased 

by 0.01 g g-1. However, this Chapter concentrated on PI/13X (80 wt%) foam since it 

is comparable to commercially supplied adsorbents (20 wt% ceramic binder/80 wt% 

13X). The data presented for UOP 13X beads in Figure 3-13 were obtained from Park 

et al., (2016). 
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Figure 3-13: CO2 adsorption isotherms of ‘Weighted Average’ PI/13X (85 wt%) foam 

sample, PI/13X (85 wt%) foam, UOP 13X beads (Park et al., 2016), 300-10k and 300-

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

The 13X beads had an adsorption capacity of approximately 0.2 g g-1 at 1000 mbar 

and this was similar to the adsorption capacity obtained by 300-10k foam. This shows 

that both 300-10k foam and the commercial UOP 13X beads exhibit an adsorption 

performance that is comparable to each other.  

Unlike the CO2 uptake observed with 300-10k, the foam sample showed very low 

uptake of N2 as seen in Figure 3-13. The ideal adsorption solution theory (IAST) was 

used to predict the CO2/N2 selectivity for a binary gas mixture (Pires et al., 2008):  

𝑆𝐶𝑂2/𝑁2 = (
𝑞𝑒𝑞

𝑦𝐶𝑂2
) (

𝑞𝑒𝑞,𝑁2

𝑦𝑁2
)⁄   ( 3-4 ) 

 

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.  
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Figure 3-14: Comparison of equilibrium adsorption capacity and CO2/N2 selectivity 

of 300-10k foam against different adsorbents at 25 ℃ (unless otherwise shown in the 

figure) and 1 bar for a flue gas mixture (85% N2, 15% CO2).  

Figure 3-14 compares the adsorption performance and the CO2/N2 selectivity of 300-

10k with other adsorbents from literature. Since the selectivity values of Bamboo-1-

973 (Wei et al., 2012), PC (Cai et al., 2014), K4-700 (Hu et al., 2011), PC-2 (Wang et 

al., 2012), NPC-650 (Wang et al., 2013), OM-CNS (Chen, Yu, et al., 2018), FC4 

(Chen, Huang, et al., 2018), CS-500-1.5 (Chen et al., 2015), AC (Zhang et al., 2016), 

PAC650/2 (Li et al., 2016), NPC-1-600 (Kou and Sun, 2016) and AC-KOH-N (Zhang 

et al., 2016) were for a flue gas mixture (85% N2, 15% CO2), the selectivity of  

300-10k (this work) and the UOP 13X beads (data obtained from Park et al., (2016)) 

were calculated for a flue gas mixture using Equation ( 3-4 ). As seen in Figure 3-14, 

most of the adsorbents obtained from literature had a lower adsorption capacity 

compared to 300-10k except for PAC650/2, NPC-1-600 and AC-KOH-N. However, 

all of the adsorbents had a lower selectivity compared to 300-10k foam. PI/13X  

(80 wt%) foam data show that regardless of the addition of PVP or increasing the PVP 

content, the improvement in adsorption capacity by the foams was not significant. As 

an alternative, carbonate systems were considered for improving the CO2 capacity of 

the foams as they have a much higher capacity for CO2 than 13X zeolite. 
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3.4 Improving CO2 Capacity  

As discussed in Section 2.3, KHCO3 was chosen to be incorporated into the foam 

structure as K2CO3 displayed a slower carbonation reaction rate compared to KHCO3. 

Additionally, a higher CO2 capacity was better achieved with K2CO3 that had been 

calcined from KHCO3 compared to K2CO3 powder. Therefore, by incorporating 

KHCO3 powder into the foam structure, KHCO3 would have been converted into 

K2CO3 upon regeneration of the bicarbonate foam. Alumina was introduced into the 

foam structure as it can capture more moisture and thus result in an increase in the 

carbonation reaction (K2CO3 to KHCO3) rate. Unlike 13X zeolite, alumina has a lower 

heat of adsorption of water which allows the regeneration of the bicarbonate foam 

structure to take place at lower temperatures. The manufactured bicarbonate foams 

were challenged with 4% vol. CO2 (with moisture) at different temperatures. The 

changes observed with KHCO3 present in the bicarbonate foams before and after 

regeneration were analysed using the SEM. 

3.5 Results & Discussions: PI/Alumina (40 wt%) - KHCO3 (40 wt%) 

Foams 

Table 3-8 lists the PI/Alumina (40 wt%) - KHCO3 (40 wt%) foam samples that were 

challenged with 4% vol. CO2 in air (with moisture) to generate breakthrough curves. 

Two types of alumina powders with particle sizes ranging from < 1 µm - 50 µm were 

used to provide a high surface area and controlled porosity for capturing moisture. 

Three different bicarbonate foams (20-Bicarb S1, 20-Bicarb S2 & 20-Bicarb S3) 

comprising of the same formulation were tested at 20 ℃ and compared against a  

300-0k (PI/13X (80 wt%)) foam after ten heat cycles. This was done to study the 

changes in the adsorption performance of the foam sample when KHCO3 is used 

instead of 13X zeolite. Two different bicarbonate (32-Bicarb S1 and 32-Bicarb S2) 

foam samples with the same formulation were tested at 32 ℃ to determine the effect 

of heat cycles on the adsorption performance of the bicarbonate foams. Two different 

bicarbonate (45-Bicarb, S1 and 45-Bicarb, S2) foam samples with the same 

formulation were tested at 45 ℃ to study the effect temperature has on the 

breakthrough curves. All the foam samples were regenerated at 165 ℃ for 24 hours 

prior to the CO2 adsorption experiments.  
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Table 3-8: Adsorption performance of PI/Alumina (40 wt%) - KHCO3 (40 wt%) foam 

samples, Legend: 20, 32 and 45 indicate operating temperature (℃), Bicarb indicates 

bicarbonate, H indicates number of heat cycles and S indicates different foam sample 

but with the same formulation. 

CO2 Adsorption Experiment (Section 3.5.2) 

Regeneration 

Temperature 

(℃) 

Operating 

Temperature 

(℃) 

Alumina 

Content 

KHCO3 

Content 
Sample Name 

165 

20 

40 wt% 40 wt% 

20-Bicarb, H10S1 

20-Bicarb, H10S2 

20-Bicarb, H10S3 

32 

32-Bicarb, H1S1 

32-Bicarb, H2S1 

32-Bicarb, H4S1 

32-Bicarb, H6S1 

 

32-Bicarb, H1S2 

32-Bicarb, H2S2 

32-Bicarb, H4S2 

32-Bicarb, H6S2 

45 

45-Bicarb, S1 

 

45-Bicarb, S2 

 

3.5.1 SEM Analysis 

SEM images of potassium carbonate (K2CO3) derived from KHCO3 (regenerated at 

165 ℃ for 24 hours, Figure 3-15 (a) and (b)) and pure KHCO3 powder (Figure 3-15 

(d) and (e)) were first taken to assess the appearance of the particles. This was done to 

determine how the structure of KHCO3 changes after regeneration. SEM images of 

bicarbonate foam samples after regeneration (Figure 3-15 (c)) and after testing with 

CO2/moisture (Figure 3-15 (f)) were also taken to verify if the changes observed in the 

powder were observed in the bicarbonate foam samples. 
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(a) (d) 

  

(b) (e) 

  
(c) (f) 

Figure 3-15: K2CO3 derived from KHCO3 powder by regenerating at 165 ℃ for 24 

hours (a) ×100, (b) ×3000, (c) KHCO3 polyimide foam after regeneration at 165 ℃ 

for 24 hours (×3000), Pure KHCO3 powder (d) ×100, (e) ×3000, (f) KHCO3 

polyimide foam after being exposed to CO2 and moisture (×1000). 

Both K2CO3 regenerated from KHCO3 powder and KHCO3 powder have a similar 

‘pebble - like’ appearance at a magnification of ×100 as observed in Figure 3-15 (a) 

and (d) respectively. Upon closer inspection at a magnification of ×3000, the surface 

of K2CO3 regenerated from KHCO3 powder, had a porous ‘brain - like’ appearance 
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(Figure 3-15 (b)). Whereas, the surface of KHCO3 powder was smooth and non-porous 

with the presence of white specks on the surface (Figure 3-15 (e)). Particles with the 

porous ‘brain - like’ appearance was present in the bicarbonate foam after it had been 

regenerated at 165 ℃ for 24 hours as observed in Figure 3-15 (c). This suggests that 

the KHCO3 powder that had been incorporated into the foam had transitioned to the 

K2CO3 state. Zhao et al., (2010a) also confirmed the formation of particles with slots 

distributed on the surface of the sorbent when KHCO3 powder was calcined at 200 ℃. 

‘White speckled pebble - like’ particles were also observed in the KHCO3 foam after 

it had been exposed to CO2/moisture. This suggests that K2CO3 had transitioned to 

KHCO3 upon being exposed to CO2/moisture and this was observed in Figure 3-15 (f). 

3.5.2 Adsorption Performance of PI/Alumina (40 wt%) - KHCO3  

(40 wt%) 

The breakthrough curves generated by the 300-0k and the bicarbonate foams can be 

seen in Figure 3-16. The achieved equilibrium loadings of the respective foams were 

calculated using Equation ( 3-1 ) and presented in Table 3-9. In order to determine if 

there was an improvement in the CO2 adsorption capacity by incorporating KHCO3 

instead of 13X in the foam, 300-0k (PI/13X (80 wt%) without PVP) foam was used as 

a comparison. Three bicarbonate foam samples (20-Bicarb H10S1, 20-Bicarb H10S2 

and 20-Bicarb H10S3) with the same formulation were compared with 300-0k H10 

after ten heat cycles. 300-0k was regenerated at 300 ℃ prior to the CO2 adsorption test 

and tested with 4% vol. CO2 in air only (no moisture) at 20 ℃. Whereas the 

bicarbonate foam samples were regenerated at 165 ℃ prior to the adsorption test and 

tested with 4% vol. CO2 in air (with moisture) at 20 ℃.  
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Figure 3-16: Comparison of adsorption breakthrough curves obtained using 300-0k 

(PI/13X (80 wt%)) challenged with only 4% vol. CO2 in air and three 20-Bicarb 

(PI/Alumina (40 wt%) - KHCO3 (40 wt%)) samples challenged with 4% vol. CO2 in 

air (with moisture) at 20 ℃, Legend: 300 indicates the regeneration temperature (℃), 

20 indicates the operating temperature (℃), H indicates number of heat cycles, S 

indicates different foam sample but with the same formulation. 

Figure 3-16 shows that the three samples of 20-Bicarb showed a similar type of 

breakthrough curve compared to 300-0k. The 𝐶𝑡 𝐶0⁄  value reduced to below 0.05 

before rising back up to 0.7 - 0.9 on the y-axis. After 50 s g-1, the increment of 𝐶𝑡 𝐶0⁄  

was very slow. During this ‘slow increment’ part of the breakthrough curve, CO2 

uptake was still taking place as 𝐶𝑡 𝐶0⁄  did not immediately increase to 1. Table 3-9 

shows that although a sharp breakthrough time was not observed, the equilibrium 

loading (calculated using Equation ( 3-1 )) achieved by 20-Bicarb H10 was 0.085 ± 

0.01 g g-1 compared to 300-0k H10 which had an equilibrium loading of only  

0.041 g g-1.  

This shows that compared to using PVP to enhance the CO2 capacity, regenerated 

KHCO3 has a much more significant effect on the CO2 adsorption capacity of the foam. 

The lack of breakthrough time observed with 20-Bicarb may be due to the low 

operating temperature used. Since CO2 uptake is based on a reaction, temperature is 

key to increasing the rate of carbonation (K2CO3 to KHCO3, forward reaction to 

remove CO2). 
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Table 3-9: Comparison of equilibrium loading of three 20-Bicarb H10 (PI/Alumina 

(40 wt%) - KHCO3 (40 wt%)) samples challenged with 4% vol. CO2 in air (with 

moisture) against 300-0k H10 (PI/13X (80 wt%)) challenged with only 4% vol. CO2 in 

air at 20 ℃ after ten heat cycles, Legend: 20 indicates the operating temperature (℃), 

300 indicates the regeneration temperature (℃), H indicates the number of heat 

cycles. 

Sample 𝑞𝑒𝑞 

20-Bicarb H10 0.085 ± 0.01 (
𝑔 𝐶𝑂2

𝑔 𝐾2𝐶𝑂3
) 

300-0k H10 0.041 (
𝑔 𝐶𝑂2

𝑔 13𝑋
) 

 

At 20 ℃, the carbonation reaction is slow and thus, the CO2/moisture may have passed 

through majority of the foam without reacting with the carbonate. Therefore, after 

approximately 50 s g-1, Figure 3-16 shows that the curve had stopped increasing 

quickly which could mean that the conversion of K2CO3 to KHCO3 had started to take 

place. In order for the carbonation reaction to occur at a faster rate, the operating 

temperature was increased to 32 ℃ and the effect of heat cycles on the adsorption 

capacity of the bicarbonate foams were studied. 

Two bicarbonate samples (32-Bicarb S1 and 32-Bicarb S2) were challenged with 4% 

vol. CO2 in air (with moisture) at 32 ℃. Figure 3-17 (a) and (b) shows the effect of 

heat cycles on the breakthrough curves obtained from 32-Bicarb S1 and 32-Bicarb S2 

respectively and the corresponding equilibrium loadings are shown in Table 3-10. The 

two different PI/Alumina (40 wt%) - KHCO3 (40 wt%) samples with the same 

formulation were manufactured using similar foaming conditions as described in 

Section 3.1.3. Prior to all adsorption experiments, both foam samples were regenerated 

at 165 ℃ for 24 hrs. The adsorption experiments were performed for four hours.  
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(a) 

 
(b) 

Figure 3-17: Effect of the heat cycles on adsorption breakthrough curves of two 

samples of PI/Alumina (40 wt%) - KHCO3 (40 wt%) challenged with 4% vol. CO2 in 

air (with moisture) at 32 ℃ in four hours after six heat cycles (a) 32-Bicarb S1, (b) 

32-Bicarb S2, Legend: 32 indicates the operating temperature (℃), H indicates the 

number of heat cycles and S indicates different foam sample but with the same 

formulation. 

For both 32-Bicarb H1S1 (Figure 3-17 (a)) and 32-Bicarb H1S2 (Figure 3-17 (b)), 

𝐶𝑡 𝐶0⁄  reduced to below 0.05 and this was similar to the bicarbonate foam samples 

tested at 20 ℃ (Figure 3-16). Due to the slow carbonation reaction, 𝐶𝑡 𝐶0⁄  rose back 

up to approximately 0.4 - 0.5 for both 32-Bicarb H1S1 (Figure 3-17 (a)) and 32-Bicarb 

H1S2 (Figure 3-17 (b)). However, the increase in the operating temperature (20 ℃ to 

32 ℃), caused the conversion of K2CO3 to KHCO3 to begin earlier. This was evident 
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from the 𝐶𝑡 𝐶0⁄  rising back up to approximately 0.4 - 0.5 at 32 ℃ (Figure 3-17) which 

was lower compared to 𝐶𝑡 𝐶0⁄  rising up to 0.7 - 0.9 at 20 ℃ (Figure 3-16).  

At approximately 25 s g-1, a slight dip was observed for both 32-Bicarb H1S1  

(Figure 3-17 (a)) and 32-Bicarb H1S2 (Figure 3-17 (b)) before a slow rise in 𝐶𝑡 𝐶0⁄  

was observed. As the heat cycles increased, the value to which 𝐶𝑡 𝐶0⁄  rose back to 

decreased. At the sixth heat cycle, both 32-Bicarb S1 (Figure 3-17 (a)) and  

32-Bicarb S2 (Figure 3-17 (b)) no longer exhibited the drop, rise and drop trend and 

instead stayed down after 𝐶𝑡 𝐶0⁄  had reduced to below 0.05 on the y-axis. This suggests 

that as the heat cycles increase, the carbonation reaction (K2CO3 to KHCO3) rate to 

remove CO2 is improved. Similar to the significant improvements observed in the 

shape of the breakthrough curves for both 32-Bicarb S1 (Figure 3-17 (a)) and  

32-Bicarb S2 (Figure 3-17 (b)), Table 3-10 showed an overall 55.3% improvement in 

the equilibrium loading from the first to the sixth heat cycle.  

Table 3-10: Average equilibrium loading of two PI/Alumina (40 wt%) - KHCO3  

(40 wt%) samples challenged with 4% vol. CO2 in air (with moisture) at 32 ℃ in four 

hours after six heat cycles, Legend: 32 indicates the operating temperature (℃), H 

indicates the number of heat cycles. 

Sample 𝑞𝑒𝑞 (
𝑔 𝐶𝑂2
𝑔 𝐾2C𝑂3

) 

32-Bicarb, H1 0.067 ± 0.0053 

32-Bicarb, H2 0.086 ± 0.0016 

32-Bicarb, H4 0.13 ± 0.011 

32-Bicarb, H6 0.15 ± 0.0035 

 

Between the second and fourth heat cycle, the increment in equilibrium loading of 

33.8% was the largest. After which the increment in the equilibrium loading was 

reduced to 13.3% between the fourth and sixth heat cycle. The improvement in CO2 

adsorption capacity may be due to K2CO3 having a porous ‘brain - like’ appearance 

(Figure 3-15 (c)) when the bicarbonate foam was regenerated. With each heat cycle, 

the porosity of the structure (K2CO3 regenerated from KHCO3) increases and thus 

more moisture is trapped. This in turn results in an increase in accessibility for CO2 to 

react with K2CO3. Thus, reflecting the improvement in CO2 capacity with increasing 

heat cycles. This was confirmed by Zhao et al., (2010a) where they found that K2CO3 
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calcined from KHCO3 had the largest surface area and pore volume, owing to the 

presence of mesopores and thus resulted in the highest moisture uptake.  

Although a higher temperature (32 ℃) was used, 32-Bicarb H1 (Table 3-10) had a 

lower equilibrium loading of 0.067 g g-1 compared to 20-Bicarb H10 (Table 3-9, tested 

at 20 ℃) which had an equilibrium loading of 0.085 g g-1. This is due to the effect of 

the difference in the number of heat cycles, where the equilibrium loading of  

0.085 g g-1 (20-Bicarb H10) was achieved after ten heat cycles whilst the equilibrium 

loading of 0.067 g g-1 (32-Bicarb H1) was achieved after only one heat cycle. This 

shows that by increasing the operating temperature from 20 ℃ (Table 3-9) to 32 ℃ 

(Table 3-10), two heat cycles were sufficient to achieve an equilibrium loading of 

0.085 g g-1. This suggests that compared to the effect of heat cycles, the increase in 

temperature from 20 ℃ to 32 ℃, resulted in a greater improvement in the adsorption 

capacity and the shape of the breakthrough curves of the bicarbonate foams.  

Since the bicarbonate foams have stabilised, CO2 breakthrough curves were generated 

at a higher operating temperature of 45 ℃ to confirm the effect of the operating 

temperature on the adsorption performance of the bicarbonate foams.  

 

Figure 3-18: Effect of temperature on adsorption breakthrough curves of two samples 

(45-Bicarb S1 and 45-Bicarb S2) of PI/Alumina (40 wt%) - KHCO3 (40 wt%) 

challenged with 4% vol. CO2 in air (with moisture) at 45 ℃ in four hours, Legend: 45 

indicates the operating temperature (℃) and S indicates different foam sample but 

with the same formulation. 
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As shown in Figure 3-18, the increase in operating temperature to 45 ℃, resulted in 

𝐶𝑡 𝐶0⁄  to reduce to zero directly. The breakthrough curves of 45-Bicarb S1 and  

45-Bicarb S2 were compared in Figure 3-18 to show reproducibility. Both curves were 

similar in shape with a slight difference after approximately 275 s g-1. The 

discrepancies could be due to the slight variation between the samples. Table 3-11 

shows the average equilibrium loading of 45-Bicarb S1 and 45-Bicarb S2. 

Table 3-11: Average equilibrium loading of two PI/Alumina (40 wt%) - KHCO3  

(40 wt%) foams challenged with 4% vol. CO2 in air (with moisture) at 45 ℃ in four 

hours, Legend: 45 indicates the operating temperature (℃). 

Sample 𝑞𝑒𝑞 (
𝑔 𝐶𝑂2
𝑔 𝐾2C𝑂3

) 

45-Bicarb 0.19 ± 0.0066 

 

By increasing the operating temperature from 20 ℃ to 32 ℃, a 43.3% increment in 

equilibrium loading was observed. As the operating temperature was increased from 

32 ℃ to 45 ℃, a further 21.1% increment in equilibrium loading was observed. The 

increase in the operating temperature, increased the rate of carbonation and thus a 

higher adsorption capacity was achieved within the same four hours. However, as the 

operating temperature increases, it can be seen that the percentage increment in the 

equilibrium loading is starting to decrease. This is due to the carbonation reaction 

being reversible and exothermic and thus, there is a limit to increasing the operating 

temperature. Eventually, the percentage difference in equilibrium loading would 

become a negative value where the regeneration (KHCO3 to K2CO3) reaction would 

be more favoured. This was confirmed by Zhao et al., (2010b) where they found that 

operating at a temperature greater than 60 ℃ caused the maximum reaction rate to 

increase but the conversion (K2CO3 to KHCO3) rate to decrease. By operating at higher 

temperatures, fewer heat cycles are sufficient before the CO2 adsorption capacity starts 

to stabilize. However, it needs to be ensured that the operating temperature is 

promoting the carbonation reaction instead of the regeneration reaction.  

