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ABSTRACT 

This dissertation investigates the pressing issue of climate change, identifying carbon 

dioxide as its main driver and introduces Direct Air Capture (DAC) as a crucial technology 

for achieving significant reductions in net global emissions. Through an extensive review 

of existing literature on DAC, it examines various methods and materials developed for 

this purpose, highlighting the ongoing efforts, advancements, and potential for real-world 

application. A novel sorbent, quaternary ammonium-functionalized poly(arylene ether 

sulfone) is explored for DAC via the moisture swing process. This sorbent exhibited the 

ability to capture and release atmospheric CO2 by a swing in moisture. Effects of form 

factors of powder, free standing dense membrane and thin film composite membrane were 

also evaluated for DAC. Furthermore, the dissertation explores modifications to 

poly(arylene ether sulfones) – polymers primarily used in desalination processes – to 

enhance water scarcity solutions by improving desalination membrane hydrophilicity and 

reducing fouling. This enhancement is achieved through the incorporation of zwitterionic 

groups into the polymer structure. Additionally, it investigates the synthesis of polysulfone 

polymers from lignin-derivable monomers, offering a greener alternative to traditional 

polysulfones used in desalination due to their environmental and health concerns. 

Polysulfones derivable from lignin exhibited comparable thermal properties and enhanced 

hydrophilicity compared to petroleum-derived polymers, showing considerable promise. 

Lastly, this dissertation investigates a potential hybrid system for desalination and direct 

ocean capture by integrating redox-active compounds into desalination membranes. This 

aims to achieve a pH swing that facilitates the formation of dissolved CO2.  
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1 CHAPTER 1: THE CHANGING CLIMATE  

Reprinted with permission from Shokrollahzadeh Behbahani, H., Green, M. D. “Direct 

Air Capture of CO2”, American Chemical Society, 2023. eISBN: 9780841299887. 

Copyright 2023 American Chemical Society. 

In this introductory chapter one of the most pressing challenges of our era, climate change, 

is presented. I begin by reviewing climate change and some of the significant events related 

to climate change that are occurring on our planet right now. Then, I look at why climate 

change is happening and how the rise of greenhouse gases, mainly CO2, is responsible for 

many climate change-related natural disasters. Direct Air Capture (DAC) is introduced as 

a pivotal strategy for mitigating climate change, offering hope and a potential path forward 

in our efforts to slow its progression. The chapter concludes with an overview of this 

dissertation. 

1.1 Introduction 

Realization of climate change occurred through the first world climate change conference 

held in Geneva in February 1979 by the World Meteorological Organization.  More than 

350 scientists participated in this meeting to review climatic changes observed as the result 

of human activities and future risks and impacts.1 From then, there has been growing 

recognition towards climate change. We now understand that increasing atmospheric 

greenhouse gas (GHG) levels can shift climate patterns and cause environmental 

degradation in many ways around the globe. Climate change-related impacts such as global 

warming, shrinking of the cryosphere, increased flooding, more extreme heatwaves, 



2 

 

drought, ocean acidification and worsening wildfires are already affecting the lives of many 

people worldwide. 

The center for research on epidemiology of disasters reports 432 natural disasters, affecting 

101.8 million people, resulting in 10,492 deaths and $252 billion in economic damages 

only for the year of 2021. The majority of the natural disasters are climate-related, ~51% 

of the 432 reported natural disasters is from floods, ~30% is from storms and ~12% is from 

wildfires, drought, extreme temperatures and landslides.2 Compared to the 2001-2020 

annual average, a 25% and 64% increase is observed for 2021 in number of climate-related 

disasters and economic losses, respectively. The progress and severity of these climate-

related events in the future will depend on the volume of future emissions and control and 

management of GHGs driving climate change. Further emissions of GHGs will lead to 

more extreme, pervasive, and irreversible damage to different parts of our planet. Our 

social communities will also be affected by climate change. Food and water security, 

economic growth, and international peace and security will be in danger. In this section, 

some of the major climate change crises are described. 

1.1.1 Melting of the Cryosphere  

The cryosphere is home to roughly 10% of the human population and many unique living 

organisms such as polar bears, penguins, and arctic cods. The cryosphere is a component 

in Earth’s climatic system and is our planet’s refrigerator.3 The white ice from the 

cryosphere cools the planet by reflecting the excess heat from sun radiation back to space, 

balancing other parts of Earth which mostly absorb the heat. The cryosphere controls global 

sea levels and impacts water resources.4 The cryosphere is thawing and disappearing 
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rapidly, retreating in area, length and thickness as the result of climate change (Figure 

1.1).4 According to literature, 400 billion tons of ice is lost from glaciers since 1994, 294 

billion metric tons of ice is lost from Greenland and Iceland per year, ~13% of ice is lost 

per decade from the Arctic sea ice since 1979 and 127 billion metric tons is lost from 

Antarctica per year.5–10  

  

  
Figure 1.1 Changes in the cryosphere. Bering Sea ice decrease, left image taken Apr. 29th, 2013, 

and right Apr. 29th, 201811 (top) and Arctic Sea ice loss, left image taken Sep. 14th, 1984 and right 

Sep. 13th, 201212 (bottom). 

1.1.2 Rising Sea Levels 

The melting and runoff of mountain glacier ice and icebergs in oceans and thermal 

expansion of oceans from global warming result in rising sea levels. This results in land 

loss, higher coastal erosion, extreme wave height, flooding and more frequent and intense 

storms and typhoons occurring further inland (Figures 1.2).13 Rise of sea level is 

disruptive, threatening local jobs and industrial activities, bridges, historical landmarks and 

built environment, roads and oil and gas drilling activities along coastlines.14–17 Change in 
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coastal water levels and climate could re-distribute wildlife, force adaptation and 

migration, and change native wildlife in low-lying coastal areas.18–21 As an example, egg 

incubation, hatching, emergence, mortality and body mass of sea turtles is significantly 

influenced by location (humidity, temperature, and nutrient and water availability) of nest 

site, altering as the result of floods and sea level rise.22 

Global mean sea level rise is accelerating with continued GHG emission.23 The 

Intergovernmental Panel on Climate Change (IPCC) reports the annual global average sea 

level rise  from 1901 to 1990 which was 1.4 mm,  more than doubled, reaching 3.6 mm 

during 2006 to 2015.24 It is reported that the global mean sea level rise throughout 2006 – 

2015 is more influenced by melting of glaciers and icebergs (1.9 mm/year) than thermal 

expansion as the result of rise in ocean temperature (1.4 mm/year).24 Tide gauge 

measurements and satellite observations report non-uniform sea level rise around the world 

but within ±30% of the global mean average, with areas with invasive vertical land 

movement encountering harsher impacts.24,25 Greenland ice sheet has an area of 1.7 million 

km2 and ice with thickness up to 3 km. It is estimated that the global sea level will rise 7.2 

m if the Greenland ice sheet is fully thawed.26 Furthermore, sea level rise from climate 

change is a major threat to low lying islands.27,28 The Small Island Developing States 

(SIDS) in the Pacific, Atlantic and Indian ocean and the Caribbean Sea are considerably 

vulnerable to sea level rise. The Tuvalu island in the South Pacific Ocean (population 

approx. 12,000) and the Marshall Islands in the Central Pacific Ocean (population approx. 

42,000) are completely within 5 m above sea level, and will disappear with continued sea 

level rise.29 More than 88% of land of the Kiribati island in the Central Pacific Ocean and 
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the Cook islands in the south Pacific Ocean are within 5 m above sea level.28 The Caribbean 

islands of Bahamas, Cuba, and Dominican Republic, the Solomon islands, Fiji and Tahiti 

in the Pacific Ocean are also in danger with rising sea levels.30–34 

  

  
Figure 1.2 Flooding in Hawksbury-Nepean River near Sydney, Australia, left image taken Apr. 

5th, 2020 and right Mar. 23rd, 2021 (top), and Premature melting of Greenland ice sheets, left 

image taken Jun. 10th, 2014 and right Jun 15th, 2016.35 (bottom) 

1.1.3 Changing Ocean Currents 

The thermohaline circulation (global ocean conveyor belt) is the recognized continuous 

circulation (loop) of surface and deep water between the Pacific, Atlantic and Indian oceans 

driven by water density, which is determined by water temperature and salinity of the local 

water.36,37 As shown in Figure 1.3, The circulation “starts” from the Norwegian sea, where 

the ocean water is much denser and saltier than ocean water around the equator due to 

lower temperatures. As the ocean water freezes to ice, the salt is rejected in the ice 

formation and is released back to the ocean, resulting in a locally higher salt content. The 
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“heavy” water sinks deep into the ocean and moves south in the Atlantic Ocean. Ocean 

water along the equator (Indian ocean) absorbs sun’s heat and becomes lighter from higher 

temperatures. The difference in density promotes the continuous sinking of heavier water 

to the bottom of the ocean, to make room for the lower density water and establish the 

ocean current. 

 
Figure 1.3 The global ocean conveyor belt38 

The ocean current controls the climate by transferring the heat along the equator toward 

the colder climates. Without ocean currents, Earth will observe higher number of intense 

heatwaves along the equator in summers, and more extreme winters along the poles. This 

current is also important to living organisms deep in the oceans, as their permanent habitats 

and oxygen and nutrient availability depends on the established ancient ocean currents.39 

Sea ice and ice sheets impact global weather systems by affecting ocean currents.  As the 

result of rising global temperatures, longer summer melting and delayed winter freezing, 

broad and bulky sea ice has transitioned to young and small clusters of thin ice.40,41 

Addition of freshwater from thawed ice to, for example, the Atlantic Ocean saltwater, 
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decreases its salinity and density. Continued addition may lower the density difference 

driving force and halt the ocean current completely.42 Studies have shown that with 

prolonged melting of sea ice, the ocean currents are now at a critical level to collapse.43 

Data shows that Arctic sea ice volume has decreased with a rate of 12.5% per year between 

2018 and 2021.44 Another study has concluded that the Petermann sea ice and ice sheets, 

located in the Greenland Ice sheet in the Arctic ocean, will permanently thaw and 

irreversibly lose 50 km in length in a scenario in which the global average temperature 

increase 2 °C above the pre-industrial level and reverse back to present-day conditions.44 

1.1.4 Warming Permafrost  

Water which is trapped between cracks, rocks, and soil in layers beneath the ground freezes 

in cold seasons, and thaws in warm seasons. The deeper layer in land that remains 

permanently frozen for at least two consecutive years, mostly observed in subzero climates, 

is known as permafrost. On about a fourth of Earth’s northern hemisphere, ~23 million 

km2, permafrost exists.45 Siberia, Canada, Alaska, China, and Greenland all consist of 

permafrost layers. With elevated temperatures as the result of global warming, the 

permafrost thaws (Figure 1.4). Effectively, the infrastructure built on frozen permafrost 

may be destroyed. Previously frozen organic waste in permafrost layers decompose and 

generate GHGs and ancient virus and bacteria frozen in deep layers may plague humans, 

animals, and plants.46–49 Furthermore, arctic permafrost is estimated to hold 1,700 billion 

metric tons of frozen carbon, and feedback emission from permafrost thawing will 

accelerate climate change.50 
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Figure 1.4 Collapsed and thawing permafrost, left in Drew Point, Alaska (Credit: Benjamin 

Jones, U. S. geological survey (USGS)) and right in Kolyma River in the Siberian arctic (credit: 

Chris Linder). 

1.1.5 Changes in Global Biodiversity 

Climate change disturbs ecosystems and natural habitats that are fundamental to life on our 

planet. Change in ocean pH, ocean and atmospheric temperature, precipitation cycle, and 

higher frequency of wildfires, heat waves, storms and drought threaten the livelihoods of 

many species. Ecosystems on Earth are inter-connected, and a loss or alteration of a single 

species may have a ripple effect upon the function of the global ecosystem.51 Many living 

organisms are vulnerable to environmental conditions.52,53 Upon changes in their climate 

envelope, the species are forced to either migrate, physiologically evolve through genetic 

mutation and adapt, or be wiped out. Migration is not always a possibility due to many 

environmental or geographical restrictions, specifically for mountain-restricted or polar-

restricted species.54 Oceans have always been a source of CO2, but nowadays, with 

increasing rates of CO2 emissions to the atmosphere, oceans are shielding our planet from 

a rapid climate change, and absorbing close to a third of all emission.55 Oceans can store 

around 38 Gt CO2 due to their natural buffering carbonate/bicarbonate/carbonic acid 

system. However, higher ocean water acidity is corrosive to the calcium carbonate shells 
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endangering marine species.56,57 Higher ocean water temperatures also enable the spread 

of disease among marine organisms.56,58 

We are already late. The International Union for Conservation of Nature red list of 

threatened species reports that as of August 2022, at least 35 living organisms are extinct, 

1635 are critically endangered and 5680 are endangered, vulnerable and threatened as the 

result of only climate change and severe weather events.49 The Golden toad (Incilius 

periglenes) of Costa Rica and Pachnodus velutinus land snail from Seychelles island in 

East Africa are among the animals now extinct from climate change (Figure 1.5). The 

Staghorn Corals (Acropora cervicornis) native to reefs in the Caribbean, southern Gulf of 

Mexico, and the Bahamas, and the Mountain Pygmy Possum (Burramys parvus) native to 

Australia are among the current critically endangered species, decreasing in population due 

to climate change (Figure 1.6).49 Polar bears (Ursus maritimus) depend on sea ice to hunt 

ice seals, breed, and rest. Global polar bear population size is estimated to significantly 

decline in 35 to 41 years due to climate change, hunt and harvest for subsistence and oil 

spills.59–62 

  
Figure 1.5 Extinct species due to climate change. Left: Golden toad (Incilius periglenes), last 

seen in 1989 and declared extinct in 2004 from climate change (credit: US fish and wildlife) and 

right: Pachnodus velutinus land snail, last seen in 1994 (credit: Dr. Justin Gerlack) 
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Figure 1.6 Endangered species left to right: The Staghorn Corals (Acropora cervicornis) (credit: 

Wikipedia), Mountain Pygmy Possum (Burramys parvus) (credit: Zoos Victoria), and Polar bears 

(Ursus maritimus) (credit: Katharina M Miller/Polar Bears International)  

1.1.6 Social and Economic Impacts 

Climate change not only influences the planet we live on, but also societies and economies. 

Many systems such as social ties, industries, retail and commercial activities, and tourism 

will be affected from climate change-related disasters. Climate-related disasters such as 

rising sea level, heatwaves, change in rainfall patterns, flooding and erosion of coastal ports 

and beaches, and water and food scarcity and contamination, may cause loss of revenue, 

shipping and trade issues, fishing limitations, and tourism decline. Greater competition 

between nations for available resources may fuel socioeconomic tensions and discord.63 

Physical, reproductive and mental health of human beings may also be threatened with 

climate change related disasters.64–66 143 million people from three regions of sub-Saharan 

Africa, South Asia and Latin America will be forced to migrate to escape rising sea levels 

and water scarcity.67 Forced displacement and migration of “climate refugees” drives 

cutting of social ties with family, relative and friends and is disruptive to mental health.68 

Higher frequency of extreme weather events and rise of sea levels may affect tourism 

destination choices, spending and length of stay, upsetting tourism-dependent economies.69 

The Great Barrier Reef in Australia, Venice city and Lipari in Italy, the Spanish Canary 

Islands, Glacier National Park, the Amazon rainforest, Maldives, Key West in Florida, The 
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Alps, Rio de Janeiro, sub-Saharan Africa and Madagascar are among the tourist 

destinations that will be impacted by climate change.70–73  

Retail and commercial services and the supply chain are vulnerable to climate change.74 

Raw material, component parts and packaging supplies, distribution and transportation, 

storage, and energy supply may be disrupted by climate change.75 Significant portions of 

the US transportation network, mostly situated in the Northeast, are evaluated to be at high 

risk of shutting down due to climate change.76 The Boston Logan international airport is 

projected to be paralyzed and to experience a significant number of storms by 2050, and 

worsen if climate change management fails.77  

1.1.7 Role of CO2 in climate change 

CO2 is the fourth most abundant gas in dry air, after nitrogen, oxygen, and argon for up to 

80 km up in Earth’s atmosphere. This gas is essential for the survival of ecosystems and 

living organisms on our planet. It plays an important role in keeping the Earth’s 

temperature hospitable by acting as a blanket wrapped around Earth, trapping the heat from 

the sun in the atmosphere with the GHG effect. However, the concentration of this GHG 

is rising relentlessly as the result of human activities. Paleoclimatologists report that the 

current excessive level of CO2 was last seen on Earth around three million years ago.78 

This unprecedented rise amplifies our planet’s natural GHG effect and contributes to 

climate change, a serious existential threat to humanity. Climate change has already begun 

and caused changes to our planet. Some of these changes are irreversible for generations, 

some can be slowed down or reversed through potent, sustained, and swift actions.79  
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The GHG effect, the reason behind climate change, was identified in the early 1800s when 

scientists were searching for the reason behind ice ages, and a clear correlation was 

observed with the time of glacial periods and time of when CO2 concentrations of the 

atmosphere were at their lowest.78 Solar energy is continuously radiated on Earth from the 

sun as mostly visible light, with shortwave radiation. Some of this energy is immediately 

reflected to space by the clouds, snow and ice and some airborne particles, and the majority 

passes through to the surface of the earth and heats our planet. The energy is then reflected 

from the land and oceans back to space as longwave radiation or infrared energy. While 

some of this infrared energy continues to exit Earth’s atmosphere to space, almost 90% is 

absorbed by GHGs. This absorbed energy is re-emitted back to Earth, causing further 

warming. Without GHGs, the average temperature of Earth would be -18 °C (0 °F), our 

planet will be mostly frozen, and life as we know it would not exist.80 

Several natural and anthropogenic gases are responsible for the greenhouse effect. Water 

vapor (H2O), methane (CH4), carbon dioxide (CO2), nitrous oxide (N2O) and fluorinated 

gases are among the most influential GHGs. These gases, due to their chemical 

composition and geometry, can stop the escape of longwave radiation back to space by 

absorbing the infrared energy, and re-emit them back in all directions. But why is CO2 

portrayed as the main driver of climate change? 

The influence of a GHG on climate change depends on two factors of energy (heat) 

absorption capacity per molecule and concentration of the gas The concentration of gas 

depends on emission rate and residence time in the atmosphere. Fluorinated gases are 

extremely potent GHGs used in air conditioning, refrigeration, and aerosol sprays. On a 
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molecule-by-molecule basis, these gases have up to 20,000-fold higher energy absorption 

capacity compared to CO2 and can reside in the atmosphere for several hundreds of years.81 

However, use of this gas has been phased out through the Montreal protocol set in 1987.82 

CH4 is emitted mainly during extraction, distribution and transportation of oil and natural 

gas, from agriculture (rice farming, cattle breeding etc.) and biogas combustion.83 This 

greenhouse gas has 25-fold higher potency compared to CO2 in trapping heat but has a 

much lower residence time.84 CH4 molecules react with hydroxyl radicals in the 

troposphere and degrade in a decade, whereas CO2 molecules can last up to centuries in 

the atmosphere. N2O emitted through agriculture, animal and human waste and industrial 

activities, has a 300-fold higher potency compared to CO2 in energy absorption capacity, 

but is also relatively short lived, and lingers around for only up to 125 years before 

degrading through a photochemical reaction.85,86 Water vapor is the most abundant GHG 

in the atmosphere, by both volume and weight. However, the increase of atmospheric water 

vapor is not directly attributed to human activities. The concentration of water vapor 

depends on the climate, thus, water vapor does not control Earth’s temperature, as the 

amount of water vapor is controlled by temperature. Higher temperatures lead to more 

evaporation from water sources which will lead to higher water vapor content, having 

amplifying feedback with the greenhouse effect. Residence time of water vapor in the 

atmosphere is only a couple of days before precipitating out, so human effort to reduce 

water vapor content would not be worthwhile. It is also noteworthy to mention that higher 

water vapor content can lead to more cloud formation, which would potentially reflect solar 

radiation and reduce radiation on Earth’s surface and inflict a cooling effect.  
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In the last two decades, anthropogenic emission increased for all GHGs.87 According to the 

latest IPCC report,87 between the years of 2000 – 2009, the average annual anthropogenic 

GHG emissions were 46.9 ± 6.0 Gt CO2-eq. Throughout 2010 – 2019, , average annual 

emissions increased to 56.0 ± 6.0 Gt CO2-eq. In 2019, 59.0 ± 6.6 Gt CO2-eq emission was 

recorded, where fluorinated gases, N2O, CH4 and CO2 have contributed 1.4 ± 0.4 Gt CO2-

eq, 2.7 ± 1.6 Gt CO2-eq, 11.0 ± 3.2 Gt CO2-eq, 44.6 ± 7.6 Gt CO2, respectively. As can be 

seen, CO2 with more than 75% share is the largest contributor to GHG emissions. It is 

projected that CO2 will still be the dominant GHG in terms of concentration over the next 

century, as it is the foremost GHG emitted through human activities. Ultimately, even 

though CO2 has the lowest energy absorption capacity relative to other major GHGs, most 

reactive GHGs trap a large amount of heat but disappear “quickly” whereas a higher 

number of CO2 molecules trap a smaller amount but continuously, over a large period of 

time. Therefore, when looking far into the future, CO2 is the most important GHG with the 

largest contribution to climate change.88 

1.1.8 Highest CO2 levels in human history 

CO2 emissions consistently occur in nature from sources such as gases released from the 

decomposition of organic matter, volcanic activity and eruptions, wildfires, hot springs, 

ocean-atmosphere exchange, and respiration. Through nature’s carbon cycle, the emitted 

CO2 is readily circulated and recycled through natural sinks such as sedimentation, 

photosynthesis, and absorption by oceans.89 However, the carbon cycle is disrupted with 

human interference. Burning of fossil fuels, which is carbon which had been tucked away 

for millions of years, releases a vast and sudden volume of CO2 to the atmosphere. Human 
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activities can also lower the capacity of natural sinks with land use and deforestation. This 

results in current volume of natural sinks not sufficient and fast enough to remove the fast-

increasing rate of CO2 emissions, and CO2 is accumulated in the atmosphere. 

The Keeling curve, named after its creator Dr. Charles David Keeling, is the uninterrupted 

record of atmospheric CO2 levels since 1958 at Mauna Loa in Hawaii (Figure 1.7). This 

plot shows that the CO2 level has an overall upward trend, and varies throughout the year 

with a daily and seasonal pattern.90,91 Plants are a major sink to CO2, decreasing 

atmospheric CO2 levels with photosynthesis, but contribute to rise of CO2 levels as leaves 

fall and turn into decomposing matter. The Keeling curve illustrates that the lowest CO2 

levels are detected in autumn, just as plants are no longer taking CO2 for photosynthesis, 

and highest in spring just before plant growth, leafing and vegetation kicks off in the 

northern hemisphere. Specifically, the months of May and September show the highest and 

lowest annual CO2 levels, respectively. To study the CO2 trend further back in Earth’s 

history, paleoclimatologists investigate air trapped in ice or proxies, such as chemicals 

found in fossilized shells which would have been affected by ocean acidity induced from 

CO2 in the atmosphere.92 The CO2 concentrations of the past are studied along with modern 

CO2 recordings to assess climate change. 
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Figure 1.7 Keeling Curve showing atmospheric CO2 levels from 1958 to 202393 

The National Oceanic and Atmospheric Administration (NOAA) is actively measuring the 

CO2 levels of Earth at Mauna Loa in Hawaii. This site in the Pacific Ocean is chosen as it 

is far enough away from major pollution sources and industrial activities to detect an 

accurate level of Earth’s CO2. With an altitude of ~3.4 km above sea level, NOAA 

measures the CO2 level in the well mixed troposphere layer, representing global 

atmospheric levels.  

 Investigations show that before the industrial revolution, Earth’s CO2 levels fluctuated 

between 180 and 280 ppm. In March 2024, NOAA reported CO2 levels of 425 ppm, double 

the CO2 concentration from pre-industrial levels (Figure 1.8).94 One might think 425 ppm 

is still a very low value, corresponding to only 0.0425% of the atmosphere so why is this 

a significant increase? Let’s look at some numbers. 
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Figure 1.8 CO2 levels now and recent history.95  

From mid-1800’s to 2019, the cumulative CO2 emissions are estimated to be 2,400 ± 240 

Gt CO2 where 1,000 ± 900 Gt CO2 (42%) has occurred in the last 119 years, from late 

1900’s to 2019. Only through the 9 years of 2010 to 2019, 410 ± 30 Gt CO2 – or 410 ± 30 

billion tons of CO2 has been pumped into the atmosphere.87 So even though CO2 retains a 

small volumetric percentage of the atmosphere, it is billions upon billions of CO2 

molecules added to atmospheric layers trapping heat and warming our planet.  

1.1.9 CO2 emission sources 

Scientists have reported that the main contributors to the CO2 increase are generation and 

use of energy for transportation and built environment, deforestation, agriculture, waste 

handling and chemical production.80,96,97 The annual absolute values of CO2 emission or 

contribution to CO2 increase from these sectors vary with country and year.  

