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1 CHAPTER 1 – INTRODUCTION 

1.1 Water Pollution 

In 2015, all members of United Nations adopted the 2030 Agenda for Sustainable 

Development, described as “a shared blueprint for peace and prosperity for people and the 

planet”.1  The agenda centres around 17 Sustainable Development Goals (SDGs), which 

intend to unite all countries in tackling poverty whilst attempting to fight climate change and 

protect the planet. The 6th goal, and one of the most important, is to “Ensure Availability and 

Sustainable Management of Water and Sanitation for all”. Indeed, it is predicted that 1.6 billion 

people will be unable to access safe drinking water by 2030, while a lack of monitoring means 

that water quality is unknown for over 3 billion people.2 

 The impact of this water pollution is deadly. The World Health Organisation (WHO) 

report that 829,000 die annually from diarrhoea, caused by unsafe drinking-water, sanitation 

and hand hygiene. 3  Indeed, according to a 2008 WHO report, 3.6 million deaths occur 

annually4—or 1.2 million deaths according to the GBD 2017 Risk Assessment Study5—from 

unsafe water sources. This is the twelfth greatest cause of death across all countries and is 

the cause of 6 % of all deaths in low-income countries.6 

Consequently, developing methods of decontaminating water should be considered with 

upmost importance. 

1.1.1 Causes 

Water pollution exhibits the greatest impact in developing countries for three primary reasons: 

1) cost; 2) governmental inefficiencies; and 3) susceptibility to natural disasters. 

 There are several influencing factors which determine the cost of implementing a water 

filtration system, including the desired quality of the filtrate (and starting quality of effluent), the 

flow rate of the water, the installation cost, operational expenses, and equipment maintenance. 

The cost of installation alone for a system designed to treat 8000–10,000 litres of water per 

day in India is quoted to be a minimum of Rs 2.5 lakhs (£216,735).7 For comparison, the 

average per capita water demand is expected to reach 167 litres per day by 2050.8 These 

costs contribute to the fact that Punjab, an Indian state with a Gross State Domestic Product 

(GSDP) of Rs 6.98 lakh crore (£675 billion)9 and a population of 27.7 million people,10 only 

has 101 wastewater treatment plants, capable of treating 1,367 million litres of water per day 

(sufficient for providing clean water for less than half the population).11 Furthermore, once the 
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water has been treated, it must be transported, which gives rise to further costs in developing 

and utilising means of water transportation. 

 While countries often have policies designed to regulate the quality of water consumed, 

these are typically difficult to regulate.12,13 This difficulty arises through multiple causes. To 

begin with—and again using India as an example—the standards themselves are somewhat 

unclear. The specified quality parameters vary depending on where they are being discharged, 

and by applying approximations that may no longer be true.14 Indeed, there are different 

standards for different water uses, including bathing, but not irrigation (which involves 

significant human contact) or drinking water (other than pre-packaged bottles).15 Beyond that, 

there are no standards for ambient waterbodies – instead they are categorised by a “water 

quality criteria”, which has no legal basis, and does not take into consideration industrial 

contaminants (including heavy metals). Even with appropriate standards, water still needs to 

be monitored, and reports have shown that checks are scarce—Gupta et al. reported that 

more than three quarters of industrial sources in Punjab are investigated less than once every 

5 years, while sewage monitoring occurs only at treatment plants, which fails to consider that 

the majority of sewage never reaches these plants.15,16 Furthermore, when measuring the 

quality of rivers, tests often take place far downstream of major water pollution sources – for 

example, Vrishabawathi river is not monitored, with the most accurate recording occurring 20 

km downstream of where it meets the Arkavathy river, despite most of the pollution sources 

occurring upstream of the confluence.15 The next problematic aspect is enforcement, as Indian 

pollution control boards do not have the power to enforce their own fines, meaning that any 

action taken needs to go through the courts, which are given a low priority, and have a very 

low conviction rate. Finally, the pollution control boards themselves suffer from a lack of 

independence—there are a number of representatives for polluters on the state boards, but 

there is no representation for the polluted (local population), or any independent scientific 

advisors.15 Consequently, there is little in the way of incentive for the boards to tackle any 

large-scale systemic problems regarding water pollution. 

 Reports have demonstrated that poorer countries are more susceptible to the 

consequences of natural disasters, even if there is no geographical explanation for an increase 

in impact—e.g., a cyclone which hits the Caribbean leads to more dire consequences for (less 

economically developed) Haiti than for (relatively affluent) Jamaica.17 It has been shown that 

investing in disaster prevention, decentralising relief, encouraging political accountability and 

rewarding states for successful management—all of which are far more possible for richer 

nations—gives rise to lesser impacts. As such, low-income countries are less able to prevent 

climate-related disasters, meaning that they are at a significantly greater risk.17,18  Richer 

countries are better able to construct stable buildings, implement suitable land zoning laws, 
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and develop accurate warning systems. At a more nuanced level, countries with a high degree 

of income inequality, rather than necessarily overall wealth, are affected to a greater extent, 

owing to the increased proportion of economically marginalised people, who are particularly 

vulnerable.17 One of the key impacts of natural disasters is an increase in water pollution. It 

has been shown that in the 10 days after major floods in Taiwan, there was an increase in 

reported diseases associated with eyes, skin and gastrointestinal (GI) tract.19 The floods were 

reported to contaminate drinking water, as well as damage any water treatment plants. Indeed, 

a number of studies have reported strong links between floods and extreme rainfall with an 

increase in waterborne diseases.20,21,22 Other forms of natural disasters exhibit similar effects 

on water pollution, such as earthquakes, which have been known to damage wastewater 

networks, leading to drinking water contamination.23 

 This combination of high cost of water treatment, alongside the greater extent of 

government inefficiencies and impacts imposed by natural disasters, means that lower income 

countries are at particular risk of water pollution. As such, water decontamination methods, 

which are cheap, easy to use, and suitable for point-of-use filtration, are essential to be 

developed in order to meet the needs of individuals within lower income countries. Within this 

thesis, water filtration methods towards three such contaminants—toxic dyes, chromium, and 

uranium—are discussed. 

1.1.2 Dyes 

Dyes have been used in civilization for thousands of years, with humans frequently using 

natural, readily accessible colours to stain their textiles. Indeed, the oldest known coloured 

fibres have been radiocarbon dated as being 36,000 years old, while wearing purple clothes 

was a status symbol in Ancient Greece, owing to the difficulty in extracting Tyrian Purple from 

shellfish.24 ,25  In 1856, Henry Perkin accidently discovered Mauveine when attempting to 

synthesise Quinine, using coal tar (an unwanted by-product from coal distillation). Mauveine 

was able to dye fabrics a deep purple, and its fabrication led to international competition for 

the production of new, synthetic dyes using the distillation products from coal tar, and with it, 

an explosion in the number of colours available to be stained. 

Nowadays, dyeing is still a significant global industry, valued at USD $10.68 billion in 

2021, and expected to grow at a Compound Annual Growth Rate (CAGR) of 4.7 % during the 

period of 2021–2030, reaching a value of USD $16.08 billion by the end of the decade.26 This 

corresponds to an annual production of over 700,000 tonnes of dyestuff, of which 1–15 % is 

lost to wastewater during the dyeing process.27,28,29,30  
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Of the dyes used in industry, approximately 70 % are classified as azo dyes, which are 

characterised by their containing of at least one N=N group (which is the chromophore), a 

skeleton (consisting of benzene rings, naphthalenes, aromatic heterocycles, or enolizable 

aliphatic groups), auxochrome groups, and water solubilising groups.31,32 There are a large 

number of azo dyes, the majority of which are anionic (otherwise known as acid dyes, owing 

to their acidic properties), and the rest being predominantly neutral, with only three cationic 

(basic) azo dyes.  

Basic dyes were originally developed for their dyeing of silk but are nowadays used 

predominantly for acrylic fibres and paper.25 Their cationic group helps to provide the colour, 

with those derived from triphenyl methane giving exceptionally bright colours. They are 

required for acrylic fibres, as poly(acrylonitrile) carries a negative charge, meaning that it is 

electrostatically attracted to the cationic dye.33 The dyes’ positive charge is non-localised, 

resonating within the structure of the dye, giving rise to poor light-fastness (tendency of the 

colour to fade when exposed to light).34 Despite their name, the dyes are usually applied in 

neutral to weakly acidic conditions. 

Neutral azo dyes do not contain the water-soluble groups, meaning that they are 

insoluble. They are classed as disperse dyes, which are synthetic, non-ionic, slightly polar 

dyes, containing anthraquinone and/or azo groups, originally designed for dyeing cellulose 

acetate, but now more commonly used for dyeing polyester and hydrophobic fabrics.25,35,36 

They are typically used in industry by boiling at close to 100 °C  in conjunction with a dispersion 

agent, to overcome the poor solubility in water.37 Alternatively, the dyes are kept in solid form 

as pigments, and used in paints and food pigments. Indeed, neutral azo pigments, first 

discovered in 1858, are the oldest and most widely used food pigments.38 

Acid dyes are routinely used on textiles containing amido groups, as the anionic groups 

are able to electrostatically interact with the amine groups present, which become acidified 

under the conditions (pH 2.6) employed.25 Consequently, they are popular for the dyeing of 

wool, which contains ∼ 20 times as many amino groups as nylon, and ∼ five times as many 

as silk.39 In addition to the electrostatic interaction, hydrogen bonds and Van Der Waal’s forces 

between the dye and textile can form, however these are less significant than the electrostatic 

attractions. Azo acid dyes are also particularly popular due to their good light-fastness 

properties.39 One such example is Amido Black 10B (AB10B, Figure 1-1) reported to be 

commonly used in cotton, wool, ink, plastic, and paint industries, but can damage skin, eyes, 

and the respiratory system.40 Indeed, aromatic dyes can be carcinogenic, mutagenic, and 

teratogenic, and so the ability to remove azo dyes such as AB10B from solution is considered 
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important in a world where rapid industrial development has resulted in a sharp rise in 

hazardous pollutant discharge.41 

 

Figure 1-1. Structure of anionic azo dye, Amido Black 10B. 

 In addition to acid, basic, and disperse dyes, the Colour Index also subdivides dyes 

into direct dyes, reactive dyes, and vat dyes, however this work does not concern any dyes of 

these categories. 

1.1.3 Chromium 

Chromium, first discovered in 1797 by Louis-Nicolas Vauquelin, has been used in industry 

since the 19th century, although it has been used (unknowingly) since the Qin dynasty (259–

210 B.C.E.), who used Cr2O3 to coat their weapons.42,43 These applications include textile and 

pigment mordanting, leather tanning, metallurgy and chromium plating. In modern day, 

chromium plating is still very common, while chromium is additionally used as industrial 

catalysts and pigments, while rubies—which exhibit their red colour due to the presence of 

chromium—are classified as precious stones, and therefore their mining is economically 

desirable. Furthermore, the majority of leather is tanned—a necessary process, in which 

animal hides are converted into heat- and microbial-resistant leathers, by forming coordination 

bonds with multiple carboxyl groups within the collagen fibres—using chromium salts (chrome 

tanning, which results in leather containing 4–5 % chromium) including potassium 
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chromium(III) sulfate dodecahydrate (chromium alum), KCr(SO4)2·12H2O and chromium(III) 

sulfate dodecahydrate, Cr2(SO4)3·12H2O.43,44,45 Its popularity arises as chrome-tanned leather 

exhibits excellent hydrothermal stability and reliable mechanical behaviour. 

 Globally, the leather industry produces 1.7 billion m2 of leather at an estimated market 

value of 34 billion Euros with China and India being the leading producers, alongside notable 

contributions from Italy, Turkey and Brazil.46,47 Such a large-scale operation naturally incurs 

significant waste, with only 20 % (by weight) of starting hides being converted into leather, 

with a significant proportion of the starting weight contributing to tanned waste, non-tanned 

waste, and wastewater. 48  Within the wastewater, the chromium concentration has been 

reported to lie in the 2000–5000 mg L−1 region, far above the permissible limit in Indian 

wastewater of 2 mg L−1, and considerably greater than the UN’s safe drinking level of 50 µg 

L−1 provided by the WHO.49,50 This wastewater can be treated, and indeed over the past three 

decades, the number and efficacy of these plants has improved. However, as discussed in 

Section 1.1.1, there is still room for improvement. 51  Furthermore, the treatment of the 

wastewater gives rise to the production of chromium-contaminated waste in the form of sludge, 

for which countries like India do not have large-scale scientific solid waste disposal. As a 

result, this sludge is often disposed of in poorly maintained dumping sites. Indeed, it has been 

reported that 2000–3000 tonnes of chromium are leached into the environment every year in 

India alone, due to these two contaminant sources.49 

 While the trivalent salts used in the leather tanning process do not possess a 

particularly significant level of toxicity, the Cr(III) species have been reported to oxidise to 

Cr(VI) in atmospheric conditions. Furthermore, concentrations as high as 0.6 mg MnO2 per 

gram of sludge have been reported.49 This MnO2 is able to act as an oxidising agent, leading 

to the following redox reactions: 

 

 Moreover, the Mn2+ is capable of reacting with dissolved oxygen, which regenerates 

the MnO2, meaning that its concentration can be assumed to be effectively constant, and so 

it is capable of continuously oxidising Cr(III) to Cr(VI). Consequently, the MnO2 is described 

as an electron transporter between Cr(III) and dissolved oxygen. Once oxidised, solid particles 

containing Cr(VI) are released into the air, and carried by wind into nearby waterbodies, which 

are then contaminated.52 
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 In addition to sludge, the leather industry also produces chrome-tanned leather 

shavings (CTLS) and chrome-tanned leather trimmings (CTLT). Indeed, an estimated 0.8 

million tonnes of CTLS are produced annually across the globe.48 This waste is typically 

disposed of in landfills, and where improper lineage of the landfill sites occurs, the leachate 

can mix with the soil and groundwater. Indeed, previous investigations demonstrated that 

when the solid residue (CTLS and CTLT) was left in contact with water, a toxic concentration 

of chromium is released into the water, with chromium concentration increasing with contact 

time and solid/liquid ratio.53 Alternatively, these materials can be incinerated, however the 

heating of the trimmings in an oxygen rich environment readily leads to the production of 

soluble, toxic Cr(VI)-containing gas.53 

 Chromite mining is an additional contributor to chromium pollution. Within India, the 

Sukinda Valley contains 90 % of the country's reserves, and owing to the considerable amount 

of mining waste produced, it has been classified as one of the world’s top 10 most polluted 

places.54 The mining technique used is open-cast (otherwise known as open-pit), which is a 

particularly environmentally damaging technique, and the degradation to landscape combined 

with dumped waste—one ton of mined chromite is reported to produce 10 tons of waste—

results in the ready seepage of chromium into air, water and soil.54 The concentration of 

chromium found in local surface water has therefore been reported to reach 0.201 mg L−1, 

approximately 4 times the WHO legal safe drinking limit of chromium.50 Indeed, 24.47 % of 

people who live within 1 km of the mines suffered from pollution-induced disorders.54 

 In addition to mining and leather tanning, other sources of chromium pollution exist. 