3.5.3 Effect of Regeneration Temperature on Adsorption Capacity of 

KHCO3 Foams  

Figure 3-19 shows the effect regeneration temperature has on the CO2 adsorption 

capacity of the KHCO3 foams. Similar to the operating temperature having an impact 
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on the CO2 adsorption capacity of the bicarbonate foams, the regeneration temperature 

was varied to determine if the same capacity obtained in Table 3-11 could still be 

achieved by using a lower regeneration temperature. The KHCO3 foams were 

regenerated at 100 ℃, 120 ℃ and 130 ℃ and compared with the adsorption 

performance of the foams when regenerated at the original regeneration temperature, 

165 ℃. The bicarbonate foams were then tested with CO2/moisture at 45 ℃.  

 

Figure 3-19: Effect of regeneration temperature on CO2 capacity of KHCO3 foams 

tested with 4% vol. CO2 in air (with moisture) at 45 ℃ and 1 bar in four hours, line 

serves as a visual aid for observing the trend. 

The line connecting the data points in Figure 3-19 serves as a visual aid for observing 

the trend. As shown in Figure 3-19, regenerating temperatures below 130 ℃ resulted 

in a steep decline in the achieved CO2 capacity. However, at 130 ℃, the bicarbonate 

foams achieved a CO2 capacity of 17.7 wt% which was slightly lower compared to the  

19.1 wt% achieved when the foams were regenerated at 165 ℃. With the foams being 

regenerated in air, the amount of moisture in the environment would be variable 

compared to using a controlled environment. At lower regeneration temperatures such 

as 100 ℃ and 120 ℃, the presence of some moisture in the environment may have 

resulted in only a small proportion of the alumina and the bicarbonate to be 

regenerated. Therefore, this could have resulted in a reduction in the CO2 capacity of 

the foams. Regardless of the presence of moisture, increasing the regeneration 

temperature resulted in a larger proportion of the alumina and the bicarbonate to be 

regenerated. Therefore, an increase in the CO2 capacity of the foams was observed. 

The relationship between humidity and the regeneration temperature used, was 
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confirmed by Axens, (2011) and Green et al., (2002) where they regenerated alumina 

and carbonate at temperatures ranging from 160 - 220 ℃ and 130 - 150 ℃ respectively 

at different levels of humidity. Although there is a slight loss in CO2 capacity between 

130 ℃ and 165 ℃, a compromise can be made by selecting a regeneration temperature 

that allows a high adsorption capacity to be achieved using a lower regeneration 

temperature.  

3.6 Summary  

In this Chapter, polyimide (PI)/13X (80 wt%) and PI/Alumina (40 wt%) - KHCO3  

(40 wt%) foams were successfully fabricated and tested with 4% CO2 in air 

(with/without moisture). Thermal analysis of a pure PI foam and 13X powder showed 

that 300 ℃ was a suitable regeneration temperature as it was a good balance between 

regenerating the 13X zeolite as well as avoiding thermal degradation of the PI. The 

PI/13X (80 wt%) foams were regenerated at 300 ℃ prior to testing the foams at 20 ℃ 

to examine the CO2 adsorption capacity of the foams. 

CO2 breakthrough curves were generated using PI/13X (80 wt%) foam containing  

5 wt% and 10 wt% polyvinylpyrrolidone (PVP) pore former with a molecular weight 

of 10k Da, 40k Da and 58k Da. The study showed that 10k PVP foams showed the 

highest adsorption capacity compared to a PI/13X (80 wt%) foam due to its low 

retention factor. However, the overall results from both the breakthrough curves and 

the IGA analysis showed that the incorporation of PVP into the foam structure, did not 

result in a significant improvement in CO2 adsorption capacity. From the IGA data, 

CO2/N2 selectivity and adsorption performance of the 13X foams were found to be 

similar to commercial 13X beads.   

In order to significantly boost the CO2 adsorption capacity of the foams, potassium 

bicarbonate (KHCO3) and alumina were incorporated into the polyimide foam instead 

of 13X zeolite. By using KHCO3, the regeneration temperature of the foams could be 

lowered to 165 ℃ and the CO2 adsorption capacity was improved by approximately 

74% compared to the 10k PVP foams. SEM analysis of K2CO3 regenerated from 

KHCO3 showed the formation of highly porous structures which enabled the capture 

of moisture and thus aid in improving the CO2 adsorption capacity of the KHCO3 

foams. 
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4 Development and Analysis of HiSiv Zeolite - Polyimide 

Adsorbent Foams for VOC Removal 

Although 13X zeolite can adsorb hydrocarbons, its adsorption capacity for 

hydrocarbons is limited by the presence of water due to its hydrophilic nature. 

Therefore, HiSiv 3000 and HiSiv 1000 zeolites were selected for comparison against 

the 13X zeolite as they are hydrophobic and have a high capacity for organics. This 

Chapter discusses the development and testing of HiSiv 3000 and HiSiv 1000 

adsorbent foams challenged with model gas 1000 ppmv butane in nitrogen. Butane 

breakthrough curves were generated to understand the adsorption performance of the 

HiSiv foams. The HiSiv adsorbent foams were also tested with a range of gases with 

different molecular sizes such as cyclohexane, hexane and CO2.  

4.1 Materials & Methods 

4.1.1 Materials 

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

99%, NMP), silicon oil (viscosity 350 cSt), triethanolamine (TEOA, Amine catalyst), 

dibutyltin dilaurate (DBTDL, Tin catalyst) and poly [(phenyl isocyanate)-co-

formaldehyde] (Isocyanate) were all supplied by Sigma-Aldrich. HiSiv 3000 (Si/Al: ~ 

800) and HiSiv 1000 (Si/Al: 35 - 40) powder were supplied by Honeywell UOP. The 

adsorptive gas for adsorption and isotherm experiments, butane (1000 ppmv) in 

nitrogen and pure CO2 were supplied by BOC Ltd. (UK). Cyclohexane and hexane 

were supplied as liquids from Sigma-Aldrich. 

4.1.2 HiSiv 3000, HiSiv 1000 and HiSiv 3000 - HiSiv 1000 Composite Foam 

Preparation 

The first mixture was prepared by mixing PMDA (5 g), NMP (40 - 45 mL), distilled 

water (3 - 4 mL), amine catalyst (~50 µL) and silicon oil (1 - 2 g) using a homogeniser 

at 6500 rpm for 30 seconds. Then HiSiv 3000 zeolite (40 g), additional NMP  

(40 - 50 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. The second 

mixture was then added to 5 g of isocyanate and mixed using the homogenizer at 6500 

rpm for 5 seconds. Similar to the foaming process of other foams presented so far in 

this thesis, the PI foam containing the HiSiv zeolites was synthesized via the 



92 

 

simultaneous ‘blowing’ and polymerisation reaction. A detailed description of the 

foaming process has been explained in Section 2.6. The foaming process takes 

approximately 10 - 15 seconds for the mixture to rise and polymerise. The polymerised 

HiSiv 3000 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. PI (20 wt%)/13X  

(80 wt%) foams were used as a comparison for butane adsorption against HiSiv 

adsorbent foams. The additional water content (Table 4-1) required for the formulation 

was adjusted based on the thermal analysis (Figure 4-2) of the HiSiv 3000 and  

HiSiv 1000 powders. This manufacturing technique and formulation was also used to 

prepare PI (20 wt%)/HiSiv 1000 (80 wt%) and PI (20 wt%)/HiSiv 3000 (40 wt%) - 

HiSiv 1000 (40 wt%) composite foams mentioned in Table 4-2. 

Table 4-1: Variation in foam formulation based on 13X and HiSiv 3000 zeolite.  

 

PI/13X (80 wt%) 

foam Figure 3-4 

(e) 

 

Figure 4-3 (a) 

PI/HiSiv 3000 

(80 wt%) foam 

 

Figure 4-3 (b) 

PI/HiSiv 3000 (80 wt%) 

foam after water content 

adjustment 

Water content in 

zeolite powder 
0% 2.5% 

Bulk density of 

zeolite powder 

(g cm-3) 

(13X) 0.43a (HiSiv 3000) 0.65b 

Water content 

required for 

formulation 

(mL) 

10 - 15 0.5 - 2 3 - 4 

Zeolite content 80 wt% 

PI content 20 wt% 
aData from (Honeywell UOP, n.d.), bData from (Malhotra et al., 2005) 

4.2 Characterisation 

HiSiv 3000, HiSiv 1000, composite HiSiv 3000 - HiSiv 1000 and pure PI foams were 

analysed in this Chapter using a number of characterisation techniques such as the 

thermogravimetric analyser (TGA), dynamic vapour sorption (DVS), intelligent 

gravimetric analyser (IGA), scanning electron microscope (SEM) and dynamic butane 

adsorption experiments.  
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4.2.1 Thermogravimetric Analyser (TGA) 

A TGA (Setaram TG-92) was used to analyse the water content present in HiSiv 3000 

and HiSiv 1000 zeolite powder. A small alumina crucible was used to hold and weigh 

the samples on a microbalance in the insulated furnace at room temperature. Water 

was used to control the environment in the furnace and the system was purged using 

argon gas to remove gas contaminants that may have been present from the previous 

analysis. The samples were heated in nitrogen from 20 to 1000 ℃ at a rate of  

10 ℃ min-1. Using the same conditions, a blank thermogravimetry (TG) curve was 

generated with an empty alumina crucible as shown in Figure A. 1 (Appendix 1) and 

this was used to correct the TG measurements of the sample presented. From the 

recorded data, TG curves were obtained by plotting the change in the weight of the 

sample as a function of temperature. Further details regarding the analysis can be seen 

in Section 3.2.1. 

4.2.2 Dynamic Vapour Sorption (DVS) 

Pure cyclohexane and hexane adsorption properties of HiSiv 3000 and HiSiv 1000 

powders, pure PI foam, PI (20 wt%)/HiSiv 3000 (80 wt%), PI/HiSiv 1000 (80 wt%) 

and composite PI/HiSiv 3000 (40 wt%) - 1000 (40 wt%) foams were determined using 

a Dynamic Vapour Sorption Advantage 2 instrument (Surface Measurement Systems 

Ltd) at Dstl, Porton Down, by Martin Smith. The foam sample (20 - 30 mg) was 

crushed and loaded onto the sample holder and weighed using the built-in 

microbalance. The samples were pre-treated at 200 ℃ under nitrogen for 24 hours to 

remove water or gas contaminants that may have been present. The sample was then 

cooled to room temperature (20 ℃) and the dry mass of the sample was recorded. The 

adsorptive vapour was produced by bubbling dry air through a liquid reservoir 

(containing cyclohexane or hexane) and mixing the saturated vapour stream with dry 

air to produce a series of pre-programmed relative pressures. The adsorption isotherm 

data were obtained over a range of 0.01 - 0.95 relative pressure at 20 ℃. During the 

isotherm measurements, the sample weight was recorded at each relative pressure and 

allowed to equilibrate (defined as less than 0.01% change in sample weight per minute) 

before moving to the next relative pressure. Using the measured data, the equilibrium 

adsorption capacity of the samples was plotted as a function of relative pressure. 
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4.2.3 Intelligent Gravimetric Analyser (IGA) 

CO2 adsorption capacities of PI/13X (80 wt%), PI/HiSiv 3000 (80 wt%) foams and 

HiSiv 3000 powder were determined using a Hiden Intelligent Gravimetric Analyser 

(IGA-001). This analysis was performed to determine if CO2 could be adsorbed by 

HiSiv in the presence of VOC. The foam 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 (20 oC) 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 at 20 ℃.  

4.2.4 Scanning Electron Microscope (SEM) 

Scanning Electron Micrographs (SEM) of PI/HiSiv 3000 (80 wt%), PI/HiSiv 1000  

(80 wt%) and composite PI/HiSiv 3000 (40 wt%) - HiSiv 1000 (40 wt%) foam surfaces 

were obtained using the JEOL JSM 6480LV. The sample was placed in liquid nitrogen 

and sectioned using a blade so as to avoid changes to morphology of the foam. Carbon 

adhesive was used to hold the samples in place on a stainless-steel sample holder. They 

were then placed in a vacuum desiccator overnight to remove any residual gases 

present in the sample. Prior to the SEM analysis, the foam samples were coated with 

a thin layer of gold using the Edwards Sputter Coater S150B. 

4.2.5 Dynamic Adsorption Experiments (Butane) 

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

the adsorption properties of the adsorbent foams (Table 4-2) is shown in Figure 4-1. 

The butane apparatus consists of an adsorption column, feed gas flow system and a 

data logger for recording the butane 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 

butane to the column and to maintain the adsorption column at a constant pressure of 

1 bar. Prior to the adsorption experiment, the foams were regenerated at 300 ℃ for  
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24 hours with pure nitrogen gas flowing through the furnace. 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 butane only 

flows through the foam and not around the foam wall.  

As seen in Figure 4-1, a flame ionisation detector (FID) was used to monitor the inlet 

and outlet butane concentration. Initially, the butane flows through the bypass when 

valves V5 and V6 are closed. This was done to ensure that the inlet butane 

concentration and the desired flow rate had been achieved.  

 

Figure 4-1: Schematic of the butane adsorption apparatus. 

Along with butane (model gas), zero-grade air, pure nitrogen (carrier gas) and pure 

hydrogen (fuel gas) were passed through the FID. Zero-grade air and hydrogen were 

used to generate a hydrogen-air flame in the FID. Butane present in the exit stream 

from the adsorption column, passes through the hydrogen-air flame with the carrier 

gas. The flame ionises the butane which are in turn converted into a current that is 

proportional to the amount of sample that was burned. The current is detected by an 

electrometer within the FID, and converted into concentration (ppmv) and recorded by 
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the computer (Labview software) via a data logger. The outlet butane concentration 

was recorded every 2 minutes. Waste gas was removed by the ventilation system. The 

adsorbent foams were challenged with 1000 ppmv butane in nitrogen for all adsorption 

experiments. This can be seen in Figure 4-1. All 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, total 

weight: 50 - 60 g) with the same composition were used for each adsorption 

experiment as shown in Figure 4-1. The equilibrium loading, 𝑞𝑒𝑞 and breakthrough 

loading, 𝑞𝑏 of the foams, were calculated using Equations ( 3-1 ) and ( 3-2 ) 

respectively.  

4.3 Results & Discussions 

Table 4-2 lists the HiSiv 3000, HiSiv 1000 and HiSiv 3000 - HiSiv 1000 composite 

foam samples challenged with 1000 ppmv butane in nitrogen at 20 ℃ and 1 bar to 

generate breakthrough curves. Two different 13XF (PI/13X (80 wt%)) samples were 

tested for reproducibility to serve as a comparison against the HiSiv foams. The 

formulation used in Section 3.1.2 was used for both the 13XF samples. HiSiv 3000 

zeolite was incorporated into the polyimide foam structure to improve the butane 

adsorption performance of the foams.  

Table 4-2: Adsorption characterisation of PI/HiSiv 3000, PI/HiSiv 1000, composite 

PI/HiSiv 3000 - HiSiv 1000 and PI/13X zeolite foam samples, Legend: H indicates 

number of heat cycles and S indicates different foam sample but with the same 

formulation. HiS-3, HiS-1 and 13X refer to zeolite types. 

Regeneration 

Temperature 

(℃) 

Zeolite 

Type 

Zeolite 

Content 

PI 

Content 
Sample Name 

300 

HiSiv 3000 
80 wt% 

20 wt% 

HiS-3, H1 

HiS-3, H2 

HiS-3, H3 

HiS-3, S1 

HiS-3, S2 

HiSiv 1000 HiS-1 

HiSiv 3000 40 wt% 
HiS-3,1 

HiSiv 1000 40 wt% 

13X 80 wt% 
13XF, S1 

13XF, S2 
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Two different HiS-3 (PI/HiSiv 3000 (80 wt%)) samples with the same formulation 

were tested for reproducibility. HiS-1 (PI/HiSiv 1000 (80 wt%)) foam was tested with 

butane and the adsorption performance was compared against HiS-3 foams to 

determine if the butane adsorption capacity could be improved. The effect of 

combining HiSiv 3000 and HiSiv 1000 zeolite on the butane adsorption performance 

was analysed using a HiS-3,1 (PI/HiSiv 3000 (40 wt%) - HiSiv 1000 (40 wt%)) 

composite foam. All the foam samples were regenerated at 300 ℃ for 24 hours prior 

to the butane adsorption experiments.  

4.3.1 Fabrication of HiSiv Adsorbent Foams  

The importance of having sufficient water for the foaming process was established 

during the fabrication of PI/13X (80 wt%) foams. Unlike 13X (Si/Al: ~ 1.5, (Bläker et 

al., 2017)), HiSiv 3000 (Si/Al: ~ 800, (Abu-Lail et al., 2010)) and HiSiv 1000  

(Si/Al: 35 - 40, (Abu-Lail et al., 2010)) are hydrophobic due to the high silica to 

alumina ratio. However, there are still few cations present to balance the negative 

charge of the small amount of alumina present in both HiSiv 1000 and HiSiv 3000 

zeolite structure. Therefore, in order to determine if the supplied HiSiv 3000 and  

HiSiv 1000 powders are saturated, thermal analysis was carried out on both the zeolites 

as shown in Figure 4-2. 
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(a) 

 
(b) 

Figure 4-2: TG curve of (a) HiSiv 3000 zeolite powder, (b) HiSiv 1000 zeolite powder. 

A weight loss of approximately 2.5% and 4.5% was observed at 400 ℃ for HiSiv 3000 

(Figure 4-2 (a)) and HiSiv 1000 (Figure 4-2 (b)) respectively. The weight loss observed 

suggests that the supplied zeolites are saturated with moisture. At 400 ℃, HiSiv 1000 

had a slightly higher water capacity compared to HiSiv 3000 and this is due to  

HiSiv 3000 (Si/Al: ~ 800) having a higher Si/Al ratio compared to HiSiv 1000 

(Si/Al: 35 - 40). Therefore, HiSiv 1000 has slightly more cations present in the zeolite 

structure compared to HiSiv 3000. As observed for 13X zeolite (Table 3-1) saturated 

with moisture, the HiSiv 3000 formulation should also only require 0.5 - 1 mL of water 

for the foaming process as HiSiv 3000 is already saturated with moisture. However, 

this caused the foam to collapse on itself and become hard as seen in Figure 4-3 (a). 

Experience gained from the prior experimentation with the PI/13X (80 wt%) foams 

indicate that the collapse of the foam is usually caused by the lack of water for the 

foaming reaction process. However, in this case where HiSiv 3000 is already saturated 

with moisture, another reason could be the inability of the polymer to support the 

adsorbent during the foaming process.  
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When comparing the density of HiSiv 3000 (Malhotra et al., 2005) and 13X 

(Honeywell UOP, n.d.) zeolite powder, it was found that HiSiv 3000 (0.65 g cm-3) had 

a higher density compared to 13X (0.43 g cm-3) as shown in Table 4-1. Although both 

13X and HiSiv 3000 foams have the same zeolite composition, increasing the water 

content to 3 - 4 mL allowed more CO2 to be produced to support the heavier zeolite 

particles. By doing so, HiS-3 (PI/HiSiv 3000 (80 wt%)) foams were successfully 

fabricated as shown in Figure 4-3 (b). HiS-1 (PI/HiSiv 1000 (80 wt%)) foams were 

also fabricated using the same formulation as HiS-3 and the foaming process was 

successful as shown in Figure 4-3 (c). The same formulation was also used to fabricate 

HiS-3,1 (PI/HiSiv 3000 (40 wt%) - HiSiv 1000 (40 wt%)). 

 

  
(a) (b) (c) 

 

Figure 4-3: Effect of water content on PI/HiSiv 3000 (80 wt%) foam (a) < 2 mL of 

water (b) > 3 mL of water, (c) PI/HiSiv 1000 (80 wt%) foam with > 3 mL of water 

were used for all adsorption experiments.  

4.3.2 Butane Adsorption Performance of HiSiv and 13X Adsorbent Foams 

The effect of the number of heat cycles on adsorption performance of HiS-3  

(PI/HiSiv 3000 (80 wt%)) foams was first analysed as seen in Figure 4-4 (a). 13XF  

(PI/13X (80 wt%)) foams were also tested with butane to serve as a comparison against 

HiS-3 foams. Reproducibility of breakthrough curves using 13XF and HiS-3 samples 

are shown in Figure 4-4 (b). Both HiS-3 and 13XF foams were regenerated at 300 ℃ 

for 24 hours prior to testing with butane.  

Figure 4-4 (a) shows the effect of three heat cycles on the breakthrough curves 

obtained from running butane adsorption experiments using HiS-3 (PI/HiSiv 3000  
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(80 wt%)) foams. After each regeneration, there were minimal changes to the 

breakthrough curve. Similarly, after the third regeneration, the butane capacity of HiS-

3 had increased by only 5% since the first regeneration. Figure 4-4 (b) shows the 

reproducibility of the breakthrough curves obtained using two different 13XF  

(PI/13X (80 wt%)) samples with the same formulation as well as two different HiS-3 

samples with the same formulation. 

 
(a) 

 
(b) 

 

Figure 4-4: (a) Effect of number of heat cycles on the adsorption breakthrough curve 

of HiS-3 (PI/HiSiv 3000 (80 wt%)), (b) Reproducibility of breakthrough curves using 

two different batches of 13XF (PI/13X (80 wt%)) and HiS-3 foams challenged with 

1000 ppmv butane in N2 at 20 ℃, Legend: S indicates different foam sample but with 

the same formulation, H indicates the number of heat cycles. 