The International Council on Clean Transportation (ICCT) reports the average global CO2 

emission from transportation to be ~25% of the total CO2 emitted.98 The International 

Energy Agency (IEA) reports the global CO2 emissions from transportation in the year of 

2019 to be around ~8.5 Gt CO2, accounting for ~27% of global emissions.99 Nearly half of 

https://climate.nasa.gov/climate_resources/24/graphic-the-relentless-rise-of-carbon-dioxide/
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CO2 emissions from the transportation sector is reported to be from passenger cars 

(personal cars and trucks, buses, motorcycles, taxis, etc.). Around 30% of CO2 emissions 

from this sector is from road freight transport. Aviation contributes to ~12% of emissions 

from this sector, where more than ~80% is passenger air travel (where ~60% is 

international air travel). The rest of CO2 emission in the transportation sector is attributed 

to international shipping, rail travel and transport via pipelines (transportation of water, oil 

, gas, etc.).100 

The built environment contributes to CO2 pollution both directly and indirectly. Direct CO2 

emission can be from use of appliances and equipment that rely on combustion processes, 

such as boilers, furnaces, heaters, generators, or turbines. Indirect emission can be from 

using electricity produced from coal or natural gas fired power stations. Another indirect 

emission source is from building material and construction known as “embodied 

carbon”.101,102 Only the production of material used in built environment such as concrete, 

steel and aluminum are responsible for 11-6%, 10-6% and ~2% of the global CO2 

emissions, respectively.103,104 The Environment Programme of United Nations reports ~10 

Gt CO2 emission from built environment (both direct and indirect) in 2019, accounting for 

~38% of total CO2 emissions.105  

Plants are a major sink to CO2, as they can capture CO2 before it reaches the troposphere 

and store a large amount in their leaves, branches, roots and soil as they grow. All the stored 

carbon is released upon purposeful clearing or burning of the plants to produce agricultural 

products (such as pasture for cattle, soybeans, palm oil, cocoa, coffee, etc.) and clear the 

land for human activities. This is known as deforestation. Earth’s largest tropical forests 
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such as the Amazon rainforest and Congo basin are under high rates of deforestation. The 

United Nations Food and Agriculture Organization (FAO) estimates that between 1990 and 

2015, land area equivalent to whole of south Africa has been cleared. The Climate Council 

reports that between 2015 and 2017, nearly 5 Gt CO2 were emitted annually (~10% of CO2 

emissions) as the result of deforestation.106  

Globally, up to 2 billion metric tons of waste is generated annually.107 Generated waste is 

usually processed, prepared and transported to either be recycled, buried in landfills or 

burnt in the incinerator. Incineration of waste is performed to not only remove the non-

recyclable waste from lands, but also generate electricity from the energy released in 

burning. However, incineration of plastics, mostly made from carbon, releases a vast 

amount of CO2 and contributes to climate change.108–110 Decomposition of organic waste 

in landfills depleted of oxygen generates another greenhouse gas, CH4, and decomposition 

with presence of oxygen results in CO2 pollution. The United Nations FAO reports annual 

4.4 GT global CO2 emissions from food loss and generated waste.111 

The main industrial consumers of oil and gas are the chemical production sector. Demand 

growth for primary chemicals and components such as cement, iron, steel, plastics and 

ethanol are expected to grow with growth in population.112 The IEA estimates 1.5 Gt CO2 

emissions as the direct result of primary chemical production in 2018.113  

1.1.10 Direct Air Capture (DAC) 

Even if we suddenly cease all GHG emissions, it will still take a very long time for the 

released carbon to stabilize in the atmosphere and return to the ground. We cannot wait 

millenniums for nature to absorb the flood of anthropogenic CO2 released into the 
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atmosphere. In the Paris Agreement, signed in December 2015, 192 countries and the 

European Union committed to reduce GHG emissions and work on climate change 

adaptation. In this legally binding treaty, the goal is set to keep the global average 

temperature rise below 2 °C from the pre-industrial temperatures and pursue efforts to limit 

the global average temperature rise to 1.5 °C. So far, human activities have caused a 1.36 

°C increase from average pre-industrial temperatures, and it is projected that we are on the 

pathway to breach 1.5 °C within next three decades without substantial cuts in emissions 

and removing the already emitted GHGs.114,115 Investigations have shown significant 

difference between the average temperature increase of 2 °C and 1.5 °C.116–118 Complete 

bleaching of 99% of tropical coral reefs is projected to occur by 2100 in the 2 °C scenario, 

compared to 70% of tropical coral reefs in the 1.5 °C scenario.119 Another study shows in 

the 2 °C above pre-industrial temperatures scenario, 2 million km2 more permafrost is 

thawed compared to the 1.5 °C scenario.120 The IPPC estimates a carbon budget of 500 and 

1150 Gt CO2 emission for 50% and 67% possibility to stay below 1.5 °C from 2020 

onward. To put this in perspective, 500 Gt CO2 emission from 2020 onward is only 75% 

of the total CO2 emitted between the nine years of  2010 – 2019.87 

With more attention given to the climate change crisis, the rate of global GHG emissions 

has slowed from an increase of 2.1% per year from 2000 to 2009, to an increase of 1.3% 

from 2010 to 2019.87,88 The IPCC reports two dozen countries have successfully reduced 

CO2 emissions in the last decade and deforestation in the Amazon rainforest has declined 

in the past decade. Electric vehicles have advanced to compete with and replace CO2 

emitting vehicles. However, with continued emissions, the net amount of CO2 in the 
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atmosphere is still increasing. Many – not enough – countries and companies have pledged 

to develop net zero emission in the near future, but no solid policies are in place to enforce 

them.121–123 Internationally coordinated human effort is required to overcome many 

barriers, significantly reduce emissions and also, remove billions of tons of CO2 from the 

atmosphere to stay below the designated temperature rise threshold.124 An estimated ~1 Gt 

CO2 per year should be removed from the atmosphere until 2030 to attain the targets in the 

Paris Agreement.125 If we don’t move fast and effectively, even the 2 °C target will be 

unattainable. 

Various climate change mitigation strategies are discussed throughout literature to stay 

withing the temperature rise threshold and halt climate change. One strategy is targeting 

reducing or preventing GHG emissions to the atmosphere or decarbonization of processes 

and technologies. Examples of this strategy include replacing fossil fuel energy with 

“cleaner” renewable energy sources such as nuclear, solar and wind power, and biomass. 

Replacing coal with less carbon-intensive fuels such as natural gas is also a target withing 

this strategy. Another approach within this strategy is increasing efficiency of energy 

conversion and utilization, and carbon storage and utilization within the process to 

eliminate emissions. 

A second strategy is removal of existing GHGs, typically CO2, in the atmosphere with 

novel capture and sequester processes to attain negative emission technologies (NETs). 

Given the world’s reliance on fossil fuels, and the inability to completely halt CO2 

emissions worldwide, NETs are designed to counterbalance the unavoidable emissions and 

slow climate change. Direct air capture (DAC), cloud and ocean alkalinity treatment, 
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mineral carbonation (enhanced weathering), enhanced ocean productivity, “blue carbon” 

habitat restoration, afforestation and reforestation, bioenergy coupled with carbon capture 

and storage, biomass construction, biochar, and soil carbon sequestration are innovative 

approaches to NETs. 

A third strategy involves manipulating Earth’s atmosphere to reflect a larger portion of the 

incoming solar radiation. This is projected to cool the planet without altering the GHG 

composition and is known as solar radiation management or solar geoengineering. 

Examples for this approach include marine cloud brightening (marine cloud seeding or 

marine cloud engineering), stratospheric aerosol injection, Cirrus cloud thinning (CCT), 

Space mirrors and surface brightening.126–128 These technologies are not yet deployed in 

large-scale and are still in theoretical-level or early trial level of evaluations.129 

Direct air capture (DAC) can be the solution to counter the unavoidable CO2 emissions and 

the already emitted CO2 residing in Earth’s atmosphere. DAC technology is a promising 

approach to complement traditional CO2 capture technologies, to capture CO2 directly from 

the air. DAC can compensate for mobile/distributed CO2 emissions and can potentially 

avoid the costs and energy requirements of CO2 compression for transportation since 

installations are not location specific (in DAC, there is no need to be in proximity to the 

source of emission, since CO2 concentration is roughly the same everywhere, because the 

air is well mixed). Using DAC to produce sustainable, net-zero carbon fuels is a potential 

strategy to decarbonize sectors of our economy with no viable decarbonization strategy. 

DAC can provide a renewable CO2 feedstock to produce non-fossil-based fuels (such as 

algae farms for production of biofuels) and chemicals (polycarbonate, polyurethane, etc.) 
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from recycled atmospheric CO2.
130,131 However, DAC faces technical challenges to reach 

CO2 capture targets needed to fight climate change. Financial limitations and higher energy 

requirements exist for DAC as separating dilute mixtures (i.e., CO2 in the atmosphere) 

requires higher energy input than more concentrated mixtures (i.e., CO2 in flue gas).  DAC, 

depending on the process technology utilized, may be energy intensive and create a new 

source of CO2 pollution. Sorbents and capture technology designed for point source capture 

also have to be reimagined to be useful for DAC, as CO2 concentrations in air (~ 0.04%) 

are more than 300-fold lower than CO2 concentrations in point source exhaust streams 

(15% – 60%).132  

Scientists have been looking into pathways to remove the dilute CO2 from air for over 80 

years.133 Capture of CO2 from air was investigated in efforts such as removing breathed 

CO2 by astronauts and submariners inside their confined environments where fresh air is 

limited133 and removing CO2 from air fed to cryogenic distillation columns producing 

nitrogen (N2), oxygen (O2) and Argon (Ar) to inhibit solid CO2 formation on the heat 

exchanges.134 However, the developed technologies are not on a comparable scale to what 

is envisioned for DAC. For space stations and submarines, effectively removing CO2 is 

necessary at any cost, with no obligation to store and/or reuse the CO2. Additionally, 

extraction of CO2 from air is not intended to be absolute. Therefore, existing processes 

need to be reimagined for DAC.  

1.2 Dissertation Overview 

In Chapter 1, this dissertation highlights the critical imperative to combat climate change, 

identifying CO2 as the principal driver behind this global challenge. Within this context, 



24 

 

the chapter introduces Direct Air Capture (DAC) technology as a pivotal solution, 

underlining its significance in achieving net-zero, or potentially net-negative, emissions.  

Building on this introduction, Chapter 2 presents a comprehensive literature review on 

DAC, focusing on the methods and sorbents developed for this purpose. This detailed 

examination investigates the advancements and potential of different approaches in 

contributing to the overarching goal of mitigating climate change. 

In the following chapter, Chapter 3, a novel quaternary ammonium functionalized 

poly(arylene ether sulfone) copolymeric sorbent is explored for moisture swing DAC. This 

polymeric sorbent, prepared through step-growth polymerization and subsequent post-

polymerization modification, demonstrates promise in capturing atmospheric CO2 in dry 

conditions and releasing it when exposed to moisture. This study highlights the 

development of a specialized polymeric structure engineered for DAC. 

Chapter 4 investigates the performance of moisture swing sorbents across a range of form 

factors, including free-standing dense membranes and thin film composite membranes. 

This assessment also revisits the polymer powders discussed in Chapter 3, providing a 

comprehensive comparison. The goal is to understand how variations in sorbent form 

factors impact the moisture swing DAC outcome, thereby guiding the optimization of this 

promising technology for future applications. 

This dissertation extends the modifications of poly(arylene ether sulfones), a polymer 

extensively utilized in membrane-based desalination processes, to address the pressing 

challenge of water scarcity. Chapter 5 focuses on enhancing hydrophilicity and reducing 
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the fouling tendency of desalination membranes through functionalization with 

zwitterionic groups. A study on the alterations in mechanical properties and water uptake 

of these modified membranes is presented in this chapter, demonstrating their improved 

hydrophilicity in desalination applications. Transitioning from enhancing poly(arylene 

ether sulfones) for desalination, this dissertation takes a step toward sustainable materials 

science by exploring the synthesis of poly(arylene ether sulfone) polymers from lignin-

derivable monomers. In Chapter 5, the polymers produced from lignin-derivable 

compounds are analyzed and compared with conventional polysulfones used in 

desalination, which are increasingly scrutinized for their environmental and health impacts 

due to toxic and non-renewable components. The findings demonstrate the promising 

potential of lignin as a source for the eco-friendly production of polysulfone polymers with 

enhanced hydrophilicity. Finally, a hybrid system of desalination and direct ocean capture 

is explored, providing a dual approach to mitigate water scarcity while reducing CO2 levels.  
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2 CHAPTER 2: LITERATURE REVIEW 

Reprinted with permission from: Shokrollahzadeh Behbahani, H., Green, M. D. “Direct 

Air Capture of CO2”, American Chemical Society, 2023. eISBN: 9780841299887 

Copyright 2023 American Chemical Society. 

Direct air capture (DAC) is developing at a fast pace following the urgent need for net zero 

and negative emission technologies. A wide variety of materials have been studied for 

DAC, in the quest to find a system with optimum selectivity, working capacity, kinetics, 

energetics, and stability. Membrane separation and sorbents (can be liquid or solid) 

undergoing physisorption, chemisorption and moisture swing sorption are among the 

popular methods actively being investigated for DAC. This chapter is a summary of the 

most acknowledged systems investigated for DAC. Sorption chemistry, active functional 

groups and some of the pros and cons of each system are explored in this chapter. 

2.1 CO2 sorption mechanisms 

CO2 sorption mechanisms for DAC are divided into three groups of physi-sorption, chemi-

sorption, and moisture swing sorption. Physisorption or physical adsorption, is when the 

sorbate (CO2) only binds with the sorbent through weak intermolecular attractions such as 

van der Waals forces, hydrogen bonding, electrostatic forces, and hydrophobic 

interactions. Physisorption is a reversible process, and no electron transfer takes place or 

chemical bond is formed between the sorbent and sorbate, although polarization may occur. 

Many solid sorbents performing DAC via adsorption are explored such as activated carbon 

(AC), Metal-Organic Frameworks (MOFs) and Hybrid ultra-microporous materials 

(HUMs) and zeolites. Chemisorption or chemical adsorption is when the sorbate (CO2) 

irreversibly binds with the sorbent through transfer, exchange or share of electrons forming 
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a strong chemical bond. Solid sorbents are most functionalized with amines to promote 

CO2 adsorption via chemisorption in DAC.  

When evaluating their use in DAC, physi-sorption and chemi-sorption present a mixed bag 

of benefits and drawbacks (Table 2.1). Chemi-sorbents, with their stronger affinity for CO2 

due to higher binding energies, outperform physi-sorbents in terms of CO2 selectivity and 

absorption capacity. This allows them to capture CO2 more efficiently from the 

atmosphere. Nonetheless, the strong chemical bonds in chemi-sorption necessitate 

significant energy for sorbent regeneration, posing a challenge for DAC applications. On 

the other hand, physi-sorbents offer an advantage during regeneration, requiring less 

energy to sever the weaker CO2 bonds. However, this weaker bonding decreases the driving 

force for adsorption, leading to poorer selectivity and lower capacity for CO2 capture from 

low-concentration sources, which is less ideal for extracting CO2 from ambient air. 

Table 2.1 Physisorption vs. Chemisorption 

Physi-sorption Chemi-sorption 

CO2 is adhered to the sorbent via weak 

intermolecular attractions 

CO2 is adhered to the sorbent via strong 

chemical bonds 

Low enthalpy (heat) of adsorption (order of 

20 kJ/mol) 

High enthalpy (heat) of adsorption (order 

of 200 kJ/mol) 

Favorable at low temperatures Favorable at high temperatures 

Reversible Often irreversible 

Monolayer of multilayer (multi-molecular) 

sorption 
Monolayer sorption (uni-molecular) 

 

A class of sorption has been recently introduced for DAC that seeks a compromise between 

chemisorption and physisorption for CO2 capture, called moisture swing sorption.1–3 In this 

approach, the sorbent's affinity for CO2 alters with the introduction of moisture (humidity). 

Moisture swing sorbents are compounds with fixed hydroxide, carbonate, or bicarbonate 
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sites. Without moisture, the balance between carbonate and bicarbonate (Equation 2.1) 

moves towards the formation of bicarbonate and hydroxide ions. These hydroxides act as 

selective chemisorption sites for CO2, capturing it from the air and converting it into 

bicarbonates. Upon the addition of moisture to a CO2 saturated moisture swing sorbent, 

CO2 is released as bicarbonate bind and transform into carbonate. Upon dehydration, the 

carbonates destabilize and revert back to bicarbonate and hydroxide. 

2(HCO3
− 𝐑+. 𝑥𝐻2𝑂)+ (y − 2x − 1)H2O(𝑔)  ↔ CO3

2−(𝐑+)2. 𝑦𝐻2𝑂 + 𝐶𝑂2(𝑔)
                      (Eq. 2.1) 

Various materials have been functionalized with a carbonate-bicarbonate-hydroxide 

system and studied for DAC, such as anion exchange resins45, porous polymers6, ionic 

liquids7, and cellulose8.  

2.2 Popular sorbents for DAC 

2.2.1 Activated Carbon 

Activated carbon (AC), also known as activated charcoal or carbon active, is an affordable, 

highly porous solid sorbent made from carbon-rich materials, utilized in numerous 

purification and separation processes. The production of AC involves a two-step process: 

carbonization followed by oxidation of the starting material. The oxidation step may be 

performed through gas or chemical treatment (also known as physical or chemical 

activation, respectively). In gas treatment, the carbonized material is initially prepared by 

heating the precursor material to 600 to 900 °C in an inert environment, and then is fed an 

oxidizing agent (such as steam, air, or CO2(g)) at 600 to 1200 °C to bind and activate the 

carbons. In chemical treatment, carbonization and oxidation occurs simultaneously, with 
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submerging the precursor material inside an activating chemical bath (such as KOH, 

NaOH, H3PO4, ZnCl2, Na2CO3 and H2SO4) and heated to 450 to 900 °C.9 AC may be post-

processed, modified and impregnated with different groups for different separation 

applications. Surface area and capacity of ACs depend on the nature of the precursor 

material and carbonization/oxidization process utilized to make the AC.  

Initially, coal and petroleum residues were explored as precursor materials for AC. 

However, the focus has shifted towards deriving highly porous ACs from abundant and 

renewable bio-wastes, which are rich in carbon and low in inorganic and volatile 

substances. Lignin10, sugarcane bagasse11, tea leaves12, rice13 and chickpea14 or sunflower15 

husk, fruit peels15,16, coffee grounds15, coconut shells17, bamboo18 are among the natural 

raw materials used to make AC.  

ACs capture CO2 through physisorption, locking the CO2 molecules in their porous 

structures (Figure 2.1). Because of weak physical interactions between CO2 and ACs, these 

sorbents have low energy requirements for sorbent regeneration. However, as the result of 

these weak interactions, ACs often exhibit low selectivity towards CO2. ACs are more 

commonly considered for CO2 capture for flue gas having higher CO2 concentration 

compared to DAC. Scientists have evaluated the potential of ACs for DAC and observed 

that due to the sorption competition between CO2 and H2O in the atmosphere, ACs 

generally perform poorly in humid environments. However, studies are being conducted to 

enhance CO2 selectivity and capacity with optimization in pore size and pore chemistry, 

for use in dilute and impure CO2 streams such as DAC.19 
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Figure 2.1 CO2 physisorption in porous AC (left)20 (A) 250X and (B) 2000X magnified 

image of AC porous structure (right)21 

2.2.2 Metal-Organic Frameworks and Hybrid ultra-microporous materials  

Metal-Organic frameworks (MOFs) are a class of versatile materials compromised of metal 

ions (nodes) and organic linker molecules (Figure 2.2). The organic linkers assemble the 

metal cations to form 1D, 2D or 3D structures. Hybrid ultra-microporous materials 

(HUMs) are newly introduced porous physi-sorbents like MOFs but have both organic and 

inorganic linkers (hence, “hybrid”) which enable greater pore tunability. As seen in Figure 

2.3, the organic linkers bind to a divalent metal cation (such as Cu2+ Ni2+, Cd2+ or Zn2+) to 

form a cationic square lattice (sql net) and inorganic linkers, like pillars, link the divalent 

metal cation on the sql net to form a 3D network. 

MOFs and HUMs find various applications in gas separation and storage as the result of 

their hollow crystalline 3D “cage” structure providing ultrahigh porosity, and their stability 

and tunability. Varying the length and chemistry of the organic linkers and inorganic pillars 

in MOFs and HUMs enables fine-tuning of pore size (ranging from mesoporous (2-50 nm) 

to ultra-microporous (<7 nm) and chemistry for DAC. They can soak up large quantities 

of CO2 molecules like a sponge and perform incomparably when exposed to concentrated 

CO2 streams.  
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Figure 2.2 Metal-organic framework structure (left)22 and Hybrid ultra-microporous 

materials (right)23 

High efficiencies are obtained for CO2 selective MOFs and HUMs with varying pore size 

and open-metal sites for CO2 capture from precombustion and post-combustion flue gas, 

biogas, and natural gas.24 A few reports have evaluated the performance of these materials 

for ultra-dilute concentrations and DAC (Figure 2.3). HUMs have shown great success in 

capturing trace levels of CO2 from various gas mixtures and DAC (Figure 2.4).25,26 M(4,4′-

Bipyridine and/or pyrazine)2SiF6 (M being copper pore size = 3.5 Å)27, nickel (pore size = 

3.8 Å)28, or zinc (pore size = 3.84 Å)29 metals) with considerable uptake at dilute 

concentrations are reported. By replacing SiF6
2- with shorter TiF6

2-, Ni(pyrazine)2TiF6 

(pore size = 3.5 Å)30 HUM performed favorably for DAC.26 Incorporation of amine groups 

into the MOF structure (Figure 2.3), mimicking amine scrubbing, has led to even higher 

CO2 capacity at dilute concentrations. MOFs such as secondary amine functionalized 

M2(4,4'-dioxido-3,3'-biphenyldicarboxylate) (M being Zinc or Magnesium metals) 31 and 

primary amine functionalized Mg2(2′,5′-dimethyl-3,3″- dihydroxy-[1,1′:4′,1″-terphenyl]-

4,4″-dicarboxylic acid)32 have shown great promise for DAC.  
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Figure 2.3 CO2 sorption with amine functionalized-MOF (top)33 and some MOF structures 

evaluated for DAC (bottom)34 

 
Figure 2.4 CO2 physisorption with Ni(pyrazine)2SiF6  HUM35  

Use of these materials are also generally reported to be limited to dry environments, as 

extended exposure to moisture causes CO2 uptake interference.19 Under humid conditions, 

the pores are occupied by water molecules (diameter of H2O molecule= 2.75 Å, CO2 

molecule =3.3 Å), decreasing available sites for CO2 molecules.  Appending amine sites to 

MOFs is a pathway shown to maintain high CO2 capacity at elevated humidity, as CO2 

uptake may occur at the newly added amine linkers.32 Challenges however, are that 

elevated temperatures (80 to 120 °C) are required sorbent regeneration and decreased 

porosity and thermal stability is observed for the amine functionalized MOFs.36 



45 

 

2.2.3 Zeolites 

Zeolites are highly porous crystalline solids made of SiO4 and AlO4 compounds connected 

tetrahedrally through shared oxygens (Figure 2.5). They can be found in nature, as the 

product of the reaction between volcanic material and saline water or synthesized in a 

laboratory. These materials are commonly used as sorbents. Zeolites carry a net negative 

charge, counterbalanced by basic alkali or alkaline earth metals like sodium, potassium, 

calcium, or magnesium. This negative charge, stemming from aluminum within the zeolite, 

exhibits a strong attraction to CO2, a molecule with a quadrupole moment. The 

characteristics of the cation, including its size, charge density, and distribution within the 

zeolite framework, play crucial roles in defining the pore size and the efficiency of CO2 

sorption. 

  

Figure 2.5 Tetrahedral structure of SiO4 and AlO4 compounds (left)37 zeolite structures of 

different types of zeolites (right)38 

Pure and impregnated zeolites have been subjected to extensive research for CO2 

adsorption from concentrated CO2 streams for many years and show great performance.39 

Researchers have recently investigated DAC capabilities of various types of zeolites, 

working under dilute CO2 concentrations. Investigations show zeolite affinity in the order 

of H2O>CO2>N2>O2 for the constituents in air.40 Experimental evaluations on various 
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types of zeolites such as 13X (pore size = 9-10 Å), 3A (pore size 3 Å), 4A (pore size 3.8 

Å) and 5A (pore size = 4.8 Å)41–43 and computational modelling of alumino-phosphate and 

Gallo-phosphate and 5A have been carried out for DAC.44,45 Generally, inefficient DAC 

performance is observed with zeolite sorbents due to weak bonds with CO2 and adsorption 

competition with H2O (excessive humidity uptake observed by the hydrophilic zeolite 

material).46 Investigations report decent DAC performance by zeolites upon the addition 

of a gas dehydration or cooling (up to -20 °C) stage prior to sorption.45,47,48 

2.2.4 Hydroxide sorbents 

CO2 capture utilizing hydroxide solutions are among the most studied processes.49 CO2, an 

acid gas, can be chemically absorbed inside a strong base solution. Employing this method 

for DAC was initially evaluated by Lackner1, where he demonstrated DAC using a calcium 

hydroxide (Ca(OH)2 – slaked lime) solution. The product of CO2 and Ca(OH)2 is CaCO3 

(limestone or chalk) (Reaction 2.1). Upon feeding the separated and dried CaCO3 oxygen 

(O2) at elevated temperatures (up to 900°C) calcium oxide (CaO) is produced, and the 

captured carbon is released as a concentrated stream (Reaction 2.2). CaO is then hydrated 

to regenerate Ca(OH)2 to reuse as CO2 capture sorbent (Reaction 2.3). The cycle of change 

of calcium between its carbonate and oxide form is known as calcination, calcium looping 

or regenerative calcium cycle.  