For example, and as stated previously, chrome tanning is still commonly employed worldwide. 

This involves submerging a piece of metal in an activation bath (make-up dependent on alloy), 

to remove oxides from the metal surfaces in order to prepare it for coating. The activated metal 

is then placed in a chromium bath, containing sulfuric acid and chromic acid (CrO3) in a ratio 

by mass of 1:75–250, with a solution pH of 0. The hexavalent chromic acid is reduced to Cr3+, 

then unstable Cr2+, before finally precipitating as Cr0 onto the activated metal surface.55 

Hexavalent chromium is typically required as the starting material rather than Cr(III), despite 

its in situ production, as too high a concentration of Cr(III) (> 2–3 % of starting chromic acid 

content) causes issues, owing to its ability to readily form (within 1 s) stable [Cr(H2O)6]3+.56 In 

2017, the European REACH regulation outlawed the use of hexavalent chromium from 

industrial processes.57 As such, investigations into chrome plating using Cr(III) (instead of 

Cr(VI)) baths have been conducted. By using complexing agents such as formate and acetate, 

the formation of [Cr(H2O)6]3+ can be avoided, allowing for the reduction to Cr0.55 However, 

trivalent chromium baths do exhibit drawbacks. As well as their lower covering power when 

compared to hexavalent chromium, trivalent baths exhibit a lower conductivity, meaning that 
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they require greater voltages and hence greater energy consumption.58 However, trivalent 

baths do not require as high a temperature as hexavalent baths. Naturally, this EU law does 

not apply to developing countries, where the easier use of hexavalent baths makes them 

considerably more popular. Given that concentration of Cr(VI) as high as 5721.95 mg L−1 have 

been reported in industrial chrome plating wastewater (approximately 100,000 x the UN safe 

drinking limit of 0.05 mg L−1), if the chromium is not properly contained, then significant harm 

to the environment may occur.59 

 Furthermore, while industrial processes give rise to chromium pollution when in 

operation, they can also create long-term contamination once obsolete. Proper shut down and 

decontamination procedures can be expensive, and so may not be properly performed, 

especially in countries with weaker regulation. For example, recently there have been 26 

abandoned chromate production sites, and 50 abandoned chromium slag dumping grounds 

in China.60 Due to mismanagement of these, and other, sites, it has been reported that there 

are now over 500,000 sites of industrial contamination within China.61 

 Perhaps the most famous case of chromium pollution was in Hinkley, California, where 

hexavalent chromium was used as a corrosion inhibitor, before chromium polluted water was 

released into unlined pools, whereupon it could seep into nearby groundwater. 62 , 63  The 

subsequent court case and $333 million lawsuit was brought to life in the 2000 film “Erin 

Brockovich”. Table 1-1 provides a summary of a selection of real-world locations, where 

chromium pollution has been reported, and the sources responsible.  

Table 1-1. Sources of real-world chromium polluted water. 

Location; Year 
Chromium 

Concentration / mg L−1 
Pollution Source Reference 

Liaoning 

Province, China; 

1979 

0.001–4.33 (depending 

on distance from factory) 
Metallic chromium smelting 64 

Hickley, 

California, US; 

1987 

Ca. 0.5 
Chromium as a corrosion 

inhibitor 
62, 63 

Sukinda Valley, 

India; 2007 
0.018–0.201 Chromite Mining 54 

Oinofita, Greece; 

2007–2009 
0.041–0.156 

Dumping of processed 

industrial waste into Asopos 

river. 

65 
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Location; Year 
Chromium 

Concentration / mg L−1 
Pollution Source Reference 

Utter Pradesh, 

India; 2009 
16.3 Leather industry waste 66 

Andra Pradesh, 

India; 2010 
0.011–0.418 Anthropogenic activities 67 

Kerala, India; 

2010/11 
0.08–1.1 Municipal waste dumping 68 

Qujing, Yunan, 

China; 2011 

“…standard of Cr (VI) 

concentration detected in 

Nanpan River was about 

2000 times”. Unclear what 

the concentration is 200 

times greater than. 

Illegal dumping of untreated 

chromium slag 
69 

Delhi, India; 

2013–2015 
0.002–1.98 Improper waste disposal 70 

Henan Province, 

China; 2017 

317.65 (total chromium), 

163.67 (hexavalent 

chromium) 

N/D 71 

Xianxing City, 

Henan Province, 

China; 2020 

0.0–4.5 
Chromium slag waste from 

a chromate production plant 
61 

 

 As previously mentioned, Cr(III) salts do not possess a particularly high level of toxicity. 

However, the Cr(VI) salts—which can be readily formed via oxidation of Cr(III) as discussed 

above—are known to be toxic and carcinogenic. Furthermore, Cr(VI) salts exhibit a greater 

hydroxide solubility, meaning that it is more mobile and bioavailable.48 Hexavalent chromium 

compounds are readily absorbed by the lungs, digestive tract, and skin.42 Following inhalation, 

the chromium compounds induce severe trachea-bronchial irritation, while consuming doses 

containing 50–80 mg exhibit a caustic effect and give rise to digestive disorders, with specific 

targeting of the kidney – Cr(VI) has been reported to induce abnormally overactive autophagy 

in rat kidneys.72 Within minutes of ingestion, haemorrhagic gastroenteritis occurs, alongside a 

hepato-cellular deficiency with icterus as well as disseminated intra-vascular coagulation 

syndrome and acute interstitial tubular nephritis, which leads to acute renal oligo-anuric 

deficiency.42 While deaths via skin contact are more rarely reported, an ointment developed in 

the early 20th century, which replaced a sulfur-containing component with a hexavalent 
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chromium compound, led to the deaths of 12 individuals.42 Furthermore, frequent contact with 

hexavalent chromium compounds has been reported to lead to atopic dermatosis.72  

 The carcinogenic effects of Cr(VI) are particularly concerning, with lung cancers arising 

from chromium compounds having been reported since the 19th century.42 Hexavalent 

chromium salts are readily able to cross cell membranes, owing to its resemblance of sulfate 

and phosphate, and hence exhibits a preference of binding to positively charged N7 of guanine 

on the phosphate backbone of DNA (molecular mimicry),73 whereupon they are able to oxidise 

the cell contents (oxidative stress), and in turn produce Cr(III). The Cr(III), which itself is far 

less able to penetrate a cell membrane, combines with proteins, especially AND and ARN, 

which are then trapped inside the cell and accumulate.  It is the combination of oxidative stress 

and binding of Cr(III) to DNA that are believed to give rise to the observed mutagenic and 

genotoxic effects. Furthermore, Cr(VI) is also believed to behave synergistically with other 

organic carcinogens by inhibiting the repair of benzo(a)pyrene adducts.74 

1.1.4 Uranium 

An increasing dependence on groundwater has led to a rapid decrease in water reserves – 

for example, North-Western India has reported that 40 mm/year of water are being lost.75 In 

addition, surface runoff and erosion can give rise to contamination. Mining can exacerbate this 

process, wherein heavy metals from abandoned mines and mine tailings are transported (e.g., 

by wind), and then seep into groundwater. Uranium is one such heavy metal that has been 

widely reported to be found in groundwater.76,77,78 The WHO provides a safe recommended 

drinking limit of 30 µg L−1,79 and the widespread nature of uranium contamination is depicted 

in Figure 1-2,80  which portrays the regions of India where the reported concentration of 

uranium in groundwater is greater than the safe drinking limit. The maximum concentration 

recorded within this study was 300 µg L−1, with concentrations around 50 µg L−1 frequently 

observed. 



Confidential 

 Durham University Copyright 11 

 

Figure 1-2. Major geological formations in India, and regions where uranium is above (red) and below 
(blue) the WHO uranium drinking guideline limit, taken from reference 80. 

 Uranium is a naturally occurring element, 500 times more abundant than gold, with 

concentrations as high as 15 and 120 mg kg−1 found in granite and phosphate rock 

respectively.76,81 Felsic rock tends to yield greater uranium concentration, owing to the high 

valence and high ionic radius of uranium being incompatible with silicate magmas.76 Uranium 

is most commonly found naturally in the tetravalent U(IV) (reducing conditions) and hexavalent 

U(VI) (oxidising conditions) forms, however only U(VI) is soluble in water. When water is acidic 

(for example in nuclear wastewater82), U(VI) is found in the free UO2
2+ state, while under more 

neutral conditions, uranium forms various hydroxide and carbonate complexes with the 

components within groundwater (Figure 1-3).83 As such, all relevant work discussing the 

removal of uranium from groundwater typically concern interactions with UO2
2+ species. 
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Figure 1-3. Speciation of U(VI). Taken from reference 83. 

 Uranium does occur naturally in groundwater due to leaching of uranium from U-

hosting materials, such as Fe-Mn(oxy) hydroxides within bedrock under oxic conditions.84 

Consequently, uranium can be found in groundwater worldwide, with a greatest concentration 

of 12 mg L−1 found in Finnish wells, which are drilled into bedrock (Figure 1-4).85 As well as 

leaching from the bedrock, uranium has also been found to occur naturally in groundwater via 

weathering of surface rocks. For example in north western Punjab, uranium found within the 

Himalayan Siwaliks can be extracted via rainwater, then dissolve into the surface, before 

mobilising towards the rivers in the Malma region of Punjab via hydrogeological migration 

paths (Figure 1-5).86 
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Figure 1-4. Concentration of uranium in groundwater reserves worldwide, using data from references 
76 and 87. Where there are multiple data points, the highest U concentration value has been taken. 

 

Figure 1-5. Simplified depiction of the mobilization of uranium from the Himalyan Siwaliks to lowland 
rivers, taken from reference 86. 
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 Unfortunately, uranium has also been found in groundwater due to anthropogenic 

causes, including pollution from nuclear wastewater,82,88,89 exacerbating previous uranium 

levels due to mining,90,91,92,93,94,95,96,97 and agricultural activities.77,98,99,100,101,102 

 The reliance on nuclear power has grown rapidly over the past few years, with the 

percentage of the world’s power deriving from nuclear power plants rising from 10.3 % in 2020 

to 18.9 % in 2021, with the trend expected to increase further.82 Owing to the vast quantities 

of water required to cool reactors, significant nuclear wastewater is produced, and needs to 

be treated. Furthermore, the other processes required to complete the nuclear fuel cycle, 

including enrichment, fuel fabrication, and treating of spent fuel, all produce their own form of 

radioactive waste.89 Additionally, natural disasters, such as the Great East Japan Earthquake, 

which damaged the Fukushima Daiichi Nuclear Power Plant in March 2012, demonstrate the 

frailties of powerplants, and the significant hazards associated with radioactive pollution.88 The 

conversation regarding nuclear wastewater is particularly topical, as Japan has recently 

received UN approval to release more than 1.2 million tons of nuclear wastewater from the 

Fukushima power plant into the Pacific Ocean.103,104 The wastewater was created by the 

injection of seawater into the plant to prevent meltdown and has since been stored in the water 

storage tower, which is now approaching capacity. Despite the UN report claiming that the 

release was safe according to international safety standards, there has been significant 

backlash from neighbouring countries, oceanographers, environmental groups, and fishing 

groups.105,104 Owing to the particularly long-term radioactive impacts of nuclear waste, storage 

and disposal of said waste is well regulated worldwide in order to avoid contamination. Very 

low-level waste and low-level waste are not particularly radioactive, and therefore can be 

sealed and disposed close to the surface level. However, high-level waste cannot be safely 

disposed, other than burying in extremely deep repositories which do not yet exist (the US has 

built a 655 m deep repository suitable for long-lived intermediate waste, but no disposal of 

high-level waste occurs).106 High-level waste is instead stored in sealed vats, within pools, ca. 

10 m deep for decades, before being converted into solid waste, resealed and restored deep 

below ground. As such, leaching of uranium from nuclear waste is generally well prevented, 

however due to the large quantities of nuclear waste in storage (ca. 3 million m3 of very low-

level waste, ca. 1.5 million m3 of low-level waste, ca. 3 million m3 intermediate level waste, 

and 29,000 m3 of high-level waste)107, when events such as the Great East Japan Earthquake 

do occur, significant pollution is possible. 

 However, the most widespread form of uranium pollution due to the nuclear fuel cycle 

is the first stage – the mining and milling of the uranium ore, which releases 1.8 x 10−2 Curies 

per GWy of uranium (compared to 2.0 x 10−3, 9.9 x 10−4, and 2.0 x 10−5 Curies per GWy for 

the conversion, enrichment and fabrication processes respectively).91 For mines which are 



Confidential 

 Durham University Copyright 15 

open-pit or underground, it is common for uranium-containing water to be released into the 

ground, while solid waste, such as waste rock and overburden, or uranium mill tailings, can 

be directly deposited, leading to soil contamination. As with chromium (Section 1.1.3), the 

greatest levels of contamination can occur when mines are abandoned, even in more 

developed countries—for example the Midnite Mine in the USA, which was abandoned in 

1981, left behind 2.4 million tons of ore and 33 million tons of waste rock in stockpiles.92 These 

remnants have been used as gravel for access and haul roads, while two of the original pits 

have since filled with water, which is capable of draining into Lake Roosevelt. Here, elevated 

uranium concentrations were observed along the main access road to the mine, and at the 

original processing mill. Even greater uranium concentrations were determined in stream 

water close to an abandoned uranium mine in Portugal, which was similarly ill-efficiently 

decommissioned.93 

 Increased uranium content in soil has been observed in areas where agricultural 

activities are prevalent. Earlier research attributed an increase in uranium content to the use 

of phosphate-bearing fertiliser.98 As phosphate fertilisers contain 0–200 μgUraniumgFertiliser
−1,108 

and uranium is known to exchange with calcium ions within apatite,109 it was theorised that 

uranium contained within phosphate fertilisers would readily leach into the topsoil. 