The breakthrough curves of 13XF S1 and 13XF S2 were similar with a standard error 

less than 6% as shown in Table 4-3. The breakthrough curves of HiS-3 S1 and HiS-3 
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S2 show that the adsorption performance of the HiSiv foams is reproducible with a 

standard error of less than 7% as shown in Table 4-3. Similar to the CO2 breakthrough 

calculations, 𝑞𝑒𝑞 (Equation ( 3-1 )) and 𝑞𝑏 (Equation ( 3-2 )) were calculated using 𝑡𝑒𝑞 

which indicates the time point when the filter has become saturated and 𝑡𝑏 which 

indicates the time point when butane is detected at the outlet of the filter 

respectively. 𝑡𝑏 has been normalized against the adsorbent weight and was selected 

when butane concentration reached 1% of the initial concentration, 𝐶0. 𝑡𝑒𝑞 has been 

normalized against the adsorbent weight and was selected once a maximum of five 

consecutive 𝐶𝑡 𝐶0⁄  readings had been achieved. These results are presented in Table 

4-3.  

Table 4-3: Adsorption performance of 13XF (PI/13X (80 wt%)) and HiS-3 (PI/HiSiv 

3000 (80 wt%)) foams. 

Sample 𝑡𝑏 (
ℎ

𝑔 
) 𝑡𝑒𝑞 (

ℎ

𝑔
) 𝑞𝑏 (

𝑔 𝐵𝑢𝑡𝑎𝑛𝑒

𝑔
) 𝑞𝑒𝑞 (

𝑔 𝐵𝑢𝑡𝑎𝑛𝑒

𝑔
) 

13XF  0.43 ± 1.1%  0.66 ± 5.5%  0.033 ± 2.0%  0.037 ± 0.7%  

HiS-3 0.65 ± 4.7%  1.5 ± 0.9%  0.054 ± 6.6%  0.067 ± 3.2%  

 

As seen in Table 4-3, the butane breakthrough time of HiS-3 was 0.65 h g-1, compared 

to 0.43 h g-1 for 13XF. Therefore, the breakthrough loading for HiS-3 was 5.4 wt% 

and this was higher compared to 3.3 wt% for 13XF. The equilibrium time for HiS-3 

was 1.5 h g-1 compared to 0.66 h g-1 for 13XF. Therefore, the equilibrium loading for 

HiS-3 was 6.7 wt% and this was much higher compared to 3.7 wt% for 13XF. 

Although 13X (Si/Al: ~ 1.5) zeolite is more polar due to the greater number of sodium 

cations compared to HiSiv 3000 (Si/Al: ~ 800), 13XF displayed a substantial 

adsorption capacity for butane which is a non - polar molecule. This is because the 

sodium cations that are present in the zeolite structures are capable of inducing polarity 

in non - polar molecules which allows the polarised molecules to adsorb to the cations. 

Birkmann et al., (2017) confirmed the ability of 13X beads in adsorbing pure n-butane 

at 20 ℃. However, the ability of 13X zeolite in polarising the butane molecules was 

not sufficient to achieve a higher adsorption capacity compared to HiSiv 3000. This 

could be due to the difference in pore diameter of 13X and HiSiv 3000 zeolite.  

HiSiv 3000 zeolite has a pore diameter of ~ 0.51 - 0.57 nm (Thamm et al., 1983) whilst 

13X zeolite has a pore diameter of 0.74 nm (Yang, 1987). The dispersion interactions 
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between the butane molecules and the Si - O respectively Al - O segments (molecule 

- adsorbent interaction) could be more favoured in HiSiv 3000 compared to 13X due 

to the molecular diameter of butane (~ 0.43 nm (Bläker et al., 2017)) being comparable 

to the pore diameter of HiSiv 3000 zeolite. The stronger molecule - adsorbent 

interactions, could be a result of the close proximity of the butane molecules to the 

pore wall in HiSiv 3000 compared to 13X. As observed in Figure 2-1 (c), 13X zeolites 

are comprised of sodalite cages whilst HiSiv 3000 zeolites have the same structure as 

ZSM - 5 zeolites (Yapar, 2006) as shown in Figure 2-2, which consist of ‘zig - zag’ 

tunnel pore channels. The tunnel pore channels present in HiSiv 3000 result in the 

adsorptive molecules to enter the pores in an end-to-end configuration (Jacobs et al., 

1981). This could possibly lead to an increase in molecule - adsorbent interactions with 

the tunnel walls in all directions whereas in 13X, the molecule - adsorbent interaction 

might be only with the surface the butane molecule is adsorbed to. Therefore, this 

could have resulted in HiS-3 to perform better compared to 13XF. Bläker et al., (2017) 

confirmed that at a low butane concentration of ~ 0.1 kPa (similar to butane 

concentration used in this work), the adsorption capacity of HiSiv 3000 powder was 

higher compared to 13X powder at 25 ℃.  

HiSiv 1000 (Si/Al: 35 - 40) which is less polar than 13X (Si/Al: ~ 1.5) zeolite was 

incorporated into the foam structure and challenged with 1000 ppmv butane in N2. The 

adsorption performance of HiS-1 was compared against the adsorption capacity of 

HiS-3. The effect of combining both HiSiv 3000 and HiSiv 1000 on the adsorption 

performance of the foam was also analysed as shown in Figure 4-5. All the adsorbent 

foams were regenerated at 300 ℃ prior to the adsorption experiments. 
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Figure 4-5: Comparison of adsorption performance of HiS-3 (PI/HiSiv 3000  

(80 wt%)), HiS-1 (PI/HiSiv 1000 (80 wt%)) and HiS-3,1 (PI/HiSiv 3000 (40 wt%) -  

HiSiv 1000 (40 wt%)) adsorbent foams. 

HiS-1 (PI/HiSiv 1000 (80 wt%)) had the shortest breakthrough time whilst HiS-3 

(PI/HiSiv 3000 (80 wt%)) had the longest breakthrough time as observed in  

Figure 4-5. This was also reflected in Table 4-4 where HiS-1 had the lowest 

breakthrough loading of 0.66 wt% whilst HiS-3 had the highest breakthrough loading 

of 5.4 wt%. Similarly, HiS-3 had the highest equilibrium loading of 6.7 wt% whilst 

HiS-1 had the lowest equilibrium loading of 0.97 wt%. The adsorption capacity of 

HiS-1 (0.97 wt%) was not only lower than HiS-3 (6.7 wt%) but also 13XF (Table 4-3, 

3.7 wt%).  

Unlike HiSiv 3000, HiSiv 1000 has the same structure as Y zeolites (Yapar, 2006) 

which are comprised of the same sodalite cage structures (‘unit cell’) present in 13X 

zeolites. However, HiSiv 1000 has a larger pore diameter compared to 13X as it can 

remove larger molecules ranging in the size of 0.6 - 0.9 nm (Denko, n.d.). Therefore, 

the molecule - adsorbent interaction between butane and HiSiv 1000 might have been 

even lower compared to the molecule - adsorbent interaction between 13X zeolite and 

butane. As a result, the adsorption performance of HiS-1 was poorer compared to 

13XF (PI/13X (80 wt%)). The breakthrough curve of HiS-3,1 was found to be in the 

middle of HiS-3 and HiS-1 as shown in Figure 4-5. The equilibrium adsorption 

capacity of HiS-3,1 (3.7 wt%) was as expected, almost close to the average of HiS-3 

(6.7 wt%) and HiS-1 (0.97 wt%). This was true for the breakthrough loading as well 

and this can be seen in Table 4-4. 
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Table 4-4: Butane adsorption performance of HiS-3 (PI/HiSiv 3000 (80 w%)),  

HiS-3,1 (PI/HiSiv 3000 (40 wt%) - HiSiv 1000 (40 wt%)) and HiS-1 PI/HiSiv 1000 

(80 wt%) at 20 ℃ and 1 bar. 

Sample 𝑞𝑏 (
𝑔 𝐵𝑢𝑡𝑎𝑛𝑒

𝑔
) 𝑞𝑒𝑞 (

𝑔 𝐵𝑢𝑡𝑎𝑛𝑒

𝑔
) 

HiS-3 0.054 ± 6.6%  0.067 ± 3.2%  

HiS-3,1 0.029 0.037 

HiS-1 0.0066 0.0097 

 

As a result of the unsuitability of using HiSiv 1000 foams to remove small hydrocarbon 

molecules such as butane, larger hydrocarbon molecules such as cyclohexane was 

considered to be challenged against HiSiv 1000 foams due to its large zeolite pore 

diameter.       

4.3.3 Cyclohexane Adsorption Isotherms with HiSiv 1000 Zeolite Foams 

Cyclohexane (0.6 nm, (Kurganov et al., 1994)) isotherms were generated using HiS-1 

(PI/HiSiv 1000 (80 wt%)) to not only determine its adsorption performance but to also 

examine the presence of any interference caused by PI. HiSiv 3000 powder and HiS-

3 foam samples were not tested with cyclohexane as the pore size of HiSiv 3000 zeolite 

(~ 0.51 - 0.57 nm) is smaller than the molecular diameter of cyclohexane (0.6 nm). 

Figure 4-6 presents the adsorption isotherms of HiSiv 1000 powder, pure PI foam and 

HiS-1 foam obtained using pure cyclohexane vapour. The cyclohexane adsorption 

properties of HiSiv 1000 powder and a pure PI foam (no zeolite) sample, were 

determined using the DVS instrument. A cyclohexane isotherm was then predicted for 

a PI/HiSiv 1000 (80 wt%) foam sample, by taking a weighted average of the HiSiv 

1000 powder isotherm and the pure PI foam isotherm as shown in Equation ( 3-3 ). 

The actual HiSiv 1000 foam samples contain 80 wt% of HiSiv 1000 zeolite and 20 

wt% of PI. Therefore, the same composition was used to predict the ‘weighted 

average’ isotherm.  
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Figure 4-6: Cyclohexane adsorption isotherms of HiSiv 1000 powder, pure PI foam, 

‘Weighted Average’ PI/HiSiv 1000 (80 wt%) foam sample, HiS-1 (PI/HiSiv 1000  

(80 wt%)) (Reproducibility, n = 2) up to 0.95 relative pressure at 20 ℃, Error bars 

included.  

The adsorption capacity of the pure HiSiv 1000 powder increased from 12.4 wt% at a 

relative pressure of 0.1 to 25.5 wt% at a relative pressure of 0.95. The adsorption 

capacity of the PI foam sample increased from 0.3 wt% at a relative pressure of 0.1 to 

4.2 wt% at a relative pressure of 0.95. This shows that polyimide has a good sorption 

for cyclohexane molecules. This was confirmed by Pithan et al., (2002) when they 

tested polyimide membranes with cyclohexane. The adsorption capacity of HiS-1 

(PI/HiSiv 1000 (80 wt%)) increased from 7.1 wt% at a relative pressure of 0.1 to 19.0 

wt% at a relative pressure of 0.95. Due to the presence of PI, the adsorption capacity 

of HiS-1 at all pressure ranges was lower compared to the pure HiSiv 1000 powder. In 

order to determine the effect of PI on the adsorption capacity of HiS-1, the ‘weighted’ 

average isotherm was compared against the measured isotherm. The ‘weighted’ 

average isotherm was slightly higher compared to the measured HiS-1 isotherm at all 

relative pressure values. There was an uptake difference of approximately 2 - 3 wt% 

between the ‘weighted’ average and the measured isotherms at all relative pressures. 

It is possible that some loss of adsorption capacity was observed at all relative 

pressures as a result of masking by the presence of the polyimide.  
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In order to test the efficiency of HiSiv adsorbent foams with a range of adsorptive 

molecules, the adsorption performance of HiS-1 (PI/HiSiv 1000 (80 wt%)) and HiS-3 

(PI/HiSiv 3000 (80 wt%)) foams were challenged with hexane (0.43 nm, (Kurganov 

et al., 1994)) and compared. 

4.3.4 Hexane Adsorption Isotherms with HiSiv Adsorbent Foams  

The generated hexane isotherms are shown in Figure 4-7. ‘Weighted average’ 

isotherms for PI/HiSiv 1000 (80 wt%) and PI/HiSiv 3000 (80 wt%) foam samples were 

determined using Equation ( 3-3 ). The actual PI/HiSiv 3000 foam samples contain  

80 wt% of HiSiv 3000 zeolite and 20 wt% of PI. Therefore, the same composition was 

used to predict the ‘weighted average’ isotherm of both PI/HiSiv 1000 (80 wt%) and 

PI/HiSiv 3000 (80 wt%) foam samples.  

The hexane adsorption capacity of HiSiv 1000 powder (Figure 4-7 (a)) increased from 

11.8 wt% at a relative pressure of 0.1 to 22.2 wt% at a relative pressure of 0.95. The 

adsorption capacity of the pure PI sample increased from 0.49 wt% at a relative 

pressure of 0.1 to 4.0 wt% at a relative pressure of 0.95. This shows that polyimide has 

a good sorption for hexane molecules. This was confirmed by White et al., (1995) 

when they tested polyimide films with hexane. The difference in hexane adsorption 

capacity between the ‘weighted’ average isotherm and measured isotherm of HiS-1 

(PI/HiSiv 1000 (80 wt%)) was approximately 2 - 3 wt%. This was similar to the 

difference in cyclohexane adsorption capacity between the ‘weighted’ average 

isotherm and measured isotherm of HiS-1 observed in Figure 4-6.  

The hexane adsorption capacity of HiS-1 increased from 7.6 wt% at a relative pressure 

of 0.1 to 16.5 wt% at a relative pressure of 0.95. At a relative pressure of 0.95, the 

hexane adsorption capacity of HiS-1 was lower compared to the cyclohexane 

adsorption capacity (Figure 4-6) of HiS-1 (19.0 wt%). The molecular diameter of 

cyclohexane (0.6 nm) is closer in size to the pore diameter of HiSiv 1000 (~ 0.9 nm) 

compared to the molecular diameter of hexane (0.43 nm). Therefore, this could be 

similar to the effect of the adsorptive molecular diameter being comparable to the 

zeolite pore diameter that was observed when 13XF (PI/13X (80 wt%)) and HiS-1 

foam samples were tested with butane. As a result, a reduction in hexane adsorption 

capacity may have been due to lower molecule - adsorbent interaction between hexane 

and HiSiv 1000. 
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(a) 

 

(b) 

 

Figure 4-7: Hexane adsorption isotherms of pure PI foam (Reproducibility, n = 2) (a) 

HiSiv 1000 powder, HiS-1 (PI/HiSiv 1000 (80 wt%)) (Reproducibility, n = 2), 

‘Weighted Average’ PI/HiSiv 1000 (80 wt%) foam sample and (b) HiSiv 3000 powder 

(Reproducibility, n = 2), HiS-3 (PI/HiSiv 3000 (80 wt%)) (Reproducibility, n = 2), 

‘Weighted Average’ PI/HiSiv 3000 (80 wt%) foam sample up to 0.95 relative pressure 

at 20 ℃, Error bars included. 

In Figure 4-7 (b), the increment in hexane adsorption capacity for pure HiSiv 3000 

from a relative pressure of 0.1 (10.4 wt%) to 0.95 (10.7 wt%), was very minimal. This 

was lower compared to the adsorption capacity of HiSiv 1000 powder at all relative 

pressures. Similar to the arrangement of butane in the tunnel pore structures of  

HiSiv 3000, the pores could have been filled with hexane molecules which are long - 
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chained hydrocarbons in an end-to-end configuration. Therefore, as the relative 

pressure increased, the hexane adsorption capacity of the pure HiSiv 3000 powder was 

limited by the number of hexane molecules that could be accommodated in the ‘zig - 

zag’ tunnel pore structures. This was confirmed by Jacobs et al., (1981) when they 

tested ZSM-5 zeolites with hexane at 20 ℃.  

Whereas, in HiSiv 1000 zeolite, the small hexane molecules may have been able to re-

arrange themselves so as to easily accommodate more hexane molecules in the cage 

structures as the relative pressure increased. This was confirmed by Makowski and 

Majda, (2005) when they analysed hexane adsorption by Y and ZSM-5 zeolites. The 

ability to be able to accommodate more hexane molecules in the HiSiv 1000 zeolite 

structure could have been the reason for the continued increase in the adsorption 

capacity of HiSiv 1000 compared to the plateau observed by HiSiv 3000 as the relative 

pressure increased (P/P0: > 0.6).  Unlike the reduction in adsorption capacity observed 

with HiS-1, the measured isotherm of HiS-3 was slightly higher than the ‘weighted’ 

average isotherm. However, the difference was very small and this may have been due 

to several possible small errors amplified whilst calculating the ‘weighted’ average 

values using several sets of data points.  

The possibility of polyimide masking the surface of HiSiv 1000 and HiSiv 3000 zeolite 

was analysed using SEMs of the cross - section of HiS-1 and HiS-3 as shown in Figure 

4-8. At a magnification of ×3000, HiS-1 (Figure 4-8 (a)) displayed a much denser 

structure compared to HiS-3 (Figure 4-8 (b)) which had a more open structure. The 

dense structure observed in HiS-1 may have reduced the accessibility of the 

cyclohexane and hexane molecules to the HiSiv 1000 zeolite surface. The reduction in 

accessibility may have resulted in the loss of cyclohexane and hexane adsorption 

capacity observed in Figure 4-6 and Figure 4-7 (a) respectively. The open structure 

present in HiS-3 may have provided the hexane molecules full access to the  

HiSiv 3000 zeolite surface and thus the expected ‘Weighted Average’ isotherm was 

achieved.  
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(a) 

 

(b) 

 

Figure 4-8: Scanning electron micrographs of the cross-section of (a) HiS-1(PI/HiSiv 

1000 (80 wt%)), (b) HiS-3 (PI/HiSiv 3000 (80 wt%)) at a magnification of ×3000. 

HiS-3,1 (PI/HiSiv 3000 (40 wt%) - HiSiv 1000 (40 wt%)) foam was tested with hexane 

and compared against the performance of HiS-3 and HiS-1 foam samples to determine 

if HiSiv 3000 and HiSiv 1000 working in combination could improve the adsorption 

capacity of the foam. Since the actual PI/HiSiv 3000 - HiSiv 1000 foam samples 

contain 40 wt% of HiSiv 3000 zeolite, 40 wt% of HiSiv 1000 and 20 wt% of PI, the 

same composition was used to predict the ‘weighted average’ isotherm for HiS-3,1. 

The generated hexane isotherms are shown in Figure 4-9. 
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Figure 4-9: Hexane adsorption isotherms of HiS-1 (Reproducibility, n = 2) (PI/HiSiv 

1000 (80 wt%)), HiS-3 (Reproducibility, n = 2) (PI/HiSiv 3000 (80 wt%)), HiS-3,1 

(PI/HiSiv 3000 (40 wt%)) - HiSiv 1000 (40 wt%)) and ‘Weighted Average’ PI/HiSiv 

3000 (40 wt%) - HiSiv 1000 (40 wt%) foam sample up to 0.95 relative pressure at  

20 ℃, Error bars included. 

When comparing the hexane adsorption capacity of HiS-1 and HiS-3, at low relative 

pressures (P/P0: < 0.4), HiS-3 displayed a higher adsorption capacity than HiS-1. This 

could be due to the polyimide masking effect being more prominent at low relative 

pressures for the HiS-1 foam compared to the HiS-3 foam. However, at higher relative 

pressures (P/P0: > 0.4), HiS-1 displayed a higher adsorption capacity compared to  

HiS-3 and the evidence is provided in Figure 4-9. This is because, the HiSiv 1000 cage 

structures that were accessible to the hexane molecules may have been able to 

accommodate more molecules compared to the ‘zig - zag’ tunnel pore structures 

present in HiSiv 3000. 

The difference in hexane adsorption capacity between the ‘weighted’ average isotherm 

and measured isotherm of HiS-3,1 was approximately 1 - 1.5 wt% till a relative 

pressure of 0.9. As the percentage of HiSiv 1000 in HiS-3,1 foam was halved, the 

polyimide masking effect was also halved. At relative pressures greater than 0.9, the 

expected hexane adsorption capacity was reached by HiS-3,1. This can be seen in 
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Figure 4-9. Due to the higher pressures, the effect of polyimide masking is reduced as 

more hexane molecules are forced into the zeolite pores.  

SEM of the cross - section of HiS-3,1 was analysed as shown in Figure 4-10 to 

determine if the similar dense structure was observed due to the presence of  

HiSiv 1000. The SEM shows that the presence of both HiSiv 1000 and HiSiv 3000 

resulted in a combination of an open and dense structure. Some areas in the SEM seem 

to have a denser structure and this may have resulted in a loss of adsorption capacity. 

However, the presence of the open structures may have provided accessibility for the 

hexane molecules to the HiSiv 1000/HiSiv 3000 zeolite surface. This was evident in 

Figure 4-9 where the ‘Weighted Average’ isotherm was achieved at higher pressures.  

 

Figure 4-10: Scanning electron micrographs of the cross-section of HiS-3,1 (PI/HiSiv 

3000 (40 wt%) - HiSiv 1000 (40 wt%)) at a magnification of ×3000. 

In addition to hydrocarbons present in the environment, CO2 is also a pollutant that 

can become hazardous to human health at high concentrations. Based on the analysis 

of the experimental data in Chapter 3, it has been shown that 13X zeolite has a 

relatively good adsorption capacity for CO2. Due to the presence of a combination of 

hydrocarbons and CO2 being present in the environment, it would be important to 

determine if the VOC adsorption performance of HiSiv 3000 zeolite would be affected 

by CO2. 
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4.3.5 CO2 Adsorption Isotherms with HiSiv 3000 and 13X Zeolite Foams 

HiS-3 (PI/HiSiv 3000 (80 wt%)) and pure HiSiv 3000 powder were challenged with 

CO2 using the IGA and compared with the data obtained using 13XF (PI/13X  

(80 wt%)) foams. The ‘weighted average’ isotherm for HiS-3 foam was calculated 

using Equation ( 3-3 ). The generated isotherms can be seen in Figure 4-11. 