Ca(OH)2 + CO2 → CaCO3 + H2O                                                                                                             R. 2.1 

CaCO3 → CaO + CO2                                                                                                                                       R. 2.2 

CaO + H2O → Ca(OH)2                                                                                                                                 R. 2.3 
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Solubility of Ca(OH)2 in water is limited, limiting CO2 binding sites (OH-) for DAC.50 The 

substitution of calcium hydroxide (Ca(OH)2) with sodium hydroxide (NaOH – also known 

as caustic soda) and potassium hydroxide (KOH – known as caustic potash) has been 

explored, with a greater emphasis on NaOH due to KOH being a more expensive 

alternative. Both are shown to be as affective at capturing CO2, producing sodium 

carbonate (Na2CO3, soda ash or washing soda) and potassium carbonate (K2CO, pearl ash, 

or potash carbonate) after reacting with CO2, respectively. In using NaOH, the product, 

Na2CO3, is fed Ca(OH)2  and CaCO3 is formed while simultaneously NaOH sorbent is 

regenerated (Reactions 2.4 and 2.5). This process is known as causticization. The CaCO3 

is converted back to Ca(OH)2 via the calcination process mentioned above (Reactions 2.2 

and 2.3). 

2NaOH + CO2 → Na2CO3 + H2O                                                                                                     R. 2.4 

Na2CO3 + Ca(OH)2  → 2NaOH + CaCO3                                                                                       R. 2.5 

In utilizing KOH, sulfuric acid (H2SO4) is introduced to the K2CO3 formed from the 

reaction between KOH and CO2 (Reactions 2.6 and 2.7). This is known as acidification, 

KHSO4 is produced, and CO2 is released. KOH and H2SO4 are regenerated via 

electrodialysis.  

2KOH + CO2 → K2CO3 + H2O                                                                                                             R. 2.6 

K2CO3 + H2SO4 → KHSO4 + H2O + CO2                                                                                     R. 2.7 

Generally, these hydroxide absorbents exhibit great DAC performance with excellent CO2 

capture capacities.51,52 Compounds like CaO can be sourced from natural and eco-friendly 

reserves, including limestone or dolomite. Yet, their extraction and utilization require 

significant energy input and they exhibit corrosive properties. For example, temperatures 
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of 900 °C to 950 °C is required for decomposition of CaCO3.
53 Pure O2 gas is preferred in 

the calcination process over use of air, to obtain a pure CO2 product, necessitating an air 

separation unit. Solid alkali carbonates and supported alkali carbonates are also being 

investigated for DAC application. Effect of moisture was observed to be significant in these 

materials, and temperatures of 200 – 450 °C were required.50 More investigation on these 

class of materials is required to assess the use in DAC. 

2.2.5 Amine-based sorbents 

First introduced in the 1930s and nowadays among the most studied and commercially 

available large-scale technologies for CO2 removal is amine scrubbing.54 A low-cost 

organic liquid amine system known for its high chemical absorption capacities, is 

employed for the removal of CO2. As shown in Figure 2.6(a), in absence of water, 1 mol 

of CO2 reacts with 2 mol of a primary amine, forming a zwitterion and then a carbamate 

through deprotonation of the zwitterion by the second amine. In the case of a secondary 

amine, 1 mol of CO2 reacts with 1 mol of secondary amine. In the presence of moisture, 

bicarbonate is formed (Figure 2.6(b)). CO2 can also react with tertiary amines and form 

bicarbonates (Figure 2.6(c)). Generally, primary amines outperform secondary and tertiary 

amines in DAC due to favorable entropic factors.55,56 
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Figure 2.6 CO2 chemisorption mechanism by primary amine (a), where B is a base (a 

second amine)57 and CO2 chemisorption mechanism by primary (R’=H) and secondary 

amine with presence of water (b), and by tertiary amine with presence of water (c)58  

The reactivity and selectivity of amines towards CO2 remain relatively unchanged by CO2 

concentration levels, and they can operate efficiently under ambient conditions, unlike 

hydroxide chemi-sorbents. This adaptability has also led to their increased consideration 

for DAC applications. Monoethanolamine (MEA)59,60, pyrrolizidine-based diamines59, 

pentaethylenehexamine61, and so many other amine compounds62,63 have been both 

experimentally and computationally studied for DAC. Results show that aqueous amine 

solutions are more effective than non-aqueous (organic solvents such as ethylene glycol) 

solutions, where more stable carbamate is formed.63 

 
Figure 2.7 Structures of some of the amine compounds studied for DAC62 

Despite amine scrubbing being among the most researched, refined, and commercially 

applied methods for CO2 capture, it faces significant challenges. These include amine loss 

due to high volatility or entrainment, along with concerns related to its toxicity, corrosivity, 
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and instability, which includes issues with oxidative degradation.64 Amine regeneration, 

due to high heat of absorption and high water content, requires high energy input for 

desorption deeming unfavorable for DAC. Blends of liquid amines with high boiling point 

and nitrogen content are expected to be evaluated in the near future for DAC to overcome 

some of these challenges.63 

Due to the mentioned shortcomings for liquid amines, scientists have also looked at 

utilizing immobilized primary, secondary, or tertiary amines or combinations of them, on 

solid porous material to make high capacity, stable and less energy intensive DAC 

adsorbents. Physically impregnating porous media with pre-synthesized amine molecule 

or polymer (Figure 2.8, class 1), chemically (covalently) tethering amine groups on 

supports (Figure 2.8, class 2), or polymerizing polyamines in situ to a porous support 

(Figure 2.8, class 3) are some of these alternative forms.  

Class 1 sorbents: small molecule or polymeric amine groups are physically impregnated 

(loaded) inside the available porous window of a meso-/macro- porous solid to form class 

1 sorbents. From short and long alkylamines or alkanolamines to branched polymers 

containing amines (Figure 2.9) have been impregnated into porous support materials such 

as silica (gels, capsules, monoliths, etc.), alumina, AC, MOFs, or polymeric supports and 

studied for DAC.  

Class 1 sorbents are usually easy to prepare and show great CO2 capture performance. 

However, since amine groups are attached to the porous support via weak physical 

interaction and not chemical bonds, amine loss via leaching is observed during repeated 

regeneration cycles. Other shortcomings associated with use of amines, most of them 
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which are mutual with class 2 and 3 amine sorbents, are loss of amine by evaporation and 

thermal and oxidative degradation, especially when short amine chains such as 

diethylenetriamine65,66 and tetraethylenepentamine67,68 are used. More viscous high 

molecular weight and highly branched amine polymers undergo less leaching, have less 

volatility and enhanced thermal stability, however, they can lead to pore obstruction, 

reducing CO2 diffusivity and devastating CO2 uptake capacity and kinetics.69 Also, in 

DAC, water condensation from atmospheric humidity can degrade class 1 sorbents due to 

solubilization.70 Regeneration processes for these adsorbents also exhibit challenges, such 

as poly (ethylene imine) PEI decomposition (PEI is one of the most commonly utilized 

amine in class 1 sorbents) to urea which occurs at elevated temperatures and dry conditions. 

Adding humidity during regeneration to avoid PEI decomposition will deform the silica 

porous support, most utilized in class 1 sorbents. 
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Figure 2.8 Classes of amine-functionalized sorbents71 

The aggregation of amines and the produced ammonium carbamates on the supports can 

restrict CO2 diffusion to deeper amine sites and lower process kinetics. In face of these 

challenges, careful tuning of amine molecular weight and structure, impregnation method, 
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amine distribution pattern, support nature, structure and porosity, and regeneration 

conditions has shown to produce DAC operable sorbents. 

 
Figure 2.9 Most common amines impregnated in porous media for class 1 amine-based 

sorbents investigated for DAC.69 (a) polyethyleneimine, (b) poly(propylene imine), (c) 

poly(propylene glycol), (d) poly(allylamine), (e) Polyglycolide or poly(glycolic acid), (f) 

Tetraethylenepentamine, (g) Pentaethylenehexamine, (h) Tris(2-aminoethyl)amine and (i) 

alkyl–aryl amine- rich small molecules 

A computational study shows that tuning of the pore structure can allow the fabrication of 

stable class 1 sorbent with high capacity for DAC.72 In this study, 800 Da PEI (Figure 

2.9a) was impregnated inside a hierarchical bimodal pore (meso-/macro- pore) silica 

structure, and negligible leaching is observed. Another study reported that the modification 

of the amine compound led to increased thermal stability of class 1 sorbents. Here, PEI was 

modified with tetrapropyl orthotitanate and (3-aminopropyl)triethoxysilane groups and 

impregnated inside silica, and promising DAC performance and enhanced thermal stability 

was observed.70 Impregnation with poly(propylene imine) (PPI - Figure 2.9b) is shown to 

enhance DAC performance and reduce oxidative degradation compared to PEI.73 Another 

research has shown that the impregnation of hydrophobically modified branched amine 

polymer, fluorinated poly(allylamine) (PAA- Figure 2.9d) not only negates pore 
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obstruction, but leads to increased free volume and intermolecular diffusion pathways, 

drastically enhancing DAC perfromance74. A study has found that impregnating PEI on 

alumina porous support in place of silica, has shown to improve DAC performance and 

enable sorbent regeneration using steam.75 Researchers have looked into adding 

surfactants, such as poly(ethylene glycol) (PEG), glycerol, ionic liquids, and potassium 

carbonate, to break the bulk ammonium carbamates and aid with deeper CO2 diffusion,76,77 

and addition of sulfur-containing additives to decrease oxidation rate of amines.78 But to 

our knowledge, there is no study on the effect of additives on DAC performance.  

Class 2 sorbents: By chemically bonding amine sites to the porous support, these sorbents 

are synthesized to have a more ordered stacking of amine groups on the surface of the 

sorbent and less volatility compared to class 1 sorbents. However, the abundancy of active 

amine sites are reduced in class 2 sorbents compared to class 1 sorbents, where amine sites 

are dispersed inside the pores.79  

Class 2 sorbents are synthesized via two pathways. In the first and most studied pathway, 

amininosilanes are systematically grafted to the surface of the sorbent through stable Si-O-

Si bonds formed via reacting hydroxyl groups on the surface of a sorbent with 

aminosilanes, via a silylation reaction. In the second pathway, amines are attached to the 

sorbents by means of a coupling agent. The coupling agent is initially attached to the 

sorbent, and then functionalized with amine-containing compounds. The most commonly 

aminosilanes used in the first pathway are shown in Figure 2.10. 
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Figure 2.10 Common amines grafted on porous supports for class 2 amine -based sorbents. 

Study shows the amine grafted silica sorbents generally have good DAC performance, 

however, large scale production of these materials is uneasy and expensive69. Same as class 

1 sorbents, steam regeneration for class 2 adsorbents deforms the porous structure of the 

silica support. These sorbents generally require a large surface area for high CO2 capacities, 

and aggregation on the surface can lead to CO2 diffusion constraints. Amine oxidative 

degradation is also a challenge in class 2 sorbents. Similar to class 1 sorbents, by 

optimization of amine compounds, grafted surface and solvent polarity80, DAC appropriate 

sorbents can be explored. A study reports DAC capable class 2 sorbent, synthesized by 

grafting N-(2-aminoethyl)-3-aminopropylmethyldimethoxysilane on cellulose, an 

abundant, inexpensive and renewable material.81 Another reports promising results in 

replacing silica with alumina for DAC to enable adsorbent steam regeneration.82  

Class 3 sorbents: To simultaneously have high sorbent stability and, high number of amine 

sites for higher CO2 sorption capacities for DAC, in situ polymerization of amine-

containing compounds on the pores of the support is performed (Figure 2.11). 
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Hyperbranched amino-silica sorbents (HAS), poly(l-lysine) brush-silica hybrids and 

melamine-dendrimer silica hybrids are recently introduced and are referred to as class 3 

sorbents. 79,83–85 

In multiple studies, a class 3 sorbent synthesized from ring-opening polymerization of 

aziridine is reported to have higher CO2 uptake capacity and regenerability in DAC86 

compared to class 1 and 2 amine-based sorbents.83 Class 3 sorbents are indifferent to steam 

regeneration, as no capacity loss is observed after 3 cycles for aziridine polymerized on a 

silica foam.87 Further investigations are required on these novel sorbents to reveal the 

potential for large-scale DAC. 

 
Figure 2.11 Structure of a class 3 sorbent84 

2.2.6 Ionic Liquids 

Ionic liquids (ILs) are non-volatile and non-flammable stable organic salts that are liquid 

near room temperature. These recyclable liquids can be tailored for various applications to 

potentially replace volatile organic compounds used in industry and lower environmental 

pollution. The tunability of ILs allows the fabrication of sorbents with high CO2 affinity 
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and selectivity. Some of the most common cation and anions making up ILs for CO2 

capture are shown in Figure 2.12. 

 
Figure 2.12 Common cation and anions making up ILs88 

Good CO2 capture performance from post- and pre- combustion stages is reported with 

ILs.88,89 The main mechanism behind CO2 capture with ionic liquids is believed to be a 

combination of CO2 reaction with the IL anion and the added amine moiety (chemi-

sorption), and CO2 imprisonment in the cavities (free volume) in ILs (physisorption).90,91 

ILs are generally expensive viscous liquids that due to their water solubility, may result in 

aquatic toxicity.92 Their high viscosity reduces CO2 mass transfer inside the IL, and result 

in decreased diffusion and uptake. Further investigations into the many structural 

compositions in ILs can lead to a good task-specific DAC sorbent.93 

With lower number of functionalities that undergo hydrogen bonding, lower viscosity ILs 

allowing higher CO2 diffusion is obtained.94 ILs have been investigated in various forms, 

such as liquids, dispersed on porous supports, encapsulated in polymeric or carbonaceous 

shells to increase the gas-liquid interface for higher CO2 diffusion and higher working 

capacities at low concentrations.95 ILs derived from 3 common amino acids, leucine, 

isoleucine, and valine derived from bio waste (in this case feathers, fur and human hair) 
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were studied for DAC to obtain environmentally friendly sorbents and show promising 

results.96 IL functionalized with quaternary ammonium groups were also investigated for 

DAC via the moisture swing process. 

2.2.7 Moisture Swing Sorbents 

Ion exchange resins or charged polymers with positively charged groups (such as 

quaternary ammonium groups) that are neutralized by carbonate/bicarbonate system can 

effectively capture and release atmospheric CO2 by a process known as moisture swing or 

humidity swing.4 Moisture swing sorption (MSS) was first introduced by Lackner as a 

viable method for DAC and was further studied with experimental and computational 

modeling work by Yang et al. and Shi et al.97–101 In the MSS process, CO2 is captured by 

a chemi-sorption process. However, with the addition of a second sorbate, water 

(humidity), the CO2 affinity for the sorbent changes, and the adsorbed CO2 is released, 

seeking a compromise between physi-sorption and chemi-sorption mechanisms. In 

thermodynamic analysis, the free energy required for regeneration is provided by water 

evaporation, so a swing in moisture replaces the conventional thermal or pressure swings 

used for sorbent regeneration.4 

The simplified moisture swing mechanism is illustrated in Figure 2.13 for a polymer with 

positively charged quaternary ammoniums (QA) neutralized with OH− , HCO3
−  or CO3

2− 

ions.  In “dry” conditions, the carbonate-bicarbonate equilibrium favors the presence of 

hydroxide and bicarbonate ions since carbonate ions are less stable in dry environments. 

This is shown as state I in Figure 2.13. The CO2 in the atmosphere reacts with hydroxide 

forming a bicarbonate saturated sorbent (state II). Due to the high affinity of CO2 for 
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hydroxide, this reaction occurs even at low CO2 partial pressures (i.e., low atmospheric 

CO2 concentrations). When humidity is introduced, the bicarbonate is hydrated (state III) 

and dissociates to release CO2 to the environment, leaving the surface saturated with 

carbonates stabilized by water (state IV). Destabilization of carbonate occurs during 

dehumidification, returning to state I, and the MSS cycle is closed.  The MSS is also 

demonstrated through Reaction 2.8, where R+, x and y represent the QA groups, moles of 

water associated with bicarbonate, and moles of water associated with carbonate, 

respectively.102 

2(HCO3
− 𝐑+. 𝑥𝐻2𝑂)+ (y − 2x − 1)H2O(𝑔)  ↔ CO3

2−(𝐑+)2. 𝑦𝐻2𝑂 + 𝐶𝑂2(𝑔)
                                R. 2.8  

 
Figure 2.13 Moisture swing sorption mechanism.103 

Porous polymers, amine-based anion exchange resins, QA functionalized ionic liquids, 

cellulose and chitosan/PVA aerogels, ammonium modified silica, colloidal crystal 

templates and sorbent containing electrospun fibers have been evaluated as sorbents.6,7,110–

113,8,101,104–109 For example, He and coworkers tested DAC via MSS (20-95% RH) with 

three QA-functionalized porous materials and reported CO2 uptakes between 0.13 and 0.49 

mmol/g (they also compared their performance to two commercially available 

materials).104 Song and coworkers investigated QA chitosan/PVA systems and reported a 
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maximum uptake of 0.18 mmol/g at room temperature with a 3-95% RH humidity swing.107 

Hou and coworkers studied QA-modified bamboo cellulose and reported a maximum 

uptake of 0.19 mmol/g at 25 °C and a relative humidity swing of 60-80%.8 The 

aforementioned investigations on DAC sorbents show that the adsorption and desorption 

capacities for CO2 are significantly improved compared to commercial resins by increasing 

porosity, gas diffusivity and reduced sorbent size, but those DAC sorbents are generally 

used on organic supports.  

2.3 Choosing Moisture Swing Sorption  

A wide array of physi- and chemi-sorbents is under investigation for DAC. Chemisorption, 

in particular, is deemed highly promising for DAC, offering advantages such as superior 

capacity, selectivity, and stability under DAC conditions. Additionally, the regeneration of 

sorbents (CO2 desorption) plays a pivotal role in the DAC process. However, the high 

energy demands associated with regenerating chemi-sorbents, depending on the energy 

source, could lead to potentially introduce a new source of CO2 pollution. Various CO2 

sorption and desorption processes are explored for DAC sorbents such as thermal-(heat43 

and microwave114), pressure-115, moisture-3, vaccum-116, electro-117, alkalinity-118, and 

photo-119 swing or the combination of these, that vary in terms of operating conditions and 

energy requirements.  

The moisture swing process is considered highly promising for DAC because the energy 

needed for sorbent regeneration is supplied through water evaporation. This area of 

research is still in the early stages, and of the objectives of this dissertation is to enhance 

our understanding of the MSS and the development of a polymeric structure for MSS. 
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Generally, these processes reported in literature are batchwise, having consecutive sorption 

and desorption cycles. Assuming the same performance, continuous CO2 capture is 

preferred over batch processes in large-scale applications. To date, continuous MSS 

processes investigated in literature utilize commercial anion exchange membranes and 

pump CO2 through the membrane with the assistance of a potential field.120,121 Membrane 

technology has long been explored for CO2 capture from concentrated streams (such as 

flue gas), but is at initial stages of evaluation for DAC.122 The target sorbent material in is 

a dense membrane designed specifically for continuous DAC via the moisture swing 

process. 
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3 CHAPTER 3: POLYSULFONES FOR DIRECT AIR CAPTURE 

. 

This chapter begins with a comprehensive overview of polysulfones, emphasizing their 

distinctive features and the step-growth polymerization process used in their synthesis. It 

then investigates a novel series of polysulfone-based polymers developed for Direct Air 

Capture (DAC) by the moisture swing sorption (MSS) process. This polymer is a 

quaternary ammonium functionalized poly(arylene ether sulfone) random copolymer 

(PAES-co-QAPAES). This chapter details the synthesis and characterization techniques 

used to analyze these materials, as well as their atmospheric CO2 capture and release 

performance with varying humidity levels for MSS DAC analysis. 

3.1 Poly(Arylene ether)s (PAE) 

Polyphenylenes are polymers consisting of unsubstituted aromatic rings connected with 

carbon-carbon single bonds (Scheme 3.1.a). Polyphenylene has excellent thermal and 

chemical stability and outstanding mechanical properties. However, pure polyphenylene 

polymers are not easily processible. Consequently, various functional groups are inserted 

into the polyphenylene polymer backbone to disturb chain regularity and enhance chain 

mobility, flexibility and processibility. Poly(arylene ether)s (PAE) are classified as 

polyphenylene polymers with additional oxygen, carbonyl, or sulfonyl groups inserted in 

the backbone. (Scheme 3.1.b). PAE’s are also high-performance thermoplastics, which 

exhibit high thermal and oxidative stability and are processible. Some classes of PAE’s are 

shown in Table 3.1. 
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Scheme 3.1 Repeat unit structure of polyphenylene, poly(arylene ether) and poly(arylene ether 

sulfone). 

Table 3.1 Various popular poly(arylene ether)s 

X* Polymer 

−O − Poly(arylene ether) 

−𝐶O − Poly(arylene ether ketone)  

−SO2 − Poly(arylene ether sulfone), poly(ether sulfone) or polysulfone 

*X are compounds in Scheme 3.1.b 

3.2 Poly(Arylene ether sulfone)s (PAES) 

 Poly(arylene ether) sulfones (PAES) were independently introduced in the 1960’s by three 

institutions of Union Carbide Corporation (trade name Udel®) and 3M Corporation in the 

US and the Imperial Chemical Industries (ICI) in the UK. As shown in Scheme 3.1.c, they 

are a family of organic chemical compounds in which the backbone consists of 

unsubstituted aromatics (polyphenylenes) linked together with sulfonyl (−SO2 −) and 

ether (−O −) functional groups. As the result of the combination of these structural units, 

these polymers exhibit high thermal, chemical, hydrolytic, and oxidative stability, strength, 

transparency, processibility and, flame retardancy. PAES exhibits Tg in the range of 150 - 
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230 °C. PAES are polymers that do not crystallize as the result of the angled structure of 

polysulfone, thus have an amorphous morphology. Commercial PAES contains 

isopropylidene groups for additional chain flexibility.  

PAES is used in a variety of applications including components within households (like 

microwaves, cookware, and electronics), office equipment (such as photocopy machines, 

battery cases, and cameras), as well as in aircraft and aerospace gadgets (Figure 3.1). 

In the medical field, PAES is favored for fabricating equipment and devices that must 

endure sterilization processes (such as dry heat, autoclaving, chemical treatment, and 

radiation) without deteriorating. Furthermore, PAES is extensively utilized in the 

membrane industry for fabricating membranes aimed at water treatment and gas separation. 

This widespread use is attributed not only to PAES's excellent mechanical, hydrolytic, and 

thermal stability but also to its processability. This characteristic facilitates the production 

of membranes with precisely controllable and reproducible pore sizes. The synthesis of 

PAES typically involves a nucleophilic aromatic substitution step growth reaction (SGR) 

or polycondensation reaction, engaging an aromatic dihalide and a bisphenolate salt, a 

process that will be explored in further detail in subsequent sections. 
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Figure 3.1 Examples of PAES applications. 

3.3 Step Growth Polymerization of poly(arylene ether sulfone)s 

Step growth polymerization reaction (SGR) is a commonly used synthesis route to produce 

polyesters, polyamides (nylon), polycarbonates, polyurethanes and polyethers. SGR occurs 

when bi- or multi- functional monomers react and create dimers, trimers, oligomers, and 

large polymer chains. A bi-functional monomer is a monomer compound with two reactive 

sites per molecule. In SGR, Bi-functional monomers can create linear, and multi-functional 

monomers create branched polymers. 

3.3.1 Condensation polymerization and Addition polymerization 

Condensation polymerization and addition polymerization are two distinct terms that can 

be used in place of SGR. If the SGR results in the production of small molecules such as 

water, alcohol, or an acid molecule (shown as X in Table 3.2), it can be referred to as 

condensation polymerization. If no small molecules are produced, it is referred to as 

addition polymerization. This distinction was initially introduced by Wallace Carothers in 

1929.1 

Table 3.2 Condensation polymerization and addition polymerization 

𝑛𝐴 + 𝑛𝐵 →  (𝐴 − 𝐵)𝑛 

Condensation polymerization 𝑛𝐴 + 𝑛𝐵 →  (𝐴 − 𝐵)𝑛 + X 
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Addition polymerization 𝑛𝐴 + 𝑛𝐵 →  (𝐴 − 𝐵)𝑛 

3.3.2 Step growth polymerization theory. 

A simplified 2D array mechanism of step growth polymerization is shown in Figure 3.2 

with two bi-functional monomers shown in black (A) and pink (B). The reaction proceeds 

from left to right, in a stepwise manner with a slow increase in molecular weight. Dimers 

and trimers are initially formed and continue to react with themselves and other chains with 

time and produce tetramers, octamers, and eventually a single macromolecule. Since in 

SGR, nearly all monomers are consumed in the early stages, kinetic studies have been 

carried out on the change of reactive functional group concentration with time, and not the 

monomer concentration. For simplicity, “equal reactivity of functional groups” is assumed. 

This consideration regulates that the reactivity of functional groups on both A and B bi-

functional monomers are identical. In addition, the reactivity of all functional groups on A 

and B remain identical, regardless of whether any side has reacted or is attached to any-

sized chain.* 

 
Figure 3.2 Step growth polymerization mechanism in 2D array of bi-functional monomers. 

The polymer product’s average molecular weight is of prime concern from a practical 

viewpoint, and high average molecular weights are required to obtain desirable thermal 

 
*Functional groups attached to larger chains exhibit lower diffusion rates, but reactivity depends on the 

collision frequency and not the diffusion of the molecule. 
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and mechanical properties. The degree of polymerization, Dp, is defined as the number of 

monomer segments inside polymer chain and is calculated as the ratio of polymer average 

molecular weight (𝑀𝑤𝑝) to the molecular weight of the repeating unit (𝑀𝑤𝑟𝑢)  as seen in 

Equation 3.1. 