Furthermore, it was claimed that uranium may be found in manure, originating from 

phosphorous mineral supplements in livestock feeds, which are able to pass through cattle 

almost completely.98 Indeed, it has been reported that the use of phosphate fertilisers has led 

to 14,000 tonnes of uranium being applied to the soil (equivalent to 1 kg U per hectare) over 

a 60 year period in Germany.102 This phenomenon was also observed in the US, where 

uranium concentrations found in groundwater were shown to not derive solely from carbonate 

lithologies, suggesting an additional source.101 These authors commented on previous work, 

which demonstrated a link between uranium and nitrate concentrations in agricultural land 

groundwater, 110  and suggested an alternative explanation—namely, that the uranium 

originated from the same sources as the nitrate (the fertiliser). However, research by Banning 

et al. compared soil samples from land used for agriculture with solid from land without 

agricultural usage, and could find little difference in uranium concentration, potentially 

minimising the claim that agriculture leads to anthropogenic input of uranium into soil.100 This 

same finding was observed by Lapworth et al., where despite observing elevated levels of 

uranium in groundwater, no link to fertiliser uranium sources, even in the most aggressively 

farmed regions, was found.111 It has been suggested that the presence of nitrate abiotically 

oxidises U(IV) to the more mobile U(VI), which is then able to permeate into local groundwater, 

while simultaneously, nitrate-driven Fe(II) oxidation has been reported to produce Fe(III) 

oxides, that can in turn oxidise U(IV) to U(VI).110 
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 Although uranium is classified as a radioactive element, the half-life of U238 (99.284 % 

abundance) is 4.5 billion years, while the half-life of U235 (0.711 % abundance) is 710 million 

years. 112  These long half-lives mean that uranium is classified as weakly radioactive. 

However, uranium is primarily an alpha emitter, and so, while it possesses little radioactive 

risk when in contact with the skin, uranium can cause damage to internal sensitive tissue if 

ingested or inhaled. Uranium does also decay through complex chains involving beta, gamma 

and X-rays, meaning that external radiation can be a problem; however, this is only relevant 

if directly handling unshielded bulk uranium. 113  More pertinently, both uranium species 

eventually decay to radium, which in turn decays to radon. Radioactive radon gas has been 

known to gather in areas of poor ventilation, including mine shafts, where it can be inhaled by 

workers.114 Once inhaled, radon and its progeny are able to alpha decay, with the radiation 

attacking the internal organs, particularly the lungs—radon exposure has been attributed to 

the second highest number of cases of lung cancer (after smoking).115 

 Rather than radioactive risks, it is the chemical risks associated with uranium as a 

heavy metal which result in the greatest harm to humans. Uranium is capable of accumulating 

in people’s urine after recent (2–15 days) exposure, nail and hair after several months, and 

bones after years of uranium exposure, demonstrating that uranium is inefficiently cleared 

from bodies.96 Indeed, a study into the retention of uranium by rats following inhalation 

demonstrated that 78.3 % of the initial uranium was retained in the lungs with a half-life of 

141.5 days.116 Once in the lungs, the presence of uranium generates reactive oxygen species 

(ROS), which leads to lipidperoxidation (LPO), resulting in cell membrane damage and 

eventually cell death.117 As such, in its insoluble form, uranium has been known to cause bone, 

lung and gastrointestinal cancers.96 

 The renal effects of uranium are particularly significant, with the kidney being the main 

target organ of uranium following adsorption.85,118,119 Uranium forms carbonate complexes in 

the blood, where they are filtered in the kidney at the glomerulus, whereupon they dissociate 

owing to the acidity of the proximal tubule. The released uranyl ions are then able to react with 

the filtrate, or parts of the tubular membrane. This binding of uranium has been claimed to 

alter sodium permeability of the cells, leading to reduced transport and increased excretion of 

glucose, amino acids and phosphates.118,119 At sufficiently high levels of uranium 

accumulation, kidney damage can occur, and is the greatest risk to patient health and chance 

of survival. 

1.1.5 Filtration Methods 

There are several different methods of removing contaminants from water. Typically, the first 

stage in treating water is to use a screen filter, which removes large debris such as leaves, 
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before inorganic coagulants (e.g., aluminium sulfate 120 ) are added, which first serve to 

neutralise charged contaminants, then adsorb organic species on metal hydroxide 

precipitates, before entrapping insoluble metal hydroxides (coagulation and flocculation). The 

particles (floc) are then able to be moved via sedimentation—as the particles settle, a layer of 

sludge forms on the basin of the tanks, which can be removed mechanically or manually. For 

particles that do not remove easily, dissolved air flotation is employed. This involves injecting 

pressurised water into the tank, to produce small bubbles (< 100 µm).121 The bubbles can 

become entrapped in large floc structures, nucleate on flocs, or collide with floc when pre-

formed. These bubbles then carry the floc to the surface, where it can be removed from the 

surface of the water. Finally, water is disinfected (e.g., with chlorine,122 CO2,123 chloramine,124 

ozone,125 or UV radiation126) in order to kill microorganisms including bacteria and viruses, 

before being filtered (Section 1.1.5.1). 

 In some countries, and some private supplies, alternative methods of purification are 

employed. The oldest method involves boiling the water. This is incredibly effective at 

removing harmful microorganisms, however it is incapable of removing chemical impurities 

such as dyes, chromium, or uranium. 127  A similar process is distillation, which involves 

repeated boiling and condensing of water, yielding pure water.128 This process is particularly 

important for desalination, which is capable of converting seawater into drinking water.129  

1.1.5.1 Filters and Membranes 

The filtration stage of water purification is the most varied, with the type of filtration required 

dependent on the contaminants remaining in solution. All of these filtration methods involve 

passing the water over or through some form of membrane or adsorbate, which removes the 

target contaminant.  

 Indeed, some of the methods listed in the previous section can also be combined with 

membranes to improve efficiency. One such common method is membrane distillation. Water 

is heated, then comes into contact with a hydrophobic membrane filled with air. At the 

interface, the feed water evaporates, and the vapour is capable of diffusing through the air 

trapped in the membrane, whereupon it then condenses on reaching a cool permeate stream 

at the other side of the membrane.130 Non-volatile solutes are repelled at the vapour-liquid 

interface, and so remain in solution. As with conventional distillation, membrane distillation is 

also employed for desalination.131 

 Mechanical filtration (a.k.a. membrane filtration) is the simplest form of filtration, in 

which semi-permeable membranes are designed, such that when a fluid passes through the 

membrane, particles which are too large become ensnared by the membrane, removing it 
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from the feed. Membrane filtration can be categorised further, depending on the size of the 

particles it is capable of removing: particle filtration can remove contaminants no smaller than 

10 µm; microfiltration (MF) removes particles between 0.1 and 10 µm; ultrafiltration (UF) 

removes particles between 10 nm and 0.5 µm; nanofiltration (NF) removes particles between 

1 and 12.5 nm; and hyperfiltration removes particles between 0.1 and 1.5 nm.132,133 MF and 

UF work by similar mechanisms to particle filtration, namely: 1) sieving, in which particles 

larger than the pores cannot permeate, whereas smaller particles will pass through (the 

primary mechanism for screen filters, which contain capillary-type pores); and 2) adsorption 

and mechanical entrapment, which involves non-absolute removal of a range of particle sizes 

(the primary mechanism for depth filters, which contain a random, torturous porous 

structure).134 The only difference is that UF membranes are much denser, with an asymmetric 

structure, yielding narrower pore sizes, and giving rise to a greater hydrodynamic 

resistance.135 As such, the operating pressures of UF are slightly greater (2–5 bar) than for 

MF (1–3 bar). Nanofiltration is more commonly employed for the removal of dyes and heavy 

metals.135 The rejection mechanism is based on size effects for neutral contaminants, as with 

MF and UF, but also due to Donnan exclusion effects, wherein ionic groups on the membrane 

dissociate (or ions become adsorbed onto the walls of the pores, inducing an electrical double 

layer136), leading to a charged membrane, which is capable of repelling charged, soluble, 

molecules. This electric potential means that ions smaller than the pores are able to be 

rejected.137 In addition, dielectric and transport effects have also been attributed to contribute 

to the nanofiltration mechanism. Again, due to the smaller pore size, a greater pressure (5–

15 bar) is required to drive the filtration. Reverse-osmosis (RO) falls in the hyperfiltration 

category and is a commonly employed method for desalination. Here, pressure is applied to 

the feed water to pass it through a semi-permeable membrane, with the pressure required to 

be greater than the natural osmotic pressure of the system (e.g., for desalination, seawater 

has a natural osmotic pressure of 25–33 bar,138 so pressures up to 80 bar are employed139). 

It has been claimed that the extraction mechanism for RO membranes is the same as for NF 

membranes.135,136 

Ion-exchange is another particularly common filtration method. Typically this method 

does not require membranes (rather, ion-exchange resins are left in contact with the 

contaminated solution for an extended period of time, such that the ions required to be 

removed come into contact with the resin, allowing for a substitution reaction to take place).140 

However, it is possible to fabricate ion-exchange membranes.141 These membranes are made 

up of highly cross-linked ion-exchange resins, which contain e.g., SO3H, PO3H, COOH and 

NH3OH functional groups. As water, containing a range of ions, passes through the 

membranes, protons or OH− ions are released from the membrane, substituted by cations and 
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anions respectively in solution. While ion exchange has been employed to remove poisonous 

metal ions (e.g., cobalt, copper and nickel)142, its most common use is water softening, in 

which calcium and magnesium ions found in “hard” water are replaced with hydrogen or 

sodium ions to yield “soft” water.143 

A final, and popular, non-membrane filtration method, which is particularly relevant to 

this work, is adsorption. Adsorption is a particularly low-cost and facile water treatment 

mechanism with high efficiency and flexibility.144 As with ion-exchange, water is left for a period 

of time in contact with a solid adsorbent, such that contaminants are transferred from the water 

to the adsorbent. In order to be effective, adsorbents are required to be chemically and 

mechanically stable, have a high surface area, be recyclable and exhibit fast kinetics, not all 

of which are simultaneously possible. Recent developments into novel adsorbents, such as 

Metal Organic Frameworks (MOFs) (e.g., ZIF-67, which is capable of removing 1683.8 

mgUgMOF
−1) 145  show significant promise in addressing the drawbacks of adsorption as a 

filtration method. However, the key fact that adsorption is typically a batch process, and not a 

continuous process, means that an additional phase-separation step is required. To address 

this, and to increase flux, large scale adsorption treatments have been known to employ fixed-

bed operations, in which the adsorbent is packed in a column, and the contaminated water is 

passed through the column until the column saturates.144 Other alternatives, including moving-

bed sorption, and fluidized-bed sorption have been employed, however these are considered 

to be inferior to fixed-bed sorption.146 

1.1.5.2 Calixarenes  

Calixarenes, first discovered in the 1940s by Alois Zinke and Erich Ziegler,147 are a class of 

macrocycles, synthesised by linking paraphenolic units with methylene bridges ortho to 

hydroxyl functions. Calixarenes consist of two rims, one of which is wider (Figure 1-6), noting 

that functionalisation of the rims is also possible.148 Functionalisation is usually focused on the 

OR chelating groups (R = H in Figure 1-6), as it is here that the affinity and selectivity can be 

controlled. Phenolic groups can also be functionalised in the para position in order to alter the 

lipophilicity. This reason, as well as their relatively facile synthesis, has led to interest in using 

calixarenes for the removal of contaminants from water. 



Confidential 

 Durham University Copyright 20 

 

Figure 1-6. Depiction of the structure of a calix[6]arene. Taken from Ref 148. 

 Calixarenes are routinely used as adsorbents. Their structure is particularly well 

designed for contaminant removal. Furthermore, their cavities are well suited for the 

incorporation of target molecules through host-guest interactions in solution, at air-water 

interfaces, or on solid surfaces (Figure 1-7);149 dipolar,150 ion-dipole,151 hydrogen bonding,152 

or electrostatic152 interactions with the calixarene rims; non-polar interactions with the 

hydrophobic cavity;150 and/or alkyl-π,153 ion-π,151 and π-π interactions152,153 with the calixarene 

rims. As such, calixarenes have been used to extract a range of species, including 

uranium, 154 , 155 , 156 , 157 , 158 chromium, 159 , 160 , 161 , 162 156 other radionuclides, 163 , 164  other toxic 

metals,165,166,167, inorganic ions,168  organic micropollutants,150 and dyes152,169,170,171,172 from 

solution. 
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Figure 1-7. Schematic representation of the varying structural morphologies of calixarenes following 
host-guest interactions with target molecules in solution, at an air-water interface, and on the surface 
of solids. Taken from reference 149. 

 Porous nanoparticles have been incorporated into mixed matrix membranes (MMM) 

and thin-film nanocomposite membranes as a means of improving permeability and selectivity 

of said membranes.173 While porous materials such as MOFs and cyclodextrins (CDs) have 

been utilised, the use of calixarenes provides specific advantages. Namely, that calixarenes 

exhibit smaller outer dimensions than MOFs, and smaller internal cavity openings than CDs, 

which allows for greater control over contaminant removal. Additionally, the functional groups 

on the calixarenes enable it to be well anchored within the membrane (typically between 

sulfonic acid groups on the calixarene with electron donating groups on the polymeric 

membranes), providing a greater stability to the membrane. In order to incorporate the 

calixarenes, the general reaction scheme involves first swelling the membrane using 

infiltration solvents, before adding the calixarenes, which then become anchored inside the 

selective layer, and then gatekeeping as the calixarenes are anchored and the membrane 

dried. As such, the solvents employed, the concentration of calixarene, the type of calixarene, 

the structure of membranes, and the post-drying conditions are all vital parameters to be 

controlled during MMM fabrication. 
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1.1.6 Scope 

In this thesis, plasma functionalisation techniques have been utilised to prepare cloths, bearing 

functional groups designed for water purification. Chapter 2 provides a detailed description of 

the experimental procedures performed, in terms of cloth preparation, characterisation and 

performance. 

 Chapter 3 outlines the fabrication of the first of these cloths – a calixarene-based filter, 

synthesised by depositing pulsed plasma poly(4-vinylbenzyl chloride, 4-VBC) onto a 

polyurethane cloth, which acts as a linker layer, binding a calixarene to the surface of the cloth. 

The performance of this cloth towards the removal of aromatic azo dyes was investigated, with 

particular efficacy towards anionic dyes demonstrated. 