 

Figure 4-11: CO2 adsorption isotherms of HiSiv 3000 powder (Reproducibility,  

n = 2), pure PI foam (Reproducibility, n = 2), ‘Weighted Average’ PI/HiSiv 3000  

(80 wt%) foam sample, HiS-3 (PI/HiSiv 3000 (80 wt%)) and 13XF (PI/13X (80 wt%)) 

up to 1000 mbar at 20 ℃, Error bars included. 

As shown in Figure 4-11, typical type I isotherms were observed for all the samples 

tested. This characteristic is typical of micro-porous materials. The CO2 adsorption 

capacity of HiSiv 3000 powder increased from approximately 0.022 g g-1 at 100 mbar 

to 0.083 g g-1 at 1000 mbar. At 100 mbar, HiS-3 achieved an adsorption capacity of 

0.016 g g-1 which increased to 0.073 g g-1 at 1000 mbar. The ‘Weighted Average’ 

isotherm was compared with the adsorption isotherm of HiS-3 to determine if the 

presence of the polyimide had an effect on the adsorption capacity. The predicted 

adsorption capacity increased from 0.018 g g-1 at 100 mbar to 0.069 g g-1 at 1000 mbar. 

At 100 mbar, there was only a 0.2 wt% difference in adsorption capacity between the 

HiS-3 and the ‘Weighted Average’ isotherm due to the presence of the polyimide. 

However, at 1000 mbar, the effect caused by the presence of the polyimide is reduced 

due to more CO2 molecules being forced into the zeolite pores. This can be seen in 
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Figure 4-11 where the ‘Weighted Average’ isotherm of the PI/HiSiv 3000 (80 wt%) 

foam was very similar to the measured adsorption isotherm of HiS-3.  

Although the molecular diameter of CO2 (0.33 nm (Kentish et al., 2010)) is smaller 

compared to the pore diameter of 13X, a higher adsorption capacity was observed with 

13XF compared to HiSiv 3000 powder and HiS-3. This could be due to the sodium 

cations in the 13X zeolite which act as strong localized positive charges within the 

crystal lattice (Honeywell UOP, n.d.). Unlike butane, CO2 has a strong quadrupole 

moment which interacts with the strong electrostatic field of the sodium cations. 

Similar cation - adsorptive interaction would have taken place in HiSiv 3000 as well 

but because HiSiv 3000 (Si/Al: ~ 800) has a higher Si/Al ratio, the amount of 

accessible cationic adsorption sites is lower compared to 13X. Therefore, the 

adsorption capacity of HiS-3 was lower compared to 13XF but still greater than the 

adsorption capacity of the pure PI foam sample. This was confirmed by Harlick and 

Tezel, (2004) when they generated pure CO2 isotherms using 1/16-inch HiSiv 3000 

and 13X pellets at 22 ℃.  

This suggests that zeolite pore diameter, adsorptive molecular diameter and zeolite 

structure play a role in an effective adsorption performance which highlights the 

zeolites’ trait of being a molecular sieve. Additionally, the ability of hydrophilic 

zeolites to be able to polarise an adsorptive molecule, has a significant effect on the 

adsorption performance of the zeolite when it comes to non - polar adsorptive 

molecules. This shows that the zeolite type and content can be varied to achieve the 

desired adsorption properties based on the application the foams are being used for.  

4.4 Summary 

In this Chapter, the fabrication of HiS-3 (comprising of polyimide (PI)/HiSiv 3000  

(80 wt%)), HiS-1 (comprising of PI/HiSiv 1000 (80 wt%)) and HiS-3,1 (comprising 

of PI/HiSiv 3000 (40 wt%) - HiSiv 1000 (40 wt%)) were successfully fabricated. The 

formulations for the HiSiv adsorbent foams were adjusted based on the properties of 

the adsorbents. The adsorbent foams were tested with a range of adsorptive molecules 

of different molecular sizes such as butane, cyclohexane, hexane and CO2.  

HiS-1 foams with the largest zeolite pore diameter performed the best against 

cyclohexane and hexane whilst HiS-3 with the smallest zeolite pore diameter 

performed the best against butane. Although hexane is similar in size to butane, the 
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difference in structure between HiSiv 1000 (cage structure) and HiSiv 3000 (tunnel 

pore structure), allowed HiS-1 to display a much higher hexane adsorption capacity 

compared to HiS-3. 

13XF (comprising of PI/13X (80 wt%)) foams have a similar zeolite structure to  

HiS-1 but the pore size of 13X is in between the pore sizes of HiSiv 3000 and HiSiv 

1000. 13XF foams were suitable for removing not only CO2 but also hydrocarbons 

such as butane. The high polarity of 13X compared to HiSiv 1000, allowed 13XF to 

achieve a higher butane adsorption capacity compared to HiS-1. With polar molecules 

such as CO2, the extent of the polar nature of the zeolite is crucial and this was evident 

when CO2 adsorption isotherms were generated using 13XF and HiS-3. HiSiv 3000 

being the least polar, resulted in HiS-3 to display low CO2 adsorption capacities 

compared to 13XF.  

Scanning electron micrographs of the cross-section of HiS-1 confirmed a greater 

masking effect by polyimide due to a much denser foam structure compared to HiS-3 

which displayed a more open foam structure. As the percentage of HiSiv 1000 present 

in the foam structure was reduced, the polyimide masking effect was also reduced. 

This was evident from the hexane adsorption performance of HiS-3,1 being in between 

the hexane adsorption performance of HiS-3 and HiS-1. 
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5 Bactericidal - Bacteriostatic Foam Filters for Air Treatment 

This Chapter presents the development and evaluation of copper, nickel and copper - 

nickel particles encapsulated in PI foam structures which exhibit bactericidal and 

bacteriostatic properties for the removal of airborne microbes. The distribution of 

copper, nickel and copper - nickel throughout the foams was confirmed using scanning 

electron microscope - energy dispersive X-ray spectroscopy (SEM - EDX). The 

copper, nickel and copper - nickel composite foams were challenged with a bacterial 

(Erwinia carotovora) aerosol. Erwinia carotovora was selected as a model bacterium 

as it has a fast doubling time and is safe to use in a university lab environment. The 

antibacterial efficacy of a pure copper and nickel foam were first assessed and 

compared against a non-functional foam to confirm that the removal of bacteria is not 

solely on a filtration mechanism. Copper - nickel composite foams were also tested 

and compared with the pure copper and nickel foams to determine if using a 

combination of antibacterial agents could further improve the antibacterial efficacy of 

the foams. The antibacterial efficacy of the foams was assessed by using staining 

methods, log reduction values and zone of inhibition tests.  

Declaration: The data and text that have been published in the authors ‘Bactericidal - 

Bacteriostatic Foam Filters for Air Treatment’ (G et al., 2020) paper, have been 

presented in this Chapter with some updates and editing to the text and data. 

5.1 Materials & Methods 

5.1.1 Materials 

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

99%) (NMP), silicon oil (viscosity 350 cSt), triethanolamine (TEOA, Amine Catalyst), 

dibutyltin dilaurate (DBTDL, Tin Catalyst), poly [(phenyl isocyanate)-co-

formaldehyde] (Isocyanate) and copper (powder, < 75 μm, 99%) were sourced from 

Sigma-Aldrich. Nickel (Flake grade HCA-1, ~1 μm, > 99.8%,) was sourced from Hart 

Chemicals. LB Broth, Miller for growth media preparation and LB Agar, Miller for 

agar plate preparation were purchased from Fisher Scientific. Erwinia carotovora was 

sourced from the Department of Biology and Biochemistry at University of Bath. 
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5.1.2 Preparation of Copper, Nickel and Copper - Nickel Composite 

Foams 

PMDA (5 g), NMP (40 - 45 mL), distilled water (2 - 5 mL), amine catalyst (~50 µL), 

silicon oil (1 - 2 g) were mixed using a homogenizer at 6500 rpm for 30 seconds to 

give a first mixture (Figure 5-1). Copper (40 g) and tin catalyst (~25 µL) were added 

to the first mixture and stirred using a homogenizer at 6500 rpm for 30 seconds to give 

a second mixture (Figure 5-1). The second mixture and 5 g of isocyanate were mixed 

using the homogenizer at 6500 rpm for 5 seconds. Similar to the foaming process of 

other foams presented so far in this thesis, the PI foam containing the antibacterial 

agents was synthesized via the simultaneous ‘blowing’ and polymerisation reaction. A 

detailed description of the foaming process has been explained in Section 2.6. The 

foaming process takes approximately 10 - 15 seconds for the mixture to rise and 

polymerise. The resulting foam was soaked in a water bath overnight and dried in an 

oven at 100 ℃ till no change in foam weight was observed.  

 

Figure 5-1: Method of preparing a PI/copper (80 wt%) foam. 

This manufacturing technique and formulation was also used to prepare PI/copper 

foams containing lower concentrations of copper, PI/nickel (80 wt%) and PI/copper - 

nickel composite foams as stated in Table 5-1.   

 

 



117 

 

Table 5-1: Antibacterial polyimide foam samples with varying compositions, Legend: 

P indicates polyimide, Cu indicates copper and Ni indicates nickel. 

Antibacterial Foam 
Copper 

Content 

Nickel 

Content 
PI Content 

Sample 

Name 

PI/copper 33.3 wt%  66.7 wt% PCu33.3 

PI/copper 60 wt%  40 wt% PCu60 

PI/copper 80 wt%  

20 wt% 

PCu80 

PI/nickel  80 wt% PNi80 

PI/copper - nickel 16 wt% 64 wt% PCu16Ni64 

PI/copper - nickel 32 wt% 48 wt% PCu32Ni48 

PI/copper - nickel 48 wt% 32 wt% PCu48Ni32 

PI/copper - nickel 64 wt% 16 wt% PCu64Ni16 

 

5.2 Characterisation 

5.2.1 Antibacterial Experiment 

Antibacterial experiments were carried out to determine the efficacy of PI/copper, 

PI/nickel and PI/copper - nickel foams. Figure 5-2 shows the antibacterial flow 

apparatus which consists of a feed gas flow system, a module containing the 

antibacterial foam and a collision 3-Jet MRE type nebulizer which generates a bacterial 

aerosol. The rotameter regulates the air flowrate at 1 L min-1 and is bubbled through 

the bacterial solution. The generated bacterial aerosol passes through the tubular 

module containing the antibacterial foam. Bacteria present in the outlet stream are 

trapped by the filter paper as shown in Figure 5-2. The outlet stream from the module 

then passes into bleach solution.  
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Figure 5-2: Schematic diagram of the anti-bacterial rig. 

The bacterial solution was prepared by inoculating growth media (100 mL) with the 

bacteria, Erwinia carotovora and incubated overnight at 25 ℃. Prior to the experiment, 

the optical density (OD) of the bacterial solution is adjusted to 1 using growth media 

so as to ensure that the concentration of bacteria passing through the different foam 

filters is consistent. The time points at which the filter paper is removed and replaced 

are 15 min, 30 min, 1 hour, 2 hours, 4 hours, 6 hours and 24 hours. The removed filter 

papers are rinsed in a vial containing distilled water (2.5 mL). The bacterial water  

(100 µL) from the vial is plated onto an agar plate and incubated at 25 ℃ for 24 hours. 

This was repeated for all time points. These foam filters were able to be reused after 

each experiment. The sterilisation of the foam filters was performed by soaking in 

bleach solution, washing with water and placing in an autoclave at a temperature of  

120 ℃ and a pressure of 2 bar. The foams were then placed in a 120 ℃ oven to dry 

before reuse. Blank tests were first carried out for 15 min to determine the number of 

bacterial colonies flowing through the empty tubular module. The blank tests gave an 

average value of 246500 ± 2.6% colonies in 15 min. The antibacterial activity of the 

foams was determined using Equation ( 5-1 ) (adapted from BS ISO 22196:2011 (BSI 

Standards Publication, 2011)) to calculate log reduction values (LRVs). 

𝐿𝑅𝑉𝑠 =

 𝑙𝑜𝑔
(𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑜𝑢𝑛𝑡 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑡𝑖𝑚𝑒 𝑝𝑜𝑖𝑛𝑡 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑏𝑙𝑎𝑛𝑘 𝑡𝑒𝑠𝑡)  

(𝐵𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑜𝑢𝑛𝑡 𝑎𝑡 𝑓𝑜𝑎𝑚 𝑜𝑢𝑡𝑙𝑒𝑡 𝑎𝑡 𝑒𝑎𝑐ℎ 𝑡𝑖𝑚𝑒 𝑝𝑜𝑖𝑛𝑡)
  

( 5-1 ) 
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LRVs signify the reduction in bacterial colonies observed when the foam filter is 

compared to the blank test. The reduction in bacterial colonies can be presented in the 

form of log values (1-Log, 2-Log, 3-Log, etc.) as well as in the form of a percentage 

(90%, 99%, 99.9%, etc.). 1-Log is equivalent to 90% due to a 10-fold reduction of 

colonies, 2-Log is equivalent to 99% due to a 100-fold reduction of colonies, 3-Log is 

equivalent to 99.9% due to a 1000-fold reduction of colonies and so on. A sample of 

the LRV calculation is shown in Appendix 3. 

5.2.2 Scanning Electron Microscope - Energy Dispersive X-Ray 

Spectroscopy (SEM-EDX)  

A JEOL SEM (JSM-6480LV) instrument was used to analyse the surface of the 

copper, nickel and copper - nickel composite foam samples, to confirm the presence 

of live/dead bacteria as well as to determine the distribution of copper and nickel in 

the antibacterial foams. For the analysis of the foam surface, the samples were 

mounted onto a stainless-steel sample holder and held in place by using a carbon 

adhesive. For the confirmation of the death of the bacteria in the foam, the samples 

were prepared via a bacterium fixing process prior to the SEM session. They were then 

placed in a vacuum desiccator overnight to remove moisture present in the sample. A 

Quorum Q150TS instrument was used to coat the foam samples with a thin layer of 

chromium prior to the SEM analysis. Samples used for EDX analysis were not coated 

with chromium. They were then mounted onto the sample stage in a small vacuum 

chamber at room temperature and pressure. An electron beam was projected onto the 

sample surface and the deflected electrons were detected by an electron sensor. This 

deflection formed the image of the sample surface and it was recorded by a computer.   

5.2.3 Staining 

Live/dead staining was performed to determine the viability of the Erwinia carotovora 

in the antibacterial foams after the 24-hour experiment. The foams were dissected into 

four sections and rinsed with water. The water obtained from each section was stained 

using SYTO9 (Green Stain, Live Bacteria) and propidium iodide (Red Stain, Dead 

Bacteria). The samples containing the dyes were incubated at room temperature for  

15 min under dark conditions. Results were analysed using a fluorescence microscope 

(EVOS microscope) at ×20 magnification. 
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5.2.4 Zone of Inhibition (ZOI) Test 

ZOI tests were completed for the prepared antibacterial foam samples according to the 

2019 guidelines of the European Committee of Antimicrobial Susceptibility Testing 

(EUCAST) (EUCAST, 2019). 90 mm circular plates containing agar medium of 

approximately 4.0 mm in height were prepared. A bacterial suspension was prepared 

by inoculating saline solution with 4 - 5 colonies from an overnight culture and agitated 

to obtain an even turbidity. The OD of the bacterial suspension was measured by using 

a UV spectrophotometer and adjusted to obtain the density of a 0.5 McFarland 

turbidity standard (Absorbance: 0.08 - 0.13 at a wavelength of 625 nm). A sterile 

cotton swab was dipped into the bacterial suspension and used to streak the agar plate 

three times and after each time rotating the plate at an angle of 60°. The foam samples 

(cylindrical samples 8 mm in diameter) were placed onto the agar and sealed using 

parafilm. The plates were then placed inverted into the incubator and left for 24 hours 

at 25 ℃. The inhibition zones were measured using vernier calipers and recorded.   

5.3 Results & Discussions 

Table 5-1 lists the copper, nickel and copper - nickel composite foams tested with 

Erwinia carotovora. The experiments were performed to determine the antibacterial 

efficacy of the foams. The antibacterial efficacy of PI/copper - nickel composite foams 

with varying concentrations were analysed and compared against PCu80 and PNi80. 

This was done to determine if the antibacterial efficacy of the foams improved by 

incorporating a mixture of antibacterial agents compared to when a single antibacterial 

agent is present in the foam structure. All foams were tested using the same 

experimental technique mentioned in Section 5.2.1.  

5.3.1 Fabrication of PI/Copper, PI/Nickel & PI/Copper - Nickel 

Composite Foams  

ZOI tests were performed on PI foams containing lower concentrations of copper to 

determine the effect it had on the antibacterial efficacy of the copper foams. This can 

be seen in Figure 5-3. ZOI tests were carried out using two PCu33.3 (PI/copper  

(33.3 wt%)), three PCu60 (PI/copper (60 wt%)) and three PCu80 (PI/copper (80 wt%)) 

foams. The foams were prepared using the method described in Section 5.1.2 and 

tested according to the method described in Section 5.2.4.  
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Figure 5-3: Measurements of zone of inhibition for PCu33.3 (PI/copper (33.3 wt%), 

Reproducibility, n = 2), PCu60 (PI/copper (60 wt%), Reproducibility, n = 3) and 

PCu80 (PI/copper (80 wt%), Reproducibility, n = 3) Legend: P indicates polyimide, 

Cu indicates copper, Error bars included. 

Figure 5-3 shows the ZOI increasing, as the copper concentration in the PI foam 

increases from 33.3 wt% to 80 wt%. PCu33.3, PCu60 and PCu80 had a ZOI of  

21.5 ± 1.5 mm, 23.1 ± 2.7 mm and 27.5 ± 1.1 mm respectively. Incorporating 80% of 

copper into the PI foam displayed the best antibacterial activity and thus, this copper 

concentration was used for all PI copper foams. In order to compare the antibacterial 

efficacy of PCu80 with pure nickel and copper - nickel composite foams fairly, the 

total concentration of antibacterial agents present in the foams was kept consistent at 

80 wt%.  

PCu80, PNi80 and PI/copper - nickel composite foams were successfully fabricated 

by using the method described in Section 5.1.2. The composition of the foams can be 

seen in Table 5-1. PCu80 and PNi80 foams can be seen in Figure 5-4 (a) and (b) 

respectively.  
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(a) (b) 

 

Figure 5-4: Antibacterial polyimide foams with 80 wt% copper (a) PCu80 and 80 wt% 

nickel (c) PNi80, Legend: P indicates polyimide, Cu indicates copper, Ni indicates 

nickel, 80 indicates weight percentage of antibacterial agent in the foam. 

Visual Appearance 

Both PCu80 and PNi80 contained the same quantity of antibacterial agent and were 

similar in terms of dimensions and structure. The most significant difference would be 

the colour of PCu80 and PNi80 due to the copper and nickel powder used respectively. 

PCu80 displayed a ‘reddish - brown’ colour whereas PNi80 displayed a ‘charcoal - 

grey’ colour as shown in Figure 5-4 (a) and Figure 5-4 (b) respectively. Unlike the 

cross-section of PNi80, small ‘blue - green’ specks were observed on the cross-section 

of PCu80. This could be due to the copper undergoing an oxidation process to form 

copper carbonate in the presence of oxygen, moisture and carbon dioxide during the 

foaming process as well as in the water bath when the copper foams were soaked 

overnight. However, Walkowicz et al., (2018) confirmed that the antibacterial efficacy 

of copper was not affected by the oxidation process when they tested 99.9 wt% copper 

coupons with gram-negative Escherichia coli before and after oxidation. 

Density & Porosity 

The influence of copper and nickel on the density and porosity (Equation ( 5-2 )) of 

the foams was determined by comparing P-0 (polyimide foam without antibacterial 

agent) with PCu80 and PNi80 as shown in Table 5-2. The densities of the foams were 
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determined by dividing the mass of the foams by its’ volume. The porosities of the 

foams were calculated using a saturation method described by Safiuddin and Hearn, 

(2005): 

𝜀𝑝 =
𝑊𝑠−𝑊𝑑

𝑊𝑠−𝑊𝑏
   ( 5-2 ) 

where 𝑊𝑠 is the weight of the saturated foam, 𝑊𝑑 is the weight of the dry foam and 𝑊𝑏 

is buoyant weight of the saturated foam in water. 𝑊𝑏 was considered to be zero as the 

antibacterial foams were not buoyant when saturated with water.  

Table 5-2: Effect of copper/nickel on density and porosity of foam structure. 

Foam Sample Density (
𝑘𝑔

𝑚3
) Porosity 

P-0 203 ± 2.7% 0.82 ± 1.6% 

PCu80 282 ± 4.3% 0.74 ± 4% 

PNi80 248 ± 1.1% 0.76 ± 2.2% 

 

The density of PCu80 and PNi80 increased when compared to P-0 due to the density 

of the copper and nickel particles. The density of the copper and nickel particles may 

have resulted in a slight decrease in porosity of PCu80 and PNi80 when compared to 

P-0. But overall, copper and nickel did not have a significant influence on the porosity 

of the foams.  