𝐷𝑝 =
𝑀𝑤𝑝

𝑀𝑤𝑟𝑢
                                                                                                  Eq. 3.1 

Carother’s equation, named after Wallace Carother, the inventor of nylon, estimates the 

degree of polymerization with a given fractional monomer conversion or yield, p for SGR. 

For a bi-functional monomer, the number average degree of polymerization can be 

calculated with the Equation 3.2. 

𝐷𝑝 =
1

1−𝑝
                                                                                             Eq. 3.2 

Fractional monomer conversion is defined as Equation 3.3. 

𝑝 =
𝑁0−𝑁

𝑁0
                                                                                             Eq. 3.3 

Where 𝑁0 is the number of monomers present initially, and 𝑁 is the number of unreacted 

monomers at time t. As can be seen from the above equation, high conversion is required 

to achieve high degree of polymerization and high molecular weight in SGR. As an 

example, 90% conversion gives a Dp of 10, 99% gives Dp of 100 and 99.9% gives a Dp of 

1000. For this reason, to achieve high molecular weights in SGR, it is necessary that we 

have: 

1. High reaction conversions: conversion of >99.9% based on Carothers’s theory. 

2. 1:1 stoichiometry for functional groups: any imbalance would terminate SGR. 

3. Bi-functionality (𝑓  = 2): lower functionality would terminate SGR, and higher 

functionality would result in branching. 
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4. No side reactions: Side reactions will result in monomer loss and imbalance in 1:1 

stoichiometry. 

5. High monomer purity: impurities may disrupt 1:1 stoichiometry or cause side 

reactions. 

6. Accessibility of mutual reactive sites. 

3.3.3 Nucleophilic Aromatic Substitution (SnAr) of PAES 

As noted above, PAES is synthesized through nucleophilic aromatic substitution (SnAr) 

reaction between a bisphenolate salt (phenoxide) and an aromatic dihalide. The phenoxide 

is produced through phenol deprotonation with a suitable base. The polymerization is then 

initiated by the formation of the Meisenheimer complex. The arrow moving mechanism 

for the SnAr reaction to produce polysulfone is explained in detail. 

3.3.4 Phenol deprotonation 

Addition of an alkali metal carbonate or hydroxide (basic salt) to bisphenol A (BPA) results 

in the deprotonation (removing of most acidic protons) of BPA. As shown in Scheme 3.2, 

BPA is the proton donor, and therefore an acid in the Brønsted–Lowry principle and is 

deprotonated by a base. According to the principle, an acid-base reaction occurs when the 

product is a weaker acid and a base. The acid strength can be determined with the pKa 

value. The pKa of BPA is 9.6, and the conjugate base of any compound with higher pKa 

value may deprotonate BPA.2 As an example, pKa value of HCO3
−  is 10.25, and its 

conjugate base (K2CO3) may be used.3 The produced phenolate is a good nucleophile 

(electron giving) group that will react with an aromatic dihalide to form the polysulfone 

polymer.  
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Scheme 3.2 Deprotonation of Bisphenol A (BPA) 

3.3.5 The Meisenheimer Complex 

The Meisenheimer complex, discovered in 1902 by J. Meisenheimer, is a negatively 

charged intermediate compound formed during the nucleophilic aromatic substitution 

reaction.4 They are formed when a nucleophile (electron rich compound) attacks an 

aromatic ring carbon that has electron withdrawing groups and a leaving group in ortho or 

para positions to each other. In the case of reaction between the BPA and DFPDS, sulfone 

electron withdrawing groups in para position give rise to the SnAr reaction. The resonance 

stability of the Meisenheimer complex depends on the reaction solvent and the nature of 

the nucleophile and leaving group.5  

3.3.6 SnAr Mechanism 

The nucleophilic aromatic substitution is composed of steps as depicted in Scheme 3.3. 

Step a and b show the mechanism of the attack of the nucleophile (phenoxide) to the halide 

substituted carbon on Bis(4-fluorophenyl) sulfone (DFDPS). The resonance stabilized 

carbanions or the Meisenheimer complex is then formed, shown as steps b-e in Scheme 

3.3. In the final step, the halide (F) is eliminated by the re-aromatization of the phenyl ring. 

The rate determining step in 𝑆𝑛𝐴𝑟 reactions is the attack of the nucleophile to the aromatic 

ring (formation of the Meisenheimer complex).  
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These reactions are performed in polar aprotic solvents such as dimethyl sulfoxide 

(DMSO) or N-Methyl-2-pyrrolidone (NMP) to further increase the nucleophilicity of 

phenoxides. A dry reaction environment is required for the described mechanism, as water 

may hydrolyze the alkali metal phenolates and form basic solutions. Potassium hydroxide 

formed in aqueous environments may react with the aromatic di-halide and alter the 

stoichiometry of functional groups present in the reaction which prevents achieving high 

molecular weight polymers. The reactions should be carried out in an inert atmosphere, as 

oxygen may oxidize the bisphenolate compound and result in stoichiometric imbalance.6 

 
Scheme 3.3 Nucleophilic aromatic substitution reaction between Bisphenol A (BPA) and Bis(4-

fluorophenyl) sulfone (DFDPS) to make poly(arylene ether sulfone) 
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3.4 Quaternary Ammonium Functionalized Poly(Arylene Ether Sulfone) Random 

Copolymers For Direct Air Capture 

Reproduced with permission from: Shokrollahzadeh Behbahani, H., Mithaiwala, H., 

Marques, H. L., Wang, W., Freeman, B. D., Green, M. D. “Quaternary Ammonium 

Functionalized Poly(Arylene Ether Sulfone) Random Copolymers for Direct Air 

Capture”, ACS Macromolecules 2023, 56, 16, 6470–6481 

Copyright 2023 American Chemical Society 

A series of novel quaternary ammonium (QA) functionalized poly(arylene ether sulfone) 

random copolymer (PAES-co-QAPAES) is prepared for DAC. The polymer backbone is 

constructed via an SGR reaction and is modified by two consecutive steps of thiol-ene 

“click” reaction and Menshutkin reaction. Allyl-modified poly(arylene ether sulfone) 

(PAES-co-APAES) is utilized to leverage the excellent mechanical strength, high thermal 

and chemical stability, and processibility of polysulfones.7 The quaternary ammonium 

cation (−NR3
+) attached to the polymer backbone is initially balanced by bicarbonate ions 

to undergo DAC via the MSS process. Polymers with varying ion exchange capacities 

(IEC) are synthesized, characterized, and tested for MSS performance. Kinetic modeling 

studies evaluate the potential of this novel material to be used as a sorbent and, in future 

studies, be a processible standalone membrane, for continuous DAC. 

3.4.1 Experimental 

3.4.1.1 Materials and reagents 

Bisphenol A (BPA, ≥99%) was purchased from Sigma-Aldrich and recrystallized from 

acetic acid/water (1:1 v/v) before use. Bis(4-fluorophenyl) sulfone (DFDPS, 99%) was 

purchased from VWR and recrystallized from toluene before use. 2,2'-Diallylbisphenol A 
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(DABA, 85%) was purchased from Sigma-Aldrich and purified by liquid-liquid 

extraction.8 Potassium carbonate (K2CO3, ≥99%) was purchased from Sigma-Aldrich and 

kept inside an oven operating at 130 °C before use. Toluene (99.8%) and THF OptimaTM 

were purchased from Fisher Scientific and used after passing through an MBraun SPS-800 

solvent purification system. N,N-Dimethylacetamide (DMAc, 99.5%), deuterated dimethyl 

sulfoxide, (DMSO-d6, 99.9 atom% D, 0.03% (v/v) TMS), diatomaceous earth (Celite® 

545) and 2,2-dimethoxy-2-phenylaceto-phenone (DMPA, 99%) were purchased from 

Sigma-Aldrich and used as received. 2-(Dimethylamino)-ethanethiol hydrochloride (95%) 

and deuterated chloroform (CDCl3, 99.8 atom% D, 0.03% (v/v) TMS) were purchased 

from Acros Organics and used as received. N,N-Dimethylformamide (DMF, ≥99.8%) was 

purchased from BDH® VWR and used as received. Hydrochloric acid (HCl, 36.5–38%) 

was purchased from BDH® VWR and diluted with THF before use. Iodomethane 

(≥99.5%) was purchased from Beantown Chemical and used as received. Narrowly 

distributed (Ɖ ~1) 200 kDa and 30 kDa polystyrene (PS) standards were purchased from 

Pressure Chemical Company, and 482 kDa, 91,450 Da, 9,820 Da and 4,910 Da PS 

standards were purchased from Agilent technologies and used as received. Udel® P-1700 

NT 11 polysulfone (PSU) pellets were purchased from Solvay specialty polymers and used 

as received. 

3.4.1.2 Synthesis 

The production of QA-functionalized poly(arylene ether sulfone) sorbent with basic 

counterions is a 4-step process (Scheme 3.4). The first step is a step growth reaction to 

form the allyl-modified poly(arylene ether sulfone) (PAES-co-APAES) copolymer, the 
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second step is a post-polymerization modification reaction to create the tertiary amine-

modified PAES (PAES-co-TAPAES) copolymer, the third step is quaternization of the 

amine to form the QA-modified ((PAES)-co-[QAPAES][I]) copolymer, and the fourth step 

is counterion exchange ((PAES)-co-[QAPAES][HCO3
−]). 

PAES-co-APAES(25) was synthesized via the following established step growth 

reaction.9–11 DABA (2.0 g, 6.5 mmol), BPA (4.4 g, 19.5 mmol), DFDPS (6.6 g, 25.9 mmol) 

and K2CO3 (4.3 g, 31.1 mmol) were weighed and added to a two-neck 250 mL round-

bottom flask along with a magnetic stir bar. The flask was equipped with a Dean-Stark 

apparatus, a reflux condenser, and a nitrogen inlet/outlet and the complete apparatus was 

lowered into an oil bath equipped with a thermometer. Different BPA/DABA ratios were 

used to manipulate the charge content on the polymer backbone, and the molar ratio for 

other components were kept constant (e.g., DABA/BPA ratio of 3/1, 1/1 and 1/3 refer to 

75%, 50% and 25% mol functionalized polymer, respectively). 52 mL DMAc was added 

to dissolve the monomers, and 26 mL toluene was added as an azeotropic agent to remove 

water during the polycondensation reaction. The solution was purged with nitrogen for 15 

min, then refluxed at 135 °C for 2 h to dehydrate the reaction mixture through the water-

toluene azeotrope. The mixture was then heated to 145 °C to remove the residual toluene, 

and the reaction was continued under static nitrogen atmosphere at 145 °C for 6 h. The 

reaction mixture was then cooled to room temperature and diluted with THF. The mixture 

was stirred with dilute HCl in THF for 2 h for neutralization to occur and pulled through 

diatomaceous earth to filter inorganic salts with a Büchner funnel. The polymer was then 

isolated through precipitation by addition, while stirring, of a 50/50 vol.% solution of DI 



86 

 

water and methanol. The polymer was dried under vacuum at 60 °C, redissolved in THF 

and precipitated once again in DI water. The product, PAES-co-APAES(25), was dried 

under vacuum at 60 °C overnight. 

The second step, which involves the incorporation of the tertiary amine functional groups 

via the thiol-ene “click” reaction, consisted of dissolving PAES-co-APAES(25) copolymer 

(11.0 g, 10.7 mmol ene), 2-(dimethylamino)-ethanethiol (7.6 g, 5 equiv. to ene) and DMPA 

(0.8 g, 0.3 equiv. to ene) in 70 mL DMF.12,13 The mixture was poured into a 100 mL round-

bottom flask, purged with nitrogen for 15 min, and irradiated with a compact UV lamp 

(Analytik Jena US UVL-28 EL series at 365 nm) at room temperature for 2 h. The product 

(PAES-co-TAPAES(25)) was isolated by precipitation in DI water and was then dried 

under vacuum at 60 °C, redissolved in DMF, reprecipitated in DI water, and dried under 

vacuum at 60 °C overnight. 

In the third step, tertiary amine groups were converted to quaternary ammoniums via the 

established Menshutkin reaction.14 To a solution of PAES-co-TAPAES(25) (10.5 g, 10.1 

mmol tertiary amine) in 70 mL DMF, iodomethane (7.2 g, 5 equiv. to tertiary amine) was 

added. The reaction mixture was stirred at room temperature and the product (PAES-co-

QAPAES(25)[I]) was isolated via precipitation in stirring DI water and then dried under 

vacuum at 60 °C overnight. The polymers were redissolved in DMF and reprecipitated in 

DI water. To substitute the iodide counterions with bicarbonate counterions, as the fourth 

step, PAES-co-QAPAES(25)[I] was placed inside a stirring solution of 1 M KHCO3 in DI 

water at room temperature for 48 h, and then washed 3 times with DI water.  
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Scheme 3.4 Reaction pathway for production of PAES-co-QAPAES[HCO3
-] 

3.4.1.3 Copolymer structure 

To confirm the polymer structure, 1H NMR spectra were recorded on Bruker Ascend 500 

MHz spectrometer. For this characterization, 20 mg of dried polymer was dissolved in 0.7 

g of deuterated solvent. CDCl3 was used as solvent for Udel® P-1700 PSU and PAES-co-

APAES, and DMSO-d6 for PAES-co-TAPAES and PAES-co-QAPAES. 

3.4.1.4 Polymer molecular weight 

Size exclusion chromatography (SEC) was carried out using a Waters Alliance e2695 

HPLC system interfaced to a Wyatt miniDAWN TREOS light scattering detector and a 
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Wyatt Optilab T-rEX differential refractive index (dRI) detector connected to Astra v6.1 

software to determine the molecular weight of the polymers. The mobile phase was THF 

OptimaTM with a flow rate of 1.0 mL/min. The molecular weights of synthesized polymers 

were measured from a calibration curve obtained from 6 low dispersity PS. The testing 

solutions were prepared by dissolving polymers in THF to a concentration of 5 mg/mL and 

passing through a 0.45 µm filter. The cyclic oligomer content in SEC traces was measured 

from the ratio of area under curve of cyclic shoulder vs. the total area in the elution trace. 

3.4.1.5 Thermogravimetric analysis (TGA) 

The decomposition temperature of the synthesized polymers was investigated to evaluate 

the thermal stability using TA Instruments TGA 5500. ~20 mg of sample was inserted into 

a platinum HT pan and heated up to 120 °C under nitrogen, at a rate of 10 °C/min to 

evaporate any water or solvents that may be present. Then, the sample was cooled to room 

temperature followed by thermal scanning up to 750 °C with the same rate under inert N2 

atmosphere. The TGA thermogram and the first derivative curves are plotted. The 

temperature at which 5% weight loss (Td5%) was observed is reported as thermal stability. 

3.4.1.6 Differential scanning calorimetry (DSC) 

To determine the glass transition temperatures (Tg) of the polymers, a TA Instruments 

Q2000 calorimeter was used. The polymer samples were heated under N2 at a rate of 10 

°C/min to 190 °C, held isothermally for 10 min, cooled to -80 °C, held isothermally for 10 

min, and finally heated again at a rate of 10 °C/min to 200 °C. The polymer samples were 

loaded into a non-hermetically sealed aluminum pan, and the Tg of the polymers were 
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determined from the midpoint Tg function in the TA instruments Universal Analysis 2000 

software (Version 4.5A) from the second heating scan. 

3.4.1.7 Water vapor gravimetric sorption 

A McBain quartz spring balance was used to perform the water vapor gravimetric sorption 

measurements.15,16 The polymer sample was placed in a small aluminum foil pouch which 

is suspended from a sensitive quartz spring (Deerslayer Quartz Springs) inside a water-

jacketed glass chamber at 25 °C. DI water contained in a glass reservoir was used to 

generate water vapor. Before the measurements, the DI water in the reservoir was degassed 

under full vacuum (<0.01 Torr) to remove dissolved gasses from the water. Water partial 

pressure was monitored using an MKS Baratron 626B transducer (full scale = 100 Torr). 

Prior to each test, the sample was degassed under full vacuum until no further displacement 

of the spring is observed. Then, sorption experiments were performed by exposing the 

sample to water vapor at 100% RH. The spring position was monitored using a digital 

camera, and the images were processed using ImageJ software.17,18 Blank experiments 

were performed to determine the amount of water adsorbed by the aluminum foil pouch. 

This amount is subtracted from the water uptake in all sorption experiments. 

3.4.1.8 Polymer density, molar volume, and fractional free volume  

The true density of the polymers was measured in the powder form. The polymers were 

initially dried in a vacuum oven at 50 °C for 24 h. The weight of the sample was measured 

using an Accuris Instruments W3100-120 analytical balance. The volume of the samples 

was measured as the average of 10 volume displacements using a Micromeritics AccuPyc 

II 1340 Gas Pycnometer operating with helium gas.  
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The polymer molar volume, 𝑣 (mL/mol), was calculated by dividing the molar mass of 

polymer repeat unit, 𝑀𝑤𝑟𝑢 (g/mol) by the true density,  𝜌 (g/mL) as shown below:  

𝑣 =  
𝑀𝑤𝑟𝑢

𝜌
                                                                                                        (Eq. 3.4) 

The fractional free volume of polymers, 𝑓, was calculated using Equation 3.5, where 𝑣 is 

the molar volume, and 𝑣0 is the volume occupied per one mole of repeat unit at 0 K (zero-

point molar volume).19 An approximation for the zero point molar volume is reported by 

Bondi to be 1.3 times the van der Waals volume (𝑣𝑉𝐷𝑊).20 The 𝑣𝑉𝐷𝑊 per one mole of 

polymer repeat unit can be calculated by the sum of 𝑣𝑉𝐷𝑊 of composing structural groups, 

and the 𝑣𝑉𝐷𝑊 of each structural group was derived from literature.21  

𝑓 =
𝑣−𝑣0

𝑣
                                                                                                          (Eq. 3.5) 

The 𝑣𝑉𝐷𝑊  of Udel® P-1700, PAES-co-QAPAES[ HCO3
− ](25), PAES-co-

QAPAES[ HCO3
− ](50) and PAES-co-QAPAES[ HCO3

− ](75) is calculated to be 234.2, 

1042.6, 574.2 and 1254.3 mL/mol, respectively. 

3.4.1.9 Membrane preparation 

Dense membranes were fabricated to investigate the hydrophilicity change of the (PAES)-

co-[QAPAES][HCO3
−] polymers via water contact angle measurements. All polymers were 

dried inside a vacuum oven operating at 100 °C for 24 h. The dried polymers were 

dissolved in DMF achieving a concentration of 2.5 wt.%, and the homogeneous solution 

was passed through a 0.45 µm syringe filter and poured inside a VWR® petri dish. The 

dish was covered with a non-hermetically sealed lid and placed under atmospheric 

conditions for 24 h. Gradual DMF removal was carried out by leaving the solution inside 
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a vacuum oven (Fisherbrand™ Isotemp™ Model 281A) operating at room temperature, 40 

°C and 100 °C, each for 24 h. The dried dense membrane was removed from the petri dish 

by addition of DI water to the petri dish and peeling off the membrane once it had swelled. 

In the protocol to fabricate dense membranes, a high boiling point solvent was used (DMF 

Tb = 153 °C). The boiling point controls the evaporation rate and volatility of the solvent 

and affects the membrane morphology. The higher the boiling point, the slower the removal 

of the solvent, which gives the polymer more time to relax and obtain a dense structure. 

The solution concentration used, 2.5 wt.%, helps generate a denser membrane. This is 

because by having a viscous polymer solution, the solvent evaporation process is hindered 

by the polymer chains and can result in micro-voids inside the membrane structure. The 

drying time of the membrane was spread throughout 3 days (22 °C, 40 °C and 100 °C). 

Slower drying time results in slower solvent removal to give the polymer more time to 

relax and can result in a denser structure.  

3.4.1.10 Water contact angle (WCA) 

Water contact angle measurements were carried out at room temperature using a Ramé 

Hart automated goniometer (model 230 U1) equipped with a microscope and 

illumination system. The images were analyzed with DROPimage advanced® (version 

2.7.03) software to investigate the hydrophilicity change of the (PAES)-co-

[QAPAES][HCO3
−] polymers. Membranes were adhered on glass slides with double sided 

ScotchTM tape. A ~5 µL DI water droplet was deposited on the membrane using a Hamilton 

model 1750 Luer Tip threaded plunger syringe. The data reported is the average value taken 
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from at least 6 different locations on the respective membrane. Photos of the droplets were 

captured immediately after their initial placement on the membrane surface. 

3.4.1.11 CO2 sorption/desorption experimental setup 

An experimental setup, as shown in Figure 3.3, was utilized to investigate the performance 

of synthesized polymers for MSS. The materials were dried, weighed and directly placed 

inside a sample chamber. The sample chamber consists of a cylindrical acrylic vessel, 

capped with PTFE (polytetrafluoroethylene) side locks. The air from the sample chamber 

(initially atmospheric air, containing ~415 ppm CO2) is channeled through a Li-Cor model 

Li-840A infrared gas analyzer (IRGA) which measures the CO2 and H2O (humidity) 

concentration in real time in parts per million (ppm) and parts per thousand (ppt), 

respectively. The H2O concentration in the closed system (system volume of 145 mL) is 

adjusted by cycling the air through a humidity controller. The humidity controller consists 

of a 1 mL water bath, copper tubing, and a Peltier element. To maintain the desired 

humidity level, the system adjusts the temperature of the water bath through a feedback 

loop: it continuously compares the actual humidity level in the IRGA with the target 

humidity level, and accordingly regulates the electrical current supplied to the Peltier 

element. Blank tests were performed to confirm competitive sorption of CO2 and H2O onto 

the sample chamber and tubing does not influence the results. For our experiments, gas 

flow rate is set to 1 L/min, and we fluctuated the humidity between 8 ppt, equivalent to 

30% relative humidity (RH) at 22 °C, and 25 ppt, which corresponds to 95% relative 

humidity at the same temperature of 22 °C for moisture-swing DAC.  
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Figure 3.3 Experimental setup for moisture swing sorption analysis22 

The IRGA reports the mole fraction of gases, which results in a systematic error in reading 

CO2 levels when the humidity inside the chamber changes. For this reason, Equation 3.6 

is used to correct the error on the raw data received from the IRGA.  

x = x0 × (1 +  
y 

1000
×

1

1−
y 

1000

)                                                                                  (Eq. 3.6) 

In the equation above, x and x0 are the corrected and raw CO2 data in ppm, and y is the 

humidity reading in ppt. 

Equation 3.7 is used to convert ppm values to µmol/g.  

CO2 sorbed
mol CO2

106 mol air
×

1 mol air

22400 ml air
× 145 ml cell volume ×

1

 weight of sorbent (g)
=

 IEC 
10−6 mol

g
=  μmo l g⁄                                                                                                 (Eq. 3.7) 

3.4.1.12 Sorption kinetics 

For the synthesized polymers, sorption kinetics were investigated through fitting 

experimental sorption data with kinetic models. The linear form of adsorption isotherm 

models evaluated are shown in Table 3.3. PFO23 and PSO24 models are the two main 

models used to described kinetics in the gas sorption processes. 
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Table 3.3 Kinetic models investigated. 

Kinetic model Integrated/Linear equation 

Pseudo First Order (PFO)23 𝑞𝑡 = 𝑞𝑒(1 − exp (−𝑘𝑓𝑡)) 

Pseudo Second Order (PSO)24 𝑞𝑡 =
𝑘𝑠𝑞𝑒

2𝑡

1 + 𝑘𝑠𝑞𝑒𝑡
 

In Table 3.3, qe is the equilibrium sorption capacity (µmol/g), qt is the amount of sorbed 

CO2 at time t (µmol/g), kf and ks are the PFO and PSO rate constants (1/h), respectively.  

3.4.2 Results and Discussion 

3.4.2.1 Synthesis of random QA-functionalized poly(arylene ether sulfone) copolymers 

The ultimate objective in the synthesis of these QA-functionalized PAES copolymers is to 

maximize the ammonium content while maintaining good thermomechanical stability. The 

PAES copolymers are prepared using the multi-step synthetic protocol shown in Scheme 

3.4. First, the copolymer is prepared using step-growth polymerization. The addition of 

allyl pendant groups on the polysulfone backbone enables post-polymerization 

functionalization to introduce chemical moieties and deliver new functionality to the 

traditional polysulfone polymer. The allyl concentration is tuned by controlling the DABA 

and BPA monomer ratio in the feed when performing step-growth polymerization (i.e., 

PAES-co-APAES(25) indicates a DABA/BPA ratio of 1/3 or 0.25 mol of DABA with 

respect to 1 mol of the repeat unit). Allyl functionalities (PAES-co-APAES) are then 

converted to tertiary amines (PAES-co-TAPAES) through the thiol-ene “click” reaction 

and quaternized to create QA-functionalized polysulfone polymers (PAES-co-QAPAES) 

using the Menshutkin reaction. Scheme 3.4 shows the 1H NMR spectra of Udel® P-1700 

PSU (an unfunctionalized control) and our synthesized polymers. Allyl functionalities are 
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successfully incorporated on the backbone, as seen by the appearance of peaks at 3.24, 

6.21, and 4.94 ppm belonging to protons on the non-isomerized allyl group (h, g and f, 

respectively) and peaks at 6.47, 5.81, and 1.78 ppm corresponding to protons on the 

isomerized allyl group (i, j and k, respectively). These values agree with a spectrum from 

literature with the same polymer backbone.25 The ratio between the integral of peaks f-k 

and peak a is used to assess the percentage of functionalization. Upon analysis, the 

theoretical percentage of functionalization agrees with the actual amount within ±2% 

accuracy for all allyl modified poly(arylene ether sulfones) (i.e., PAES-co-APAES(25), 

PAES-co-APAES(50), PAES-co-APAES(75)) (Figure 3.4). The ratio between the 

integrals of peaks i-k to f-k is used to calculate the extent of isomerization of the allyl 

functionality, with 30%-60% isomerization observed for all polymers. Nonetheless, the 1H 

NMR spectrum of tertiary amine-modified polysulfone confirms that isomerization of the 

allyl group does not interfere with the extent of post-polymerization functionalization. 