 The second fabricated cloth, presented in Chapter 4, was also designed such that a 

calixarene was bound to the surface of a polyurethane cloth. In this case, chloroform plasma 

was used to functionalise the cloth with chloride groups, which could then be used to bind the 

calixarene to the filter. In this case, the filter was used to extract Cr(VI) oxyanions from 

solutions. The use of chloroform to treat the cloths is demonstrated to be a viable alternative 

to the more cumbersome and harmful pulsed plasma poly(4-VBC) deposition method utilised 

by Bieber et al.159 

 The final cloth, presented in Chapter 5, was fabricated by depositing pulsed plasma 

poly(2-cyanoethyl acrylate) onto a polyurethane cloth. The cloth was then reacted with 

hydroxylamine hydrochloride, which converts the cyano groups to amidoximes. 174 

Amidoximes are well known to extract uranium from solution, and so its performance towards 

uranium filtration was demonstrated.175  
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2 CHAPTER 2 – EXPERIMENTAL 

2.1 Introduction 

Over the course of this work, several experimental techniques have been employed in order 

to fabricate the functional cloths, characterise their properties, and investigate their 

contaminant-removal performance. This Chapter provides a summary of each of the 

techniques used. 

2.1.1 Fabrication Techniques 

2.1.1.1 Plasmachemical Methods 

Plasmas are frequently referred to as the fourth state of matter.176 Plasmas are gases which 

contain a mixture of charged species, radicals, and non-reactive species. Despite the 

presence of the charged species, plasmas contain electrons in roughly equal numbers, such 

that the resultant space charge is close to zero.177 The plasmachemical techniques throughout 

this work use radio-frequency (RF) discharge, whereby a current is passed through a coil, 

wrapped around a plasma chamber. The RF power interacts inductively with the plasma, 

whereby energy is transferred from the electric field to the free electrons within the gas.176 The 

electrons accelerate, and collide with other species, resulting in excitation, ionisation and 

dissociation. This ionisation simultaneously generates electrons, which can then undergo the 

same processes, resulting in a self-sustaining plasma until all monomer molecules have been 

exhausted.178 While other methods of producing plasmas exist (e.g., direct current electrical 

discharges, microwave electric discharges), the method employed is preferable for its 

characteristics of avoiding contamination with electrodes (direct current) and operating in the 

ideal frequency for deposition (microwave electric discharge plasmas are typically used to 

produce gas lasers).176 While the classical definition of plasmas referred to ionised gas that 

was fluid, neutral, viscous and “hot” (plasmas formed naturally in stars exist at temperatures 

greater than 5000 K), these laboratory formed plasmas are considered “cold”, meaning that 

they are sometimes referred to as “low-temperature plasma”.179 Furthermore, due the fact that 

the plasmas employed in this work are luminous (owing to the radiative decay of the excited 

species to lower levels), they are also known as “glow discharge plasmas”.180 

 The excited species mentioned above are very reactive—not only with each other, but 

also any surfaces which are in contact with the plasma. Consequently, these glow discharge 

plasmas can be used to alter the properties of the surface of a substrate, either chemically 

(deposition or treatment) or physically (etching) without—crucially—affecting the bulk 
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properties of the substrate (owing to the relatively low-energy energetic particles being unable 

to penetrate the bulk phase).179,181 

2.1.1.1.1 Plasmachemical Deposition 

Depositing a plasma polymer—which typically contains a particular functional group of 

interest—onto a substrate allows for the introduction of this key functional group onto the 

surface of a substrate. By using a polymerisable monomer (an organic compound with a 

sufficiently high vapour pressure, typically containing a ring or olefin group—although nearly 

all organic compounds can be polymerised under the right conditions181), deposition of a 

plasma polymer onto the surface of the substrate is possible. As opposed to traditional 

polymers, which are made up of long-chain linear molecules, plasma polymers exist as a 

three-dimensional network, containing a multitude of short chains.181 The plasma 

polymerisation process is system dependent, meaning that the structure of the plasma 

polymer does not depend solely on the monomer. Rather, the plasma polymer structure 

depends on a range of factors including temperature, monomer flow rate, input power, and 

monomer vapour pressure. For example, the use of styrene as the precursor monomer can 

give rise to a plasma polymer which resembles “typical” polystyrene; or alternatively a hard 

material which resembles diamond, depending on the reaction conditions. 

 The mechanism for plasma deposition involves the formation of radical sites on the 

substrates initiating a radical chain-growth mechanism, wherein polymerisation is terminated 

by recombination or disproportionation of radicals. Previous research has also claimed that at 

higher powers, fragmentation of the precursor monomer occurs, followed by recombination 

and subsequent deposition.182 Significantly, this (continuous wave) plasma polymerisation is 

a low-temperature single-step reaction, which is also independent of substrate and does not 

require solvents, meaning that it is a relatively environmentally friendly means of fabricating 

functional materials. Furthermore, the deposited films exhibit outstanding adhesion to the 

substrate surfaces, meaning that they typically do not wash off when in aqueous 

conditions.183,184 Due to this range of advantages, plasma processes have been a key part of 

several industries for many years.185  

 Unfortunately, due to the relatively extreme conditions employed within continuous 

wave polymerisation, fragmentation readily occurs, leading to a lack of retention of the 

aforementioned key functional group, meaning that the substrate is not modified to the desired 

extent. In order to overcome this issue, pulsed plasmas can be employed. Here, a current is 

passed through the coil for a fractionally short on-period before ceasing over a much longer 

off-period. Using time-resolved in situ mass spectrometry, Carletto et al. was able to elucidate 
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the polymerisation mechanism under pulsing conditions. During the brief on-period, initiator 

radical species are formed.186 Thereafter, conventional stepwise chain polymerisation occurs 

during the off-period, in which monomer units add onto the existing chain, forming a well-

defined polymer. As opposed to previous studies where longer (ms range) on-times were 

used, the shorter (µs range) on-times employed by Carletto et al. narrowed the timeframe for 

any damaging fragmentation reaction pathways, as well as preventing ion-bombardment 

damage by preventing the build-up of a plasma sheath.187 In addition to producing a coating 

which exhibits a high level of functional group retention, by dint of only passing the current 

through the coils for a small fraction of the total deposition time, far less energy is used during 

the process, meaning that pulsed plasma deposition is a particularly environmentally friendly 

fabrication method. 

 There are some drawbacks to pulsed plasmas. Most importantly, the polymerisation 

mechanism described above necessarily relies on the precursor monomer containing a C=C 

double bond, which means that the aforementioned “right conditions” are not met to produce 

plasma polymers of non-olefin containing organic materials.181 Additionally, deposition rates 

are lower compared to continuous wave deposition, which is problematic if films are required 

to be a minimum thickness. Finally, pulsed plasma deposited films exhibit weaker adhesion to 

a substrate than continuous wave plasma deposited films. However, this can be overcome by 

depositing a continuous wave plasma polymer for a short period of time to attach to the 

substrate surface, before switching to pulsed plasma, to allow a well-defined plasma polymer 

with high functional group retention to grow on top of the continuous wave plasma polymer.183 

2.1.1.1.2 Plasmachemical Treatment 

The surface of substrates can also be plasmachemically altered without deposition of a thin 

film. This can occur through etching, wherein the highly energetic species produced in oxygen 

(or other process gases, such as N2 or Ar) plasma bombard the substrate surface, breaking it 

down to volatile and/or smaller molecules, which can then be removed by the vacuum pump 

under which the systems operate.188 In doing so, parts of (or the top layer of) the surface are 

etched away. This process therefore physically changes the properties of the substrate without 

changing its chemical properties. 

 More relevantly to this work, surfaces can be chemically modified by plasma treatment. 

Here, the produced radicals react with the surface leaving behind an activated site which can 

then interact with gaseous molecules (abstraction and addition), functionalising the surface.189 

For example, treating a surface with ammonia introduces –NH3 groups,190 with CF4 introduces 

–F groups,191 and with CO2 introduces –COOH, –OH, –CHO, and epoxide groups.192 
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2.1.1.1.3 Apparatus 

The general experimental setup for a plasma deposition/treatment is shown in Figure 2-1. The 

plasma rig consists of a rotary pump, which attaches to the sealed glassware – a liquid 

nitrogen cooled cold trap, which is connected to a glass plasma chamber, itself connected to 

a needle valve and/or a glass monomer tube (cylindrical vessel containing the monomer to 

deposit). A copper coil surrounds the plasma chamber, which connects to the electronics of 

the system – a matching unit, used in conjunction with an RF generator, pulse generator and 

power-meter. An oscilloscope is used to track the signal input and observe the unique plasma 

pulse shape. 

 

Figure 2-1. Schematic depiction of a plasma rig used in the plasmachemical modification of surfaces. 

  The rotary pump used is an Edwards Rotary Vane Pump, which houses a circular rotor 

within a circular pump.193 There is an offset between the centre of the pump housing and the 

rotor, which gives rise to eccentric rotation. The rotor is decorated with variable length vanes, 

meaning that the rotor is in constant contact with the pump housing (oil is used to create a 

seal). This in turn creates vane chambers, and gas from the system (which is required to be 

under vacuum) flows into one of the created vane chambers, which then expands as the rotor 

spins. With this expansion, the gas simultaneously expands to fill the generated cavity. 

Immediately afterwards, the gas-filled vane chamber enters into the discharge side of the 



Confidential 

 Durham University Copyright 37 

pump, whereupon it reduces in size. The process repeats rapidly without gas loss until the 

pressure of the gas, which has become increasingly compressed, is sufficiently high for the 

gas to be expelled out of the pump outlet. 

The valve taps used were Young’s taps, which consist of a cylindrical 

polytetrafluoroethylene (PTFE) plug, equipped with three O-rings—one (also made of PTFE) 

to form an air-tight seal at the junction of the glassware manifolds, and two more O-rings (one 

nitrile, one PTFE) which form a seal between the plug and the barrel of the glassware, ensuring 

that the tap is airtight. By sealing a junction, different sections of the glassware become 

isolated, meaning that one side can be brought up to atmosphere, while the other remains 

under vacuum. 

The cold trap is designed such that undesirable gases do not get sucked into the pump, 

which could damage it. The glass tube extending from the chamber leads to the bottom of the 

cold trap, which is surrounded by liquid nitrogen. Any monomer which has passed through the 

chamber will condense at this temperature, meaning that once the experiment has ceased, 

the cold trap can be removed, the condensate disposed of, and the trap cleaned for further 

use, thus preventing any monomer from reaching the pump. The glass tube connecting the 

trap to the pump lies at the top of the cold trap, meaning that species which are still gaseous 

under conditions employed (e.g., nitrogen) can be pumped off. 

 The pressure gauge used was a thermocouple gauge, which, by means of a 

thermocouple, records the temperature of a filament which is heated via the constant passage 

of current.194,195 The thermocouple consists of two wires of different conductivity, inducing an 

electrical potential which is related to temperature. In essence, the temperature is a 

measurement of the thermoconductivity of the surrounding gas, which is itself related to 

pressure (the greater number of gaseous molecules that contact the filament, the more the 

heat energy dissipates into the surroundings, lowering the temperature). The thermocouple 

produces a voltage, which can be calibrated against a known pressure, such that a relationship 

between voltage output and chamber pressure can be generated. 

Needle valves allow the introduction of a gas into the plasma chamber and can administer 

pressures as low as 1 x 10−5 mbar.196 The valve consists of a small hole, which is kept closed 

by a needle using spring pressure. Loosening the adjustor releases the spring, allowing a 

small leak to enter the valve. The adjustor can be set to a specific value, such that the required 

gas pressure is allowed to enter the plasma chamber. 

The RF generator contains an oscillator circuit, which produces a stable and precise 

frequency signal. This signal is then modulated, amplified and passed through an output stage. 
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This output stage involves the signal being passed through a matching unit, which consists of 

a series of capacitors and inductors in order to match the output impedance of the RF 

generator with that of the matching unit and chamber coils. The incident and reflected waves 

are aligned such that the standard wave ratio (SWR) is minimised. SWR is related to 

reflectance according to Equation (2-1), which shows that reflectance (|𝛤|) must be minimised 

in order to reduce the SWR. Constructive interference occurs when the load impedance and 

matching unit impedance are matched, which gives rise to a SWR of 1. The matching unit 

contains two variable capacitors, whose capacitances can be changed in order to alter the 

impedance of the circuit according to Equation (2-3) 

𝑆𝑊𝑅 =
1+|𝛤|

1−|𝛤|
                     (2-1) 

Where Γ is the reflectance, given by: 

 𝛤 =  
𝑍𝐿− 𝑍0 

𝑍𝐿+ 𝑍0
                       (2-2) 

 Where zL is the load impedance and z0 is the characteristic impedance, given by: 

𝑧0 =  √
𝐿

𝐶
                         (2-3)

    

 Where L is the inductance, and C is the capacitance. 

The power-meter is connected to the RF generator and matching unit through coaxial 

cables, through which the power is transferred prior to impedance matching. As well as 

displaying the forward power going through the system, the meter also displays the SWR, 

allowing for ideal adjustment of the matching unit capacitance. 

2.1.1.1.4 Cloth Functionalisation 

All cloths in this work were functionalised by following a similar method to that performed by 

Bieber et al.197 Prior to plasma deposition/treatment, the cloths were washed in a 1:1 by 

volume mixture of propan-2-ol (+ 99.5 %, Fisher Scientific UK Ltd.) and hexane (fraction from 

petroleum, laboratory reagent grade, Fisher Scientific UK Ltd.), before being left to dry in air. 

For experiments involving plasma deposition, silicon wafer substrates (Silicon Valley 

Microelectronics Inc.) were used as flat, reflective substrates. These were cleaned prior to 

coating by sonication in a 1:1 by volume mixture of propan-2-ol and hexane, followed by 

UV/ozone treatment (model UV.TC.EU.003, BioForce Nanosciences Inc.), and finally another 

sonication step in the propan-2-ol/hexane mixture. 
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Plasma depositions/treatments were performed using the apparatus described in 

2.1.1.1.3 – a cylindrical glass reactor (5 cm diameter, 470 cm3 volume) is located within a 

Faraday cage and evacuated using a 30 L min–1 rotary pump via a liquid-nitrogen cold trap 

(with a base pressure of less than 1 × 10–3 mbar and an air leak rate of better than 1 × 10–9 

mol s−1). A copper coil is wound around the reactor (5 mm diameter, 10 turns, located 13.1 cm 

away from the gas inlet) and is connected to a 13.56 MHz RF power supply via an L-C 

matching network. A signal generator (model TH503, Thurlby Thandar Instruments Ltd.) was 

used to trigger the RF power supply, and the corresponding pulse shape was monitored with 

an oscilloscope (model V-252, Hitachi Ltd.). Prior to film deposition, the whole apparatus was 

thoroughly scrubbed using detergent and hot water, rinsed with acetone, and oven dried at 

200 °C, before undergoing further cleaning through exposure to 50 W continuous-wave air 

plasma at 0.2 mbar for 30 min. 