5.3.2 SEM - EDX Analysis 

SEM - EDX analysis was performed on the antibacterial foam samples to confirm the 

presence of copper and nickel and to ensure an even distribution of the antibacterial 

material throughout the length of the foam. SEM images of pure copper and nickel 

powder were first taken to assess the appearance of the particles so that they could be 

easily detected in their respective foams. This can be seen in Figure 5-5 (a) and  

Figure 5-5 (b) for the copper (granule-like appearance) and nickel (flake-like 

appearance) powder respectively. The cross-sections of PCu80 (Figure 5-5 (c)) and 

PNi80 (Figure 5-5 (d)) were taken at a lower magnification to measure the pore-

window diameter and pore diameter as identified in Figure 5-5 (c). Similar 

measurements were also performed for P-0 (polyimide foam without antibacterial 

agent) and compared against PCu80 and PNi80 as shown in Table 5-3.  
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Table 5-3: Effect of copper/nickel on the pore size of the foam structures. 

Foam Sample Pore - Window Diameter (µm) Pore Diameter (µm) 

P-0 309.5 - 690.5 71.4 - 285.7 

PCu80 388.9 - 925.9 111.1 - 296.3 

PNi80 357.1 - 1119.0 71.4 - 261.9 

 

These pore data show that the foam structures are similar in morphology with the 

presence of macropores. At a higher magnification of the cross-section of PCu80, 

particles with a granule-like appearance (Figure 5-5 (e)) were observed and they were 

similar to the pure copper powder observed in Figure 5-5 (a). As for PNi80, at a higher 

magnification, particles with a flake-like appearance (Figure 5-5 (f)) were observed 

and they were similar to the pure nickel powder in Figure 5-5 (b).   

  

(a) (b) 

  

(c) (d) 
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(e) (f) 

Figure 5-5: SEM of (a) Pure copper powder (×1,000), (b) Pure nickel powder 

(×1,000), (c) PCu80 (×40), (d) PNi80 (×30), (e) PCu80 (×500), (f) PNi80 (×2,000), 

Legend: P indicates polyimide, Cu indicates copper, Ni indicates nickel, 80 indicates 

weight percentage of antibacterial agent in the foam.  

After confirming the presence of copper and nickel in their respective foams, samples 

were taken from the top, middle and bottom of each foam and analysed by using EDX 

(Figure 5-6) to ensure an even distribution of the antibacterial material throughout the 

length of the foam. As expected, the percentage of copper (Figure 5-6 (a), (b) and (c)) 

and nickel (Figure 5-6 (d), (e) and (f)) detected, ranged between 70 - 75% in all cases. 

Similar percentages of antibacterial material were detected in the top, middle and 

bottom samples of the foam, thereby indicating that there is a relatively homogenous 

mixture of the antibacterial agent throughout the length of the foam. Similarly, samples 

from the top, middle and bottom were taken from PCu64Ni16 (Figure 5-6 (g), (h) and 

(i)) and analysed by using EDX to ensure an even distribution of copper : nickel ratios 

(4 : 1) in the composite foam. The percentage of copper present in all three sections 

was approximately four times the percentage of nickel which was expected from 

PCu64Ni16. Although silicon was detected in PCu80, PNi80 and PCu64Ni16, the 

percentage of silicon present was very low. The presence of silicon may have been due 

to the remaining residue of the silicon oil that was used during the foaming process. 

Carbon and oxygen were the next commonly found elements and this was due to the 

polyimide present in the foam samples.  
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

  

(g) (h) 

 

(i) 

Figure 5-6: EDX analysis of PCu80 foam sample (a) Top, (b) Middle, (c) Bottom, EDX 

analysis of PNi80 foam sample (d) Top, (e) Middle, (f) Bottom, EDX analysis of 

PCu64Ni16 foam sample (g) Top, (h) Middle, (i) Bottom, Legend: P indicates 

polyimide, Cu indicates copper, Ni indicates nickel, 80, 64 and 16 indicates weight 

percentage of antibacterial agent in the foam.  
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5.3.3 Log Reduction Values (LRVs) for PI/Copper (80 wt%) and 

PI/Nickel (80 wt%) 

Table 5-4 shows the LRVs achieved when two P-0 (Control, polyimide foam without 

antibacterial agent), three PCu80 (80 wt% copper) and three PNi80 (80 wt% nickel) 

foams were tested using gram-negative Erwinia carotovora. P-0 was analysed prior to 

PCu80 and PNi80 to find the filtration efficiency of a non-functional foam against 

bacteria. 

Table 5-4: Log reduction values (%) obtained using P-0 (Reproducibility, n = 2) 

(Control polyimide foam without any antibacterial, agent), PCu80 (Reproducibility,  

n = 3), PCu80 (after sterilisation) (Reproducibility, n = 2) and PNi80 

(Reproducibility, n = 3).  

Compositions 15 min 30 min 1 hr 2 hr 4 hr 6 hr 24 hr 

P-0 (Control) 

99.8 ± 

0.04 

(2-Log) 

99.93 ± 

0.03 

(3-Log) 

99.91 ± 

0.04 

(3-Log) 

99.94 ± 

0.01 

(3-Log) 

99.8 ± 

0.07 

(2-Log) 

99.8 ± 

0.01 

(2-Log) 

95.5 ± 

0.006 

(1-Log) 

PCu80, 

PI/copper (80 

wt%) 

99.998 

± 0.001 

(4-Log) 

99.997 

± 0.003 

(4-Log) 

99.995 

± 0.006 

(4-Log) 

99.9998 ± 

0.0002 

(5-Log) 

99.9996 ± 

0.0005 

(5-Log) 

99.998 

± 0.001 

(4-Log) 

99.996 

± 0.002 

(4-Log) 

PCu80 (After 

sterilisation) 

99.998 

± 0.001 

(4-Log) 

99.999

2 ± 

0.0007 

(5-Log) 

99.999

7 ± 

0.0002 

(5-Log) 

99.996 ± 

0.003 

(4-Log) 

99.995 ± 

0.005 

(4-Log) 

99.994 

± 0.005 

(4-Log) 

99.97 ± 

0.02 

(3-Log) 

PNi80 

PI/nickel (80 

wt%) 

99.98 ± 

0.02 

(3-Log) 

99.992 

± 0.009 

(4-Log) 

99.994 

± 0.007 

(4-Log) 

99.9996 ± 

0.0004 

(5-Log) 

99.995 ± 

0.006 

(4-Log) 

99.995 

± 0.003 

(4-Log) 

99.3 ± 

0.6 

(2-Log) 

 

P-0 was able to achieve and maintain an LRV of 2-Log to 3-Log for 6 hours, before 

starting to decrease down to 1-Log at 24 hours. Compared to P-0, PCu80 and PNi80 

were able to achieve much higher LRV values. This can be seen in Table 5-4. This 

shows that in addition to the filtration effect, the effect of introducing antibacterial 

agents has further improved the efficacy of the foam. Although the bacteria (1 - 3 µm, 
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Figure 5-8 (a)) is smaller than the pore - window diameter and pore diameter (Table 

5-3), the pores result in a tortuous foam structure which aid in trapping the bacteria. 

The high concentrations of antibacterial agents that are evenly distributed throughout 

the foam aid in killing the trapped bacteria. Therefore, a reduction is observed in the 

number of bacteria that are released into the environment for an extended period of 

time. The LRVs for PCu80 and PNi80 showed similar values for 2 hours. After 2 

hours, the LRV for PCu80 remained at 5-Log up to the 6-hour time point before 

dropping back down to 4-Log at 24 hours. Unlike PCu80, the LRVs for PNi80 

decreased to 4-Log at 4 hours and remained constant till they eventually dropped to 2-

Log at 24 hours. The slight decrease in LRV values at 24 hrs is due to the filter being 

exposed to stringent conditions such as high humidity and bacterial concentration. This 

causes the foam to become saturated with water and thus allow the bacteria to migrate 

easily along the filter. High LRVs were maintained even after 24 hours by PCu80 but 

a reduction in LRV was observed for PNi80 after 6 hours. Significant changes in the 

antibacterial efficacy of the foams caused by the sterilisation process (in bleach 

solution, autoclaved and dried in oven) would be more apparent for PCu80 as it has 

the highest LRVs. Therefore, two PCu80 foams were re - tested after being sterilised. 

As shown in Table 5-4, minimal changes were observed in the antibacterial efficacy 

of the PCu80 foams before and after sterilisation. The antibacterial efficacy of the 

PCu80 foam (after sterilisation) still had a higher LRV compared to the PNi80 foams. 

The difference in antibacterial effect of copper and nickel was further analysed using 

cell staining and SEMs for the detection of live/dead bacterial cells.  

5.3.4 Detection of Live/Dead Cells 

Cell staining was performed on both PCu80 and PNi80 using propidium iodide (red 

stain) and SYTO 9 (green stain) for the detection of live/dead cells present in the foam 

samples. Figure 5-7 (a) was obtained when P-0 was tested and this was used as a 

control to compare with the staining images for PCu80 and PNi80. In Figure 5-7 (a) 

there were only live bacteria present (control) and similarly in Figure 5-7 (c), PNi80 

had mostly green (live) stains. Unlike PNi80, in Figure 5-7 (b), PCu80 had mostly red 

(dead) and a few green (live) stains. This shows that nickel in PNi80 did not exhibit 

bactericidal activity as observed with copper in PCu80.  
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(a) 

 
(b) 

 
(c) 

Figure 5-7: (a) Staining of live bacteria present in P-0 (Control without antibacterial 

material), Staining of live/dead bacteria present in (b) PCu80, (c) PNi80, Legend: P 

indicates polyimide, Cu indicates copper, Ni indicates nickel, 80 indicates weight 

percentage of antibacterial agent in the foam.  

As the bacterial aerosol passes through PCu80, the bacteria come into contact with the 

copper particles embedded in the polyimide foam. The cell envelope of a gram-
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negative bacteria is comprised of a cytoplasmic membrane (inner) and an outer 

membrane separated by a peptidoglycan layer (Silhavy et al., 2010). 

Lipopolysaccharides are negatively charged molecules that are a major component of 

the outer membrane (Rosenfeld and Shai, 2006). As a result of the high moisture 

content in the aerosol, positively charged copper ions released from the copper 

particles may have adhered to the negatively charged cell surface and damaged the 

outer and inner membranes of the bacterial cell. Therefore, red stain was observed in 

Figure 5-7 (b) as the red fluorescent nucleic acid stain propidium iodide can only 

penetrate cells with disrupted membranes.  

Although the green fluorescent nucleic acid stain SYTO 9 has the ability to enter both 

live and dead bacteria cells, in the presence of both propidium iodide and SYTO 9, 

propidium iodide exhibits a stronger affinity for nucleic acids and thus displaces  

SYTO 9 (Stocks, 2004). Similar results of red-staining were observed by Santo et al., 

(2011) when Escherichia coli cells were exposed to a dry copper surface. Although 

the pathogenicity of Escherichia coli and Erwinia carotovora are different, both 

bacteria are gram-negative and thus the antibacterial effect of copper on the bacteria 

would be similar.  

Upon damage of the bacterial membrane, the copper ions may have entered the 

bacterial cell and this was observed by Tian et al., (2012) when gram-negative 

Enterobacter species were exposed to a dry metallic copper surface. The presence of 

copper ions in the bacterial cell may have caused damage to intracellular components 

and the deoxyribonucleic acid (DNA) strand. In the presence of oxygen, the copper 

ions undergo redox cycling between Cu+ and Cu2+ oxidation states in the presence of 

H2O2 which is a by-product of oxygen metabolism. This is a Fenton-type reaction 

which results in the production of reactive oxygen species (ROS) such as hydroxyl 

radicals (Pham et al., 2013). The production of hydroxyl radicals was confirmed by 

Warnes et al., (2012) in Escherichia coli cells. These hydroxyl radicals damage DNA 

by removing electrons from base moieties as well as adding electrons to unsaturated 

bases, thereby leading to the formation of lesions in the structure of the DNA strand 

(Imlay, 2003).  

Simultaneously, the alteration in the permeability of the bacterial cell may have 

resulted in the leakage of the contents in the cell. This can be seen in Figure 5-8 (a) 

where the live Erwinia carotovora bacteria grown on a polymeric foam (without 
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antibacterial agent) substrate, were long and rod - shaped whereas in Figure 5-8 (b), 

the bacteria appear shrivelled and display a flat or grain-like appearance in a PCu80 

foam. Raffi et al., (2010) observed similar morphological changes to the Escherichia 

coli cells, which had shrunk and changed from a regular rod - shape to an irregular 

appearance after being treated with copper nanoparticles in liquid growth medium.  

 

(a) 

 
(b) 

Figure 5-8: (a) SEM of live Erwinia carotovora grown on a polymeric foam without 

antibacterial agent (×4,000), (b) SEM of dead bacteria in PCu80 (PI/copper (80 

wt%)) (×4,000).  

The lack of red staining in PNi80 (Figure 5-7 (c)) shows that the cell envelope of the 

bacteria may have remained intact. However, the LRV at 24 hours for PNi80 was much 

higher compared to P-0 as shown in Table 5-4 which suggests that nickel may be 

exhibiting a bacteriostatic effect where bacterial growth rate is reduced compared to a 
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bactericidal effect observed with copper. This was confirmed by Argueta-Figueroa et 

al., (2014) when nickel nanoparticles were tested against both gram-positive and gram-

negative bacteria. Based on the presence of mostly green stains shown in  

Figure 5-7 (c) and the higher LRVs achieved by PNi80 compared to P-0, there is a 

possibility that the nickel ions may have been able to exhibit the bacteriostatic effect 

by entering the bacterial cell without disrupting the cell envelope. 

Escherichia coli cells were found to have a nickel transport system comprising of 

proteins: NikA (primary substrate receptor for nickel uptake), NikB and NikC (pore 

for the translocation of nickel), NikD and NikE (ATP-binding proteins for coupling 

energy to nickel transport) and NikR (nickel regulatory protein). They have the ability 

to regulate the concentration of nickel ions that enter the cell so as to avoid the toxic 

effects of excessive intracellular nickel (Eitinger and Mandrand-Berthelot, 2000). 

However, Niegowski and Eshaghi, (2007) found that nickel was able to enter 

Escherichia coli cells via CorA proteins which are usually associated with the transport 

of magnesium ions. CorA proteins are the most dominant and abundant Mg2+ 

transporter in all branches of the bacterial kingdom (Moncrief and Maguire, 1999) and 

these proteins are also present in Erwinia carotovora (model bacteria in this work) 

(Kersey et al., 2012). The nickel ions were still able to gain entry into the Escherichia 

coli cells, even after deleting genes encoding for the Nik A,B,C,D,E,R and CorA 

proteins (MacOmber and Hausinger, 2011). This suggests that the nickel ions may 

have been able to enter the Erwinia carotovora cells without disrupting the cell 

envelope via CorA and other forms of transporters under high environmental nickel 

concentrations which explains the lack of red staining observed in Figure 5-7 (c).  

The replication rate of the Erwinia carotovora cells may have been affected by the 

nickel ions which would explain the reason for lower LRVs to be observed by PNi80 

(PI/nickel (80 wt%), Bacteriostatic) compared to PCu80 (PI/copper (80 wt%), 

Bactericidal), but higher LRVs compared to the control which contains no antibacterial 

agents (P-0). Unlike copper, nickel is a poor generator of ROS due to its high redox 

potential. However, nickel binding to proteins reduces its redox potential and in the 

presence of H2O2, Ni2+/Ni3+ redox cycling is initiated. This produces oxygen free 

radicals which inhibit DNA repair. This was confirmed by Lynn et al., (1997) where 

nickel caused irreversible damage to proteins involved in DNA replication, repair, 

recombination and transcription in Chinese hamster ovary cells. However, this was 
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observed in mammalian cells and it may be possible that ROS is not necessary for 

affecting the rate of replication in bacterial cells. In the absence of ROS, nickel may 

cause double strand breaks (DSBs) and inhibit the rate of replication due to changes in 

the DNA topology caused by nickel directly binding to the DNA strand and thus 

disrupting the function of DNA binding proteins. This was confirmed by Kumar et al., 

(2017) where DNA damage as well as inhibition of DNA repair in Escherichia coli 

cells was observed due to nickel, but in the absence of ROS. The above evidence 

indicates that regardless of whether it is a mammalian or bacterial cell, the final 

inhibition effect of nickel on DNA repair does not change.  

5.3.5 Log Reduction Values (LRVs) for PI/Copper - Nickel Composite 

Foams 

As shown in Table 5-5, the antibacterial efficacy of the filter can be further improved 

by using a combination of antibacterial metals.  

Table 5-5: Log reduction values (%) for PI/copper - nickel composite foams 

(Reproducibility, n = 2). 

Compositions 15 min 30 min 1 hr 2 hr 4 hr 6 hr 24 hr 

PCu16Ni64 

PI/copper (16 

wt%) - nickel 

(64 wt%) 

99.96 ± 

0.02 

(3-Log) 

99.97 ± 

0.01 

(3-Log) 

99.98 ± 

0.01 

(3-Log) 

99.998 ± 

0.001 

(4-Log) 

99.997 ± 

0.0004 

(4-Log) 

99.98 ± 

0.008 

(3-Log) 

99.91 ± 

0.05 

(3-Log) 

PCu32Ni48 

PI/copper (32 

wt%) - nickel 

(48 wt%) 

99.97 ± 

0.01 

(3-Log) 

99.98 ± 

0.005 

(3-Log) 

99.98 ± 

0.01 

(3-Log) 

99.996 ± 

0.002 

(4-Log) 

99.992 ± 

0.007 

(4-Log) 

99.996 ± 

0.0007 

(4-Log) 

99.6 ± 

0.3 

(2-Log) 

PCu48Ni32 

PI/copper (48 

wt%) - nickel 

(32 wt%) 

99.98 ± 

0.009 

(3-Log) 

99.94 ± 

0.05 

(3-Log) 

99.991 ± 

0.004 

(4-Log) 

99.995 ± 

0.005 

(4-Log) 

99.998 ± 

0.0002 

(4-Log) 

99.991 ± 

0.005 

(4-Log) 

99.8 ± 

0.08 

(2-Log) 

PCu64Ni16 

PI/copper (64 

wt%) - nickel 

(16 wt%) 

99.98 ± 

0.01 

(3-Log) 

99.97 ± 

0.02 

(3-Log) 

99.994 ± 

0.006 

(4-Log) 

99.9997 

± 0.0001 

(5-Log) 

99.99992 ± 

0.00008 

(6-Log) 

99.9998 

± 0.0001 

(5-Log) 

99.9997 

± 0.0002 

(5-Log) 
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The efficacy of the antibacterial foams containing both copper and nickel was 

determined by calculating LRVs. As observed in Table 5-5, the difference in efficacy 

of the antibacterial foams was more significant at the 24-hr time point. Therefore, the 

efficacy of the combination foams was presented as a bar chart for only the 24-hr time 

point as shown in Figure 5-9. 

Table 5-5 and Figure 5-9 show that the LRVs for PCu32Ni48 and PCu48Ni32 were 

similar to each other for the entire 24 hours and achieved a LRV of 2-Log at the 24-hr 

time point which was a slight improvement in efficacy compared to PNi80. The 

minimal improvement in antibacterial efficacy may have been caused by the copper 

and nickel being present similarly in high percentages in the foam filter. Since both 

copper and nickel target the DNA, this may have resulted in the antibacterial agents 

acting on overlapping targets. Argueta-Figueroa et al., (2014) also observed that the 

antibacterial activity of nickel and bimetallic copper-nickel nanoparticles were similar 

to each other when tested with Escherichia coli cells. The ratio of copper : nickel 

present in their bimetallic copper - nickel nanoparticles was 1.14 which was slightly 

lower compared to the ratio of 1.5 (copper : nickel) used in the foam structures in this 

study.  

 

Figure 5-9: Percentage reduction in bacteria for PI/copper - nickel combination foams 

at the 24 - hour time point, Legend: P indicates polyimide, Cu indicates copper and 

Ni indicates nickel.  

The percentage of nickel was increased whilst decreasing the percentage of copper 

(PCu16Ni64). The LRVs for PCu16Ni64 were maintained at 3-log/4-log for 24-hrs 

and this was an improvement compared to PCu32Ni48. Although PCu16Ni64 
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performed better than PNi80, it still did not exhibit a higher efficacy compared to 

PCu80 as shown in Figure 5-9. It could be possible that higher proportions of nickel 

present in the filter may have resulted in the bacteriostatic effect to be more dominant 

compared to the bactericidal effect. As an alternative, the percentage of copper was 

increased whilst decreasing the percentage of nickel (PCu64Ni16). The LRV for 

PCu64Ni16 was maintained at 5-log/6-log after 2 hrs and this was a great improvement 

compared to PCu80.  

With the aid of more copper rupturing the bacterial cell envelope, this may have given 

nickel a quicker entry into the cell compared to entering the cell via the membrane 

transporters. Also, the ease at which copper is able to produce hydroxyl radicals 

compared to nickel, may have resulted in DNA damage to take place at an increased 

rate whilst nickel inhibited DNA repair. This combined effect of bactericidal and 

bacteriostatic properties may have resulted in cell death to be achieved at an increased 

rate within the filter and therefore able to maintain high LRVs for a longer period of 

time. Cell death was evident when cell staining was performed on PCu64Ni16 using 

propidium iodide (red stain) and SYTO 9 (green stain) for the detection of live/dead 

cells present in the foam samples. Similar to the red/green staining observed in  

Figure 5-7 (b) for PCu80, PCu64Ni16 also exhibited some green stains and mostly red 

stains and thus indicating the presence of mostly dead bacteria as shown in  

Figure 5-10. 

 

Figure 5-10: Staining of live/dead bacteria present in PCu64Ni16, Legend: P 

indicates polyimide, Cu indicates copper, Ni indicates nickel, 64 indicates weight 

percentage of copper and 16 indicates weight percentage of nickel in the foam. 
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In support of the LRV data obtained, zone of inhibition tests were also carried out 

using PCu80, PNi80 and the four PI/copper - nickel composite foams as shown in 

Figure 5-11.   