Peaks corresponding to allyl sites completely disappear after the thiol-ene “click” reaction, 

and new peaks are observed at 1.15 ppm, and 2.68 - 3.91 ppm which correspond to k’ and 

l, m, n, h’, i’ and j’ functionalities in Figure 3.5. The ratio of integrals of peaks n and k’ 

with respect to peak a validates complete conversion of the allyl group to thiol-ether with 

the thiol-ene “click” reaction. The molar concentration – ratio of integrals – of peaks n and 

k’ with respect to peak a – is used to confirm that the amine concentration matches the allyl 

concentration noted above. Upon quaternarization of tertiary amines with methyl iodide 

(PAES-co-QAPAES in Figure 3.5), the peak at 2.68 ppm shifts to 2.75 ppm, indicating 

the successful conversion to quaternary ammonium. The ratio of integrals of peaks n’ and 
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k’ with respect to signal a confirms full conversion and is used to calculate the experimental 

IEC.  

 

Figure 3.4 1H NMR spectra of PAES-co-APAES(25) (bottom), PAES-co-APAES(50) (middle) 

and PAES-co-APAES(75) (top) in CDCl3. 

An established method of counterion exchange is employed to exchange the counterion 

from iodide to bicarbonate.26–28 26–28 To substitute the iodide counterions with bicarbonate 

counterions, PAES-co-QAPAES(25)[I] was placed inside a stirring solution of 1 M 

KHCO3 in DI water at room temperature for 48 h, and then washed 3 times with fresh DI 

water, as this protocol has proven successful in literature.29 A hydroxide, carbonate, or 

bicarbonate ions may replace iodide and the starting counterion has no effect on the 

outcome of MSS process.30 Bicarbonate ions are superior to carbonate ions for ion 

exchange, because carbonate’s divalent charge results in a larger hydrated-ion size that is 
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unfavorable for ion exchange. A larger hydrated-ion size obstructs its diffusion into the 

polymer structure.31 Hydroxides are less favorable than bicarbonates because they have the 

potential to initiate Hofmann elimination during storage, sonication and the drying process 

thereby requiring a more complicated polymer preparation protocol.32,33 

 
Figure 3.5  From top to bottom: 1H NMR spectra of Udel® P-1700 PSU in CDCL3, PAES-co-

APAES(25) in CDCL3, PAES-co-TAPAES(25) in DMSO-d6, PAES-co-QAPAES(25) in DMSO-

d6. 

The molecular weights of the allyl-modified polysulfones are determined using SEC 

(Figure 3.6 and Table 3.4). The number-average molecular weights for Udel® P-1700 

PSU, PAES-co-APAES(25),  PAES-co-APAES(50) and PAES-co-APAES(75) without 

cyclic oligomers are 49.5, 23.1, 83.9, and 112.8 kDa with dispersity (Đ (MW/Mn)) values 

of 1.5, 1.8, 2.1, and 2.4, respectively. High molecular weights are achieved in low reaction 

times due to extensive monomer purification and the use of DFDPS in the step growth 
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reaction.11 The SEC traces of all polymers (Figure 3.6a) show a bimodal molecular weight 

distribution with a shoulder on the right attributed to the generation of smaller molecular 

weight cyclic compounds. Cyclic oligomers can form from the back-biting of phenoxide 

end groups to the polymer backbone in the step growth reaction.34,35 The use of DABA as 

a comonomer introduces concerns over cross-linking, as the unsaturated allyl groups can 

react through a number of different reaction pathway. The absence of a shoulder at the 

lower elution times in all SEC traces (Figure 3.6) can indicate that cross-linked products 

are not present. Additional investigations will be performed to evaluate how the addition 

of allyl groups can allow the tuning of polymer architecture. According to the classical 

theory by Carothers and Flory, the Đ of polymers in step growth reaction equals 2.0 at 

complete conversion of monomers.36,37 However, further investigations into the step 

growth reaction showed cyclic compounds are generated at any chain length during step-

growth polymerization and compete with step growth reaction linear chain growth.39 This 

influences the value of Đ, yielding higher values (Đ = 2-20) at higher conversions without 

fractionation of polymers to remove cyclic compounds before SEC analysis.34,38,39 As an 

example, a mathematical study on step growth reaction for aliphatic chains with alkane 

moieties generated Đ of 2.77 at 98% conversion.40 Another mathematical study observed 

Đ>20 at 100% conversion in the polycondensation reaction between silylated 

tetrahydroxy-tetramethylspirobisindane with 1,4-dicyanotetrafluorobenzene.41 A series of 

experimental studies carried out by Kricheldorf et al. for step growth reactions of aromatic 

monomers yielded Đ values between 3-15 at above 97% conversion.42–44 Thus, high Đ 

values obtained are validated and show high reactant conversion. The cyclic content 
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(weight fraction) in Udel® P-1700 PSU, PAES-co-APAES(25),  PAES-co-APAES(50) 

and PAES-co-APAES(75) is calculated to be 1.7%, 5.2%, 5.7% and 20.9%, respectively. 

An increasing trend in cyclic content is observed with increasing DABA content, which 

we think may be because of a higher propensity for back-biting of polymer chains in the 

step growth reaction. This backbiting may be the result of greater segmental motion caused 

by added free volume from the pendant allylic groups on DABA. Alternatively, increased 

steric hinderance in the step growth reaction for DABA addition could cause slower 

reaction rate constants for DABA compared to BPA. Thus, at higher DABA monomer 

content, the propensity for side reactions would be higher. In the same reaction time (6 h) 

and with similar reaction conditions, a higher DABA/BPA ratio results in a higher 

molecular weight. Future kinetic and viscosity studies will better understand this trend. The 

combination of molecular weight data from SEC and 1H NMR spectra confirms the 

successful synthesis of high molecular weight QA-functionalized poly(arylene ether 

sulfones).  

  
Figure 3.6 SEC traces of a) elution time b) Log Mn for Udel® P-1700 PSU, PAES-co-

APAES(25), PAES-co-APAES(50) and PAES-co-APAES(75) 
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Table 3.4 Molecular weight, dispersity values and cyclic content of Udel® P-1700 and 

synthesized QA-functionalized poly(arylene ether sulfone) copolymers 

Polymer 

SEC 

Mn 

(kDa) 

SEC 

Mw 

(kDa) 

Đ 

SEC 

Mn 

without 

cyclic 

(kDa) 

SEC Mw 

without 

cyclic 

(kDa) 

Đ 

without 

cyclic 

Total 

area 

under 

curve 

Area 

of 

cyclic 

% 

cyclic 

Udel® P-1700 48.9 79.4 1.62 49.5 79.4 1.53 2.661 0.045 1.70 

PAES-co-APAES(25) 21.7 43.1 1.99 23.1 41.6 1.80 2.941 0.154 5.24 

PAES-co-APAES(50) 73.5 146.2 2.23 83.9 178.4 2.13 3.314 0.190 5.73 

PAES-co-APAES(75) 83.1 246.6 2.98 112.8 268.3 2.38 4.631 0.968 20.93 

3.4.2.2 Thermogravimetric analysis (TGA) and Differential Scanning Calorimetry (DSC) 

of the synthesized random copolymers 

Thermal stability of polymers is studied, and the TGA curves are shown in Figure 3.7. 

Udel® P-1700 PSU exhibits a one-step weight loss at ~470 °C, corresponding to backbone 

degradation45 The QA-functionalized polysulfones remain stable up to a temperature of 

~120 °C and show a multi-step weight loss with onset temperatures of 122-127 °C, 203-

211 °C, 330-384 °C and ~470 °C, as shown as a, b, c and d in the 1st derivative plot in 

Figure 3.7. The first weight loss is the evaporation of solvent (DMF) and water held by 

the counterion.  The next steps are the chemical degradation of counterions and initiation 

of Hofmann elimination of quaternary ammonium hydroxides, degradation of sulfur bonds 

(-S-) and decomposition of the main chain.46 As also observed in literature, all polymers 

show a large residual mass (25-30%) at 800 °C, which is due to the large number of 

aromatic compounds.47 The multi-step weight loss observed agrees with TGA profiles 

reported in literature for similarly functionalized backbones.48,49 The Td5% of QA-
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functionalized polysulfone is 241-262 °C , which is up to 53% lower than Udel® P-1700 

PSU as a result of incorporated structures. However, these values are still well beyond 

atmospheric temperatures where DAC is envisioned to be conducted. 

The DSC thermograms and glass transition temperature (Tg) of Udel® P-1700 PSU and 

the synthesized QA-functionalized polysulfones are shown in Figure 3.7. The Tg of Udel® 

P-1700 PSU agrees with literature.50 In comparison to Udel® P-1700 PSU, the Tg of PAES-

co-APAES(25), PAES-co-APAES(50) and PAES-co-APAES(75) decrease by 9%, 17% 

and 21%, respectively.  

 
Figure 3.7 Thermal analysis of the QA-functionalized copolymers. a) TGA and 1st derivative 

(DTA) plot of Udel® PSU, PAES-co-QAPAES[HCO3
-](25), PAES-co-QAPAES[HCO3

-](50) and 

PAES-co-QAPAES[HCO3
-](75) obtained from thermal scanning up to 750 °C under N2 and Td5% 

of polymers. b) DSC traces from second heating scan (shifted vertically for clarity) of from top to 

bottom: Udel® P-1700 PSU, PAES-co-QAPAES[HCO3
-](25), PAES-co-QAPAES[HCO3

-](50) 

and PAES-co-QAPAES[HCO3
-](75). c) Td5% and Tg read from plots TGA and DSC graphs. 

The entanglement molecular weight (Me) of BPA-based polysulfone is 2,300 Da, and the 

molecular weight of all investigated polymers are more than 10X this value, so we can 

neglect the effect of molecular weight on Tg.
51 The decrease can be due to the larger free 
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volume between polymer chains caused by the pendant allyl functionalities causing weaker 

interactions.52 When the allyl group is converted to the quaternary ammonium a further 

reduction in Tg is observed. The decrease in Tg is 10%, 31% and 39% for PAES-co-

QPAES(25), PAES-co-QAPAES(50) and PAES-co-QPAES(75), respectively, in 

comparison to the allyl copolymer precursor. The larger drop in Tg observed for QA-

functionalized polysulfone compared to allyl-modified polysulfone is believed to be the 

result of bulkier pendant sites causing larger free volume and weaker interactions between 

polymer chains, which enables easier cooperative segmental motion at lower temperatures. 

The increase in free volume hypothesis is further supported by the fractional free volume 

measurement (𝒇) using density values in Table 3.5, for polymers reported in Table 3.6. 

Increases of 3.4%, 52.0% and 71.2% are observed compared to 𝒇 of 0.177 for Udel® P-

1700 PSU for PAES-co-QAPAES[ 𝐇𝐂𝐎𝟑
− ](25), PAES-co-QAPAES[ 𝐇𝐂𝐎𝟑

− ](50) and 

PAES-co-QAPAES[𝐇𝐂𝐎𝟑
−](75), respectively. 

Table 3.5 True density measurements for synthesized polymers. 

Polymer 
Weight of polymer 

(g) 

Volume 

(mL) 

Density 

(g/mL) 

PAES-co-QAPAES[HCO3
–](25) 0.0744 ± 0.0001 0.0554 ± 0.0001 1.3430 

PAES-co-QAPAES[HCO3
–](50) 0.0220 ± 0.0001 0.0167 ± 0.0001 1.3174 

PAES-co-QAPAES[HCO3
–](75) 0.1081 ± 0.0001 0.0812 ± 0.0001 1.3313 
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Table 3.6 Molar volume, van der Waals volume and fractional free volume. 

polymer 𝑣 (mL/mol) 𝑣𝑉𝐷𝑊 (mL/mol) 𝑓 

Udel® P-1700 369.9 234.2 0.177 

PAES-co-QAPAES[HCO3
–](25) 1653.0 1042.6 0.183 

PAES-co-QAPAES[HCO3
–](50) 1020.5 574.2 0.269 

PAES-co-QAPAES[HCO3
–](75) 2338.1 1254.3 0.303 

The PAES-co-APAES data fit to the Fox equation, which estimates the Tg of random 

copolymers.53 Each pairwise set of data predicted a Tg of 143 °C for 100% APAES with 

±2 °C standard deviation.  Because of the agreement between the Fox equation and the 

experimental data, we can infer a random copolymer structure. No crystallization or melt 

transitions were observed in the DSC analysis, and a single Tg is observed meaning the 

polymers have an amorphous morphology with non-phase separated and randomly 

dispersed polymer segments.54 This is in agreement with literature, as polysulfones inhibit 

crystalline morphologies due to the bond angles along the backbone.32 

3.4.2.3 Water vapor gravimetric sorption (WU) and water contact angle (WCA) 

The results for polymer water uptake (WU) on polymer powders and water contact angle 

(WCA) on polymeric dense membranes are shown in Table 3.7. WU for Udel® P-1700 

PSU, PAES-co-QAPAES[HCO3
-](25), PAES-co-QAPAES[HCO3

-](50), and PAES-co-

QAPAES[HCO3
-](75) are 1.68%, 3.8%, 44.0%, and 9.6%, respectively. All QA-

functionalized polymers have higher WU compared to Udel® P-1700 PSU. This result is 

as expected as QA groups are hydrophilic and should enhance the polymer’s capacity to 

hold water. For WCA analysis on dense membranes, Udel® P-1700 PSU and PAES-co-
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QAPAES[HCO3
-](25) polymers formed dense membranes with desirable mechanical 

properties, meaning they were successfully removed from the petri dish as a whole. PAES-

co-QAPAES[HCO3
-](50) and PAES-co-QAPAES[HCO3

-](75) formed brittle membranes, 

breaking into large and small pieces upon removal, respectively, showing less desirable 

mechanical properties. Inferior mechanical properties are typical for dry ionic polymers 

with high charge content below their Tg.
55 Nonetheless, WCA measurements were 

successfully performed on all dense membranes (WCA images are shown in Figure 3.8). 

The WCA for Udel® PSU is ~91° due to its inherent hydrophobic backbone. Addition of 

the hydrophilic QA functional groups to PAES co QAPAES[ HCO3
− ](25), PAES co 

QAPAES[HCO3
−](50), and  PAES co QAPAES[HCO3

−](75) polymers decreased the WCA 

by 15.2%, 22.3% and 16.9%, respectively.  

Table 3.7 Water uptake and contact angle measurements for Udel® 1700 and QA-functionalized 

polysulfones. 

Polymer Water Uptake (%) Water contact angle 

Udel® PSU 1.68 90.9° ± 2.8 

PAES-co-QAPAES[HCO3
−](25) 3.8 ± 0.1 77.1°± 2.8 

PAES-co-QAPAES[HCO3
−](50) 44.0 ± 0.6 70.6° ± 2.0 

PAES-co-QAPAES[HCO3
−](75) 9.6 ± 0.2 75.5° ± 6.4 

An intriguing trend is observed in WU and WCA results for the polymers/membranes with 

increasing QA content. In both investigations, increasing the QA content from PAES co 

QAPAES[ HCO3
− ](25) to PAES co QAPAES[ HCO3

− ](50) and then to PAES co 

QAPAES[HCO3
−](75) an increase in hydrophilicity is observed followed by a decrease, but 

with a higher final value. T-test results (with IBM SPSS software V.27) shows statistically 

significant influence of QA-functionalization on WU, yielding a p-value of <0.001 for all 
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pairs (Table 3.8). T-test results for WCA shows statistically significant influence on 

hydrophilicity resulting from the addition of QA-functionalities for all polymers when 

compared to Udel® PSU (p-value of <0.001, Table 3.8). The increase in QA content from 

PAES co QAPAES[ HCO3
− ](25) to PAES co QAPAES[ HCO3

− ](50) also results in 

statistically significant increase in hydrophilicity (p value of 0.013), however, changes 

from PAES co QAPAES[HCO3
− ](50) to PAES co QAPAES[HCO3

− ](75) and PAES co 

QAPAES[HCO3
− ](25) to PAES co QAPAES[HCO3

− ](75) did not result in statistically 

significant change in hydrophilicity (p value of 0.223 and 0.593, respectively). Structural 

or morphological changes in the polymer matrix resulting from the added QA 

functionalization may influence its ability to hold water.55 Ionic clustering of QA groups, 

as reported in literature for a polymer with varying numbers of QA sites on phenylene rings 

in a poly(arylene ether sulfone) copolymer, can result in lower WU due to the formation of 

distinct hydrophobic regions56. Developing a deep understanding in this area will require 

additional studies. 

 

Figure 3.8 Water contact angle images on dense membranes. 
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Table 3.8 Paired T-test analysis for water contact angle and water uptake data. 

Paired T-test for Water uptake P value 

Udel PSf PAES-co-QAPAES(25)[HCO3-] <0.001 

Udel PSf PAES-co-QAPAES(50)[HCO3-] <0.001 

Udel PSf PAES-co-QAPAES(75)[HCO3-] <0.001 

PAES-co-QAPAES(25)[HCO3-] PAES-co-QAPAES(50)[HCO3-] <0.001 

PAES-co-QAPAES(25)[HCO3-] PAES-co-QAPAES(75)[HCO3-] <0.001 

PAES-co-QAPAES(50)[HCO3-] PAES-co-QAPAES(75)[HCO3-] <0.001 

Paired T-test for Water contact angle  

Udel PSf PAES-co-QAPAES(25)[HCO3-] 0.001 

Udel PSf PAES-co-QAPAES(50)[HCO3-] <0.001 

Udel PSf PAES-co-QAPAES(75)[HCO3-] 0.001 

PAES-co-QAPAES(25)[HCO3-] PAES-co-QAPAES(50)[HCO3-] 0.013 

PAES-co-QAPAES(25)[HCO3-] PAES-co-QAPAES(75)[HCO3-] 0.593 

PAES-co-QAPAES(50)[HCO3-] PAES-co-QAPAES(75)[HCO3-] 0.223 

3.4.2.4 CO2 sorption/desorption and kinetic modelling 

MSS activity of polymers are tested in the experimental setup (Figure 3.3). Figure 3.9a is 

a blank run showing the IRGA’s reading of CO2 levels in a closed system with varying 

environmental gas volume (e.g., humidity). A correction is applied on the experimental 

data that accounts for the dilution of CO2 caused by the introduction of water vapor. All 

polymers (Figure 3.9-d to f) show distinct deviations from the blank run; specifically, an 

increase in the magnitude of the swing in CO2 concentration occurs as the concentration of 

ammonium groups in the copolymer increases. The lower black curve shows the water 

concentration in parts per thousand, which is controlled using a dew point generator. The 

relative humidity is cycled between values of 8 ppt (~30% RH) and 25 ppt (~95% RH). As 

the water vapor concentration in the chamber increases the CO2 concentration also rises, 

indicating the sample releases CO2 under higher humidity conditions. Conversely, as the 

relative humidity in the chamber is decreased, the CO2 concentration in the chamber also 

decreases, indicating CO2 capture under dry conditions. Thus, the MSS mechanism is 
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satisfied. Also of note, desorption is performed spontaneously without extra heat supply as 

the system is maintained at room temperature. 

Kinetic analysis is performed by fitting the data to Pseudo-first-order (PFO) and pseudo-

second-order (PSO) models in a 2.4 h CO2 uptake test at 22 °C and 30% RH (Figure 3.9). 

Better agreement is observed for PSO model for all samples, with increasing CO2 sorption 

capacity with increasing IEC (QA functionalities). At this moment, we cannot be certain 

of the absolute values associated with reaction rates because of a lack of understanding of 

the moisture swing sorption process (e.g., reaction order). However, we can draw 

conclusions by looking at the trends in the data as discussed below. 
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*Theoretical effective IEC is theoretical IEC/2 due to the nature of the MSS mechanism. 

Figure 3.9 a) MSS mechanism (Reproduced from Shokrollahzadeh Behbahani, H.; Green, M. 

Direct Air Capture of CO2; ACS In Focus; American Chemical Society: Washington, DC, USA, 

2023, DOI 10.1021/acsinfocus.7e7016. Copyright 2023 American Chemical Society13. b) 

copolymer density, fractional free volume, and ion exchange, and profiles for c) Udel® 1700, d) 

PAES-co-QAPAES[HCO3
−](25), e) PAES-co-QAPAES[HCO3

−](50) and f) PAES-co-

QAPAES[HCO3
−](75) ran with swing in moisture of 8 – 25 ppt (30% RH to 95% RH at 22 °C) for 

6 consecutive cycles of 2 h each (1 h sorption and 1 h desorption). 

PAES-co-QAPAES[HCO3
-](25), PAES-co-QAPAES[HCO3

-](50) and PAES-co-

QAPAES[HCO3
-](75) have theoretical effective IEC’s of 0.45, 0.75, and 0.97 mmol/g, 
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respectively. The CO2 uptake values are shown in Figure 3.10. Based on the PSO model, 

uptake values for PAES-co-QAPAES[HCO3
− ](25), PAES-co-QAPAES[HCO3

− ](50) and 

PAES-co-QAPAES[HCO3
−](75) are 3.051 ± 0.001, 29.793 ± 0.022, and 31.579 ± 0.009 

µmol/g, respectively. Uptake values observed are significantly lower than uptakes reported 

for point source CO2 sorption, which are 0.001 – 0.07 mol/g57, but this is expected as the 

CO2 partial pressure in air is much lower than point source CO2 streams. Similarly, sorbents 

used for DAC via the MSS in the literature also exhibit uptake capacities in the range of 

0.001 mol/g, but these comparisons are not entirely practical, as the experimental 

conditions such as temperature (influences on kinetics and isotherms), volume of closed 

systems (influences desorption CO2 partial pressure) and extent of moisture swing 

(influences number of sites available) either vary or are not reported (Table 3.10).58,59 The 

rate constants for PAES-co-QAPAES[HCO3
−](25) and PAES-co-QAPAES[HCO3

−](75) are 

similar, and about an order of magnitude faster than PAES-co-QAPAES[HCO3
−](50).   

 
Figure 3.10 Experimental CO2 uptake data and modeling of PFO and PSO at 22 °C and 30% RH. 
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Table 3.9 CO2 uptake and release with RH swing of 30%-96%. 

Polymer 

PSO PFO 

Qe 

µmol/g 

ks 

1/hr R2 
Qe 

µmol/g 

kf 

1/hr R2 

Udel® 1700 

PAES-co-QAPAES[HCO3
−](25) 

3.051 ± 

0.001 
0.167 0.996 

2.221 ± 

0.002 
1.081 0.996 

PAES-co-QAPAES[HCO3
−](50) 

29.793 ± 

0.022 
0.027 0.998 

21.318 

± 0.018 
0.993 0.995 

PAES-co-QAPAES[HCO3
−](75) 

31.579 ± 

0.009 
0.297 0.999 

28.083 

± 0.009 
3.761 0.987 

*Theoretical effective IEC is theoretical IEC/2 due to the nature of the moisture swing 

mechanism. 

The working capacity of the sorbents are much lower than their theoretical effective IEC, 

and the percent of site utilization changes with changes in the number of QA groups. We 

suspect the following arguments may be influencing lower working capacities and may be 

the foundation of future work. In general, water (humidity) can influence many aspects of 

the MSS process, in positive and negative ways. It may deactivate CO2 capture sites 

through anion deprotonation, or the existence of a hydration layer surrounding the 

hygroscopic QA groups, even when exposed to dry atmosphere, may interrupt the CO2 

capture process and cause diffusion constraints.60–62 Water present in the copolymers can 

promote ion transport and provide free protons for the reaction between CO2 and sorbent. 

More investigations are required to elucidate the multiple roles of water on the MSS 

process and inform sorbent modifications to increase/decrease hydrophobicity. One way 

this is manifested in our work is the modest improvement in sorption capacity and kinetics 

exhibited by PAES-co-QAPAES[HCO3
−](75) relative to PAES-co-QAPAES[HCO3

−](50). 
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The former copolymer has a lower water uptake percentage and a higher water contact 

angle but a larger fractional free volume, which highlights how the interplay of water, 

chemical reactions between the alkaline counterions with CO2 and the polymer 

thermomechanical properties will dictate the material performance for DAC. Also, in the 

MSS process, two QA sites are simultaneously involved. In other words, to hold a divalent 

CO3
2− ion, the distance between two QA ions should not be much larger than the size of 

one carbonate ion.30 Further evaluation is needed on the synthesized materials to explore 

these geometrical requirements and inform macromolecule structural features that locate 

ion exchange sites at appropriate distances. Finally, as shown herein, increasing the IEC 

does not necessarily optimize DAC performance. Block polymer structures might help 

retain mechanical properties while creating task-specific domains for the capture of CO2.
63 

These ideas are also employed to explain higher utilization of sites for 50% and 75% QA-

functionalized (3.97% and 3.26% site utilization (calculated as working capacity divided 

by IEC times 100)), respectively) versus 25% QA-functionalized (0.68% site utilization), 

and, the discrepancy between utilization sites for 50% and 75% QA-functionalized 

polymer. The working capacity of the sorbents are much lower than their theoretical 

effective IEC, and the percentage of site utilization changes with changes in the number of 

QA groups. We suspect the following arguments may be influencing lower working 

capacities and may be the foundation of future work. In general, water (humidity) can 

influence many aspects of the MSS process, in positive and negative ways. It may 

deactivate CO2 capture sites through anion deprotonation, or existence of a hydration layer 
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surrounding the hygroscopic QA groups, even when exposed to dry atmosphere, may 

interrupt the CO2 capture process and cause diffusion constraints.60–62. 