The desired substrate is subsequently placed inside the chamber, resting on the walls 

with the shorter side lying along the length of the chamber. For plasma deposition 

experiments, a silicon wafer is also placed at each end of the chamber. The silicon wafer 

substrates (Silicon Valley Microelectronics Inc.) were used as flat, reflective substrates. These 

were cleaned prior to coating by sonication in a 1:1 by volume mixture of propan-2-ol and 

hexane, followed by UV/ozone treatment (model UV.TC.EU.003, BioForce Nanosciences 

Inc.), and finally another sonication step in the propan-2-ol/hexane mixture. Silicon wafers are 

not used for plasma treatments.  

The monomer is loaded into a sealable glass tube, degassed via several freeze-pump-

thaw cycles, then attached to the reactor. The chamber is allowed to pump down to base 

pressure for at least 3 h, before the monomer vapour is allowed to purge the apparatus at a 

pressure of 0.2 mbar for 15 min prior to electrical discharge ignition. Following plasma 

extinction, the monomer is allowed to continue to pass through the chamber for a further 15 

min, before pumping back down to base pressure for at least 30 min, followed by venting to 

atmosphere. 

2.1.2 Characterisation Techniques  

2.1.2.1 Fourier Transform Infrared Spectroscopy 

2.1.2.1.1 Background 

Fourier Transform Infrared (FTIR) Spectroscopy is a particularly useful spectroscopic 

technique for the elucidation of chemical groups within a sample. Chemical bonds within the 

sample are capable of absorbing infrared (IR) radiation. In the situation where the energy of 
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an absorbed photon of IR radiation is equivalent to the energy gap between the initial and 

excited vibrational energy levels, a vibrational excitation occurs. 198  If the associated 

stretching/bending vibration results in a change in the overall electric dipole moment, then it 

is said to be IR active, and the wavelength of this excitation will appear in the final spectrum, 

as there will be a difference in initial and final energy, due to the absorbance at this 

wavelength. As different chemical bonds each absorb at their own, specific, wavelength, the 

chemical bonds present in a sample can be identified by which wavelengths have been 

absorbed by the sample. 

2.1.2.1.2 Interferometer 

FTIR spectrometers contain an interferometer (Figure 2-2), which regulates the IR 

wavelengths expelled from the IR source and measures the interference pattern between two 

beams. This signal helps give rise to an interferogram, which is a function of the pathlength 

between these beams. The collimating mirror transforms the light from the source into parallel 

rays, and then directs them towards the beamsplitter, which splits the light into two—half is 

directed towards the moving mirror, and the other half towards the fixed mirror. These beams 

then reflect back towards the beamsplitter, whereupon they interfere. As the moving mirror is 

capable of altering the pathlength of the light, differing pathlengths can be created, which gives 

rise to constructive and destructive interferences for the reflected and transmitted beams 

respectively. This interference pattern is known as an interferogram. This recombined beam 

then passes through a sample, and it is the difference in absorbance at each wavelength 

between the beams that pass through the sample, and the beams found in the interferogram 

that is recorded by the detector.   
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Figure 2-2. Schematic depiction of an interferometer used within a FTIR spectrometer. 

2.1.2.1.3 Detectors 

There are two types of detectors used by the spectrometer in this work. The first is a 

pyroelectric detector, and the second is a photoconductive detector. The pyroelectric, 

deuterated triglycine sulfate (DTGS) detector operates at ambient temperatures.199 When the 

IR beams strike the detector, the material changes its temperature, which alters the position 

of the atoms within the crystal, resulting in a change in the dielectric constant, and in turn, its 

capacitance.200 This capacitance change is measured by means of a voltage response, which 

gives rise to the final spectrum. While the DTGS detector is a cheap and simple detector, it 

does exhibit a slow response time and poor sensitivity. 

 In order to obtain a spectrum with greater sensitivity, the photoconductive detector 

containing mercury cadmium telluride (MCT) can be used. This material is a semiconductor, 

capable of absorbing IR light, resulting in the excitation of its electrons from the valence band 

to the conduction band.200 The excited electrons are then able to create an electrical current 

proportional to the intensity of IR light absorbed. However, MCT detectors are more fragile, 

and more expensive, so more care is required when using them. Furthermore, they are very 

temperature sensitive, and require to be kept under liquid nitrogen temperatures, lest a 

spectrum with a large signal:noise ratio be generated. 
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2.1.2.1.4 Monolayer Grazing Angle Specular Reflectance Accessory 

There are two types of FTIR measurements featured within this work. The first is Reflection-

Absorption-Infrared Spectroscopy (RAIRS) and the second is Attenuated Total Reflectance 

(ATR). RAIRS spectra are taken by reflecting the incident beam off a film, coated onto a 

reflective substrate (e.g., gold or silicon), before reaching the detector (Figure 2-3). Molecules 

within the film are able to absorb the IR light before and after reflection off the substrate. A 

spectrum is recorded by first recording a background spectrum of the pure reflective surface, 

which is then subtracted from a spectrum containing the film coated onto the reflective surface. 

 

Figure 2-3. Depiction of IR light passing through coating, reflecting off substrate, then passing through 
coating again, before reaching the detector. 

The optimum RAIRS conditions depend on dielectric properties of the substrate and 

the deposited film.201 Crucially, the surface selection rule—which states that only vibrations 

with a component of the transition dipole moment oriented perpendicular to the surface can 

be observed—determines which vibrational adsorbate modes are IR active. 202  Here, the 

amplitude and phase of the reflected radiation is dependent on the direction of the electric field 

vector, which contains parallel and perpendicular polarised light. Parallel light is known as p-

polarised light (from the German, parallel), as it lies parallel to the plane of incidence, whereas 
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perpendicular light is known as s-polarised light (from the German, senkrecht), as it lies 

perpendicular to the plane of incidence (Figure 2-4).  

 

Figure 2-4. p- and s-polarised light, as defined by their relative orientation to the plane of incidence. 
Taken from reference 203. 

 When light is reflected from a metal (or Si) surface, it undergoes a phase shift, 

summarised by Greenlet et al. in Figure 2-5(A).204 It can be seen that at all angles of incidence, 

a phase shift of 180° for s-polarised light occurs. As metals (and Si) have high IR reflective 

capabilities, the magnitudes of the electric vectors post-reflection are very similar to those pre-

reflection.205 As such, the electrical vectors effectively cancel out, yielding a resultant electric 

field of roughly 0 magnitude or direction. On the other hand, at angles close to grazing, a 

phase shift of 90 °C can be obtained for p-polarised light. At this angle, vector addition of the 

incident and reflected vectors yields an elliptical standing wave, featuring a large component 

(due to constructive interference, this is almost twice the magnitude of the incident light, Figure 

2-5(B)) perpendicular to the surface (parallel to the plane of incidence) and only a small portion 

parallel to the surface.  
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Figure 2-5. (A) Phase change for light reflected from a metal surface for light polarised parallel and 
perpendicular to the surface. Taken from reference 204. (B) Resultant electric fields obtained from p-
polarised light, for components parallel and perpendicular to the surface. Taken from reference 205. In 
both images, p-polarised light is depicted by the solid line, while s-polarised light is depicted by the 
dashed line. 
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 Consequently, it is vital that the s-polarised light is removed from the IR source, before 

reaching the sample to be investigated. To achieve this, the RAIRS accessory is fitted with a 

polariser, which is an IR transmitting optical window (in this case thallium bromoiodide, KRS-

5) lithographically deposited with fine wires, wherein the spacing between the lines is a fraction 

of the wavelength of light transmitted. In the situation where light is polarised parallel to the 

metal wires (s-polarised), the wires behave like a typical metal surface, with electrons along 

the wire length becoming excited, leading to the reflection in almost all s-polarised light. 

Regarding p-polarised light, only electrons along the wire width (sub-micron range) are 

excited, meaning that most p-polarised light is transmitted. 

 Other factors that affect the intensity of the RAIRS spectra include film thickness and 

substrate material type. Previous work has demonstrated that as the film thickness increases, 

the optimal grazing angle decreases. While the differences in refractive indices of the film and 

metal substrate are alluded to as the cause of this effect, minimal explanation is provided.206 

Also included in that work is a demonstration on how band intensity increases with film 

thickness—the thicker the film, the more radiation can be absorbed—however this is not a 

linear relationship (Figure 2-6).  
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Figure 2-6. (A) Change in optimum grazing angle with film thickness; (B) Change in RAIRS peak 
intensity with film thickness. Both figures have been taken from reference 206. 

 As the film thicknesses in this work are typically greater than 300 nm, consideration 

must be given as to the angle of incidence to employ. Furthermore, significant work using a 

range of metals as the substrate has led to a range of grazing angles being employed. Given 

the above, and the fact that previous research has shown that for Si substrates, the lowest 

signal:noise ratios were observed for grazing angles between ~60° and ~70°,207 experiments 

are performed using a grazing angle of 66°. Attempts to obtain spectra using alternative 

grazing angles have confirmed that 66° is a suitable angle of incidence for the fabricated films 

in this work. 

2.1.2.1.5 Attenuated Total Reflectance  

In situations where the deposited films have not been coated onto a reflective surface, RAIRS 

will not be able to provide a suitable spectrum. Here, ATR spectroscopy must be employed. 

This technique utilises total internal reflection, whereby light undergoes several internal 

reflections when passed through an ATR crystal (typically diamond). This results in the 

formation of an evanescent wave, assuming that the angle of incidence is greater than critical 

angle, θC, which is defined as sin(𝜃𝑐) =  
𝑛2

𝑛1
 , where n1 and n2 are the refractive indices of the 

ATR crystal and sample respectively (Figure 2-7).208 This wave penetrates the sample at a 
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depth, dp, defined by Equation (2-4).209 As with RAIRS, a spectrum is created by determining 

which wavelengths of light have been absorbed after the evanescent waves have passed 

through the sample, and using the same process of subtracting a background spectrum 

(typically just the crystal, but using an uncoated substrate + crystal is also possible) from a 

final spectrum (crystal + sample). 

 

Figure 2-7. Schematic depiction of ATR, showing the induced evanescent wave from total internal 
reflection. 

𝑑𝑝 =  
𝜆

2𝜋𝑛1√𝑠𝑖𝑛2𝜃−(
𝑛1
𝑛2

)2
                    (2-4) 

 Where λ is the wavelength of incident light in a vacuum, n1 and n2 are the refractive 

indices of the ATR crystal and sample respectively, and θ is the angle of incidence. 

 Consequently, ATR is able to penetrate between 2 and 15 µm, depending on 

wavelength. Given that this is greater than the thickness of all films fabricated in this work, all 

ATR samples recorded will observe the absorption bands for the substrate, as well as the 

deposited film.  

2.1.2.1.6 Experimental Conditions 

Throughout this thesis, FTIR spectra of the functionalised cloths were acquired using an FTIR 

spectrometer (SpectrumOne, Perkin Elmer Inc.) fitted with a liquid nitrogen cooled MCT 

detector. Spectra are an average of 100 scanning accumulations recorded at resolutions of 

between 1 and 4 cm−1 across the 400–4000 cm−1 range. Attenuated total reflectance (ATR) 

infrared spectra were obtained using a diamond ATR accessory (Golden Gate, Graseby 

Specac Ltd.). RAIRS spectra of the coated silicon wafers were obtained using a variable angle 
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reflection−absorption accessory (Specac Ltd.), adjusted to a grazing angle of 66°, and fitted 

with a KRS-5 polariser (set to only allow the passage of p-polarised light). 

2.1.2.2 Spectrophotometry 

Spectrophotometry is a useful tool, which can help determine the refractive index (n), 

absorption coefficient (k), and thickness (d) of a film. The technique involves recording the 

transmission and/or reflection properties of the surface as a function of wavelength (within the 

UV–Visible region). 

 As light (incident beam, I0) passes through a thin film, deposited onto a reflective 

substrate (e.g., Si), some light will be reflected (I1), and some will be transmitted, before 

reflecting off the substrate (I2) (Figure 2-8). The two reflected beams will then combine, either 

constructively or destructively, depending upon the path difference between the two beams. 

The path difference depends on the thickness and the refractive index—a value which states 

how fast light travels through the medium when compared to the speed of light in a vacuum—

of the film, as well as the angle of transmittance, θt. Note that although θt depends on the 

incident angle, θi, the two values are not identical, as light bends when passing from one 

transparent medium to the next according to Snell’s law (Equation (2-5)). 210 Equation (2-6) 

states how θt, n, and d affect the optical path length.  
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Figure 2-8. Reflection (I1) and transmission of an incident light beam (I0) at the air–film interface. The 
transmitted light is then reflected (I2) at the film–substrate interface. I1 and I2 will interfere, the extent of 
which dependent on n2 and d. 

𝑛1

𝑛2
=  

sin (𝜃𝑡)

sin(𝜃𝑖)
                    (2-5) 

𝑂𝑝𝑡𝑖𝑐𝑎𝑙 𝑃𝑎𝑡ℎ 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 2𝑛2𝑑. cos (𝜃𝑡)                 (2-6) 

Consequently, by altering the wavelength of light passed through a coated sample, a 

reflectance spectrum can be obtained, wherein the intensity of reflectance will oscillate as the 

wavelengths move from optimal values (e.g., λ = d/2, leading to constructive interference) to 

non-ideal values (e.g., λ = d/4, leading to destructive interference). This oscillating curve can 

be fitted with a model, and a wellness-of-fit test performed in order to generate a chi-squared 

value (χ2). The model is iteratively fitted to the curve until the χ2 value is minimised, whereupon 

a value for d can be estimated. In this work, the reflectance curves are fitted with a Cauchy 

model, which assumes that k ≈ 0, using a modified Levenberg-Marquadt (LM) method.211 The 

LM method fits non-linear curves by determining the derivatives of the reflectance curves. With 

the thickness having been calculated, the value of n2 can then be modelled according to the 

same method. 
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2.1.2.3 UV–Vis Spectroscopy 

UV–Vis spectroscopy is a non-destructive spectroscopic technique, which can be used to help 

measure the concentration of coloured species. A large range of species contain 

chromophores, which absorb light in the UV–Vis range, and the absorbance of these 

transmissions can be measured by a UV–Vis spectrophotometer. 