 

Figure 5-11: Measurements of zone of inhibition for PCu80 (PI/copper (80 wt%)), 

PNi80 (PI/nickel (80 wt%)) and PI/copper - nickel composite foams, Legend: P 

indicates polyimide, Cu indicates copper and Ni indicates nickel, (Reproducibility,  

n = 3), Error bars included.  

Similar to the trend observed in Figure 5-9, Figure 5-11 shows that the four PI/copper 

- nickel composite foams had much higher values of ZOI compared to PNi80  

(12.3 ± 0.9 mm). Except for PCu64Ni16 (33.9 ± 0.16 mm), the remaining three 

[(PCu16Ni64), (PCu32Ni48), (PCu48Ni32)] composite foams exhibited ZOI values 

of 23.9 ± 0.2 mm, 20.6 ± 0.2 mm and 21.8 ± 0.8 mm respectively and these values 

were lower than the 27.5 ± 1.1 mm that was observed for PCu80.  

The results of the antibacterial tests show that a non-functional PI foam exhibits only 

a filtration effect due to the porous nature of the foam. However, by including 

antibacterial agents, the efficacy of the foams is greatly enhanced due to the combined 

effect of filtration provided by the polyimide foam and the individual antibacterial 

activities of copper and nickel. The combined effect of bactericidal copper and 

bacteriostatic nickel showed a greater antibacterial efficacy compared to a pure copper 

foam. Therefore, it could be possible to utilize a combination of different antibacterial 

agents to improve the antibacterial efficacy of a functionalized foam filter.  



137 

 

5.4 Summary 

The antibacterial polyimide (PI), PCu80 (PI (20 wt%)/copper (80 wt%)) and PNi80 

(PI (20 wt%)/nickel (80 wt%)) foams were successfully prepared via a foaming 

process comprised of a ‘blowing’ (CO2 generation) and polymerisation reaction that 

occurs simultaneously, encapsulating active copper and nickel agents. The 

antibacterial activity of the foams containing copper, nickel and composite copper - 

nickel agents were successfully tested against a model gram-negative bacterium, 

Erwinia carotovora. Copper and nickel concentrations were detected using a Scanning 

Electron Microscope - Energy Dispersive X-Ray Spectroscopy (SEM - EDX) in 

PCu80 and PNi80, and it ranged between 70 - 75% and both metals were found to be 

well distributed throughout the foam indicating that using this one step method, it is 

possible to manufacture antibacterial foams for flow systems successfully. The 

concentration of copper in PCu64Ni16 (PI (20 wt%)/copper (64 wt%) - nickel  

(16 wt%)) was found to be approximately four times the concentration of nickel 

throughout the foam.  

Cell viability was confirmed via SEM and by staining the bacterial cells using a 

propidium iodide (red stain, dead bacteria) and SYTO 9 (green stain, live bacteria). 

Antibacterial efficacy of the foam filter was further improved with a copper - nickel 

composite, PCu64Ni16, which performed far superior than PCu80 due to the combined 

effect of the bactericidal activity displayed by copper and the bacteriostatic activity 

displayed by nickel. PCu64Ni16 also exhibited a higher zone of inhibition (ZOI) value 

than PCu80. These findings show that PI/copper - nickel composite foams can be used 

for removing microbes from the enclosed space environments by ensuring that they 

are killed during filtration. 
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6 Modelling and Simulation of 13X Zeolite - Polyimide Adsorbent 

Foams   

Numerical modelling was used in this work to simulate the mass transfer of CO2 

through the foam and within the pores as well as the adsorption of CO2 onto the surface 

of the immobilised 13X zeolite. There are a number of discretisation techniques such 

as finite element method (FEM), finite volume method (FVM) and finite difference 

method (FDM) for solving partial differential equations (PDEs) used in computational 

fluid dynamics (CFD) modelling. FDM is limited to a structured mesh whilst FVM 

and FEM have geometric flexibility which allows complex geometries to be handled 

at ease. Compared to FVM, FEM can easily construct higher order accurate methods 

(Dick, 2009). CFD has been used by some studies to simulate fluid flow through a 

foam structure (Huu et al., 2009; Yu et al., 2006; Giani et al., 2005). The main objective 

of using CFD is to understand the transport mechanism of the adsorptive throughout 

the foam. CFD was also used to develop a model that could accurately simulate 

experimental data such as the changes in the concentration of the adsorptive during the 

adsorption process as well as changes in velocity and pressure drop across the foam 

structure. It is necessary for a parametric study to be carried out to determine the 

optimal set of parameters required for obtaining a sharp breakthrough curve which 

indicates full utilisation of the foam bed, and a low pressure drop structure which 

makes the filter, cost effective due to low energy usage. Matching experimental data 

is the starting point of this modelling work and the parameters that are required, are 

obtained experimentally and from literature as seen in Table 6-1. The CFD outputs not 

only help to reduce the number of experiments that needs to be carried but they also 

act as a ‘screening tool’ for research. For this purpose, 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.  

Declaration: The data and text that have been published in the authors ‘Synthesis of 

Novel Regenerable 13X Zeolite-Polyimide Adsorbent Foams’ (G et al., 2019) paper, 

have been presented in this Chapter. Most of the data from the paper has been updated 

and new data has been included in this Chapter. 
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6.1 Physical Model & Assumptions 

The model foam structure implemented in the 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 

for 13X foams as explained in Section 3.2.4. 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 6-1 (a). Definition and values of the model input parameters and variables used, 

is summarised in Table 6-1.  

 
 

(a) (b) 

Figure 6-1: (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 (80 wt%) foam 

surface. 

The assumptions used in the model were (Tefera et al., 2013): 

• 2-D axisymmetric - since the pores in the foam structures were random as seen 

in Figure 6-1 (b), it was reasonable to assume that there was negligible 

variation of flow properties in the azimuthal direction.  
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• Negligible axial back mixing (Pe ~ 228 - 305 according to Equation ( 6-3 )) 

• Permeability and porosity of the structure is isotropic 

• Negligible adsorption of the carrier gas (Negligible adsorption of N2,  

(Figure 3-13) 

• Low pressure system so the assumption of ideal gas behaviour is reasonable 

• The system is assumed to be isothermal  

• Symmetric flow conditions and geometry along the foam centre plane (r = 0) 
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Table 6-1: 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 

𝐷𝑝 
Equivalent pore 

diameter 

0k PVP (1.8 ± 0.4) × 10−4 

m 
Average of 10 readings taken from 

SEMs as shown in Figure 6-1 (b) 

10k PVP (2.0 ± 0.8) × 10−4 

40k PVP (2.4 ± 0.5) × 10−4 

58k PVP (3.0 ± 0.7) × 10−4 

𝐷𝑤 

Equivalent 

pore-window 

diameter 

0k PVP (6.9 ± 1.8) × 10−4 

m 
Average of 10 readings taken from 

SEMs as shown in Figure 6-1 (b) 

10k PVP (8.1 ± 1.5) × 10−4 

40k PVP (8.8 ± 2.8) × 10−4 

58k PVP (9.6 ± 1.7) × 10−4 

𝜂 Cell ratio 

0k PVP 0.966 

 Equation ( 6-7 ) 
10k PVP 0.969 

40k PVP 0.964 

58k PVP 0.951 

𝜀𝑝 Foam voidage 0.53 - 0.61  Equation ( 6-2 ) 

0k PVP 0.839  
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𝑘𝐾
′  

Modified 

Kozeny 

constant 

10k PVP 0.864 
Equation ( 6-8 ), For the respective 

𝜀𝑝 
40k PVP 1.16 

58k PVP 1.78 

𝐴′ 
Coefficient for 

calculating 𝑘𝐾
′  

0k PVP 12.7 

 
(Karimian and Straatman, 2008), For 

the respective 𝜀𝑝, Figure 6-3 

10k PVP 14.0 

40k PVP 16.2 

58k PVP 18.8 

𝐾 
Permeability of 

porous domain 

0k PVP 8.57 × 10−10 

m2 
Equation ( 6-6 ), For the respective 

𝜀𝑝 

10k PVP 9.83 × 10−10 

40k PVP 8.58 × 10−10 

58k PVP 7.52 × 10−10 

𝑅𝑒𝑚,𝐶𝑂2 
Modified Reynolds Number with 

CO2 

0.47 - 0.65  Table 6-2 

𝑅𝑒𝑚,𝐴𝑖𝑟 
Modified Reynolds Number with 

Air 
0.47 - 7.76  

Table 6-7, For air flow rates ranging 

from 1 - 12 L min-1 

𝑃𝑒 Peclet Number 228 - 305  Equation ( 6-3 ), Table 6-3 

𝑆𝑐 Schmidt Number 0.70  Equation ( 6-5 ) 

𝑘𝐿 
Langmuir 

constant 

0k PVP 2.08 

m3 mol-1 Equation ( 6-12 ), Equation ( 6-13 ) 
10k PVP 1.96 

40k PVP 2.08 

58k PVP 1.93 
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𝑞𝑚𝑎𝑥 

Maximum 

adsorption 

capacity 

0k PVP 0.00199 

mol CO2 g
-1 

13X 
Equation ( 6-12 ), Equation ( 6-13 ) 

10k PVP 0.00205 

40k PVP 0.00208 

58k PVP 0.00207 

𝜌𝑏 Bulk density 146 - 187 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 (Mostinsky, 2011) 

𝜌𝐶𝑂2 Density of CO2 1.98 kg m-3 (The Engineering ToolBox, n.d.) 

𝜌𝐴𝑖𝑟 Density of Air 1.20 kg m-3 (Evans, 2015) 

𝜌𝑤 Density of Water 1000 kg m-3 (The Engineering ToolBox, n.d.) 

𝜇𝐶𝑂2 Viscosity of CO2 1.47 × 10−5 Pa s (The Engineering ToolBox, n.d.) 

𝜇𝐴𝑖𝑟 Viscosity of Air 1.82 × 10−5 Pa s (Evans, 2015) 

𝑄 Flow rate of CO2 8.33 × 10−6 m3 s-1 
Experimental data, converted  

from mL min-1 

𝑢𝑚 Superficial velocity 0.00775 m s-1  

𝑢𝑚𝑎𝑥 Maximum 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 
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6.2 Governing Equations 

The simulation consisted of two parts: 

• Continuity and conservation of momentum 

• Species transport in porous media and adsorption  

Continuity Equation: 

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

as Newtonian. The operating pressure was assumed to be 101325 Pa so it is reasonable 

to assume that the gas is incompressible. The continuity equation can be written as: 

∇ ∙ 𝒖 = 0  ( 6-1 ) 

 

Energy losses in the foam structure is due to viscous and form drags. The energy loss 

is significantly affected by the flow regime and also the foam structure i.e. voidage. 

The modified Reynolds number, 𝑅𝑒𝑚,𝐶𝑂2 (Equation ( 2-3 )) was used to characterise 

the flow regime with CO2 as the adsorptive gas (Dybbs and Edwards, 1984). Voidage 

was first determined experimentally by a saturation method reported by Anovitz and 

Cole, (2015): 

𝜀𝑝 =
𝑊𝑠−𝑊𝑑

𝜌𝑤𝑉𝑏
  ( 6-2 ) 

 

where 𝑉𝑏 is the bulk volume of the foam and 𝜌𝑤 is density of water.  

Using Equation ( 2-3 ), 𝑅𝑒𝑚,𝐶𝑂2 values for PI/13X (80 wt%) foams containing no PVP 

(300-0k), 10k PVP (300-10k), 40k PVP (300-40k) and 58k PVP (300-58k) are 

summarised in Table 6-2.  

Table 6-2: Modified Reynolds number, Rem,CO₂ for 300-0k (without PVP), 300-10k (10k 

PVP (5 wt%)), 300-40k (40k PVP (5 wt%)) and 300-58k (58k PVP (5 wt%)) PI/13X 

(80 wt%) foams at a CO2 flow rate of 500 mL min-1. 

Foam Sample 𝑅𝑒𝑚,𝐶𝑂2 

300-0k 0.47 

300-10k 0.51 

300-40k 0.56 

300-58k 0.65 
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Since 𝑅𝑒𝑚,𝐶𝑂2 values were less than 1 (Table 6-2), it was confirmed that the flow 

regime was laminar for the model (Dybbs and Edwards, 1984). 

In order to determine the mode of CO2 transport through the foam structure, the Peclet 

number, 𝑃𝑒 was used to determine the significance of convection/diffusion in the 

distribution of CO2 in the foam (Dantas et al., 2011):  

𝑃𝑒 =
𝑢𝑚𝐿

𝐷𝐿
  ( 6-3 ) 

𝐷𝐿 =
[0.23+0.5𝑆𝑐𝑅𝑒𝑚,𝑔]𝐷𝐶𝑂2

𝜀𝑝
  ( 6-4 ) 

𝑆𝑐 =
𝜇𝑔

𝜌𝑔𝐷𝐶𝑂2
  ( 6-5 ) 

 

where 𝑢𝑚 is superficial velocity of the fluid, 𝐷𝐿 is axial dispersion coefficient, 𝐷𝐶𝑂2 is 

diffusion coefficient of CO2 and 𝑆𝑐 is Schmidt number. 

Using Equation ( 6-3 ), 𝑃𝑒 values for 300-0k (without PVP), 300-10k (10k PVP (5 

wt%)), 300-40k (40k PVP (5 wt%)) and 300-58k (58k PVP (5 wt%)) PI/13X (80 wt%) 

foams are summarised in Table 6-3.  

Table 6-3: Peclet number, Pe for 300-0k (without PVP), 300-10k (10k PVP (5 wt%)), 

300-40k (40k PVP (5 wt%)) and 300-58k (58k PVP (5 wt%)) PI/13X (80 wt%) at a 

CO2 flow rate of 500 mL min-1. 

Foam Sample 𝑃𝑒 

300-0k 305 

300-10k 284 

300-40k 260 

300-58k 228 

 

As observed in Table 6-3, 𝑃𝑒 values were significantly large for all four foam 

formulations. Therefore, convection dominates the transport of CO2.  

Conservation of momentum (Brinkman equations): 

The Brinkman equation as shown in Equation ( 2-5 ), was used to describe CO2 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 the foam structure 
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(Nield and Bejan, 2006). Permeability, 𝐾 in Equation ( 2-5 ) depends on the structure 

of the porous matrix and is independent of the properties of the fluid (Ozgumus et al., 

2014). The main parameters which affect permeability are porosity, pore shape and the 

connectivity of pores with one another (Ozgumus et al., 2014). Since the flow is 

laminar, the Carman-Kozeny permeability model was used to estimate the relationship 

between permeability and 𝜀𝑝 in the model. However, this model was primarily 

developed for packed beds of spherical particles (Karimian and Straatman, 2008). 

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 permeability as a function of porosity can be written as (Karimian and 

Straatman, 2008): 

𝐾 =
𝐷𝑝
2𝜀𝑝

3𝜂6

𝑘𝐾
′ 𝜋2(3𝜂−2)2

  ( 6-6 ) 

 

where 𝜂 is cell ratio and 𝑘𝐾
′  is modified Kozeny constant. 

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, 2008).  

 

 

 

Figure 6-2: Schematic of a unit cube geometry adapted from Karimian and Straatman, 

(2008), Legend: Dw is equivalent pore-window diameter and Dp is equivalent pore 

diameter. 
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𝐷𝑤 and 𝐷𝑝 were determined from SEM images as shown in Figure 6-1 (b) and used in 

Equation ( 6-7 ) for calculating the cell ratio (Karimian and Straatman, 2008). 

𝜂 = √1 − (
𝐷𝑝

𝐷𝑤
)
2

  ( 6-7 ) 

 

where 𝐷𝑤 is equivalent pore-window diameter. 

The remaining unknown in Equation ( 6-6 ) is the modified Kozeny constant, 𝑘𝐾
′ . The 

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

connections (Ozgumus et al., 2014). The constant is usually approximated as 5 for 

packed beds but varies strongly with porosity for other internal structures (Karimian 

and Straatman, 2008). Therefore, the Kozeny constant was modified by incorporating 

a coefficient which varies with porosity. This can be seen in Equation ( 6-8 ).  

 

Figure 6-3: Coefficient 𝐴′ varying with porosity adapted from Karimian and 

Straatman, (2008). 

The modified Kozeny constant was adapted using a ‘coefficient-porosity’ correlation 

(Figure 6-3) reported by Karimian and Straatman for foams (Karimian and Straatman, 

2008): 

𝑘𝐾
′ = (1 − 𝜂2) × 𝐴′  ( 6-8 ) 

 

where 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 

(Equation ( 6-6 )) of the porous matrix can be determined as a function of porosity.  

Initial and boundary conditions (variables are defined in Table 6-1): 

• 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: When 𝑧 = 𝐿, 𝑃𝑔𝑎𝑢𝑔𝑒 = 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]  ( 6-9 ) 

𝐷𝑒 =
𝜀𝑝

𝜏𝑓
𝐷𝐶𝑂2  ( 6-10 ) 

𝜏𝑓 = 𝜀𝑝
−
1

3  
( 6-11 ) 

 

where 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 and 𝜏𝑓 is tortuosity factor (Millington 

and Quirk Model). 

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 ( 6-9 ), the first two terms describe the accumulation of CO2 via adsorption 

in the polymeric matrix. Porosity is uniform and constant throughout the foam as the 

foams are assumed to be isotropic. The third term describes the movement of CO2 

through the pore channels and this term incorporates the velocity vector (Tefera et al., 

2013). Langmuir isotherm (Equation ( 6-12 )) was used to predict the concentration of 

CO2 adsorbed onto and desorbed from the 13X zeolite surface (Chen, 2015).  
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𝑞𝑒𝑞 =
𝑞𝑚𝑎𝑥𝑘𝐿𝐶

1+𝑘𝐿𝐶
  ( 6-12 ) 

 

where 𝑞𝑚𝑎𝑥 is maximum adsorption capacity. 

Using IGA data obtained from the actual PI/13X (80 wt%) foams (Section 3.3.5 and 

Equation ( 6-12 )), 𝑘𝐿 and 𝑞𝑚𝑎𝑥 were determined by plotting a linearized form of the 

Langmuir isotherm as shown by Equation ( 6-13 ). 

𝐶

𝑞𝑒𝑞
=

1

𝑞𝑚𝑎𝑥
𝐶 +

1

𝑞𝑚𝑎𝑥𝑘𝐿
  ( 6-13 ) 

 

The R2 values obtained from the trendline for all the PI/13X (80 wt%) foam samples 

were 0.996. A sample of the 𝑘𝐿 and 𝑞𝑚𝑎𝑥 calculation can be seen in Appendix 4.  

Lastly, the dispersion and diffusion term on the right hand side of Equation ( 6-9 ), 

include the self-induced movement of CO2 within the pore spaces (Tefera et al., 2013). 

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 6-1): 

• Foam wall: No flux, When 𝑟 = 𝑊,
𝑑𝐶

𝑑𝑟
= 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 structure and adsorbent was free 

of adsorptive, When 𝑡 = 0, 𝐶 = 0 and 𝑞𝑒𝑞 = 0 

6.3 Meshing & Convergence Tests 

The computation domain was approximated using unstructured triangular elements or 

meshes, as shown in Figure 6-4 (a) and (b). The density of meshes was increased in 

the area where the velocity and concentration gradients are maximum (i.e. the region 

near the wall). The relative error tolerance for all variable parameters 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 
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refinement to determine when mesh dependency had been eliminated. Figure 6-4 (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 6-4: (a) Coarser (2269 elements) mesh distribution, (b) Finer (~30000 

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

mesh distribution. 

6.4 Results & Discussions 

Model breakthrough profiles were generated for 300-0k (Figure 6-5 (a)), 300-10k 

(Figure 6-5 (b)), 300-40k (Figure 6-5 (c)) and 300-58k (Figure 6-5 (d)) foams and 

compared against the corresponding experimental dynamic adsorption breakthrough 

profiles. Similar to the experimental breakthrough profiles, the shape of the model 

breakthrough profiles was also S - shaped for the four formulations.  

The experimental breakthrough time observed for 300-0k (Figure 6-5 (a)), 300-10k 

(Figure 6-5 (b)) 300-40k (Figure 6-5 (c)) and 300-58k (Figure 6-5 (d)) foams were 

slightly longer compared to the corresponding model breakthrough time. The 

differences observed between the predicted and experimental breakthrough time are 

shown in Table 6-4 for the four formulations. The gradient of the slope of the 

experimental and model breakthrough curves were different. This could be due to the 

use of adsorption parameters obtained from equilibrium isotherms rather than a 

breakthrough curve for the model. The slope of the experimental profiles was sharper 

compared to the slope of the simulated breakthrough profiles for all four formulations 

which indicates greater mass transfer resistances being reflected in the model.  
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(a) (b) 

  

(c) (d) 

 

Figure 6-5: 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, Legend: tb,E is experimental breakthrough time, tb,M is model 

breakthrough time. 

The mass transfer rate in the IGA could differ from the mass transfer rate in a flow - 

through system as convection dominates the transport of CO2 in the latter whereas in 

the IGA, the selected pressure point is achieved and stabilized till the weight of the 

foam sample does not change. Therefore, the mass transfer rate may be dependent on 

diffusion alone in the IGA. This could have resulted in the slope of the model 

breakthrough curve to be gentler compared to the experimental breakthrough curve 

and thus resulting in a faster predicted breakthrough time as shown in Table 6-4. In 

addition, the foam is assumed to be isotropic. Therefore, porosity and permeability 

would be uniform along the length of the foam. This in turn could have also resulted 

in the presence of greater mass transfer resistances to be reflected in the modelled 

breakthrough profiles compared to the experimental breakthrough curves. Table 6-4 

shows the comparison of the breakthrough time and equilibrium loading obtained from 



152 

 

the simulation and the experimental breakthrough profiles. Equation ( 3-1 ) was used 

to determine the equilibrium loading from the simulated breakthrough profiles. 