Table 3.10 Summary of some experimental conditions and uptakes on sorbents for moisture 

swing CO2 capture. 

Material 

Ion initially 

exchanged 

for MSS 

IEC 

mmol/g 

Volume 

of testing 

chamber 

Uptake 

µmol/g 
Temperature RH% 

SnowPure's 

ExcellionTM I-20064 
OH− 1.5  130  20-95% 

SnowPure's 

ExcellionTM I-20029 
HCO3

−  1.25 L 860 25 °C 5-100 % 

IONSEP-MC-A ion 

exchange resin58 
CO3

2− 1.9 20 L 830 22°C 
Relatively 

low -95% 

quaternary 

ammonium-based 

anion exchange 

resin59 

CO3
2−  1.05 L  25 °C  

porous polymers 

formed by HIPE 

polymerization 

(1.5% 

crosslinking)65 

OH− 1.37  230  5-25 ppt 

D201 microporous 

polystyrene66 
PO4

3− 1.3  550 25 °C 0-100% 

Quaternized 

bamboo cellulose67 
CO3

2− 0.55 8 L 190 25 °C 60-80% 

Ammonium HBPG-

modified silica68 
OH− 0.98  11 25 °C 0-95% 

3D ordered 

macroporous 

structure (3DOM) 

of poly(methyl 

methacrylate) 

(PMMA) colloidal 

crystals69 

OH− 2.3  570 20 °C 20-90% 

Quaternized 

mesoporous resin70 
CO3

2− 0.5 8 L 260 20 °C 21-100% 

quaternized 

poly(styrene)71 
CO3

2− 1  500 20 °C 40-100% 

This study HCO3
− 0.97 145 mL 32 22 °C 30-96% 
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A Water peak for “dried” PAES-co-QAPAES polymers can be observed in 1H NMR 

analysis shown in Figure 3.5 (the water peak is marked at 3.35 ppm with an asterisk). 

Water can promote ion conductivity and transport and provide free protons for the reaction 

between CO2 and sorbent. More information is required on the multiple roles of water on 

the MSS process, and sorbent modifications can be applied accordingly (such as 

increasing/decreasing hydrophobicity). Also, in the MSS process, two QA sites are 

simultaneously involved. In other words, to hold a CO3
2− divalent ion, the distance between 

two QA ions should not be much larger than the size of one carbonate ion.30 Further 

evaluation may be performed on the synthesized materials, and modification of the 

macromolecule structure can be implemented to move exchange sites closer to each other, 

or, to increase the IEC with a block polymer structure to retain mechanical properties.63 

These ideas are also employed to explain higher utilization of sites for 50% and 75% QA-

functionalized (3.97% and 3.26% site utilization (calculated as working capacity divided 

by IEC times 100)), respectively) versus 25% QA-functionalized (0.68% site utilization), 

and, the discrepancy between utilization sites for 50% and 75% QA-functionalized 

polymer.  

3.5 Conclusion 

Novel QA-functionalized poly(arylene ether sulfones) (PAES-co-QAPAES) were 

successfully synthesized through step growth reaction and subsequent post-polymerization 

modification reactions. Characterization of materials shows the successful synthesis of 

high molecular weights polymers with amorphous morphology and randomly dispersed 

polymer segments. The degradation temperature of polymers is far beyond operational 
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temperatures (241 °C– 262 °C) envisioned for DAC. The designed sorbents capture 

atmospheric CO2 when dry and desorb CO2 when exposed to humidity without additional 

energy supply. Sorption/desorption cycles show the performance of materials is stable for 

six consecutive cycles.  

Further evaluation of the moisture swing DAC process is necessary, and anticipated 

modifications to the macromolecule structure of the polymeric sorbent is expected to 

enhance its working capacity. 
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4 CHAPTER 4: POLYSULFONE-BASED MEMBRANES FOR DIRECT AIR 

CAPTURE 

 

This chapter presents an exploration of the fabrication and performance assessment of 

dense membranes functionalized with moisture swing active sites, aimed at advancing the 

development of an artificial tree concept (Figure 4.1) and how variations in sorbent form 

factors impact the moisture swing sorption (MSS) direct air capture (DA)C process.  

 

Figure 4.1 Concept for an artificial tree from the Mining Air for Fuels and Fine Chemicals 

(MAFF) project1 

Dense membranes were fabricated from Udel® P-1700 PSU as reported in section 3.4.1.9. 

Scanning Electron Microscopy (SEM) imaging of the cross section was performed to probe 

the microstructure of the fabricated dense membrane. The cross-section was analyzed using 

a Philips, Model XL30 ESEM-FEG SEM operating at 15 kV. The membrane was inserted 

in liquid nitrogen, and then fractured to create a clean break. SEM sample was sputter 

coated with a thin layer of gold (30 s) to impart electric conductivity before testing. The 
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left image in Figure 4.2 shows an image of the Udel® P-1700 PSU membrane being 

visually dense. Very small pores of <1 µm are observed at some areas in the cross section 

in SEM imaging (Figure 4.2, right). 

   
Figure 4.2 PSf membrane made following the dense membrane casting protocol (left and middle) 

and SEM image of the cross section (right). 

Following the successful confirmation of fabrication of dense membrane, the established 

protocol was similarly applied to the QA-functionalized polysulfones. In this examination, 

it was observed that Udel® P-1700 PSU and PAES-co-QAPAES[HCO3
-](25) polymers 

exhibited favorable mechanical properties, allowing them to be cleanly removed from the 

petri dish intact. However higher charge content polymers produced membranes that were 

brittle, resulting in either large or small pieces upon removal, indicating less satisfactory 

mechanical characteristics (Figure 4.3). Such diminished mechanical performance is 

commonly observed in dry ionic polymers with high charge content below their glass 

transition temperature (Tg). 
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Figure 4.3 From left to right, dense membranes casted with progressively increasing QA content, 

specifically 12, 20, 34, and 75 mol% QAPAES segment in PAES-co-QAPAES. 

In order to overcome the issue of limiting ion exchange capacity (IEC), which adversely 

affects the mechanical properties and structural integrity of the modified dense membranes, 

particularly those with higher concentrations of ion exchange groups, several strategies 

aimed at enhancing the mechanical robustness while maintaining or improving the IEC 

were explored. The approaches included:  

1. Blending PAES-co-QAPAES with commercial polysulfone. 

2. Adding PAES-co-QAPAES on a polysulfone-based support using spin coating 

method. 

3. Adding PAES-co-QAPAES on a polysulfone-based support using automated draw 

down machine. 

4. Investigating a multi block polymeric structure as opposed to the random copolymer 

structure. 

4.1 Blending PAES-co-QAPAES with commercial polysulfone 

To improve the mechanical properties of PAES-co-QAPAES, a series of blends were 

prepared with membrane grade commercial polysulfone polymer (Udel® P-1700 PSU) as 

listed in Table 4.1. The table shows the mass of uncharged polysulfone, weight percent of 

PAES-co-QAPAES, mole fraction of charge species within the polymer repeat unit 



125 

 

compared to all potential substituent sites, ion exchange capacity (IEC) and membrane 

properties.  

Table 4.1 QA-functionalized poly(arylene ether sulfone) blended with membrane grade 

polysulfone. 

# QAPAES (g) 
Polysulfone 

(g) 
Wt. % 

Mol. % 

charge 

IEC 

(mol/kg) 
Properties 

1 
0.5622 PAES(75)-

co-[QAPAES][I](25) 
0.7489 - - - 

did not 

dissolve 

2 
0.2955 PAES(25)-

co-[QAPAES][I](75) 
0 100% 75% 2.91 Very brittle 

3 
0.2304 PAES(25)-

co-[QAPAES][I](75) 
0.0830 74% 31% 2.14 Very brittle 

4 
0.1596 PAES(25)-

co-[QAPAES][I](75) 
0.1583 50% 14% 1.46 brittle 

5 

0.0292 PAES(25)-

co-

[QAPAES][OH](75) 

0.0649 31% 7% 0.90 brittle 

6 
0.1999 PAES(25)-

co-[QAPAES][I](75) 
0.4664 30% 6% 0.87 

Ductile 

membrane 

(discolored) 

7 
0.1035 PAES(25)-

co-[QAPAES][I](75) 
0.3230 24% 5% 0.71 

Ductile 

membrane 

8 
0 PAES(25)-co-

[QAPAES][I](75) 
0.5 0% 0% 0 

Ductile 

membrane 

One of the polymers did not redissolve in dimethylformamide (DMF) which is suspected 

to have crosslinked in storage (#1 in Table 4.1 and Figure 4.4). For the rest, as the weight 

percentage of QA with respect to commercial polysulfone is decreased, an increase in 

membrane ductility was observed which is as expected. At 24 wt.%, a uniform ductile 

membrane was obtained (#7 in Figure 4.4 and Table 4.1) and at 0% PAES-co-QAPAES, 

the membrane was ductile (#8 in Figure 4.4 and Table 4.1). . At 30 wt.%, the membrane 

came out ductile, but with a two phased discoloration (#6 in Figure 4.4 and Table 4.1). 



126 

 

With this method, a limit in adding QA groups whilst having a homogeneous and ductile 

membrane was observed. 

 

 

Figure 4.4 QA-functionalized poly(arylene ether sulfone) blended with commercial polysulfone. 

4.2 Adding PAES-co-QAPAES on a support using spin coating method 

The spin coating technique is a common and simple process used to uniformly deposit thin 

coatings over a substrate. A solution of PAES-co-QAPAES in DMF can be spin coated on 

a ductile polysulfone (PSf)-based support membrane to make a thin film composite (TFC) 

membrane. In this process (Figure 4.5), the solvent is spread and removed by the 

centrifugal force through rotation of the spin coating equipment at high speed, and with 

that, the PAES-co-QAPAES polymer is attached to the support membrane at the interface.  



127 

 

 

Figure 4.5 Spin coating PAES-co-QAPAES on top of PSf membrane. 

For this method to work, a solvent must be identified that dissolves PAES-co-QAPAES 

but not the PSf support. To find this solvent, the Hansen solubility parameters (HSP) have 

been studied. HSP is a useful tool in predicting if a pure material will dissolve in another 

and form a solution.2 Figure 4.6 shows the parameters used in HSP analysis. In this 

analysis, if the RED (relative energy difference) of the system is above 1, the system will 

not dissolve, i.e., PSf will not dissolve in the solvent and can be considered as a candidate 

for adding PAES-co-QAPAES on PSf, if it dissolves the charged polymer. A list of 

solvents was collected with an RED>1 for PSf and were tested for their performance in 

dissolving PAES-co-QAPAES.3 The PAES-co-QAPAES Polymer beads with bicarbonate 

counter ion were chosen for these experiments.  

 

Figure 4.6 Hansen solubility parameter calculation. 
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The tests revealed that dimethyl sulfoxide (DMSO) is an appropriate solvent, as it fully 

dissolves PAES-co-QAPAES but does not effectively dissolve the PSf-based support at 

room temperature. The polymers were shipped to our collaborators at the University of 

Texas at Austin, Dr. Benny Freeman's group, which undertook the task of fabricating the 

membranes. They were dissolved in a 10 wt.% concentration in DMSO, stirred for 4 h, 

filtered, sonicated for 10 min, and then spin coated on a poly(ether sulfone) (PES) support 

for 1 minute.  

4.3 Depositing PAES-co-QAPAES on a support using automated draw down machine 

Automated draw down machines or film applicators are widely used in industries for 

evenly applying coatings or films onto panels or substrates with large-scale production. 

This process allows for customizable coatings by adjusting speed, pressure, and film 

thickness. By utilizing the same solvent, DMSO, the PAES-co-[QAPAES][I](25) polymer 

was deposited on a commercial PSf membrane (PS-20) by our collaborators at UT Austin 

(Figure 4.8) with an automated draw down machine. A Gardco automatic drawdown M 

machine with a rod size of 10 inch was utilized for this process. A 5 wt.% solution of 

PAES-co-[QAPAES][I](25) in DMSO was used as the casting solution. The TFC 

membranes were dried overnight inside a fume hood, followed by drying under vacuum at 

100 °C for 48 h prior to delivery.  

4.4 Multi-block copolymer structure 

Reproduced with permission from: Biery, A., Shokrollahzadeh Behbahani, H., Green, M. 

D., Knauss, M. D. “Polydiallylammonium-Polysulfone Multiblock Copolymers for 

Moisture-Swing Direct Air Capture of Carbon Dioxide”, CS Appl. Polym. Mater. 2024, 

6, 5, 2649–2658 
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Investigations into block polymeric structures have demonstrated that incorporating a 

higher number of charged sites into the polymer backbone can still preserve mechanical 

integrity. To develop a ductile membrane suitable for MSS, collaboration was established 

with Dr. Dan Knauss and Dr. Alison Biery from the Colorado School of Mines. A series 

of multiblock copolymers containing polydiallyldimethylammonium (PDADMA) and 

polysulfone (PSf) blocks were synthesized. The PSf blocks contribute to mechanical 

strength, whereas the PDADMA blocks facilitate the moisture swing DAC. Multiblock 

copolymers were synthesized at high yield, and PDADMA(OH)-PSf multi block 

copolymer films with good flexibility and strength were formed with IECs of 424 μmol/g 

(17 mol% PDADMA(OH)), 1,407 μmol/g (44 mol% PDADMA(OH)) and 1,726 μmol/g 

(50 mol% PDADMA(OH)) (Figure 4.7). The production of dense films and the subsequent 

exchange of counterions were conducted in the laboratory of our collaborators, who then 

supplied the finished materials to study for moisture swing DAC.4 A schematic of the MSS 

process for these block polymers is shown in Figure 4.8. 

 

 

Figure 4.7 PDADMA(OH)-PSf multi block copolymers structure (top) and membranes (bottom). 
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Figure 4.8 Moisture swing DAC for PDADMA(OH)-PSf multi block copolymers4 

4.4.1 Experimental 

4.4.1.1 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) was carried out on a TA Instruments TGA 5500. 

Samples were heated under N2 to 100 °C at 40 °C/min, held at 100 °C for 30 min, then 

heated to 800 °C at 10 °C/min before being cooled to room temperature. All runs were 

performed in a platinum HT pan with an empty platinum HT pan as reference.  

4.4.1.2 Differential scanning calorimetry (DSC) 

Differential scanning calorimetry (DSC) was performed on a TA Instruments Q20 DSC to 

measure thermal transitions. A manual quench cooling accessory and liquid nitrogen 

coolant was used. Samples in non-hermetically sealed T-zero aluminum pans were heated 

from 0 °C to 210 °C at a rate of 10 °C/min then cooled back down to -150 °C at the same 

rate. Two heating cycles were completed and data from the second cycle was used to 

determine glass transition (Tg) temperatures. All runs were completed under a 50 mL/min 
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flow of N2 with an empty T-zero aluminum pan as reference. TA instruments Universal 

Analysis software (V 4.5A) was used to report the midpoint Tg.  

4.4.1.3 Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) was performed on a Bruker MultiMode 8 using a Tap150-

G probe (force constant of 5 N/m and resonance frequency of 150 kHz) at room 

temperature. 

4.4.2 Result and discussion: PDADMA(OH)-PSf multi block thermal and 

morphological properties 

Given that the end objective for these materials is to use for DAC purposes the thermal 

stability of the polymers was studied. The TGA results show that even at the highest 

incorporation of PDADMA(OH) studied (50 mol% PDADMA(OH)-PSf), no significant 

degradation of the copolymer is observed at ambient temperatures. Degradation 

temperatures at 5% weight loss (Td5%) of polymers occurs at 345-383 °C, which is only up 

to a 32% decrease from Td5% of a homo-PSf polymer such as Udel® P-1700 PSU (Figure 

4.9). 
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Figure 4.9 TGA thermograms for Udel® P-1700 PSU and 17 mol%, 44 mol% and 50 mol% 

PDADMA(OH)-PSf (top) and their corresponding derivative curve (bottom) obtained from 

thermal scanning up to 800 °C under N2. The table on the right summarizes the degradation 

temperature at 5% weight loss.4 

In addition to the thermal stability of the polymers, determining the glass transition 

temperature provides useful insight into the material properties. The copolymers with 17 

mol% and 44 mol% PDADMA(OH) were characterized to only have one Tg at 185 °C, 

whereas the 50 mol% PDADMA(OH)-PSf showed a Tg at 183 °C and a second Tg at 16 

°C (Figure 4.10). A polysulfone homopolymer, such as Udel® P-1700 PSU, has a Tg of 

183 °C.5 The observation of one Tg value equivalent to the Tg of a polysulfone 

homopolymer, for 17 mol% and 44 mol% PDADMA(OH)-PSf multiblock copolymers, 

provides support for a microphase separated microstructure. The smaller and dispersed 

PDADMA(OH) blocks in 17 mol% and 44 mol% PDADMA(OH)-PSf multiblock 

copolymers do not substantially affect the Tg of the dominant PSf block. In contrast, once 

enough PDADMA(OH) microdomain is present a small Tg signal at 16 °C is observed (i.e., 

for the 50 mol% copolymer) while the Tg at 183 ˚C remains for the PSf microdomain. The 
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Tg of PDADMA(Cl) homopolymer has been observed to largely vary in literature from 23 

°C to above 275 °C, greatly influenced by the quantity of free and bound water.6–8 

Additionally, the Tg of polyelectrolytes is difficult to determine by DSC, which may result 

in these transitions being difficult to see in the DSC curves of the 17 and 44 mol% 

copolymers. Microphase separation is confirmed through the AFM phase images (Figure 

4.11). The presence of high concentrations of charged species causes interactions with the 

AFM tip that result in changes in tip oscillation.9 As a result, areas enriched in charged and 

uncharged blocks appear as different phases in the AFM images. Although no long range 

order develops, this behavior is common for multiblock copolymers. Increasing 

concentrations in the PDADMA block correspond to increasing dark areas in the AFM 

images, indicating the dark areas are enriched in PDADMA chains, which corresponds to 

previous result for similar materials.10,11  

 

Figure 4.10 DSC curves from the second heating scan showing the Tg for the 17 mol%, 44 mol% 

and 50 mol% PDADMA(OH)-PSf multi block copolymer. The DSC traces are shifted vertically 

for clarity.4 
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Figure 4.11 AFM images of 17 mol% (left), 44 mol% (middle), and 50 mol% (right) 

PDADMA(OH)-PSf multi block copolymer, displaying disordered phase separation.4 

4.5 Result and discussion: MSS performance 

To address the challenge of limited ductility associated with increased IEC, the driver of 

MSS sorption, in the PAES-co-QAPAES polymers discussed in Chapter 3, alternative 

strategies were explored. One approach involved blending the PAES-co-QAPAES polymer 

with commercial polysulfone (Udel® P-1700 PSU); however, this method faced 

limitations due to discoloration and non-homogeneity issues that arose with increased 

content of the charged polymer and was discontinued. Subsequently, TFC membranes were 

fabricated in collaboration with Dr. Benny Freeman's group at the University of Texas at 

Austin, utilizing techniques such as spin coating and an automated draw down machine. 

Furthermore, the potential of multi block copolymer structures was investigated. The 

ductile membranes, both free-standing and composite, were subsequently tested for their 

MSS activity. All films exhibited the capability for capturing and releasing atmospheric 

CO2 via the moisture swing mechanism. For all tests, the sample sizes were 10 – 15 mg.  
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4.5.1 Spin coated TFC membrane 

The TFC membrane fabricated using the spin coating technique reported to have a uniform 

thickness of approximately 1 µm through SEM analysis by our collaborators (Figure 4.12).  

  

Figure 4.12 PAES-co-QAPAES[I](25) in DMSO (left) and the thin film composite membrane 

fabricated with spin coating technique (right). 

Counterion exchange of iodide to bicarbonate was carried out on the membranes fabricated 

with PAES-co-QAPAES(25)[I] with a 1 M sodium bicarbonate solution in DI water at 

room temperature for 2 days. The ion exchanged samples were tested in the MSS setup 

described in section 3.4.1.11 for a total cycle time of 4 h. Figure 4.13 shows the CO2 

change inside the closed system in response to a swing in humidity. In this graph, the black 

line represents the CO2 levels in parts per million (ppm) and the blue line represents the 

moisture level in parts per thousand (ppt). The sample CO2 swing observed was 105.5 

µmol/g with a 5-25 ppt (19% – 95% RH at 22 °C) moisture swing. Comparing the CO2 

swing to the calculated effective capacity, approximately 23.4% of the QA sites were 

utilized in the moisture swing DAC process.  
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Figure 4.13 MSS results QA-functionalized poly(arylene ether sulfone) spin-coated on PES 

membrane. 

4.5.2 TFC membrane fabricated with automated draw-down machine 

Defect-free membrane were fabricated with a total area of with an area of 3.5 m2 (or 1 ft 

by 38 ft ) to demonstrate the scalability of material preparation (Figure 4.14). 

 

Figure 4.14 TFC membrane fabricated with automated draw down machine. 

After successful preparation of the TFC membrane using the automated draw down 

machine, the iodide counterions in PAES-co-QAPAES(25)[I] were exchanged with 

bicarbonates (1 M Sodium bicarbonate in DI, room temperature, 2 days) and tested in the 

MSS setup described in section 3.4.1.11. For these tests, a total cycle time of 4 h and 8 hr 
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was investigated, both with an 8-25 ppt (30% – 95% RH at 22 °C) humidity swing. Figure 

4.15 shows this TFC membrane’s  MSS performance upon the swing in humidity. The TFC 

membrane showed 42.5 µmol/g and 62.4 µmol/g swing for the 4 and 8 h tests, respectively. 

Compared to the IEC of sorbent, this amounts to a 9.4 % and 13.9% utilization of the 

theoretical DAC available sites in the MSS process. 

 

Figure 4.15 MSS results of QA-functionalized poly(arylene ether sulfone) on PS-20 membrane 

using draw-down machine. 

4.5.3 PDADMA(OH)-PSf multi-block copolymeric membrane 

The free-standing dense membranes were subjected to moisture swing DAC evaluations 

with the MSS setup described in section 3.4.1.11. CO2 capture and release for a moisture 

swing of 8 ppt (30% RH) to 25 ppt (95% RH) at 22 °C and total cycle time of 2 h and 8 h 

was investigated. The moisture swing CO2 sorption and desorption of the dense films with 

17, 44, and 50 mol% PSf-PDADMA(OH) were recorded at negligible, 15.0, and 36.0 for 

2 h cycle time, and 9.9, 25.0, and 48.3 μmol/g for a 8 hr cycle time, respectively (Figure 

4.16). The data indicates that for dense films containing 17, 44, and 50 mol% of PSf-

PDADMA(OH), the observed working capacities for CO2 uptake and release during 8-hour 

cycles were 4.7%, 3.6%, and 5.6%, respectively, when compared to the membranes' 

theoretical capacities. 
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Figure 4.16 MSS results of 17 (a), 44 (b), and 50 (c) mol% multiblock DADMA(OH)-PSf 

copolymer films.4 

4.5.4 Comparative analysis of MSS data 

Investigations show that all materials examined can capture and release CO2 from the 

atmosphere as the result of a humidity swing. The working capacity of the materials 

examined is lower than theoretical expectations. Comparative analyses of all MSS 

performance data (Table 4.2) highlights that the composite membranes, featuring a thin 

(~1 µm) active layer on top a support structure, demonstrated superior working capacities 

compared to powders and dense membranes (thickness ~30 µm). These findings hint at 

potential limitations related to CO2 permeation within the bulk polymer, indicating a 

surface-dominant capture process. Future research should delve into the density and 
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transport properties of these membranes, focusing on the mobility and conductivity of 

carbonate and bicarbonate ions, to improve material performance and evaluate the efficacy 

of counterion exchange across all membrane types. Additionally, permeation limitations 

may be due to formation of hydration layer from the water molecules present in the process. 

High humidity content can heighten the resistance to CO2 diffusion and surface reactions.12 

A future direction could involve assessing the MSS by testing it with a variety of polymers 

that span a range of hydrophilic to hydrophobic properties. In the study of PDADMA(OH)-

PSf, the oligomer content on the polymer backbone was varied and effectiveness in 

increasing DAC efficiency was observed. Alternatively, changing the length of the 

oligomer could be a focus in future studies, as alterations in oligomer length can 

significantly influence the microstructure of the block copolymers, potentially affecting the 

accessibility of active groups, which in turn may impact the DAC performance. 