 UV–Vis spectrophotometers typically contain two light sources—one for UV light, and 

one for visible light. For example, the Agilent Cary 5000 spectrometer used in this work 

contains a deuterium arc lamp and a tungsten-halogen lamp as the UV and visible light 

sources respectively. 212  The light from these two sources then passes through a 

monochromator, which contains an entrance slit, which allows the broad-spectrum white light 

to hit a holographic grating dispersion device. These are glassy optical components containing 

extremely narrow (102 nm scale) etched grooves, coated with a reflective aluminium surface. 

Diffraction and interference of the light hitting the grating gives rise to linear angular dispersion 

of wavelengths, meaning that by tuning the grating, specific wavelengths of light can be 

directed through an exit slit towards the sample and detector. The sample is contained within 

a black-coloured box, designed to absorb any stray light. Liquid samples are contained within 

a cuvette, typically made from quartz, as this allows for excellent transmittance of UV light, 

however cheaper cuvettes made from plastic and glass can be used but are only 

recommended when measurements within the visible light region are required. Cuvettes are 

typically 10 mm in diameter (pathlength = 1 cm), as this allows for easy data manipulation, 

although long pathlength cuvettes can be used for very dilute solutions. Solid samples can be 

analysed by attaching them to a holder, which is fixed to the sample compartment. UV–Vis 

spectrophotometers primarily contain either a photomultiplier tube detector, or a silicon 

photodiode detector, both of which convert the light received from the exit slit into an electrical 

signal. The photomultiplier allows for small differences in light intensity to be recorded, by 

means of amplifying the signal received. The photomultiplier contains a cathode, which when 

struck by a photon, releases an electron, which in turn is accelerated towards the first of a 

series of dynodes, whereupon secondary emission occurs, releasing several electrons. Each 

of these electrons can then be accelerated to the next dynode (and so on), giving rise to a 

cascade effect, until all the electrons (now far larger in number than the number of photons 

hitting the cathode) hit the final dynode, whereupon the accumulated charge is transferred to 

the anode, which converts to the electron signal to an electrical current, used to create the 

spectrum. Photodiode detectors are more commonly used, as they are more robust and have 

a greater dynamic range. The detector is made of a SiO2 semiconductor, which facilitates 

electrons flowing through it once in contact with the light. These electrons reduce the charge 
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in a capacitor, which lies across the material. A battery is used to regularly recharge the 

capacitor, and the amount of charge required is proportional to light intensity. 

The spectrometer first records the UV–Vis spectrum of a background sample (e.g., 

pure solvent), determining the quantity of light transmitted at each wavelength (I0). The 

spectrum of a sample is then recorded, and the quantity of light transmitted at each wavelength 

recorded (I1). Transmittance (T) is then defined according to Equation (2-7). 

𝑇 =  
𝐼

𝐼0
                       (2-7) 

 Usually, the spectra are plotted in terms of absorbance (A), which is defined according 

to Equation (2-8). 

𝐴 =  −log (𝑇)                    (2-8) 

 Work by Luther at the start of the 20th century combined the 18th century observations 

by Pierre Bouger and Johann Heinrich Lambert—which showed that light intensity depends 

on pathlength—with the 19th century work by August Beer—which discussed the loss in light 

intensity when it passed through a coloured medium—in order to develop what is commonly 

known as the Beer-Lambert law, given in Equation (2-9).213 

𝐴 =  𝜀. 𝑐. 𝑙                    (2-9) 

 Where ε is the molar extinction coefficient (/ dm3 mol−1 cm−1), c is the concentration (/ 

mol dm−3), and l is the pathlength (/ cm). Using cuvettes with a pathlength of 1 cm allows for 

the removal of the l term, simplifying the equation. Crucially, it can be seen that absorbance 

is directly proportional to concentration. As such, by recording the absorbance of a sample 

when compared to the absorbance of a known concentration, the concentration of the 

unknown sample can be identified. 

2.1.2.4 Inductively Coupled Plasma Optical Emission Spectroscopy 

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) is a spectroscopic 

method, intended to elucidate which metals are present—and in what concentration—in a 

sample. It is a technique frequently employed in environmental, geological, pharmaceutical 

and food safety sciences.214 ICP-OES offers many advantages as a means to determine 

elemental composition: it is capable of calculating the concentration of a species at a ppb 

level; delivers results rapidly; and can be used on a wide range of samples, including aqueous, 

organic, and inorganic liquids, as well as solids.  

 ICP-OES works by atomising and ionising the molecules using a plasma. As the 

excited species relax, photons—known as atomic or ionic emission—are released, and are 
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received by a detector, which is capable of separating the discrete emission wavelengths. The 

intensity of each wavelength is proportional to the intensity of that element within the sample. 

 Samples are first converted into liquid form (solid samples are acid digested), and then 

pumped into the nebulizer, which converts the sample into fine mist. This ensures that the 

plasma discharge is capable of desolvating, vaporising, atomising and ionising the sample in 

a consistent manner. The most common type of nebulizer, and indeed, the type used in this 

work, is a pneumatic nebulizer, in which argon gas rapidly flows past the sample, which is 

delivered to the nebulizer via a peristaltic pump, then sucked into a glass tube due to the 

creation of a low-pressure region. The combination of low-pressure and rapid argon flow 

breaks down the sample into the aerosol (Figure 2-9).  

 

Figure 2-9. Schematic depiction of a pneumatic nebulizer. 

 The nebulized sample then proceeds into a spray chamber, which is designed to only 

allow droplets smaller than 10 microns to pass into the plasma (1–5 % of the sample, with the 

rest drained to waste). In doing so, any pulses generated by the peristaltic pump are smoothed 

out. Once passed through the chamber, the sample is introduced into the plasma torch by 

means of a sample injector. 
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 The plasma torch consists of three concentric tubes, through which argon gas flows. 

The aerosol is supplied in the inner tube, with a tangential flow of argon (auxiliary gas) in a 

tube concentric to this (Figure 2-10). The argon in the outer tube flows between 7 and 15 L 

min−1 and acts as a coolant.214 A copper coil (load coil) wraps around the end of the torch, and 

is connected to a RF generator. With argon flowing through the torch, the plasma is ignited, 

akin to Section 2.1.1.1. The nebulized sample is then swept into the plasma within a stream 

of argon, whereupon it is ionised. The excited species then relax, and their optical emission 

can be recorded. 

 

Figure 2-10. Schematic depiction of an ICP-OES plasma torch. 

 The optical emission of the investigated species is collected by using a convex lens to 

direct the discharge towards an input slit. In order to determine the emission at each 

wavelength, individual wavelengths of emission must be sent towards the director, akin to the 

UV–Vis spectroscopy discussed in Section 2.1.2.3. Equally similarly, a monochromator can 

be used, which offers flexibility inasmuch as any particular wavelength can be accessed at 

any one time.214 Monochromator based instruments are more suitable for investigations which 

require complex background corrections. However, consecutively measuring each element 

means that the machines require a sufficiently large volume of starting sample and exhibit a 

relative slow sample output rate. Alternatively, the machines can employ polychromators, 

which utilise several exit slits in order to simultaneously direct multiple wavelengths of light 
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towards the detector. Consequently, polychromators enable rapid analysis, whereby the whole 

spectral range can be observed almost within the timeframe of sample introduction.214 The 

spectrometer used in this work utilised an Echelle grating and a Charge Coupled Device 

(CCD) chip detector. 

 Light passing through an entrance slit is focused onto an Echelle grating (Figure 2-11) 

by a mirror, which separates the light into its component wavelengths (in a single dimension, 

Echellogram). Equation (2-10) states the relationship between incident and diffracted light.215 

𝑚𝜆 = 𝑑(sin(𝛼) + sin(𝛽))                            (2-10) 

 Where d is the groove spacing (Figure 2-11), and m is the diffraction order. 

 

Figure 2-11. Schematic of an Echelle Grating. N is the grating normal, α is the angle of incidence, d is 
the groove distance, θB is the blaze angle, and βm1–3 are the diffraction angles for order numbers (m) 1 
through 3. 

 When α + β = 2θB, the light at the specified wavelength is blazed (maximum diffraction 

efficiency),216 and the resolving power (R) is defined by Equation (2-11) which shows the 

resolving power increases with both α and β (0 < α, β < π/2). 

𝑅 =
𝜆

𝜕𝜆
= 𝑚𝑇 =  

𝑊

𝜆
 (sin(𝛼) + sin(𝛽))                   (2-11) 
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Where T is the total number of grooves illuminated on the grating surface, and W is 

the illuminated width of the grating. By substituting β with the blazing conditions (α + β = 2θB), 

the resolving power at the blazed wavelength (λB) is defined as: 

𝑅𝐵 =  
𝜆𝐵

𝜕𝜆𝐵
=  

𝑊

𝜆𝐵
 (sin(𝛼) + sin(2𝜃𝐵 −  𝛼))                  (2-12) 

 For which, when α = θB, RB is at its maximum value, with a resolving power of: 

𝑅 =  
2𝑊

𝜆
 sin (𝜃𝐵)         (2-13) 

Hence, the resolving power at the blazed wavelength depends on the blaze angle of 

the grating. A common echelle grating exhibits a blaze angle of 76o, with a groove spacing of 

79 grooves / mm, while a common grating exhibits groove spacings of 1200 grooves / mm, 

and a blaze angle of 22°. Assuming that the illuminated width of both gratings is the same, 

then the echelle grating yields a greater (≈ 2.5 × greater) intrinsic resolving power. 

 Note that, as demonstrated in Figure 2-11, light diffracts in multiple orders. When 

recording spectra, it is beneficial to attempt to record higher orders, as these also give rise to 

higher spectral resolution. However, the spectral range becomes very small, as the “red” 

wavelengths of order m will overlap with the “blue” wavelengths of order m+1. This means that 

in one-dimension, a given pixel on a detector will receive light from several orders of different 

wavelengths. To overcome this issue, the Echellogram is reflected by a mirror through a “cross 

disperser”, which is a prism, mounted such that the dispersion direction is perpendicular to the 

grating. This results in light being diffracted into a second dimension, and hence different 

orders are offset. As such, the high spectral resolution of the Echelle grating is combined with 

a large wavelength coverage.  

 This light is then reflected towards the CCD detector, which is a highly sensitive photon 

detector. It is a 2D array, divided up into a large number (potentially over one million217) of 

light-sensitive segments (pixels).218 The chip is sufficiently large that the entire light spectrum 

can be recorded, while the large pixel number (high resolution) enables excellent wavelength 

separation, and hence minimises spectral interference. 

 Within the software built into the spectrometers, optical emission spectra of all 

possible-to-identify elements are recorded. It is therefore possible to run a spectrum of the 

sample and allow the software to assign the observed emissions their respective elements. 

Although the intensity of light observed does provide information on the quantity of each 

element within the sample, each spectrometer will differ slightly from the next, meaning that 

the exact concentration cannot be determined. These wide-field scans are therefore useful at 
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determining which elements are in solution, but should only be used to determine the order of 

magnitude of elemental composition.  

 In order to determine an exact concentration of a specific element, known 

concentrations of the investigated element (made from an ICP stock solution) should be made 

up, covering the expected concentration range of the element within the sample. A calibration 

curve between emission intensity and concentration can then be created, and the emission 

intensity from the sample fit to this curve, enabling an exact concentration to be determined. 

2.1.3 Filtration Techniques 

Throughout this work, there were two types of filtration employed: 1) Dynamic filtration, in 

which contaminated water samples permeate through the functionalised cloths, and the 

contaminants are removed as they pass through; and 2) Static filtration, in which the 

functionalised cloths are left to shake in a contaminated water solution for an extended period 

of time. 

 Following attempted filtration, the extraction percentage (also known as filtration 

efficiency) of the system towards the investigated contaminant is determined by measuring 

the concentration of the contaminated solution before (C0) and after (C1) filtration (either by 

UV–Vis, Section 2.1.2.3, or ICP-OES, Section 2.1.2.4), and performing the calculation in 

Equation (2-14). 

𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 =  
𝐶0− 𝐶1

𝐶0
 × 100 %              (2-14) 

2.1.3.1 Dynamic Filtration 

Dynamic filtration (Figure 2-12) is carried out by cutting a piece of adsorbent into 30 mm x 35 

mm sections and compacting a piece into a glass Pasteur pipette (Fisherbrand, 15 cm length, 

inner diameter 5.6 mm, Fisher Scientific UK Ltd.). 5 mL water samples, spiked with the 

contaminant of choice are then passed through the pipette in the absence of any externally 

applied pressure, before the filtrate is collected, and the remaining concentration of 

contaminant is measured in order to determine extraction percentage. Dynamic filtration best 

fulfils the requirements for point-of-use water purification, as the setup only requires simple 

equipment, while the filtrate is obtained comparatively quickly, meaning that drinking water 

can be obtained in a faster time-period.  
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Figure 2-12. Schematic depiction of dynamic filtration. 

2.1.3.2 Static Filtration 

Static (also known as batch) filtration is performed by inserting a 30 mm x 35 mm piece of 

adsorbent into a vial, adding 5 mL contaminated water solution, sealing the vial, and leaving 

it to spin at 40 rpm (using a FisherbrandTM mini-rotator) for an extended period of time. Static 

filtration best fulfils the requirements of point-of-release water filtration, where the companies 

who produce the wastewater are more capable of purchasing the equipment required to purify 

batches of wastewater. Additionally, wastewater at point-of-release will contain a higher 

concentration of contaminant than downstream, and so the greater adsorption capacities 

associated with static filtration, attributed to the greater contact time between the contaminant 

and adsorbent, is a key advantage. 

 Furthermore, static filtration is required in order to determine various attributes of the 

adsorption. 

2.1.3.2.1 Maximum Adsorption Capacity 

Maximum adsorption capacities are determined by performing static filtration of the 

contaminated solutions at elevated contaminant concentrations. Owing to the limitations of the 

UV–Vis spectrometer, the highest concentrations of dye and Cr(VI) possible to investigate 
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were 100 mg L−1 and 75 mg L−1 respectively. The highest concentration of U(VI) investigated 

was impacted by the availability of uranium, and so was also limited to 100 mg L−1. 

The concentration of dye before and after filtration was measured, and the difference 

in concentration before and after filtration was converted into mass of dye according to 

Equation (2-15) Dividing this value by the mass of cloth (Equation 2-16) yields the adsorption 

capacity.  

𝑀𝑎𝑠𝑠 𝑜𝑓 𝐷𝑦𝑒 = (∆𝑐) ×
𝑉

1000
                    (2-15) 

Where Δc = (concentration of dye in starting solution – concentration of dye in filtrate) 

/ mg L−1; and V = volume of dye solution / mL. 