Table 6-4: Breakthrough time and equilibrium loading calculated from simulated 

breakthrough profiles for 300-0k, 300-10k, 300-40k and 300-58k foams challenged 

with 4% vol. CO2 in air at 293K and 101325 Pa.  

Sample 

Experimental 

breakthrough 

time, 𝑡𝑏,𝐸 (𝑠) 

Predicted 

breakthrough 

time, 𝑡𝑏,𝑀 (𝑠) 

Experimental 

𝑞𝑒𝑞 (
𝑔 𝐶𝑂2
𝑔 13𝑋

) 

Predicted 

𝑞𝑒𝑞 (
𝑔 𝐶𝑂2
𝑔 13𝑋

) 

Difference 

for 𝑞𝑒𝑞 

(%) 

300-0k 1432 900 0.039 0.039 - 

300-10k 1202 800 0.05 0.05 - 

300-40k 1380 1000 0.037 0.038 +2.6% 

300-58k 1370 1000 0.036 0.040 +10% 

 

Table 6-4 shows that the predicted 𝑞𝑒𝑞 values for 300-0k, 300-10k, 300-40k and  

300-58k are in good agreement with the experimental 𝑞𝑒𝑞 values as the difference was 

calculated to be less than 10%. Although there were differences observed between the 

experimental and model breakthrough profiles, the 𝑞𝑒𝑞 values for 300-0k and 300-10k 

were predicted accurately. A difference of 2.6% was observed between the 

experimental and predicted 𝑞𝑒𝑞 value for 300-40k. 300-58k had the largest difference 

of 10% between the experimental and predicted 𝑞𝑒𝑞 values. As discussed in  

Section 3.3.3, the higher the PVP molar mass, the more difficult it would be to remove 

it and this was observed with 300-40k and 300-58k compared to 300-10k. This could 

be due to the effect of PVP on the adsorption capacity of the foam samples not being 

reflected in the simulation. In an ideal environment such as in the IGA where the foam 

sample is allowed to adsorb till the weight has stabilized, the effect of the PVP on the 

adsorption performance of the foam may have been less compared to a flow - through 

system. Therefore, with 300-40k and 300-58k, the predicted 𝑞𝑒𝑞 values were higher 

compared to their respective experimental adsorption capacity.  

During an adsorption experiment, it is not straight forward 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. Although the predicted equilibrium loading for 300-0k and 

300-10k were the same as the experimental equilibrium loading, the simulated 
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breakthrough curve for 300-10k was the closest to its corresponding experimental 

breakthrough curve. Therefore, the progression of the MTZ for the model 

breakthrough curve (Figure 6-5 (b)), was simulated as seen in Figure 6-6. 

 

Figure 6-6: 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 6-6 shows the CO2 concentration at the foam outlet at approximately 1000 s, 

was about 0.01 mol m-3 (1% of the inlet concentration) and thus indicating that 

breakthrough had occurred. The simulation results also show that the adsorbent foam 

was exhausted and had reached equilibrium at approximately 4000 s.  

6.4.1 Varying Parameters 

The adsorption parameters; Langmuir constant, 𝑘𝐿 and maximum adsorption capacity, 

𝑞𝑚𝑎𝑥 and the initial CO2 concentration, 𝐶0 used in the experiment can be varied in the 

simulation so as to understand how the breakthrough performance of the foam 

changes.  
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Effect of initial concentration, 𝐶0 

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 6-7 (a) 

and the corresponding equilibrium loading achieved can be seen in Figure 6-7 (b). 

 
(a) 

 
(b) 

 

Figure 6-7: (a) 300-10k model breakthrough profiles obtained by varying initial CO2 

concentration, (b) Effect of varying initial CO2 concentration on predicted equilibrium 

loading for 300-10k whilst keeping Langmuir constant, kL and maximum adsorption 

capacity, qmax constant, Legend: tb,M is model breakthrough time. 

As expected, the increase in CO2 concentration results in a sharper breakthrough curve 

(Figure 6-7 (a)), shorter breakthrough time and a higher equilibrium loading  
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(Figure 6-7 (b)). As CO2 concentration increases, the 13X zeolite becomes saturated 

quickly and thus results in a faster and sharper breakthrough curve. A higher 

equilibrium loading was achieved with an increase in concentration due to a greater 

number of CO2 molecules being present.  

Effect of Langmuir constant, 𝑘𝐿  

If the accessibility of an adsorptive molecule to a zeolite surface is improved via 

modification or if the operating temperature is reduced, the value of 𝑘𝐿 can increase 

due to the rate of adsorption being more favourable compared to the rate of desorption. 

Therefore, 𝑘𝐿 was varied whilst keeping 𝑞𝑚𝑎𝑥 constant to understand the effect it had 

on the shape of the breakthrough curve and the adsorption capacity of the foam 

samples. The 𝑘𝐿value was reduced to half of the original value and increased to twice 

of the original value. The generated model breakthrough profiles can be seen in  

Figure 6-8 and the corresponding equilibrium loading achieved can be seen in  

Table 6-5. 

 

Figure 6-8: 300-10k model breakthrough profiles obtained by varying the Langmuir 

constant, kL whilst keep the maximum adsorption capacity, qmax and initial CO2 

concentration, C0 constant. 

As 𝑘𝐿 increased, the breakthrough curve shifted to the right of the time scale as shown 

in Figure 6-8.  Since 𝑘𝐿 represents the ratio between adsorbed and desorbed molecules 

at equilibrium, the number of CO2 molecules adsorbed increases as 𝑘𝐿 increases. As a 

result, when 𝑘𝐿 was increased to twice of the original value, the breakthrough time 

increased from 800 s to 1200 s. However, when 𝑘𝐿 was reduced to half of the original 

value, the breakthrough time decreased from 800 s to 500 s. This is due to more CO2 
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molecules being desorbed from the zeolite surface than they are being adsorbed onto 

the zeolite surface. Therefore, a faster breakthrough time was achieved. The changes 

in 𝑘𝐿 in turn resulted in an increase/decrease in equilibrium loading as shown in  

Table 6-5.  

Table 6-5: Effect of varying the Langmuir constant, kL on the equilibrium loading of 

300-10k. 

Langmuir constant 

𝑘𝐿  (
𝑚3

𝑚𝑜𝑙
) 

Predicted equilibrium adsorption capacity 

𝑞𝑒𝑞 (
𝑔 𝐶𝑂2
𝑔 13𝑋

) 

0.98 0.04 

1.96 0.05 

3.92 0.056 

 

Increments of approximately 0.01 g g-1 were observed for 𝑞𝑒𝑞 (Table 6-5) and the 

breakthrough time increased by approximately 300 s (Figure 6-8) as 𝑘𝐿 was doubled. 

This shows that 𝑘𝐿 has some impact on both 𝑞𝑒𝑞 and the breakthrough time but it is 

not extensive.  

Effect of maximum adsorption capacity, 𝑞𝑚𝑎𝑥 

The effect of changing the adsorbent content in the foam structure can lead to changes 

in the value of 𝑞𝑚𝑎𝑥. Therefore, 𝑞𝑚𝑎𝑥 was varied whilst keeping 𝑘𝐿 constant to 

understand the effect it had on the adsorption performance and the adsorption capacity 

of the foam samples. The 𝑞𝑚𝑎𝑥 value was reduced to half of the original value and 

increased to twice of the original value. This can be seen in (Figure 6-9) and the 

corresponding equilibrium loading achieved can be seen in (Table 6-6). 
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Figure 6-9: 300-10k model breakthrough profiles obtained by varying the maximum 

adsorption capacity, qmax whilst keeping the Langmuir constant, kL and initial CO2 

concentration, C0 constant. 

Similar to the effect of 𝑘𝐿, the increase in the value of 𝑞𝑚𝑎𝑥 resulted in the 

breakthrough curve to shift right of the time scale. When 𝑞𝑚𝑎𝑥 was increased to twice 

of the original value, the breakthrough time increased from 800 s to 1600 s. This shows 

that the increase in the adsorption capacity of the adsorbent material allowed more 

CO2 molecules to be adsorbed and thus more time was needed for the adsorbent 

material to become fully saturated. However, when 𝑞𝑚𝑎𝑥 was reduced to half of the 

original value, the breakthrough time decreased from 800 s to 400 s. The reduction of 

adsorption capacity of the adsorbent material reduces the number of CO2 molecules 

that are adsorbed and thus causes the adsorbent material to become saturated in a 

shorter period of time. This can be seen in Figure 6-9. The changes in breakthrough 

time were proportional to the changes in 𝑞𝑚𝑎𝑥. The changes in 𝑞𝑚𝑎𝑥 in turn resulted 

in an increase/decrease in equilibrium loading as shown in Table 6-6. 

Table 6-6: Effect of varying the maximum adsorption capacity, qmax on the equilibrium 

loading of 300-10k. 

Maximum adsorption capacity, 

𝑞𝑚𝑎𝑥  (
𝑚𝑜𝑙

𝑘𝑔
) 

Predicted equilibrium adsorption capacity 

𝑞𝑒𝑞 (
𝑔 𝐶𝑂2
𝑔 13𝑋

) 

1.02 0.025 

2.05 0.05 

4.09 0.099 
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The changes observed with the breakthrough time (Figure 6-9) and 𝑞𝑒𝑞 (Table 6-6), 

were proportional to the changes made to 𝑞𝑚𝑎𝑥. This shows that 𝑞𝑚𝑎𝑥 has a significant 

effect on the adsorption performance of an adsorbent material.  

6.4.2 Pressure Drop 

For the purpose of simulating the CO2 adsorption breakthrough profiles, CO2 flow rate 

of 500 mL min-1 at 293.15 K and 101325 Pa was used. At this flow rate and with CO2, 

the modified Reynolds number, 𝑅𝑒𝑚,𝐶𝑂2 was calculated to be less than 1 (Table 6-2) 

and thus there were no inertial forces present. However, for simulating the pressure 

drop across the length of the foam structure, air was used at flow rates ranging from  

1 - 12 L min-1 at 293.15 K and 101325 Pa. At these flow rates, the modified Reynolds 

number, 𝑅𝑒𝑚,𝐴𝑖𝑟 was calculated using Equation ( 2-3 ) with air as the fluid. The 

calculated 𝑅𝑒𝑚,𝐴𝑖𝑟 values for PI/13X (80 wt%) foams containing no PVP (300-0k), 

10k PVP (300-10k), 40k PVP (300-40k) and 58k PVP (300-58k) can be seen in  

Table 6-7. 

Table 6-7: Modified Reynolds number, Rem,Air for 300-0k (without PVP), 300-10k (10k 

PVP (5 wt%)), 300-40k (40k PVP (5 wt%)) and 300-58k (58k PVP (5 wt%)) PI/13X 

(80 wt%) foams at air flow rates ranging from 1 - 12 L min-1. 

Foam Sample 𝑅𝑒𝑚,𝐴𝑖𝑟 

300-0k 0.47 - 5.58 

300-10k 0.51 - 6.07 

300-40k 0.55 - 6.62 

300-58k 0.65 - 7.76 

 

As observed in Table 6-7, 𝑅𝑒𝑚,𝐴𝑖𝑟 becomes greater than one as the air flow rate 

increases and thus indicating the rise in inertial forces (Dybbs and Edwards, 1984). 

Therefore, Equation ( 2-6 ) was used to account for the rise in inertial forces (Nield 

and Bejan, 2006).  

The value of 𝛽𝐹 is dependent on the nature of the porous medium. As a result, using 

correlations described by other authors, would lead to inaccurate values of 𝛽𝐹. 

Therefore, the value of 𝛽𝐹 was determined using experimental pressure drop data 

obtained from the 300-0k, 300-10k, 300-40k and 300-58k foams. The experimental 

pressure drop data (Pa m-1) for the foams were plotted as a function of superficial 
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velocity (m s-1) to obtain a polynomial trendline equation to determine the viscous and 

inertial coefficients. The R2 values obtained from the polynomial trendline for all the 

300-0k, 300-10k, 300-40k and 300-58k foam samples were greater than 0.99. This can 

be seen in Figure 6-10.  

 

(a) 

 

(b) 

 

(c) 
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(d) 

Figure 6-10: Experimental pressure drop data as a function of superficial velocity for 

PI/13X (80 wt%) foams (a) 300-0k (without PVP), (b) 300-10k (10k PVP (5 wt%)), (c) 

300-40k (40k PVP (5 wt%)) and (d) 300-58k (58k PVP (5 wt%)). 

Using the viscous term, 
𝜇𝑔

𝐾
 (Equation ( 2-6 )) and the viscous coefficient obtained from 

the experimental data, the permeability of the foam was calculated. With the 

experimental permeability value, density of air and inertial term, 
𝛽𝐹𝜌𝑔

√𝐾
 (Equation  

( 2-6 )), the inertial coefficient, 𝛽𝐹 was calculated. The determined 𝛽𝐹 value was 

plotted as a function of voidage to obtain a polynomial trendline as shown in  

Figure 6-11. A sample of the 𝛽𝐹 calculation is shown in Appendix 5. 

  

Figure 6-11: Relationship between foam voidage and experimentally determined 

Forchheimer drag coefficient, βF for 300-0k, 300-10k, 300-40k and 300-58k foams. 
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Using the polynomial trendline observed in Figure 6-11, an interpolation can be done 

to determine the value of 𝛽𝐹 for foams with voidage ranging between 0.53 - 0.61.  

6.5 Summary 

Computational simulations were successfully conducted to elucidate the concentration 

profiles of CO2 within polyimide (PI)/13X (80 wt%) foams containing no PVP 

(polyvinylpyrrolidone) (300-0k), 10k PVP (300-10k), 40k PVP (300-40k) and 58k 

PVP (300-58k). Some discrepancies in the shape of the breakthrough profiles were 

observed between the simulated and experimental breakthrough profiles for all the 

foams due to the difficulty of accurately replicating the foam structure in the model. 

The simulated adsorption capacity of 300-0k and 300-10k foams were successfully 

verified by experimental data. Although it is difficult to indicate in the model of the 

presence of some PVP remaining in the foam, the adsorption capacities of 300-40k 

and 300-58k were over estimated by only 2.6% and 10% respectively. With the aid of 

CFD modelling, adsorption parameters and experimental conditions could be varied 

to understand the changes in the adsorption performance of the foams. Using pressure 

drop equations present in literature, was proven to be difficult due to differences in the 

structure of the foams between those used in literature and those used in this research. 

Based on the experimental pressure drop data, a good correlation was achieved 

between the Forchheimer drag coefficient and porosity of the foam.  
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7 Overall Conclusion 

The key findings from each Chapter have been consolidated and presented here. The 

Literature Review in Chapter 2 confirmed that existing air filtration technologies 

exhibit limitations such as not being reusable, allowing microbes to proliferate and not 

being easily adaptable to fit spaces allocated for the filter. Therefore, there is a need 

for regenerable polyimide foam structures which can be incorporated with high 

concentrations of sorbents/antibacterial agents for the removal of pollutants and 

microbes. Experimental work in Chapters 3, 4 and 5 covered the development and 

characterisation of regenerative polyimide (PI) foam structures containing 

adsorbent/antibacterial agents. A one - step foaming process comprised of a ‘blowing’ 

(CO2 generation) and polymerisation reaction occurring simultaneously was utilised 

to successfully fabricate the adsorbent and antibacterial foam structures. As shown in 

Figure 7-1, the foam structures can be synthesized into any geometrical shape or size 

depending on the requirements on the space available to fit the filter. In addition to 

experimental work, modelling work in Chapter 6 covered the study of transport and 

adsorption of CO2 as well as pressure drop prediction along the length of the foam. 

 
 

Figure 7-1: Adsorbent polyimide foams prepared using different moulds. 

PI/13X (80 wt%) foams and PI/Alumina (40 wt%)/KHCO3 (40 wt%) foams were 

successfully fabricated for the removal of model gas CO2. Thermal analysis of PI and 

13X zeolite confirmed that regeneration at 300 ℃ was possible. The prepared PI/13X  

(80 wt%) foam samples demonstrated a comparable adsorption performance of 

approximately 0.2 g g-1 to commercial 13X beads as confirmed by CO2 isotherms. 

Based on the CO2 breakthrough results, the 13X foam samples were able to achieve 

maximum adsorption capacity regardless of whether polyvinylpyrrolidone (PVP) was 

incorporated into the foams. However, by using KHCO3 and alumina instead of 13X 
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zeolite, the CO2 adsorption capacity of the foams increased by approximately 74%. 

Additionally, a much lower regeneration temperature of 165 ℃ was sufficient for 

regenerating the bicarbonate foams.  

In addition to removing CO2, PI foams containing organophilic HiSiv 3000,  

HiSiv 1000 and a combination of HiSiv 3000 - HiSiv 1000 zeolites were successfully 

fabricated and tested against a range of model VOCs (butane, cyclohexane, hexane). 

HiS-3 (PI/HiSiv 3000 (80 wt%)) foams with zeolite channels of ~ 0.51 - 0.57 nm were 

best suited for small molecules such as butane (~ 0.43 nm) as confirmed by 

breakthrough studies and HiS-1 (PI/HiSiv 1000 (80 wt%)) foams with zeolite channels 

of 0.6 - 0.9 nm were best suited for large molecules such as cyclohexane (0.6 nm) as 

confirmed by isotherm studies. In addition to the effect of zeolite channels, hexane 

studies showed that the adsorption capacity of HiS-1 foams was further enhanced due 

to the zeolite cage structure when compared to the zeolite tunnel pore structure of the 

HiS-3 foams. Butane breakthrough and CO2 isotherms confirmed that although 13X 

and HiSiv 1000 have a similar zeolite cage structure, in the absence of moisture the 

polar nature of 13X (Si/Al: ~ 1.5) enabled the 13X foams to efficiently remove both 

CO2 and butane compared to HiS-3 (Si/Al: ~ 800) and HiS-1 (Si/Al: 35 - 40) foams 

respectively.  

In order to tackle biological pollutants such as microbes, PCu80 (PI/copper (80 wt%)), 

PNi80 (PI/nickel (80 wt%)) and composite copper - nickel foams were successfully 

fabricated and assessed for their antibacterial efficacy using model gram-negative 

bacterium, Erwinia carotovora. With the one step foaming process, an even 

distribution of copper and nickel throughout the foam was successfully achieved and 

confirmed using Scanning Electron Microscope - Energy Dispersive X-Ray 

Spectroscopy (SEM - EDX). Staining experiments confirmed the death of the bacteria 

in the functionalised foam filters when compared against a control (foam without 

antibacterial agents). Antibacterial experiments confirmed that copper - nickel 

composite foams maintained high log reduction values of 5-log/6-log for 24 hrs and 

zone of inhibition (ZOI) values were approximately 19% and 64% higher compared to 

when only copper or nickel was incorporated into the foam respectively.  

CFD models were developed to simulate CO2 breakthrough curves for 13X foams and 

they were validated using the experimental CO2 breakthrough curves obtained from 

Chapter 3. Adsorption parameters such as Langmuir constant and maximum 
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adsorption capacity were extracted from CO2 adsorption isotherms and used in the 

model. Despite the difficulty in creating a replica of the foam structure in the model, 

the predicted adsorption capacities of the 13X foams were over estimated by a 

maximum of only 10%. CFD modelling has made it simpler to generate adsorption 

performance data without having to run several experiments. This was evident from 

easily achievable breakthrough curves when the initial concentration or the adsorption 

parameters in the model were varied. Such a situation may arise when a different 

adsorbent is used or if modifications to improve capacity has been carried out on the 

zeolite. Due to the vast differences in the structure of the foam, pressure drop equations 

used in literature do not accurately predict the pressure drop of the foams prepared in 

this thesis. Therefore, correlations were successfully generated based on pressure drop 

experimental data for predicting the pressure drop of foams prepared in the future.  

The fabrication of adsorbent and antibacterial foams and the respective adsorption 

performance and the antibacterial efficacy of the polyimide foams have been 

established individually in this thesis. However, this has yet to be tested in 

combination. A polyimide foam structure comprising of both adsorbents and 

antibacterial agents can be tailored for any required application. Alternatively, 

adsorbent and antibacterial foams can be stacked in a desired order which would best 

exhibit a good adsorption performance as well as a high antibacterial efficacy. 
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8 Future Work 

The formulation used for fabricating the adsorbent/antibacterial foam structures would 

have to be further optimised to reduce the pressure drop across the length of the foam. 

One way of achieving this would be to increase the water content for the foaming 

process. By doing so, more CO2 will be produced from the reaction between isocyanate 

and the water during the blowing reaction. Alternatively, CO2 can be externally 

injected during the foaming process. Therefore, more bubbles would be formed in the 

foam structure and thus a lower pressure drop would be achievable. However, having 

a lower pressure drop would compromise the adsorption performance of the foams due 

to the decrease in adsorbent content in the foam. Furthermore, larger pore sizes could 

compromise the mechanical strength of the foam structure. In order to optimise the 

foam formulation, the measured pressure drop could be plotted as a function of water 

content or the amount of CO2 injected during the foaming process. The pressure drop 

data can then be plotted as a function of adsorption performance/antibacterial efficacy 

and mechanical stability of the foam structure. This would be a useful visual 

representation of the required water content/CO2 for fabricating a polyimide foam 

structure which has a low pressure drop whilst exhibiting good adsorption 

performance/antibacterial efficacy and is mechanically stable. With the formulation 

optimised, large filter units as shown in Figure 8-1 can be manufactured with different 

sorbent compositions to suit the needs of various applications. In large scale 

applications, these filter units can be operated continuously in either pressure swing or 

temperature swing adsorption modes. Whilst one foam is in operation, the second foam 

can be regenerated thermally, by passing hot air or by reducing the pressure to vacuum. 