Additionally, flat films may “bury” DAC active sites within the material, lowering the 

material’s DAC capability. Given that materials are robust thermoplastics and have the 

potential as a thermoplastic elastomer, exploring hierarchical structures could be a 

promising direction to enhance surface accessibility of DAC active sites. 
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Table 4.2 Summary of moisture swing DAC performance 

Sorbent 

Effective 

IEC 

(mmol/g) 

Cycle time 

(h) 
Moisture Swing 

Working 

capacity  

PAES-co-QAPAES[HCO3
−](25) 0.45 2 30% – 95% RH  0.7% 

PAES-co-QAPAES[HCO3
−](50) 0.75 2 30% – 95% RH  4.0% 

PAES-co-QAPAES[HCO3
−](75) 0.97 2 30% – 95% RH  3.3% 

Spin coated PAES-co-

QAPAES[HCO3
−](25) 

0.45 4 19% – 95% RH  23.4% 

Drawdown PAES-co-

QAPAES[HCO3
−](25) 

0.45 4 30% – 95% RH  9.4% 

Drawdown PAES-co-

QAPAES[HCO3
−](25) 

0.45 8 30% – 95% RH  13.9% 

17 mol% PDADMA(OH)-

block-PSf – 2 hr 
0.453 4 30% – 95% RH  - 

44 mol% PDADMA(OH)-

block-PSf– 2 hr 
0.675 4 30% – 95% RH  2.1% 

50 mol% PDADMA(OH)-

block-PSf– 2 hr 
0.97 4 30% – 95% RH  4.2% 

17 mol% PDADMA(OH)-

block-PSf– 8 hr 
0.453 8 30% – 95% RH  4.7% 

44 mol% PDADMA(OH)-

block-PSf– 8 hr 
0.675 8 30% – 95% RH  3.6% 

50 mol% PDADMA(OH)-

block-PSf– 8 hr 
0.975 8 30% – 95% RH  5.6% 

4.6 Conclusion  

Thin film composite (TFC) membranes were successfully developed with PAES-co-

QAPAES random polymer, and free-standing dense membranes with high IEC was 

developed with PDADMA(OH)-PSf multi block copolymers. All material showed 
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moisture swing sorption (MSS) capabilities, but with working capacities lower than their 

theoretical capacities.  Despite the challenges associated with low working capacities, the 

initial demonstration of atmospheric CO2 affinity and unique properties of PAES-co-

QAPAES TFC membranes and PDADMA(OH)-PSf multiblock copolymeric membranes 

maintain their position as interesting materials for further investigation. This is important 

because it enables the application of thermoplastics for DAC of CO2, which is a topic 

scarcely addressed in literature to our knowledge. Further investigation of the MSS DAC 

process is essential, with expected adjustments to the membrane structure likely to improve 

its working capacity. 
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5   CHAPTER 5: POLYSULFONES FOR WATER TREATMENT 

5.1 Water crisis 

Access to clean water is crucial for sustaining life on Earth, maintaining health and 

fostering economic development. Approximately 71% of the Earth's surface is covered by 

water, yet only 3% of this is freshwater, which is water containing low concentrations of 

dissolved salts or impurities.1 This type of water, suitable for consumption and agriculture, 

is found in rivers, lakes, aquifers, and glaciers. Of this scarce amount of freshwater (3%), 

~83% is sequestered within the cryosphere in a frozen state making them inaccessible for 

direct use, meaning only ~0.5% of Earth’s water is available freshwater.1  Climate change, 

population growth and suboptimal and unsustainable management have further strained the 

availability of freshwater in many regions, leading to a water crisis where the available 

resources cannot meet the demand.  Climate change is further exacerbating water scarcity 

through unpredictable precipitation changes, drought and the contamination of water 

resources.2,3 Water scarcity also impacts food security by reducing crop productivity and 

affecting yields, underscoring the vital link between water availability and food supply.4 

According to UNICEF, around 1 in 3 children, or about a billion globally, faced high or 

extremely high levels of water scarcity in 2022.5 Additionally, approximately 2 out of 3 

people or roughly 4 billion people globally undergo severe water scarcity for at least one 

month annually.6 Figure 5.1 illustrates the global physical and economic water scarcity. 

Physical water scarcity refers to the lack of available water resources in the region, with 
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consumption outpacing replenishment, and economic water scarcity refers to a situation 

where the region lacks the financial resources to access freshwater. 

 

Figure 5.1 Regions facing physical and economic water scarcity in 2012.7 

Various technological and infrastructural solutions have been developed to address water 

shortages worldwide.8 Some strategies are focused on enhancing the efficiency and 

management of existing water resources, while others are designed to enhance water supply 

by generating new sources of water. Examples of methods focused on improving existing 

water resources include water conservation, water recycling and reuse, rainwater 

harvesting and improved irrigation systems.9 Strategies focused on producing new sources 

of water include desalination, cloud seeding, atmospheric water harvesting, iceberg towing 

and water importation.10–12 Some of these methods are in the early phases of exploration, 

while others have undergone further development. Depending on specific regional needs 

and capabilities, these strategies can be tailored, often requiring a combination of 

approaches for effective water shortage mitigation. Among these strategies, desalination 

has proven to be one of the most effective and thoroughly researched methods for 
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addressing water scarcity, offering the unlimited and steady supply of freshwater, though 

it comes with the caveat of financial and environmental expenses. 

5.2 Desalination technologies 

Desalination is the technological process of removing dissolved salts and minerals from 

saltwater. This process is becoming increasingly vital in producing freshwater and 

addressing global water scarcity. Historically, desalination dates back to ancient times 

when sailors employed simple evaporation techniques to obtain drinkable water from 

seawater during long voyages. These early techniques laid the groundwork for the 

development of desalination processes we see today. Extensive efforts in research and 

development have been directed towards enhancing these technologies, with an added 

focus on utilizing renewable energy and the utilization of waste heat as strategies to further 

lower financial and energy costs.13,14 Desalination technologies today can be categorized 

into the primary types of thermally-driven, pressure-driven, chemical and biological and 

membrane-based (non pressure-driven) desalination methods. 

5.2.1 Thermally-driven desalination 

In thermally-driven systems, seawater is heated to produce vapor, which is then condensed 

into desalinated water. Examples of thermally-driven desalination include multiple-stage 

flash distillation, multiple-effect distillation, vapor compression distillation, solar 

distillation and freeze distillation.15–17 These methods, due to their reliance on thermal 

energy applied to large volumes of water, can be energy intensive. This can lead to high 

capital and operational costs, and use of fossil fuels in some of these processes can result 
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in a substantial carbon footprint. They can be used independently, or combined with other 

desalination methods, leveraging the strengths of each to enhance efficiency, while 

potentially reducing energy consumption and operational costs.18 

5.2.2 Pressure-driven desalination 

Pressure-driven systems involve applying pressure to push seawater through a 

semipermeable membrane, effectively removing dissolved salt and minerals from water. 

Reverse osmosis (RO), nanofiltration and ultrafiltration are among the pressure-driven 

desalination methods.19 RO is the most prevalent, using high pressure to force seawater 

through a semipermeable membrane, leaving salts and other impurities behind. These 

processes are generally less energy-intensive compared to thermal methods, however, 

water pre-treatment is necessary to protect the membranes from fouling. Extensive research 

is being conducted on pressure-driven processes for better performance and favorable 

energetics.20,21 

5.2.3 Electrically-driven desalination 

In electrically-driven desalination, electrical energy is utilized to remove salt and dissolved 

impurities from water. Electrodialysis, electrodialysis reversal and capacitive deionization 

are some of the desalination methods in this category.22,23 These methods have a generally 

lower energy demand compared to thermal desalination techniques, but the effectiveness 

of these techniques can decrease as the water salinity increases. Moreover, these techniques 

rely on consistent availability of electrical power. 
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5.2.4 Chemical and microbial desalination 

Chemical and microbial desalination represent desalination approaches utilizing chemical 

reactions and biological processes. In chemical desalination, specific chemicals are added 

to the water to precipitate out salts or to facilitate their removal through other processes. 

This method can be effective for removing specific types of salts and may also serve as a 

pre-treatment step or as a post-treatment process for salt recovery.24,25 Microbial 

desalination, on the other hand, employs microorganisms to biologically remove salts from 

water. This process typically involves the use of microorganisms that can absorb and 

metabolize salts, effectively purifying the water.26,27 Another notable method within this 

category is microbial desalination cell, which combines bio-electrochemical processes with 

desalination.28 These methods generally have low energy requirements; however, the 

effectiveness of desalination can vary widely depending on the specific chemicals and 

microorganisms used and the types of salts present in the water. Additionally, microbial 

desalination's efficiency is highly dependent on maintaining optimal conditions for the 

microorganisms, which can complicate system design and operation. 

5.2.5 Membrane-based desalination (non-pressure driven) 

In membrane-based desalination methods that do not rely on pressure as the driving force, 

innovative techniques utilize gradients such as concentration or thermal, or special 

materials to facilitate the separation of salts from water. Forward osmosis, membrane 

distillation, pervaporation, biomimetic membranes, and air dehydration are some 

technologies within this category. These technologies potentially offer lower energy 

requirements, making them attractive for sustainable desalination solutions. The use of 
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novel materials can enhance water flux and selectivity, potentially reducing fouling and 

improving operational efficiency. However, the technological maturity of these methods 

varies, with many still in developmental or pilot stages, not yet widely implemented at 

commercial scales.  

5.2.6 Membranes for reverse osmosis  

Reverse osmosis (RO) desalination is the most reliable and widely used technique for 

desalination. Membranes serve as the core of the RO process, dictating the efficiency and 

effectiveness of the desalination process. Since the initial development of the RO 

membrane in 1959, the field has witnessed significant progress in various areas, including 

materials science (i.e. developing membranes with higher permeability) and optimization 

strategies (i.e. use of energy recovery systems and more efficient pumps). Investigation 

have shown that the power requirements to drive RO desalination has decreased 

significantly, and is close to the theoretical minimum free energy required for a 50% 

recovery.20 Figure 5.2 shows a notable decline in the energy requirements for the RO stage 

of desalination plants from 1970 to 2008. In this figure, a horizontal dashed line is used to 

indicate the theoretical minimum energy necessary for achieving a 50% water recovery 

rate from desalination of seawater with a salinity of 35 g/L, highlighting the efficiency 

improvements in the RO process over the years. This energy requirement does not include 

the energy needed for water intake, pre-treatment, post-treatment, or the disposal of brine. 

Given that we are close the theoretical minimum energy requirement for the reverse 

osmosis (RO) stage, there is opportunity to reduce the overall energy demand of the 
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desalination process through optimization in other stages of the desalination process, as 

well as through the integration of renewable energy sources. 

 

Figure 5.2 Power consumption for salt water RO plants20 

Fouling, which is the buildup of foreign materials on the membrane surface, is a principal 

challenge in RO desalination.29 It not only reduces the membrane's permeability but also 

significantly shortens its lifespan. The decrease in permeability requires the use of higher 

operating pressures to preserve water flux. Additionally, it necessitates more frequent 

cleaning and membrane replacement, leading to increased energy consumption and 

operational costs. The foreign materials contributing to fouling can include 

microorganisms, organic compounds, colloids, and scale-forming minerals. To address 

this, various strategies have been investigated such as pre-treatment of feed water, 

biological control, and membrane surface and chemical modification.30–32 

5.3 Zwitterionic functionalized poly(arylene ether sulfone) copolymers 

, 

Reproduced with permission from: Yang, Y., Shokrollahzadeh Behbahani, H., Morgan, B. 

F., Beyer, B. F., Hocken, A., Green, M. D., Synthesis and thermomechanical 
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characteristics of zwitterionic poly (arylene ether sulfone) copolymers, Polymer, 2023, 

264, 3, 125522. 

To address the fouling issues associated with RO membranes, the desalination industry has 

turned to various strategies, among which the modification of membrane surfaces with 

zwitterionic compounds stands out as a particularly effective approach. Zwitterionic 

materials, which are compounds that possess both positive and negative charges within the 

same molecule, exhibit strong polarity hydrophilicity. This characteristic makes the 

membrane surface less attractive to fouling agents by reducing the tendency of particles, 

organic compounds, and microorganisms to adhere. The hydration layer formed by the 

zwitterionic materials on the membrane surface impedes the adhesion and accumulation of 

fouling agents, thereby preserving the membrane's permeability and operational lifespan.33 

In this study, an allyl modified poly(arylene ether sulfone) backbone (PAES-co-APAES), 

previously evaluated for direct air capture, has been functionalized with zwitterionic 

groups. The effect of addition of the with zwitterionic groups on the water uptake and 

mechanical properties of a poly(arylene ether sulfone) backbone was investigated.34 The 

zwitterionic-functionalized poly(arylene ether sulfone) (Scheme 5.1) with 22, 45 and 72 

mol% zwitterion content were provided by Dr. Yi Yang.  

 

 

Scheme 5.1 Zwitterionic Poly(arylene ether sulfone) structure33 
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5.3.1 Experimental 

5.3.1.1 Film preparation 

Dense membranes were prepared from the polymers according to the procedure in section 

3.4.1.9. The membranes were stored in DI water prior to testing. 

5.3.1.2 Mechanical Testing 

An Instron 5943 equipped with submersible pneumatic grips and a water bath was used to 

perform uniaxial tensile testing on the dense membranes. ASTM D-1708 was used to cut 

samples into dog bone geometry; the samples were then extended at a rate of 1 mm/min at 

room temperature until breakage. Replicates were analyzed, and the average values are 

reported. 

5.3.1.3 Water uptake 

To measure the water uptake, the membranes were dried using a Fisher-brand Isotemp 

Model 281A Vacuum Oven for 24 h at room temperature. Then, the samples were 

submerged and left to sit in deionized water at room temperature for 24 h. The samples 

were then taken out, blotted dry to remove surface droplets and weighed with a Classic MS 

Series Mettler Toledo scale. The water uptake is measured using Equation 4.1. 

                                       Eq. 4.1   

Here, ww and wd are the weights of the wet and dry sample, respectively. Replicates were 

analyzed and the average water uptake content was reported. The fixed charge 

concentration of membranes, 𝐶𝑥
𝑚, is calculated using the Equation 4.2. 

𝑊𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 (%) = (
𝑤𝑤 − 𝑤𝑑

𝑤𝑑
) 𝑥 100 
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𝐶𝑥
𝑚 =

𝐼𝐸𝐶 × 𝜌𝑤

𝑊𝑈
                                                                             Eq. 4.2 

In the above equation, IEC, which is the quantity of charged groups on the polymer 

backbone per weight of dry polymer is measured from the molecular weight of the 

repeating unit of polymers (mmol/g), WU is the water uptake (g water/g of dry polymer) 

and 𝜌𝑤 is the density of water, assumed to be 1.0 g/mL. 

5.3.2 Results and discussion 

The mechanical properties and water uptakes of the zwitterionic poly(arylene ether 

sulfones) and are summarized in Table 5.1. Mechanical testing data could not be obtained 

for PAES-co-SBAES-22, as the films would dry and break instantly, when loading into the 

tensile testing apparatus. Overall, all the modified membranes exhibit good mechanical 

properties in aqueous environments. The Young’s modulus, ultimate stress, and toughness 

of the membranes decreased with the addition of zwitterion content (SBAES content) from 

0% to 45%, which is presumably attributed to the plasticization effect by incorporating 

bulky pendant chains. However, the Young’s modulus, toughness, and strain at break 

increased as the zwitterion content increased from 45% to 72%. The ultimate stress for the 

45% and 72% charge contents showed no statistically significant difference. The water 

uptake data report a substantial increase in absorbed water with an increase in the 

zwitterionic content, which is rationalized by the hydrophilic nature of the zwitterionic 

groups.  

The water uptake data is used to calculate the fixed charge concentration of the polymers 

(Table 5.1), which decreases 14.6% as the IEC increases from 0.84 mmol/g to 1.34 mmol/g 



154 

 

(PAES-co-SBAES-22 to PAES-co-SBAES-45, i.e., ~60% increase in IEC) and decreases 

36.6% as the IEC increases from 1.34 mmol/g to 1.67 mmol/g (PAES-co-SBAES-45 to 

PAES-co-SBAES-72, i.e., ~27% increase in IEC). These data provide interesting insights 

into the material performance, and we analyze each change in composition separately. 

When the charge content increases from 22% to 45% the material exhibits an increase in 

IEC and water sorption that are similar in magnitude (~60% and ~87%, respectively). 

When the charge content increases from 45% to 72%, the increase in IEC is ~27% but the 

water uptake is similar in magnitude to the previous jump, ~85%. This results in a similar 

fixed charge concentration (in mol charge/L water sorbed) for the 22% and 45% charge 

contents, but a much smaller fixed charge concentration at 72% zwitterionic content. 

Therefore, the water uptake and uniaxial tensile experiments corroborate with one another. 

The neutral polymer (PAES- 0) displays unique behavior: good mechanical properties and 

a low water uptake. However, the zwitterion copolymers have a different trend. The PAES-

co-SBAES-22 copolymer could not form a stable film when hydrated, the samples broke 

almost instantaneously. Then, the strain at break, Young’s modulus, and toughness all 

increase when the charge content goes from 45% to 72% and the fixed charge concentration 

decreases by 37%. Thus, we predict that the zwitterions form intermolecular ion bridges 

that serve as physical crosslinks to improve the mechanical performance from 22% to 72% 

charge content. As noted above, the steady increase in water uptake decreases the fixed 

charge concentration; but, in spite of this, the mechanical properties improve because of 

the physical crosslinks. 
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Table 5.1 Mechanical properties, water uptake, and IEC of PAES-co-SBAES copolymers. 

Membrane 

Young’s 

modulus 

(MPa) 

Ultimate 

Stress 

(MPa) 

Toughness 

(MPa) 

Strain at 

break 

(%) 

Water 

uptake 

(%) 

𝐶𝑥
𝑚 

(mol/L) 

IEC 

(mmol/g) 

PAES co 

SBAES 0 

4,937.1 ± 

359.5 

91.8 ± 

31.2 
3.56 ± 2.70 

3.9 ± 

1.6 
7.5 ± 1.3   0 

PAES co 

SBAES 22 
        18.3 ± 3.9 4.8 ± 1.3 0.84 

PAES co 

SBAES 45 
66.8 ± 10.7 9.1 ± 4.4 0.10 ± 0.06 

3.0 ± 

0.4 
34.3 ± 8.8 4.1 ± 1.2 1.34 

PAES co 

SBAES 72 
183.4 ± 86.3 8.5 ± 4.3 0.43 ± 0.13 

5.7 ± 

1.8 
63.6 ± 5.4 2.6 ± 0.2 1.67 

5.4 Lignin-derivable polysulfones as potential alternatives to bisphenol A-based water 

filtration membranes 

To be published as: Mahajan, J., Shokrollahzadeh Behbahani, H., Green M. D., Korley, 

T., Epps, T., “Lignin-derivable polysulfones with increased hydrophilicity as potential 

alternatives to bisphenol A-based water filtration membranes” 

5.4.1 Introduction 

Although polysulfones (PSfs) are excellent candidates for many high-performance 

applications such as water treatment membranes, they are derived mainly from bisphenol 

A (BPA), a suspected human endocrine disruptor.35 Because BPAs are known to leach 

from plastic food containers and water bottles, even at room temperature, there is 

reasonable concern that water separation membranes produced from PSfs could cause 

water contamination.36,37   Because of the increasing health concerns associated with BPA 

exposure, there is desire to produce next-generation bisphenols with reduced toxicity that 
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can yield PSfs with comparable or better thermochemical properties. Moreover, several 

commercial alternatives to BPA, e.g., tetrachlorobisphenol A and bisphenol B, among 

others, are not necessarily safer as they can still exhibit some level of endocrine disruption 

potential.38 Given that BPAs and other commercially available alternatives are non-

renewable and toxic, newly produced bisphenols would ideally have reduced health risks 

and increased sustainability. There is growing interest in using bio-based resources for the 

development of next-generation materials to reduce reliance on petroleum-based 

feedstocks. Lignin is among the most abundant source of renewable aromatic chemicals.39 

Our collaborators at the University of Delaware have supplied us with four monomers 

derivable from lignin for assessment within a polysulfone framework (Figure 5.3).40,41 

Bisguaiacol F (BGF) and bisguaiacol A (BGA) are to be investigated to be used in place 

of bisphenol F (BPF) and BPA. The lignin-derivable bisguaiacols have methoxy groups on 

their aromatic rings in contrast to their commercial petroleum-based structures. These 

methoxy groups may hinder estrogen binding, which can significantly reduce endocrine 

disruption potential.  



157 

 

  

Figure 5.3 Lignin-derivable monomers as a sustainable alternative to BPA and BPF. 

In this study, four polymers of BPA-based polysulfone (BPA-PSf), BGA-based 

polysulfone (BGA-PSf), BPF-based polysulfone (BPF-PSf), and BGF-based polysulfone 

(BGF-PSf), are synthesized. Their structures are evaluated with proton nuclear magnetic 

resonance (1H NMR), and their thermal properties and hydrophilicity properties are 

compared. The results show comparable thermal characteristics between the lignin-based 

polymers versus their petroleum-based partner, with enhanced hydrophilicity.  

5.4.2 Experimental 

5.4.2.1 Materials and Reagents 

Bisphenol A (BPA, ≥99%), 4,4'-difluorodiphenyl sulfone (DFDPS, 99%), diatomaceous 

earth (Celite® 545), diiodomethane (99%), and potassium carbonate (K2CO3, ≥99%) were 

purchased from Sigma-Aldrich. Bisphenol F (BPF, >99.0%) was purchased from TCI 

Chemicals. N,N-Dimethylacetamide (DMAc, 99.0%) and deuterated chloroform (CDCl3, 

99.8 atom% D, with 0.03% v/v TMS) were acquired from Acros Organics. Chloroform 

(≥95 %) was procured from Macron Fine Chemicals. Sodium hydroxide pellets (≥98.0%) 
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were purchased from LabChem. Toluene (99.8%), tetrahydrofuran (THF Optima™, 

≥99.9%), HCl (36.5 - 38%) were purchased from Fisher Scientific. N,N-

Dimethylformamide (DMF, ≥99.8%) and methanol (≥99.8%) were sourced from VWR. 

N2 (ultra-high purity, 99.999%) was obtained from Airgas Inc., facilitated by Arizona State 

University gas services. BPA, BPF, and DFDPS were placed in an oven at 60 °C for 48 h 

before use. Toluene and THF Optima™ were purified using an MBraun SPS-800 solvent 

purification system prior to use. K2CO3 was stored in an oven at 130 °C before use. HCl 

was diluted in THF before use. All other chemicals were used as received. 

5.4.2.2 Synthesis  

PSfs were synthesized using step-growth polymerization (Scheme 5.2). The synthesis of 

BPF-PSf is reported as a representative example. The reaction setup consisted of a two-

neck, round-bottomed flask (100 mL) equipped with a magnetic stirrer, reflux condenser, 

ultra-high purity (UHP) N2 gas inlet and outlet, and a Dean-Stark trap. The following 

chemicals were added: BPF (3 g, 15 mmol), DFDPS (3.8 g, 15. mmol, 1 equiv.), K2CO3 

(2.5 g, 18 mmol, 1.2 equiv.), DMAc (41.2 mL), and toluene (22.2 mL). Initially, the system 

was purged with UHP N2 for 20 min and then heated to 135 °C in an oil bath. The solution 

was stirred at 650 rpm for 2 h under UHP N2 at 135 °C (i.e., at reflux) to remove water and 

toluene. After removing the residual toluene, the reaction continued for 24 h at 145 °C 

under an N2 blanket. The solution was then cooled to ~23 °C and diluted with chloroform 

(~200 mL). Subsequently, the solution was neutralized by the gradual addition of 0.1 M 

HCl in THF in excess, with the mixture being stirred at ~23 °C for 2 h. The mixture was 

then vacuum- filtered through diatomaceous earth to remove salts. The solution was 
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concentrated using rotary evaporation (Scilogex RE 100-pro), and the product was 

precipitated from methanol. The isolated BPF-PSf was dried under vacuum at 80 °C for 18 

h. The PSf was redissolved in THF and reprecipitated from methanol. The final product 

was dried under vacuum at 160 °C for 48 h. This protocol was consistently applied across 

all PSfs, although the lignin-derivable PSfs were synthesized using the same molar ratios 

but on a smaller scale (<1.9 g). 

 

Scheme 5.2 Reactions pathways to make lignin-derivable polysulfones. 

5.4.2.3 Proton nuclear magnetic resonance spectroscopy (1H NMR) 

1H NMR analysis is performed on a Bruker Ascend 500 MHz spectrometer to study the 

synthesized polymers’ structure. For these tests, ~20 mg of dried polymer is dissolved in 

~0.7 g CDCl3. 
1H NMR spectra were analyzed using the TopSpin v4.3.0 software package. 

5.4.2.4 Size Exclusion Chromatography (SEC) 

SEC was performed using a Waters Alliance e2695 HPLC system connected to a Wyatt 

Optilab T-rEX differential refractive index (dRI) detector. Two WatersTM Styragel® HR 5 

THF and Styragel® HR 4 THF columns were used in series. This setup was linked to Astra 

v6.1 software, which was used for the analysis. The mobile phase was THF OptimaTM 
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with a flow rate of 1.0 mL/min and an injection volume of 100 µL. A calibration curve was 

made using five low-dispersity polystyrene (PS) samples with mid-point molecular weights 

(Mp) of 9.82, 30.00, 91.45, 200.0, and 482.0 kDa. PS standards (30.00 and 200 kDa) were 

acquired from Pressure Chemical Company, and the rest of the standards (9.82, 91.45, and 

482.0 kDa) were purchased from Agilent Technologies. The SEC samples were prepared 

by dissolving PSfs in THF OptimaTM at ~5 mg/mL (at 23 °C). The samples were filtered 

using a Spectrum 0.22-μm PTFE syringe filter.  

5.4.2.5 pKa measurements 

The dissociation constants (pKa values) of BPA, BPF, BGA and BGF monomers 

were determined utilizing proton nuclear magnetic resonance (1H NMR) spectroscopy.42 

The experiment was conducted at room temperature, 1 M and 0.1 M NaOH and HCl 

solutions were utilized to prepare samples of pH 0 to 12. pH measurements were carried 

out using Oakton PC 450 portable pH meter. Incremental adjustments of pH were achieved 

through the careful addition of acid and base, and the corresponding chemical shifts in the 

1H NMR spectra were recorded. These shifts are indicative of changes in the electronic 

environment surrounding the hydrogen atoms, allowing for the determination of pKa 

values. Chemical shift vs pH was plotted, and the Boltzman sigmoidal fit function in Origin 

(version 2018) was utilized to obtain the inflection point corresponding to the pKa value of 

each compound.  