𝑄0 = 𝑀𝑎𝑠𝑠 𝑜𝑓 𝐷𝑦𝑒 ÷ 𝑀𝑎𝑠𝑠 𝑜𝑓 𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡              (2-16) 

Where Q0 = maximum adsorption capacity / mgDyegAdsorbent
−1 

2.1.3.2.2 Isotherm Determination 

Adsorption parameters can be estimated by determining whether the observed adsorption 

follows a Langmuir or Freundlich isotherm.219 This is performed by recording the adsorption 

capacity at equilibrium (Qe / mg L−1) of the system towards contaminated solutions at a range 

of concentrations, while simultaneously recording the concentration of contaminant remaining 

in solution at equilibrium (Ce / mg L−1). The non-linear forms of the isotherms are generated 

by plotting Qe against Ce and fitting the observed data to a modelled fit (Equations (2-17) and 

(2-19)). The linear Langmuir isotherm is generated by plotting Ce/Qe against Ce (Equation 2-

18) while the linear Freundlich isotherm is generated by plotting Log(Qe) against Log(Ce) 

(Equation 2-20). 

Non-Linear Langmuir: 𝑄𝑒 =  
𝑄0𝐾𝐿𝐶𝑒

1+ 𝐾𝐿𝐶𝑒
  (2-17) 

Linear Langmuir: 
𝐶𝑒

𝑄𝑒
=  

𝐶𝑒

𝑄0
+  

1

𝑄0𝑘𝐿
  (2-18) 

Non-Linear Freundlich: 𝑄𝑒 =  𝐾𝐹𝐶𝑒

1

𝑛  
(2-19) 

Linear Freundlich: Log(𝑄𝑒) = Log(𝐾𝐹) + 
Log (𝐶𝑒)

𝑛
  (2-20) 

 Where Q0 = maximum adsorption capacity / mgContaminantgAdsorbent
−1; KL = Langmuir 

constant / LSolution mgAdsorbent
−1; and KF and n are Freundlich constants, known as the distribution 

coefficient / LSolutiongAdsorbent
−1 and the correction factor respectively. Once the correct isotherm 

has been determined, the values of the constants can be determined for the non-linear plots 

after fitting the raw data to the non-linear models, as this allows for Q0 and KL, and n and KF 

to be extracted as constants. For linear plots, the parameters can be estimated from the 
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gradient (Q0 and n for Langmuir and Freundlich respectively) and the intercept (KL and KF for 

Langmuir and Freundlich respectively). 

 Where experimental values for maximum adsorption capacity are obtainable, the 

parameter θ can be calculated according to Equation (2-21): 

𝜃 =  
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐶𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑛𝑡 𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 
                          (2-21) 

 This is relevant in the instances of Langmuir adsorption, as the general 

equation used to describe Langmuir adsorption of gas onto a solid is described by Equation 

(2-22).220 

𝜃 =  
𝐾𝑝𝐴

1+ 𝐾𝑝𝐴 
                  (2-22) 

Where K is the equilibrium constant, and pA is the partial pressure of the gas. 

Langmuir adsorptions can also be employed for liquids when the adsorbent is capable 

of being saturated by a monolayer. 221  Consequently, the equation can be adjusted by 

converting from pressure to concentration (C) (Equation 2-23):  

𝜃 =  
𝐾𝐶

1+ 𝐾𝐶 
                            (2-23) 

 Consequently, Equation (2-23) demonstrates that a typical adsorption curve will be 

proportional to concentration at low concentrations (where 1 + KC ≈1), before plateauing out 

at θ at high concentrations (where 1 + KC ≈KC). 

 Given that Freundlich adsorption (Equation 2-19) follows a y = x1/n curve, it should be 

noted that plotting a concentration vs adsorption graph would also give a similar shaped curve 

for values of n > 1, with an apparent linear relationship at low concentrations, before forming 

a convex curve. When n < 1, the isotherm will form a concave curve, while at n = 0, adsorption 

is irreversible. 

2.1.3.2.3 Kinetic Modelling 

Kinetic modelling of dye and chromium extraction are performed by leaving a vial (containing 

adsorbent and contaminated water) to spin, then after a designated time, switching off the 

rotator, lifting the cloth out of solution and stopping the timer. Approximately 3 mL of filtrate is 

then extracted, and the concentration of contaminant remaining recorded. The filtrate is then 

returned to the vial, and the cloth moved back into the liquid. The mini-rotator and the 

stopwatch are then restarted. The observed data can then be plotted using pseudo-first order 
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and pseudo-second order models in their linear or non-linear forms according to Equations (2-

24–27) (Table 2-1). 

Table 2-1. Equations and measurements required for determining whether a reaction proceeds via 
pseudo-first order or pseudo-second order kinetics. Qe = concentration of adsorbent adsorbed at 
equilibrium (mg g−1), Qt = concentration of dye adsorbed at time t, k1 and k2 are pseudo-first and pseudo-
second order constants respectively. Linear/non-linear denotations refer to the shape of the graph when 
plotting the data – non-linear plots are curved, with an asymptote at Qe, whereas linear plots are linear, 
passing through the origin. 

Kinetic model Equation222 
Measurements 

required 
Equation 

Pseudo-first order 

(non-linear) 

𝑄𝑡 =  𝑄𝑒(1 −  𝑒−𝑘1𝑡) Plot Qt against t  (2-24) 

Pseudo-second 

order (non-linear) 
𝑄𝑡 =  

𝑄𝑒
2𝑘2𝑡

1 + 𝑄𝑒𝑘2𝑡 
 

Plot Qt against t (2-25) 

Pseudo-first order 

(linear) 
log (𝑄𝑒 − 𝑄𝑡) =  log (𝑄𝑒) −  

𝑘1

2.303
𝑡 

Plot log(Qe−Qt) 

against t 

(2-26) 

Pseudo-second 

order (linear) 

𝑡

𝑄𝑡
=  

1

𝑄𝑒
2𝑘2

+  
𝑡

𝑄𝑒
 

Plot t/Qt against t. (2-27) 
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3 CHAPTER 3 – SIMULTANEOUS AND SELECTIVE EXTRACTION 

OF HARMFUL ANIONIC AND CATIONIC DYES FROM WATER 

SOLUTION BY DIMETHYLAMINO-PHENOL FUNCTIONAL 

CLOTHS  

 

3.1 Introduction 

Dyeing is a vast global industry, with an expected value of $16.08 billion by 2030. The vast 

majority of this market (62 %) lies in textile dyeing, though due to the growing digital ink sector, 

the printing ink segment is estimated to incur the fastest Compound Annual Growth Rate 

(CAGR) growth.223 Owing to strict regulation in North America and Europe, the greatest market 

for dye production occurs in the Asia Pacific region, which accounts for 63 % of the global 

revenue share in 2022, centred predominantly around China and India (Figure 3-1). However, 
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the lack of regulation and insufficient treatment of dye wastewater in these countries has 

resulted in significant environmental harm and threats to human health.  

 

Figure 3-1. Largest market for dyes and pigments, according to revenue share. Taken from reference 
223. 

Between 7000 and 105,000 tonnes of dye is released into the environment via 

wastewater each year, which is equivalent to 4900–73,500 tonnes of azo dyes. 224,225,226,227,228 

These dyes, such as Amido Black 10B (AB10B; anionic, acid dye), are carcinogenic, 

mutagenic, and teratogenic, meaning that their removal from drinking water should be 

considered as a high priority in order to minimise their harm to human health. 

 There have been a couple of examples of treatment systems which degrade AB10B in 

solution, in which the azo linkage is broken, yielding a safer, decoloured final product.229,230 

However, these methods can only be used once, and require the use of chemicals which may 

not be suitable for human consumption, and so it is far more common for systems to adsorb 

AB10B from solution, which can then be desorbed via extraction with 

NaOH.231,232,233,234,235,236,237,238 

Calixarenes are commonly employed as adsorbents, on account of their ability to 

exhibit host-guest interactions to selectively bind to target molecules, with the host held within 

the calix of the molecule.239 Consequently, calixarenes have been frequently employed as 



Confidential 

 Durham University Copyright 66 

drug-carriers, 240  catalysts, 241  biological mimics, 242  and most pertinently, contaminant 

extractors.243 , 244 ,245 , 246  While there are many accounts of substrates being adorned with 

calixarenes in order to remove the aromatic dyes Congo Red (CR; anionic, acid dye) and 

Methylene Blue (MB; cationic, basic dye) from solution (Appendix Table 1), only a range of 

calixarene nanosponges—containing a mixture of solid polymers which yielded a maximum 

extraction of 97 % AB10B from a 2 mL, 50 µM solution, using 4 mg adsorbent (equivalent to 

an adsorption capacity of 1.49 mgAB10BgAdsorbent
−1)—have been reported as AB10B 

adsorbents.247,248 Instead, a multitude of other adsorbents have been employed to extract 

AB10B from solution, with a greatest adsorption capacity of 2647.3 mgAB10BgAdsorbent
−1 

(Appendix Table 2).249 

Despite the high adsorption capacities observed, the extraction methods employed are 

typically static batch adsorption, which lasts several hours, and then requires subsequent 

filtration of the adsorbent before the reaction can be proceeded.249 Furthermore, these 

sorption methods are more suitable for point-of-release decontamination, which can be 

expensive, and so are often not employed by industries in countries where regulation is sparse 

or ineffective.  Furthermore, the fabrication process for these adsorbents requires the use of 

non-environmentally friendly solvents—which must be subsequently disposed of—for each 

synthetic step, and/or utilise a specific substrate, which cannot be interchanged.  

 Within this work, pieces of cloth functionalised with 5,11,17,23-

tetrakis[(dimethylamino)methyl]-25,26,27,28-tetrahydroxycalix[4]arene (DMAM-calixarene), 

and its phenol analogue, 2,6-di-tert-butyl-4-(dimethylaminomethyl)phenol (DMAM-phenol), 

have been fabricated for the purpose of point-of-use water purification. A range of substrates 

have been coated with poly(4-vinylbenzyl chloride, 4-VBC) by means of pulsed 

plasmachemical deposition in order to introduce chloride functionalities, which undergo 

subsequent nucleophilic substitution with the hydroxyl groups on the lower rim of DMAM-

calixarene/phenol (Figure 3-2).250,251 DMAM-calixarene was selected, owing to its previously 

demonstrated extraction of alternative contaminants,245,251 while the cloths chosen as 

substrates for the point-of-use study (nonwoven polyurethane and nonwoven polyethylene 

terephthalate/ polypropylene (PET/PP) are cheap, commonly available, more resistant to 

fungal growth than natural materials (e.g., cotton, biowaste),252 and can be packed into narrow 

cartridges such that contaminated water cannot avoid the functionalised surface.  
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Figure 3-2. Deposition of pulsed plasma poly(4-vinylbenzyl chloride) onto a cloth substrate, followed by 
functionalisation via nucleophilic substitution with either DMAM-calixarene or DMAM-phenol. 

 The use of plasmachemical deposition in order to incorporate the chloride functionality 

onto the substrates addresses two of the aforementioned drawbacks in the previously reported 

literature. Namely, that this process is substrate independent, and so adsorbents can be 

fabricated from any accessible porous cloth; while simultaneously no solvents are required for 

the first stage of the reaction, reducing potentially harmful chemical waste.253,254 Furthermore, 

the use of pulsed plasma, combined with a short reaction time, means that this process can 

be considered to be comparatively low energy. To the best of this author’s knowledge, this 

research is the first to propose the use of pulsed plasmas in order to fabricate an adsorbent 

designed to extract dye from solution. Furthermore, the adsorbent is designed to be employed 

at point-of-use, which allows for a cheaper and more targeted approach than systems 

designed to decontaminate water at point-of-release. The filtration procedure is simple, 

requiring almost no expertise, meaning that water can be easily purified by consumers without 

the need for specialised training, which can be time-consuming and challenging to organise.  

 Following dynamic filtration of an AB10B solution with both DMAM-phenol and DMAM-

calixarene functionalised cloths, fast and efficient removal of AB10B is observed. Complete 

removal of dye at concentrations anticipated at point of use has been demonstrated 

(concentrations of dye found in dye house effluents range from 10 to 250 mg L−1; however, 
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given that water at point-of-use will be downstream of the dye-houses, it is expected that the 

dye concentrations will be significantly diluted).255,256,257 Furthermore, the cloths (especially 

DMAM-phenol functionalised) also exhibit excellent selectivity, recyclability, and extraction 

capabilities towards a simulated real-world AB10B contaminated water sample.  

3.2 Experimental 

3.2.1 Preparation of Functionalised Cloths 

The substrates used for the plasmachemical deposition were: a non-woven polyurethane cloth 

(TPU; meltblown 35 GSM, M35A1YMO, Don & Low Ltd., 12 cm x 8 cm); a non-woven 

polyethylene terephthalate/polypropylene blended cloth (PET/PP; thermal bonded, 23 GSM, 

SBCPPT+23, Warren nonwovens Ltd., 12 cm x 8 cm); and an activated carbon cloth (prepared 

through pyrolysis of a cotton cloth). The substrates were prepared, the plasma chamber 

cleaned, and plasmachemical deposition performed using 4-VBC (+ 90 %, 10403053, Fisher 

Scientific UK Ltd.) as the monomer as described in 2.1.1.1.1. Pulsed plasma deposition was 

performed using a duty cycle on-period of 100 μs and a duty cycle off-period of 4 ms in 

conjunction with a peak power of 30 W, with the total time for deposition of 20 min. 

Following deposition of pulsed plasma poly(4-VBC) onto the first side of the substrate, the 

cloth was inverted, and placed into a new, clean, chamber, and the process was repeated. 

Following the second deposition, the non-woven cloths were cut into two 60 mm x 70 mm 

pieces, leaving a 120 mm x 10 mm strip for characterisation. The coated activated carbon 

cloth was cut into a 30 mm x 10 mm piece, leaving a 10 mm x 10 mm piece for characterisation. 