The waste gas can be condensed and discarded safely during this cycling process.  
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Figure 8-1: Large - scale adsorbent polyimide foams fitted in air filter units. 

The relative humidity (RH) used when testing the potassium bicarbonate foams with 

CO2 was 93.1%. But the humidity levels in buildings is expected to be within the range 

of 40 - 70% according to the recommendation of the Health and Safety Executive 

(HSE) (Health and Safety Executive (HSE), 1992). Therefore, in order to use 

potassium bicarbonate in the polyimide foam structures at lower RH levels, the effect 

of RH on the CO2 adsorption capacity of the foam filter would need to be assessed.  

Nickel was used in combination with copper for enhancing the antibacterial efficacy 

of the foam filter in the antibacterial study. Zinc is also one of the transition metals 

that are commonly used as an antibacterial agent (Garza-Cervantes et al., 2017). 

Incorporating only zinc into the foam structure would be expensive. However, by using 

zinc in combination with either copper or nickel or both, the quantity of zinc required 

would reduce and the antibacterial efficacy of the foam filter can be improved further. 

Therefore, the antibacterial efficacy of copper - zinc, zinc - nickel and copper - zinc - 

nickel composite polyimide foams would need to be assessed and compared against 

zinc, copper, nickel and copper - nickel composite foams. The antibacterial foams 

would also have to be assessed with a range of different types of bacteria and viruses. 
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Appendices 

Appendix 1: TG Blank Test 

 

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

Appendix 2: Sample Breakthrough Curve Calculations 

The breakthrough curve calculations used in this study for determining the CO2 

(Chapter 3) adsorption performance of PI/13X (80 wt%) foams (No PVP, 10k, 40k 

and 58k PVP) and PI/Alumina (40 wt%) - KHCO3 (40 wt%) foams are shown in the 

following sample breakthrough calculation. This sample calculation was also used to 

determine the butane (Chapter 4) adsorption performance of PI/13X (80 wt%), 

PI/HiSiv 3000 (80 wt%), PI/HiSiv 1000 (80 wt%) and PI/HiSiv 3000 (40 wt%) - HiSiv 

1000 (40 wt%) foams. 

The experimental conditions for the CO2 adsorption test are indicated in Table A. 1. A 

CO2 breakthrough curve of a PI/13X (80 wt%) foam (No PVP) as shown in  

Figure A. 2, will be used in this sample calculation.  

Table A. 1: Experimental conditions used for assessing the CO2 adsorption 

performance of a PI/13X (80 wt%) foam. 

Initial Concentration, 𝐶0 (ppmv) 40000 

Molar Mass, 𝑀𝑤 (g mol-1) 44.01 

Temperature, 𝑇 (K) 293.15 

Pressure, 𝑃 (atm) 1 

Gas Constant, 𝑅 (L atm mol-1 K-1) 0.0821 

Volumetric Flow Rate, 𝑄 (L min-1) 0.5 

Total Foam Weight (g) 40.2 
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In order to calculate the breakthrough loading, 𝑞𝑏 and the equilibrium loading, 𝑞𝑒𝑞, 

the initial CO2 concentration, 𝐶0 was converted from ppmv to molar flow rate, 𝐹  

mol s-1.  

𝐶0: 40000 ppmv = 40000 cm3 m-3 

Using the ideal gas law and the operating conditions from Table A. 1, number of 

moles in 1 cm3 of gas is: 

𝑃𝑉 = 𝑛𝑅𝑇 

𝑃𝑉

𝑅𝑇
= 𝑛 

1 𝑎𝑡𝑚 × (1 𝑐𝑚3 ×
1 𝑚3

106 𝑐𝑚3)

(0.0821 
𝐿 𝑎𝑡𝑚
𝑚𝑜𝑙 𝐾

×
1

1000 
𝑚3

𝐿
) × 293.15 𝐾

= 𝑛 = 4.15 × 10−5 𝑚𝑜𝑙 

Converting 𝐶0 from cm3 m-3 to mol m-3 using 𝑛: 

𝐶0 × 𝑛 = 40000 
𝑐𝑚3

𝑚3
×  4.15 × 10−5

𝑚𝑜𝑙

𝑐𝑚3
= 1.66 

𝑚𝑜𝑙

𝑚3
 

Converting 𝐶0 from mol m-3 to 𝐹 mol s-1 using 𝑄: 

𝐶0 × 𝑄 = 1.66 
𝑚𝑜𝑙

𝑚3
× 

0.5

1000 × 60

𝑚3

𝑠
= 1.38 × 10−5  

𝑚𝑜𝑙

𝑠
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Figure A. 2: Breakthrough curve of PI/13X (80 wt%) foam (no PVP) challenged with 

4% vol. CO2 in air at 20 ℃ and 1 atm at 500 mL min-1, Legend: 𝑡𝑏 is breakthrough 

time, 𝑡𝑒𝑞 is equilibrium time. 

Based on Figure A. 2, 𝑡𝑏 = 1432 𝑠, 𝑡𝑒𝑞 = 5760 𝑠. A small section of the breakthrough 

data is shown in Table A. 2. 

Table A. 2: Section of the recorded breakthrough data and method for calculating the 

area under the curve. 

Time, 𝑡 

(s) 

Effluent Concentration at 

time 𝑡, 𝐶𝑡 (% vol.) 

𝐶𝑡
𝐶0

 
Area under the curve between 𝑡𝑛 

and 𝑡𝑛−1 using Trapezoidal rule (s) 

𝑡1 𝐶1 
𝐶1
𝐶0

 0 

𝑡2 𝐶2 
𝐶2
𝐶0

 0.5(𝑡2 − 𝑡1) [(
𝐶1
𝐶0
) +

𝐶2
𝐶0
] 

𝑡𝑛 𝐶𝑛 
𝐶𝑛
𝐶0

 0.5(𝑡𝑛 − 𝑡𝑛−1) [(
𝐶𝑛−1
𝐶0

) +
𝐶𝑛
𝐶0
] 

5740 4.026 0.9997 2.005 

5750 4.073 1.011 2.017 

5760 4.038 1.002 2.008 

 

The sum of area under the curve, ∫
𝐶𝑡

𝐶0

𝑡𝑒𝑞
0

 𝑑𝑡 between 0 and 𝑡𝑒𝑞 and ∫
𝐶𝑡

𝐶0

𝑡𝑏
0

 𝑑𝑡 between 

0 and 𝑡𝑏 were calculated using the Trapezoidal rule as shown in Table A. 2. Due to the 

80 wt% of 13X zeolite present in the foam, the dry adsorbent weight, 𝑚 was calculated 

to be 32.16 g (80% of the total foam weight). 
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Equilibrium loading, 𝑞𝑒𝑞 was calculated using Equation ( 3-1 ): 

𝑞𝑒𝑞 =
𝐹 × 𝑀𝑤 × [𝑡𝑒𝑞 − ∫

𝐶𝑡
𝐶0

𝑡𝑒𝑞
0

 𝑑𝑡]

𝑚
 

𝑞𝑒𝑞 =
1.38 × 10−5  

𝑚𝑜𝑙
𝑠  × 44.01 

𝑔
𝑚𝑜𝑙

× [5760 s − 3667.6 𝑠]

32.16 𝑔
= 0.040 

𝑔

𝑔
 

Breakthrough loading, 𝑞𝑏 was calculated using Equation ( 3-2 ): 

𝑞𝑏 =
𝐹 × 𝑀𝑤 × [𝑡𝑏 − ∫

𝐶𝑡
𝐶0

𝑡𝑏
0

 𝑑𝑡]

𝑚
 

𝑞𝑏 =
1.38 × 10−5  

𝑚𝑜𝑙
𝑠  × 44.01 

𝑔
𝑚𝑜𝑙

× [1432 s − 14.7 𝑠]

32.16 𝑔
= 0.027 

𝑔

𝑔
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Appendix 3: Log Reduction Sample Calculation 

The log reduction calculations used in this study for the assessment of the antibacterial 

efficacy (Chapter 5) of PI/Cu (80 wt%), PI/Ni (80 wt%) and PI/copper - nickel 

composite foams are shown in the following sample log reduction calculation. This 

sample calculation is done using a PI/Cu (80 wt%) foam challenged with an Erwinia 

carotovora bacterial aerosol. 

Number of colonies passing through the column in 15 min without any antibacterial 

foam filter in the column: 246500 

Using the estimated and actual number of bacterial colonies passing through the 

column, the antibacterial efficacy of the foam can be represented as log reduction 

values (LRVs) or as a percentage reduction in bacterial count as shown in Table A. 3. 

Table A. 3: Sample antibacterial data for log reduction calculation using PI/Cu (80 

wt%) foam. 

Sample 

Time 

Points 

Number of 

15 - min 

time slots 

within 

sample time 

points 

Estimated 

bacterial 

count for 

each time 

point based 

on blank test 

Actual 

bacterial 

count at 

foam outlet 

at each time 

point 

Log 

Reduction 

value 

Percentage 

reduction in 

bacterial 

count at each 

time point 

(%) 

15 min 1 246500 4 4-Log 99.998 

30 min 2 493000 2 5-Log 99.9995 

1 hr 4 986000 3 5-Log 99.9996 

2 hr 8 1972000 0 

- Taken as 

100% 

reduction 

4 hr 16 3944000 39 5-Log 99.999 

6 hr 24 5916000 151 4-Log 99.997 

24 hr 96 23664000 1522 4-Log 99.993 

 

Sample calculation at 6 hr time point (Table A. 3), using Equation ( 5-1 ): 

𝐿𝑅𝑉𝑠 =  𝑙𝑜𝑔
(𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑜𝑢𝑛𝑡 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑡𝑖𝑚𝑒 𝑝𝑜𝑖𝑛𝑡 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑏𝑙𝑎𝑛𝑘 𝑡𝑒𝑠𝑡)  

(𝐵𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑜𝑢𝑛𝑡 𝑎𝑡 𝑓𝑜𝑎𝑚 𝑜𝑢𝑡𝑙𝑒𝑡 𝑎𝑡 𝑒𝑎𝑐ℎ 𝑡𝑖𝑚𝑒 𝑝𝑜𝑖𝑛𝑡)
  

𝐿𝑅𝑉𝑠 =  𝑙𝑜𝑔
5916000  

151
= 4.59 ≈ 4 − 𝐿𝑜𝑔 
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or 

Sample calculation at 6 hr time point: 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (%) =
𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑜𝑢𝑛𝑡−𝐴𝑐𝑡𝑢𝑎𝑙 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑜𝑢𝑛𝑡

𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑜𝑢𝑛𝑡
×

100%   

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (%) =
5916000 − 151

5916000
× 100% = 99.997% 
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Appendix 4: Langmuir Constant, kL and Maximum Adsorption Capacity, qmax 

Sample Calculation using IGA Data 

The calculations used to determine the values of 𝑘𝐿 and 𝑞𝑚𝑎𝑥 for PI/13X (80 wt%) 

foams (No PVP, 10k, 40k and 58k PVP), are shown in the following sample 

calculations. These values were required for modelling (Chapter 6) CO2 adsorption 

breakthrough curves. The isotherm data was obtained from the IGA experiments 

performed in Chapter 3. The experimental conditions used for the isotherm experiment 

is shown in Table A. 4. This sample calculation is done using the isotherm data  

(Table A. 5) achieved using a PI/13X (80 wt%) foam (No PVP) challenged with pure 

CO2.  

Table A. 4: Experimental conditions used for generating isotherm data using PI/13X 

(80 wt%) foam. 

Molar Mass, 𝑀𝑤 (g mol-1) 44.01 

Temperature, 𝑇 (K) 293.15 

Gas Constant, 𝑅 (J mol-1 K-1) 8.314 

Total Foam Sample Weight (g) 0.099 

13X weight in foam sample - 80 wt% of total sample weight (g)  0.0792 

 

The IGA records the mass of the foam sample as a function of the CO2 concentration. 

As the CO2 concentration increases, the change in the mass of the foam sample and 

the adsorbent weight is used to calculate the adsorption capacity of the foam sample 

at the respective CO2 concentration as shown in Table A. 5. 

Table A. 5: Isotherm data for PI/13X (80 wt%) foam containing no PVP. 

Pressure, 𝑃 

(𝑚𝑏𝑎𝑟𝑠) 

Equilibrium Adsorption 

Capacity, 𝑞𝑒𝑞 (
𝑔 𝐶𝑂2

𝑔 13𝑋
) 

𝐶 (
𝑚𝑜𝑙 𝐶𝑂2

𝑚3 𝐶𝑂2
)  

𝐶

𝑞𝑒𝑞
 (

𝑔 13𝑋

𝑚3 𝐶𝑂2
)  

10.3 0.046 0.42 401.83 

15.7 0.057 0.64 494.15 

20.9 0.066 0.86 573.46 

25.2 0.072 1.04 635.70 

30.6 0.078 1.25 705.29 

35.4 0.084 1.45 759.70 

41.2 0.089 1.69 835.70 
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IGA data processed using Langmuir isotherm (Equation ( 6-12 )): 

𝑞𝑒𝑞 =
𝑞𝑚𝑎𝑥𝑘𝐿𝐶

1 + 𝑘𝐿𝐶
 

The Langmuir isotherm was linearized to determine 𝑘𝐿 and 𝑞𝑚𝑎𝑥 values  

(Equation ( 6-13 )): 

𝐶

𝑞𝑒𝑞
=

1

𝑞𝑚𝑎𝑥
𝐶 +

1

𝑞𝑚𝑎𝑥𝑘𝐿
 

Equating the linearised Langmuir isotherm to 𝑌 = 𝑀𝑥 + 𝐵: 

𝑌 =
𝐶

𝑞𝑒𝑞
 
𝑔 13𝑋

𝑚3 𝐶𝑂2
 

𝑀 =
1

𝑞𝑚𝑎𝑥
 
𝑔 13𝑋

𝑚𝑜𝑙 𝐶𝑂2
 

𝑥 = 𝐶 
𝑚𝑜𝑙 𝐶𝑂2 

𝑚3 𝐶𝑂2
 

𝐵 =
1

𝑞𝑚𝑎𝑥𝑘𝐿
 
𝑔 13𝑋

𝑚3 𝐶𝑂2
 

Calculating the linearised Langmuir isotherm data points (𝑥 and 𝑌 values):   

𝑥 - values: converting CO2 concentration, 𝐶 from 𝑚𝑏𝑎𝑟𝑠 to 
𝑚𝑜𝑙 𝐶𝑂2

𝑚3 𝐶𝑂2
 using the ideal 

gas law: 

𝑃𝑉 = 𝑛𝑅𝑇 

𝑃

𝑅𝑇
=
𝑛

𝑉
 

At 𝑃: 41.2 mbars (Table A. 5) and using the operating conditions from Table A. 4,  
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41.2 𝑚𝑏𝑎𝑟𝑠 ×
1 𝑏𝑎𝑟

1000 𝑚𝑏𝑎𝑟𝑠
×
105𝑃𝑎
1 𝑏𝑎𝑟

8.314 
𝐽

𝑚𝑜𝑙 𝐾
× 293.15 𝐾

=
𝑛

𝑉
= 1.69 

𝑚𝑜𝑙 𝐶𝑂2
𝑚3 𝐶𝑂2

 

Finding the corresponding 𝑌 - value, using 𝑥 - value, 𝐶: 1.69 
𝑚𝑜𝑙 𝐶𝑂2

𝑚3 𝐶𝑂2
, 𝑀𝑤: 44.01 

𝑔 

𝑚𝑜𝑙 
 and 𝑞𝑒𝑞: 0.089 

𝑔 𝐶𝑂2

𝑔 13𝑋
 (at 𝑃: 41.2 mbars) 

𝑌 =
1.69 

𝑚𝑜𝑙 𝐶𝑂2
𝑚3 𝐶𝑂2

0.089 
𝑔 𝐶𝑂2
𝑔 13𝑋 ×

1
44.01 

𝑚𝑜𝑙 𝐶𝑂2
𝑔 𝐶𝑂2

= 835.7 
𝑔 13𝑋

𝑚3 𝐶𝑂2
 

 

Since the CO2 concentration used for the dynamic breakthrough experiments in 

Chapter 3 is 1.66 
𝑚𝑜𝑙

𝑚3
, the data points till only 1.69 

𝑚𝑜𝑙

𝑚3
 from Table A. 5 were used to 

plot the linearized Langmuir isotherm. This can be seen in Figure A. 3. 

 

Figure A. 3: Linearised Langmuir isotherm for PI/13X (80 wt%) foam (No PVP) 

sample. 

Using the trendline generated in Figure A. 3, the value of 
𝐶

𝑞𝑒𝑞
 can be accurately 

calculated via interpolation when 𝐶 is 1.66 
𝑚𝑜𝑙

𝑚3 : 

𝐶

𝑞𝑒𝑞
=

1

𝑞𝑚𝑎𝑥
𝐶 +

1

𝑞𝑚𝑎𝑥𝑘𝐿
 

𝐶

𝑞𝑒𝑞
= 337.56 𝐶 + 274.97 
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𝐶

𝑞𝑒𝑞
= (337.56 

𝑔 13𝑋

𝑚𝑜𝑙 𝐶𝑂2
× 1.66 

𝑚𝑜𝑙 𝐶𝑂2
𝑚3𝐶𝑂2

) + 274.97 
𝑔 13𝑋

𝑚3 𝐶𝑂2
= 835.3 

𝑔 13𝑋

𝑚3 𝐶𝑂2
 

 

Using the value of 
𝐶

𝑞𝑒𝑞
: 835.3 

𝑔 13𝑋

𝑚3 𝐶𝑂2
 and 𝐶: 1.66 

𝑚𝑜𝑙

𝑚3
, the corresponding 𝑞𝑒𝑞value can 

be calculated. This 𝑞𝑒𝑞 value is assumed to be the 𝑞𝑚𝑎𝑥 value as the CO2 concentration 

used for the dynamic breakthrough experiments was 1.66 
𝑚𝑜𝑙

𝑚3 . 

𝐶

𝑞𝑒𝑞
= 835.3 

𝑔 13𝑋

𝑚3 𝐶𝑂2
 

1.66 
𝑚𝑜𝑙 𝐶𝑂2
𝑚3𝐶𝑂2

835.3 
𝑔 13𝑋
𝑚3 𝐶𝑂2

= 𝑞𝑒𝑞 = 0.00199 
𝑚𝑜𝑙 𝐶𝑂2
𝑔 13𝑋

= 𝑞𝑚𝑎𝑥 

With the value of 𝑞𝑚𝑎𝑥 known, 𝑘𝐿 can be calculated: 

1

𝑞𝑚𝑎𝑥𝑘𝐿
= 274.97 

𝑔 13𝑋

𝑚3 𝐶𝑂2
 

1

0.00199 
𝑚𝑜𝑙 𝐶𝑂2
𝑔 13𝑋 × 274.97 

𝑔 13𝑋
𝑚3 𝐶𝑂2

= 𝑘𝐿 = 1.83 
𝑚3 𝐶𝑂2
𝑚𝑜𝑙 𝐶𝑂2
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Appendix 5: Forchheimer Drag Coefficient, βF Sample Calculation 

The calculations used to determine the value of 𝛽𝐹 for PI/13X (80 wt%) foams (No 

PVP, 10k, 40k and 58k PVP), are shown in the following sample calculations. 𝛽𝐹 was 

required for accurately predicting the pressure drop across the length of the foam for a 

range of voidage in Chapter 6. The following sample calculation was done to calculate 

the 𝛽𝐹 value for a PI/13X (80 wt%) foam (No PVP). The experimental pressure drop 

data for the foam can be seen in Figure A. 4. 

 

Figure A. 4: Experimental pressure drop data for PI/13X (80 wt%) foam (No PVP). 

Using the generated trendline in Figure A. 4 and the Brinkman - Forchheimer equation 

(Equation ( 2-6 )), permeability, 𝐾 and subsequently 𝛽𝐹 can be determined. 

Trendline: 𝑃 = 23026𝑢𝑚 + 335894𝑢𝑚
2

 

𝑃 =
𝜇𝐴𝑖𝑟
𝐾

𝑢𝑚 +
𝛽𝐹𝜌𝐴𝑖𝑟

√𝐾
𝑢𝑚

2 

𝜇𝐴𝑖𝑟
𝐾

= 23026 
𝑘𝑔

𝑚3 𝑠
 

With the viscosity of air, 𝜇𝐴𝑖𝑟: 1.82 × 10−5 Pa s known, 𝐾 can be calculated: 

1.82 × 10−5  
𝑘𝑔 𝑠
𝑚 𝑠2

 

23026 
𝑘𝑔
𝑚3 𝑠

= 𝐾 = 7.90 × 10−10 𝑚2 
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With the value of 𝐾 and the density of air, 𝜌𝐴𝑖𝑟: 1.20 kg m-3 known, 𝛽𝐹 can be 

calculated: 

𝛽𝐹𝜌𝐴𝑖𝑟

√𝐾
= 335894 

𝑘𝑔

𝑚4
 

335894 
𝑘𝑔
𝑚4 × √7.90 × 10−10 𝑚2

1.20 
𝑘𝑔
𝑚3

= 𝛽𝐹 = 7.87 

 