5.4.2.6 Differential scanning calorimetry (DSC) 

The glass-transition temperatures (Tgs) of the polysulfones were measured utilizing a 

Q2000 calorimeter from TA Instruments. Approximately 5 mg of each sample was placed 
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into non-hermetically sealed aluminum pans. These pans were then heated to 190 °C at a 

rate of 10 °C per minute in a nitrogen atmosphere, where they were maintained at this 

temperature for 10 minutes. Subsequently, the samples were cooled to -80 °C at the same 

rate of 10 °C per minute under nitrogen and kept at this low temperature for another 10 

minutes. A second heating cycle was then initiated, warming the samples back up to 200 

°C at the same heating rate. The Tg values were identified at the midpoint of the inflection 

point, based on the data from the second heating scan, utilizing the TA Instruments 

Universal Analysis 2000 software (version 4.5A). 

5.4.2.7 Thermogravimetric analysis (TGA)  

The thermal stability of the synthesized polysulfones was assessed using a TGA 5500 from 

TA Instruments. Around 5 mg of each polysulfone sample was placed in a high-

temperature platinum pan. This pan was initially heated to 175 °C at a rate of 10 °C per 

minute in a N2 atmosphere to remove any residual moisture or solvents. After this step, the 

pan was cooled down to 40 °C and then reheated to 800 °C at a rate of 10 °C per minute 

under a continuous flow of N2. The point of thermal stability for the polysulfones was 

determined and reported based on the temperature at which a 5% weight loss was observed 

(Td5%). 

5.4.2.8 Dense membrane fabrication 

Dense membranes were fabricated to evaluate the hydrophilicity of the polysulfones (PSfs) 

through contact angle measurements. The process began with dissolving the dried PSfs in 

DMF to achieve a concentration of 2.5% w/w. This solution was then passed through a 

0.45-μm PTFE syringe filter and dispensed into a VWR petri dish with a diameter of 10 
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cm. The dish was covered with a loose lid and left to stand at around 23 °C for 24 hours 

inside a fume hood. Subsequent drying stages to evaporate DMF gradually involved 

placing the petri dish in a vacuum oven (Fisherbrand Isotemp Model 281A) at 

incrementally increasing temperatures of 23 °C, 40 °C, 100 °C, and finally 160 °C, each 

for 24 hours. The dried dense membrane was delaminated by introducing DI water. The 

membranes were dried under vacuum at 160 °C for approximately 14 hours before 

proceeding with the contact angle measurements. 

5.4.2.9 Water Contact Angle tests (WCA) 

Water contact angle measurements on the dried PSf dense membranes were conducted 

using a Ramé-hart automated goniometer (Model 230-U1), which is equipped with a 

microscope and a lighting system for observation. The DROPimage Advanced® software 

(version 2.7.3) was employed for analyzing the data collected during these measurements. 

Around 5 µL of DI water was carefully placed onto the surface of the PSf dense 

membranes, which had been fixed onto glass slides using Scotch™ tape. This placement 

of water was done using a Hamilton (model 1750TPLT) Luer tip threaded plunger syringe 

equipped with a 16-gauge stainless steel blunt needle. To ensure accuracy and 

reproducibility, each membrane was tested at six different points, with each point measured 

three times. The reported values represent the average of these measurements. 

5.4.2.10 Surface free energy measurements 

The assessment of surface free energy was performed using the Extended 

Fowkes’s/Owens, Wendt, Rabel, and Kaelble (OWRK) model, which splits the surface 

energy into its polar and dispersive components. This model involves measuring the 
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contact angle of two liquids – one polar and one non-polar – on the membrane's surface. 

The known surface tensions of these liquids are then utilized to calculate the polar and 

dispersive components of the membrane's surface energy. A Ramé-hart automated 

goniometer (Model 230-U1) facilitated these measurements, and  DROPimage Advanced® 

software (version 2.7.03) was used for data analysis. DI  water was used to evaluate the 

polar component of surface energy, and diiodomethane was used for the dispersive 

component. The total surface free energy was determined by adding the values obtained 

for both the polar and dispersive components. For each membrane sample, five distinct 

areas were chosen for analysis, with each area undergoing three separate tests. The values 

reported represent the average of these measurements. 

5.4.2.11 Water vapor uptake 

The water vapor sorption (or water vapor uptake) of the PSf dense membranes were 

evaluated using a Q5000 sorption analyzer from TA Instruments. In these experiments, 5 

to15 mg of the dense membrane was placed in quartz pans. The procedure was conducted 

under an ultra-high purity (UHP) N2 atmosphere. The protocol consisted of holding the 

relative humidity at 0% until the weight change stabilized to less than 0.01% over a period 

of 5 minutes. The RH was then increased to 95% and maintained until the weight change 

again stabilized at less than 0.01% change for 5 minutes. Triplicates were tested for each 

type of membrane (BPA/BPF/BGA/BGF-PSf), and the average weight gain recorded for 

these tests was used to determine the water vapor uptake capacity of the membranes. 
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5.4.3 Results and discussion 

5.4.3.1 Synthesis of lignin-derivable polysulfone  

The polymers are successfully synthesized by the step-growth reaction. Analysis of 1H 

NMR of structures (Figures 5.4-5.7) show the appearance of protons on the methoxy 

groups at 3.5-3.9 ppm for BGA-PSf and BGF-PSf when compared to BPA-PSf and BPF-

PSf. The integration of peaks was used to confirm the polymer structure, indicating 

successful polymerization of monomers. The 1H NMR spectra is as follows: BPA-PSf: 1H 

NMR (500 MHz, CDCl3) δ 7.88 – 7.82 (m, 4H), 7.26 – 7.20 (m, 4H), 7.04 – 6.97 (m, 4H), 6.97 – 

6.91 (m, 4H), 1.69 (s, 6H). BPF-PSf: 1H NMR (500 MHz, CDCl3) δ 7.87 – 7.80 (m, 4H), 7.20 (d, 

J = 8.2 Hz, 4H), 7.02 – 6.92 (m, 8H), 3.98 (s, 2H). BGA-PSf: 1H NMR (500 MHz, CDCl3) δ 7.81 

(dt, J = 6.7, 3.2 Hz, 4H), 7.21 – 6.61 (m, 9H), 3.88 – 3.61 (m, 5H), 1.82 – 1.49 (m, 6H). BGF-PSf: 

1H NMR (500 MHz, CDCl3) δ 7.82 (dd, J = 16.8, 8.7 Hz, 4H), 7.22 – 6.70 (m, 10H), 4.09 – 3.45 

(m, 8H).  

 

Figure 5.4 1H NMR BPA-PSf 
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Figure 5.5 1H NMR BPF-PSf 

 

Figure 5.6 1H NMR of BGA-PSf 

 

Figure 5.7 1H NMR of BGF-PSf 
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SEC traces are shown in Figure 5.8. The traces and dispersity values are indicative of a 

broader molecular weight distribution than typically aimed for in polysulfone step growth 

synthesis. Specifically, the number-average molecular (Mn) ranges from 14.5 to 48.0 kDa, 

while the dispersity values (Đ) span from 1.6 to 3.4, suggesting a wide molecular weight 

distribution. Utilizing the same synthesis protocols, BPA and BPF-based PSfs show 

approximately 20% and 70% higher Mn, respectively, compared to their lignin-derivable 

counterparts. The cyclic oligomer content of the polymers (the right shoulder on the SEC 

trace) ranges from 8.5% to 23.2% with the lignin-derivable PSfs showing up to 100% more 

cyclic generation. The observed variations in molecular weights and Đ values of the 

synthesized polymers point to an intricate interplay of factors during the polymerization 

process and invite further reaction kinetic studies.  

 

Figure 5.8 Normalized RI as a function of logarithmic molar mass (Mn) measured via SEC for 

PSfs. 

The following may be some factors influencing the molecular weight and Đ of the 

polymers: The differences in monomer structures (i.e. the presence and absence of methoxy 

groups) and structural isomer ratios likely have a significant impact on the reactivity and 
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steric effects during the step-growth polymerization. Additionally, the presence of methoxy 

groups on lignin-derived monomers suggests potential pKa differences compared to BPA- 

and BPf-based monomers, which is critical in the deprotonation step of the synthesis; this 

raises the question of whether K2CO3 is sufficiently basic to efficiently deprotonate the 

lignin-derivable monomers. The pKa value is a quantitative measure of the strength of an 

acid, representing its ability to donate a proton.43 The lower pKa (more acidic) a compound, 

the more easily it is deprotonated with a base. Even though the exact impact of pKa 

differences on deprotonation extent can vary due to several factors, generally, even a 

relatively small difference in pKa can lead to significant effects on the extent of 

deprotonation. Changes in monomer pKa were evaluated with 1H NMR are shown in 

Figure 5.9. Using the Boltzman sigmoidal fit, the pKa of BPA, BPF, BGA and BGF were 

measured as 10.4, 9.6, 9.5 and 9.8 respectively. The data reveals that BGA exhibits higher 

acidity compared to BPA, while BGF is found to be more basic relative to BPF. The 

reduction in the pKa value for BGA can be attributed to the electron-withdrawing effect 

through induction caused by the electronegative oxygen atom in the methoxy group. 

Conversely, the increase in the pKa value for BGF is likely due to the electron-donating 

effect facilitated by resonance. Finally, the polymer-solvent interactions, which remain 

undefined, could play a significant role in the polymerization and SEC analysis. These 

insights provide a roadmap for refining the synthesis protocol for the lignin-derivable PSfs.  
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Figure 5.9 pKa measurements of monomers using 1H NMR. 

5.4.3.2 Thermogravimetric analysis (TGA) 

The thermal stability of the lignin-derived PSfs falls within the spectrum of high-

performance thermoplastics. The temperatures at which a 5% weight loss was observed 

(Td5%) for BPA-PSf, BPF-PSf, BGA-PSf, and BGF-PSf were 507, 416, 425, and 395 °C, 

respectively, under a N2 atmosphere (Figure 5.10). Insignificant changes in thermal 

degradation was observed for the lignin-derivable PSFs, due to the preservation of the 

general structure of the polymer's repeating units. Additionally, all PSfs demonstrated a 

char yield of approximately 30 - 45%. This is as expected, as PSfs typically undergo 

pyrolysis in an inert environment, leading to char formation, rather than undergoing 

oxidative degradation which would result in their complete breakdown.44 
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Figure 5.10 Thermogravimetric analysis and first derivative of BPA/BPF/BGA/BGF-PSfs. 

5.4.3.3 Differential Scanning Calorimetry (DSC) 

The glass transition temperatures (Tgs) of the lignin-derivable PSfs are comparable with 

those of commercial PSfs (Figure 5.11). Specifically, the Tgs for BPA-PSf, BPF-PSf, 

BGA-PSf, and BGF-PSf were approximately 185, 179, 166, and 172 °C, respectively. 

Comparing within the polymer series (BPA-PSf versus BGA-PSfs and BPF-PSf versus 

BGF-PSfs), minor shifts in Tg demonstrate the influence of methoxy groups on chain 

mobility and packing, with the addition of methoxy groups leading to a reduction in Tg by 

approximately 10% to 4% for the polymer comparisons. Nevertheless, the Tgs of the lignin-

derivable PSfs remained in line with those of commercial PSfs, which are around 170 °C. 

This Tg value of approximately 170 °C is also well-suited for various potential applications, 

including water filtration membranes, microwave dishes, hemodialysis membranes, and 

more.33 
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Figure 5.11 Second heating scan DSC analysis of BPA/BGA/BPF/BGF-PSfs. 

5.4.3.4 Water contact angle, water uptake and polarity Changes  

The hydrophilic nature of these lignin-derivable PSf dense membranes was analyzed 

through measurements of water vapor uptake, water contact angle, and polymer polarity 

studies. The water vapor sorption capability of the PSfs showed an increase alongside the 

number of methoxy groups, pointing towards an enhancement in the hydrophilicity of the 

PSfs (Figure 5.12). BPA-PSf, which does not contain any methoxy groups, had a water 

vapor uptake of 0.84% ± 0.04%, while BGA-PSf, containing two methoxy groups, 

exhibited a water vapor uptake of around 1.35% ± 0.15%. This increase, representing a 

roughly 50% higher water vapor uptake for BGA-PSf compared to BPA-PSf, was 

statistically significant (as confirmed by a paired T-test with a p-value of 0.048). 

Meanwhile, BPF-PSf (with no methoxy groups) had a water vapor uptake of 1.01% ± 

0.03%, and BGF-PSf (with two methoxy groups) showed an uptake of 1.10% ± 0.04%, 

though this rise was not statistically significant (paired T-test, p-value = 0.080). These 
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lignin-derivable PSfs achieve enhanced hydrophilicity without the need for the harsh 

reagents or conditions often involved in PSf modifications, within the confines of dense 

film matrices. 

    

Figure 5.12 Water vapor uptake and water contact angle of dense membranes of 

BPA/BGA/BPF/BGF-PSfs. 

As seen in Figure 5.12, the addition of methoxy groups, due to the polar nature of methoxy, 

led to a decrease in water contact angle values, thus increasing the PSfs' hydrophilicity. 

BPA-PSf had a water contact angle of 90.4° ± 3.2°, whereas its lignin-derivable 

counterpart, BGA-PSf (with two methoxy groups), displayed a water contact angle of 81.2° 

± 2.3°. Similarly, BPF-PSf had a water contact angle of approximately 82.7° ± 3.7°, while 

BGF-PSf (with two methoxy groups) presented a water contact angle of around 74.9° ± 

3.9°. 

The presence of methoxy groups on the aromatic rings of lignin-derivable PSfs increased 

the polymers' polarity, enhancing their hydrophilicity. This enhancement was validated the 

Extended Fowke's/Owens, Wendt, Rabel, and Kaelble model for evaluating surface energy. 
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For surface energy measurements, an increase in the polar component with more methoxy 

content was observed, underscoring the methoxy groups' inherent polarity (Figure 5.13).  

 

Figure 5.13 Polar and dispersive components of surface free energy measurements for 

BPA/BGA/BPF/BGF-PSfs. 

5.4.4 Conclusion 

In this study, polysulfones were synthesized with petroleum-based (BPA and BPF) and 

lignin-derivable monomers (BGA and BGF) via step-growth polymerization. The water 

contact angles, water vapor absorption, material polarity, and thermal properties of lignin-

derivable PSfs were compared against those derived from petroleum. A key observation 

was that the water contact angles decreased – indicating an increase in hydrophilicity– with 

a higher methoxy group content in the lignin-derivable PSfs, achieved without the need for 

any post-polymerization modifications, due to the polar nature of methoxy groups. The 

water contact angles of these lignin-derivable PSfs were on par with those of functionalized 

PSfs, approximately 75°, showcasing an enhanced hydrophilicity without compromising 

other critical polymer properties, such as glass transition temperature (Tg) and thermal 

stability.34 The Tg of these bio-derivable PSfs matched commercial PSfs, around 170 °C, 
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and their thermal stability was at approximately 400 °C. These findings underscore the 

valuable role of lignin-aromatics' inherent functionalities, especially methoxy groups, in 

improving the characteristics of renewable polymers. Thus, lignin-derived PSfs not only 

offer an eco-friendly alternative to petroleum-based polymers but also maintain, and in 

some aspects enhance, the material properties crucial for a wide range of applications. 

5.5 Hybrid desalination and direct ocean capture 

5.5.1 Introduction 

Each year, the oceans absorb and dissolve approximately 30% of anthropogenic 

emissions.45 In fact, the concentration of CO2 in ocean water (~ 100 mg/L) is approximately 

150 times the concentration of CO2 in the air (0.7 mg/L).46 Direct ocean capture (DOC) is 

an approach to mitigating climate change by directly removing the CO2 from oceans. DOC 

not only addresses the large amount of dissolved CO2, but also decreases ocean 

acidification. 

CO2 from the atmosphere dissolves in ocean water, and through reaction with water form 

carbonic acid (H2CO3, Figure 5.14). Carbonic acid can dissociate into bicarbonate (HCO3
-

) and hydrogen ions (H+). This bicarbonate can further dissociate into carbonates (CO3
2-) 

and more hydrogen ions. All these reactions are reversible and form the ocean’s buffering 

system.  
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Figure 5.14 Ocean’s buffering system. 

When excess hydrogens are present, the reactions are reversed, and the bicarbonate and 

carbonate absorb these ions and produce carbonic acid. This ocean carbonate buffering 

system naturally helps stabilize the pH of the ocean, maintaining it between 8.1 and 8.3, 

despite fluctuations in atmospheric CO2 levels. However, when excessive amounts of CO2 

are absorbed by the oceans, this buffering capacity can become overwhelmed, leading to a 

phenomenon known as ocean acidification. 

Ocean acidification is significantly altering the world's oceanic carbonate systems. 

Historical mass extinctions have been associated with such acidification, and the present 

shift in ocean chemistry is occurring at an unprecedented rate.47 Studies show that this 

change will significantly affect marine species, especially those that create skeletons, 

shells, and other structures from carbonates. Ocean acidification may affect species 

populations and distributions, impacting marine food chains.48,49 Additionally, ocean 

acidification can lead to increase growth of toxic algal species and negatively impact 

human health.50 

Since the onset of the industrial revolution, the pH level of surface ocean waters has 

decreased by approximately 0.1 pH units and projections suggest an additional decrease 

of up to 0.4 pH units by the end of this century (Figure 5.15 and Figure 5.16). As pH 
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scale is logarithmic, each whole unit decrease in pH corresponds to a tenfold increase in 

acidity.  

 

Figure 5.15 Changes in mean seawater pH from 1988 to 202151 

 

Figure 5.16 projected changes in global ocean pH in response to different scenarios of 

atmospheric CO2 levels.52 

Removing dissolved CO2 from ocean water poses significant challenges. Handling and 

pumping large quantities of water can be energy-intensive and demand robust 

infrastructure. Desalination infrastructure, which is utilized to provide freshwater, is 
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equipped to handle and process larger amounts of water that can be taken advantage of for 

ocean capture efforts. By leveraging the established mechanisms and infrastructure of 

desalination plants, it may be possible to enhance their functionality to include the 

extraction of CO2 from seawater alongside desalination. This approach could provide a 

more energy-efficient solution for ocean capture by minimizing the need for additional, 

separate systems to move and process seawater solely for dissolved carbon removal. One 

promising avenue is the integration of redox-active compounds into the desalination 

membranes. Redox-active compounds can facilitate chemical reactions that alter the pH 

levels of seawater as it passes through the desalination process. By shifting the pH levels 

downwards (making the water more acidic), the equilibrium can be shifted to favor the 

formation of dissolved CO2 (Figure 5.17). This dual-functionality could significantly 

improve the efficiency of ocean capture technologies, offering a more integrated and 

potentially less energy-intensive approach to tackling global CO2 levels. 

 

Figure 5.17 Bjerrum plot. 
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5.5.2 Experimental 

This hybrid DOC and desalination process was modeled at Dr. Katherine Hornbostel's 

group at the University of Pittsburgh.53 Additionally, the redox-active compounds (Figure 

5.18) were supplied by Clarabella Li from Dr. Jenny Yang's group at the University of 

California, Irvine.54 We investigated methods for incorporating redox-active compounds 

into desalination membranes.  

  

Figure 5.18 2,3-dihydroxyphenazine (DHPZ) compound. 

DHPZ, or 2,3-dihydroxyphenazine (also called phenazine-2,3-diol), is the compound 

provided to us by our collaborators. This compound is an aqueous-soluble organic redox-

active material that is particularly notable for its role in redox flow batteries, where it is 

used as an analyte.55 There is potential in using DHPZ for removing CO₂ from ocean water 

by inducing an electrochemically driven water pH swing. 

Physical addition of this compound on commercial desalination membranes of  

FilmTec BW30 and DeltaMem AG were studied. FilmTec BW30 8 in x 10 sheets were 

purchased from OctoChem and DeltaMem AG commercial membranes were generously 

provided by Dr. François Perreault at ASU. Figure 5.19 shows cross sectional images of 

the commercial membranes thorough SEM analysis. As it is shown, BW30 membrane 

consists of a polyamide (PA) skin, polysulfone (PSf) substrate and a non-woven 
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polyethylene (PE) support. DeltaMem consists of a polyvinyl alcohol (PVA) selective layer 

on a polyacrylonitrile (PAN) support. 

 

Figure 5.19 reported SEM images of BW30 (left)56 and DeltaMem (right)57 

Three different pathways of physical addition were investigated. The first method 

of addition of DOC active specie, DHPZ, was physical mixing of solution containing 

DHPZ in DI water and commercial membranes (Figure 5.20). DHPZ in DI solutions were 

prepared and commercial membranes were submerged and held floated inside the stirring 

solution. Various DHPZ in DI concentrations and stirring times were tested (examples are 

shown in Figure 5.20). Membranes were pre-weighed and washed and weighed after 

physical mixing to measure the content of DHPZ added.  

The second process studied was the dropwise addition of a solution of DHPZ in DI 

water (Figure 5.21). After dropwise addition, sufficient time was given for water to 

evaporate. This was performed to add a thin and uniform layer of DHPZ on commercial 

membranes. 
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Figure 5.20 Physical mixing process for addition of DHPZ on commercial membranes with 

various concentrations. 
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Figure 5.21 Image is the dropwise addition of DHPZ in DI solution on pre-weighed commercial 

membranes. 

Simultaneous casting of commercial Udel Polysulfone (P-1700) and DHPZ was 

investigated as the third method. Initially, dense membrane casting protocol was utilized. 

In this process, a 2.5 wt.% solution of DHPZ in dimethylformamide (DMF) was prepared. 

The solution was homogenized with sufficient stirring using a vortexer. The homogenous 

solution was then poured inside a flat-bottom Druoplan petri dish (Figure 5.22). The dish 

was closed with a non-hermetically sealed pan and equilibrated with air overnight, to 

remove any bubbles that may have formed during vortexing. The petri dish containing the 

solution was then placed inside a vacuum oven operating at room temperature for 24 h. 

The vacuum oven temperature was increased to 40 °C for 24 h, and then to 70 °C for 24 h 

to slowly remove the DMF, to provide the polymer chains time to relax and obtain a dense 

structure.  

 

Figure 5.22 preparation of dense polysulfone membranes with DHPZ. 

A second form of membrane casting was carried out to fabricate porous 

membranes. In the second form, 15 wt.% solutions of Udel polysulfone were prepared 

inside N-Methyl-2-pyrrolidone (NMP), and DHPZ was added to the solution with varying 
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concentrations (Figure 5.23). The dense membranes were cast using a doctor blade with 

controlled thickness and precipitated using a non-solvent bath. 

 

Figure 5.23 preparation of porous polysulfone membranes with DHPZ. 

5.5.3 Results and Discussion 

After physical mixing, membranes changed color from white to the color of DHPZ powder 

(dark red/dark brown). SEM images show changes on surfaces (top and bottom of 

membrane) and cross section of commercial membranes on a micrometer scale before after 

physical mixing, which is believed to be due to the addition of DHPZ compound (Figures 

5.24 - 5.27). 

 

Figure 5.24 SEM images of surface of BM30 prior to addition of DHPZ. 
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Figure 5.25 SEM images of the “top” surface of BW30 membrane after physical mixing with 

DHPZ and DI solution. 
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Figure 5.26 SEM images of the “bottom” of BW30 membrane before (untreated) and after 

(treated) physical mixing with DHPZ and DI solution.  

 

Figure 5.27 SEM images of cross section of BW30 membrane, before (top) and after (bottom) 

physical mixing with DHPZ in DI solution. 

Figure 5.28 shows the weight of membranes after physical mixing and subsequent 

washing of membranes to remove excess DHPZ. An increase in weight is observed due to 
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the addition of DHPZ, and a continuous trend of decreasing weight was observed after 

multiple washes. 

 

Figure 5.28 weight of BW30 and DeltaMem membranes recorded after physical mixing and 

subsequent washing to remove excess DHPZ. 

Visible and non-uniform DHPZ addition was observed for the commercial membranes 

after physical mixing in all studies. We suspect the non-uniformity and continuous trend 

of weight decrease after subsequent washing is due to stacking of DHPZ compounds on 

top of each other, resulting from high concentration DHPZ and DI solutions.  

The weight increase in membranes after drop-wise addition shows the adherence 

of DHPZ on the membranes. However, like the previous process, weight loss was observed 

after subsequent washing (Figure 5.29).  
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Figure 5.29 Weight of BW30 and DeltaMem membranes recorded after dropwise addition and 

subsequent washing to remove excess DHPZ. 

The membrane  fabricated through the co-casting method showed no weight loss 

after subsequent washes, indicating the DHPZ is locked inside the polysulfone polymer 

chains (Figure 5.30).  

 

Figure 5.30 No color change observed after subsequent washing of co-cased membranes. 

SEM images of porous membranes cast with DHPZ are shown in Figure 5.31. 
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Figure 5.31 SEM images of cross section of a porous polysulfone membrane cast with DHPZ. 

The third type of physical addition successfully incorporated DHPZ into the polymer 

matrix. Water permeation studies conducted on these membranes indicated insufficient 

water flow. Consequently, it is concluded that enhancing desalination membranes through 

the physical addition approaches examined is not feasible. Therefore, chemical 

modification of desalination membranes is deemed necessary. These routes can include 

grafting redox-active groups to monomers prior to polymer synthesis, surface modification 

with redox active compounds or interfacial polymerization techniques.  
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