Each coated cloth piece was placed into separate glass vials (28 mL volume, 

FisherbrandTM) containing 0.152 g (4 mM) K2CO3 (+ 99.0 %, Sigma Aldrich Ltd.) before 

addition of an acetone (+ 99.8 %, Fisher Scientific UK Ltd.) solution containing 8 mM NaI (+ 

99.5 %, Honeywell FlukaTM, Fisher Scientific UK Ltd.) and one of: 0.4 mM  5,11,17,23-tetra-

tert-butyl-25,26,27,28- tetrahydroxycalix[4]arene (tBu-calixarene; + 99 %, Acros Organics 

B.V.B.A.), 0.4 mM DMAM-calixarene (Konya Technical University, synthesised according to 

previous literature245,246); 1.6 mM DMAM-phenol (Tokyo Chemical Industry UK Ltd.); or 1.6 

mM phenol (BDH Chemicals Ltd.). The vials were sealed and left to spin at 40 rpm for ca. 70 

h, before subsequent washing in acetone (15 min), air dried, and finally washed in high-purity 

(HP) water (15 min) and air dried. 

3.2.2  Characterisation 

The thickness of the pulsed plasma poly(4-VBC) coated silicon wafers was recorded using a 

spectrophotometer (NKD-6000, Aquila Instruments Ltd.). Transmittance−reflectance curves 

(350−1000 nm wavelength) were acquired using a parallel p-polarised light source at a 30° 
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incident angle to the substrate. These curves were fitted to a Cauchy model for dielectric 

materials using a modified Levenberg−Marquardt algorithm (version 2.2 Pro-Optix software, 

Aquila Instruments Ltd.).258,259 

Fourier Transform Infrared (FTIR) spectra were acquired as described in Section 

2.1.2.1.6. 

Concentrations of all initial dye solutions and dye-containing filtrates were measured 

using a UV−Vis−NIR spectrophotometer (Cary 5000, Agilent Technologies Inc.) in conjunction 

with a quartz cell (10 mm light path length, Suprasil high precision quartz 300, Hellma Analytics 

GmbH & Co.). The concentrations of AB10B (Alfa Aesar, Thermo Fisher Ltd.), Congo Red 

(CR; RRBD125-T, ACP Pure Ltd.), Alizarin Red (AR; RRBD75-T, ACP Pure Ltd.), Disperse 

Red 1 (DR1; + 95 %, Sigma Aldrich Ltd.) Janus Green B (JGB; RRBD25598-T, ACP Pure 

Ltd.), and Methylene Blue (MB; + 70 %, Tokyo Chemical Industry UK Ltd) were determined by 

recording the absorbance at the absorbance maxima (λmax) of 620 nm, 498 nm, 425 nm, 483 

nm, 540 nm, 598 nm  and 663 nm respectively as performed in prior literature.260,261,262,263,264 

AB10B and CR are anionic azo dyes, AR is an anionic non-azo dye, DR1 is an azo neutral 

dye, MB is a cationic non-azo dye, and JGB is a cationic azo dye. Dye solutions with 

concentrations between 0.5 mg L−1 and 100 mg L−1 were made up, and calibration curves for 

absorbance at λmax against concentration were created. Concentrations of dye found in the 

filtrates were determined by comparing the absorbance at the appropriate wavelength with the 

calibration curves. 

3.2.3  Dye Extraction 

200 mg L−1 stock solutions of AB10B, CR, AR, JGB and MB were made up by dissolving 50 

mg dye in 25 mL HP water. As the neutral DR1 dye does not dissolve in water, stock solutions 

were prepared by dissolving 50 mg DR1 in 25 mL ethanol (+ 99 %, Fisher Scientific UK Ltd.)—

neutral disperse dyes are often employed in factories by boiling the desired material at close 

to 100 °C in conjunction with a dispersion agent, to overcome the poor solubility in water.265 

As these conditions cannot be easily replicated under the experimental conditions, and that 

the use of alcoholic solvents for disperse dyes has been reported,266,267  switching the solvent 

to ethanol ensures minimal changes to the experimental setup. The stock solutions were then 

diluted with either water or ethanol as required in order to obtain dye solutions of the desired 

concentration. 

 Dynamic and static filtration experiments, as well as isotherm determination and kinetic 

modelling investigations were performed as described in 2.1.3. Mass transfer investigations 
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were performed by repeating the kinetic modelling investigation, using half the usual spin 

speed (20 rpm). 

 In order to calculate the number of amine sites on the surface, and hence determine 

the ratio of active sites to adsorbed dye molecules, the experimental procedure outlined by 

Lee et al. was modified and implemented.268 Pieces of DMAM-phenol functionalised cloths 

were left to shake at 200 rpm in the presence of 10 mL HCl (approximately 0.05 M) for 24 h. 

An 8 mL aliquot was extracted and titrated against 0.002 M NaOH. As a reference, 8 mL of 

the starting HCl solution was titrated against the 0.002 M NaOH solution, and the whole 

experiment was also repeated using uncoated TPU cloth as a control. If there are far more 

molecules of dye than adsorption sites, then multi-layers will have formed, implying that the 

adsorption is dominated by physisorption.269 If the numbers are similar, then it is likely that a   

monolayer will have formed, with each amine site binding to one dye molecule. If there are 

twice as many amine sites as dye molecules, then it is likely that the dyes require two amine 

sites to bind to them. If there are far more sites than dye molecules, then again, a monolayer 

will have formed, however there could be a strong degree of hindrance on the surface, wherein 

the dyes (e.g., due to their size) inhibit a second dye molecule from attaching to a neighbouring 

binding site. 

Cloth recycling experiments were carried out by means of deprotonating the DMAM 

amine groups, whilst simultaneously displacing captured dye with high concentrations of salt 

via ion exchange.251 Regeneration solutions replicating those previously reported as used 

during the extraction of AB10B, consisting of 1 M NaOH (analytic reagent grade pellets, Fisher 

Scientific UK Ltd.)231,232,233,234,235,236,237,238—as well as one previously employed to regenerate 

a DMAM-calixarene functionalised absorbent, consisting of 0.5 M NaOH and 2 M NaCl (+ 99.5 

%, Sigma Aldrich Ltd.)251—were made up. In order to determine the effectiveness of each 

regeneration solution, 5 mL of a 20 mg L−1 AB10B solution (a high dye concentration was 

chosen to ensure that the cloth was fully saturated following each regeneration cycle) was 

passed through a DMAM-phenol functionalised cloth, followed by 5 mL HP water (after the 

filtrate had been collected) in order to remove any dye trapped by capillary forces. Then, 5 mL 

of regeneration solution was passed through the cloth and the eluent collected. The 

concentration of dye in each filtrate and regeneration eluent was recorded via UV−Vis 

spectroscopy. It was demonstrated that NaOH has a destructive effect on the AB10B dye, 

thus the concentration of dye found in the eluent could not be accurately measured, and so 

the effectiveness of the regeneration solutions was determined by comparing the change in 

extraction percentage towards 20 mg L−1 AB10B solution following 10 successive filtration 

cycles. The experiment was subsequently repeated using 6 mg L−1 AB10B solutions, which 
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were filtered with both DMAM-phenol and DMAM-calixarene functionalised cloths, before 

being regenerated with the optimal regeneration solution—the 0.5 M NaOH/2 M NaCl solution. 

 Cloth selectivity experiments were performed by passing 5 mL of a 6 mg L−1 AB10B 

solution, containing one of: sodium chloride (+ 99.5 %, Sigma-Aldrich Ltd.); monosodium 

phosphate (+ 99 %, Sigma Aldrich Ltd.); sodium sulfate  (+ 99  %  anhydrous,  Fisher  Scientific  

UK  Ltd.);  sodium  hydrogen  carbonate  (+ 99 %, Acros Organics B.V.B.A); or magnesium 

nitrate hexahydrate (+ 99 %, A.C.S. Reagent, Sigma Aldrich Ltd.) in a 1:10 or 1:100 mole ratio 

of dye:competing anion, through a piece of meltblown TPU cloth, functionalised with either 

DMAM-calixarene or DMAM-phenol. In addition, solutions were made up containing a 1:1 by 

mass ratio of AB10B and MB, such that the concentration of each dye was 6 mg L−1 (for cloths 

using TPU as the substrate) or 20 mg L−1 (for cloths using activated carbon as the substrate). 

The selectivity of an adsorbent towards AB10B was determined by extracting the target dye 

following dynamic filtration of the 6 mg L−1 mixed dye solution or static filtration of the 20 mg 

L−1 mixed dye solution and calculating the extraction percentage. As the black carbon cloths 

tended to disintegrate during the filtration process, particulates would remain in solution. 

These needed to be removed, as the black particulates would otherwise interfere with the UV–

Vis spectra. As such, following static filtration, the filtrates were passed through filter paper. 

A real-world AB10B contaminated sample was simulated by first collecting water from a 

vegetated rainwater pond (Durham University, UK)—it is expected that a rainwater pond will 

contain a wide array of ions and organic matter. The water was first filtered with a membrane 

filter (Whatman Polydisc GW In-Line polyamide filter with 0.45 μm pore size, GE Healthcare 

Inc.) in order to remove any solid particulates via mechanical filtration. The particulate-free 

pond water was then used to make up a solution containing 6 mg L−1 AB10B, which was then 

dynamically filtered with TPU cloths functionalised with DMAM-phenol and DMAM-calixarene. 

The dye solution before and after filtration was analysed by UV−Vis spectroscopy in order to 

determine the dye extraction percentage. All pond water filtration experiments were performed 

within 2 h of collection. All experiments have been performed at least three times unless 

otherwise stated, and error values provided correspond to the standard deviation of the 

recorded values. 

3.3 Results 

3.3.1 Characterisation of Functional Cloths 

The RAIRS spectrum of the pulsed plasma poly(4-VBC) deposited film on the silicon wafer 

shows a close resemblance to the 4-VBC monomer (Figure 3-3(A), Table 3-1).253,270,271,272 

These characteristic absorption bands include the halide functionality (CH2 wagging mode of 

CH2−Cl) at 1265 cm−1, as well as the phenyl semicircle and quadrant stretches at 1512 and 
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1605 cm−1 respectively. The disappearance of the C=C stretch at 1619 cm−1 is indicative of 

successful polymerisation.253 Unfortunately, the coating washes off the silicon wafers once 

immersed in the acetone solution, and so tracking the subsequent calixarene derivatisation 

step must be done using ATR infrared analysis of the coated cloth substrate. The ATR infrared 

spectrum of a pulsed plasma poly(4-VBC) coated TPU cloth, and the same cloth, following 

immersion in a DMAM-calixarene solution for three days is shown in Figure 3-3(B). Due to 

significant overlap with the TPU absorbance bands, it is difficult to identify the peaks 

associated with the thin pulsed plasma poly(4-VBC) film. However, following derivatisation 

with DMAM-calixarene, a broad peak at ca. 3220 cm−1 is clearly visible, attributed to the 

stretching of the intramolecularly hydrogen bonded unreacted O−H groups on the lower rim of 

DMAM-calixarene.273 Due to the aforementioned overlap with the TPU absorbance bands, it 

is not possible to unequivocally assign the tertiary amine C−N stretch (1020−1250 cm−1) on 

the calixarene.  
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Figure 3-3. (A) ATR−infrared spectrum of 4-VBC monomer (black) and RAIRS−infrared spectrum of 
pulsed plasma poly(4-VBC) deposited onto a silicon wafer (blue). (B) ATR−infrared spectra of 4-VBC 
monomer (black), pulsed plasma poly(4-VBC) coated polyurethane cloth (purple) and DMAM-
calixarene derivatised, pulsed plasma poly(4-VBC) coated polyurethane cloth (orange). 

Table 3-1. Assignment of absorbance bands observed in the FTIR spectra for the 4-VBC monomer, 
pulsed plasma poly(4-VBC) deposited film, and DMAM-phenol functionalised, pulsed plasma poly(4-
VBC) coated TPU Cloth. 

Label Wavenumber / cm−1 Assignment Reference 

● 3220 O–⁠H 251,273,274 

† 1619 C=C stretch 253, 274 

‡ 1605 Phenyl quadrant 

stretch 

253, 274 

▪ 1512 Phenyl semicircle 

stretch 

274 

* 1265 C–⁠H wagging mode 

of CH2–C⁠l 

253, 274 

 

3.3.2 Extraction of Dyes 

The extraction percentage following dynamic filtration of a meltblown 35 GSM polyurethane 

cloth; a pulsed plasma poly(4-VBC) coated  TPU cloth; a pulsed plasma poly(4-VBC) coated, 
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phenol functionalised TPU cloth;  a pulsed plasma poly(4-VBC) coated, DMAM-calixarene 

functionalised TPU cloth; a pulsed plasma poly(4-VBC) coated, DMAM-phenol functionalised 

TPU cloth; and a pulsed plasma poly(4-VBC) coated, tBu-calixarene functionalised TPU cloth 

towards  6 and 10 mg L−1  cationic dyes MB and JGB have been determined. In addition, the 

extraction percentage of the same adsorbents towards the anionic dyes AB10B, AR and CR, 

and the extraction percentage of the same adsorbents towards the neutral dye DR1, have 

been determined. 

3.3.2.1 Cationic Dyes 

The uncoated hydrophobic cloth allows the HP water to pass through it in ca. 10 min (Table 

3-2). This time increases when extra hydrophobicity is incorporated through deposition of 

pulsed plasma poly(4-VBC) and subsequent derivatisation with phenol and tBu-calixarene. 

Similarly, when hydrophilicity is incorporated through derivatisation with DMAM-calixarene or 

DMAM-phenol, the filtration time decreases. These observations are matched by the dye 

solutions, although filtration times do differ slightly. 

Table 3-2. Extraction efficiencies and filtration time for: uncoated 35 GSM meltblown TPU cloth; pulsed 
plasma poly(4-VBC) coated TPU cloth; and pulsed plasma poly(4-VBC) coated TPU cloth, derivatised 
with either phenol, DMAM-phenol, DMAM-calixarene or tBu-calixarene (3 cm x 3.5 cm, inserted into the 
bottom of the body of a Pasteur pipette (150 mm total length, 100 mm body length, 5.6 mm body internal 
diameter, Fisher Scientific UK Ltd.)) towards 0, 6 and 10 mg L−1 cationic dye (JGB and MB) solutions. 

Extractant 

Dye 

Cationic Azo Janus Green B 
Cationic Non-azo 

Methylene Blue 
No Dye 

Filtration 

efficiency / % 

Filtration time / 

min 

Filtration 

efficiency / % 

Filtration time 

/ min 
Filtration 

time / 

min 
6 mg 

L−1 

10 mg 

L−1 

6 mg 

L−1 

10 mg 

L−1 

6 mg 

L−1 

10 mg 

L−1 

6 mg 

L−1 

10 mg 

L−1 

Uncoated 

cloth 

79.7 ± 

9.3 

84.5 ± 

7.3 
Ca. 20 Ca. 30 

35.0 

± 5.2 

37.9 ± 

10.2 

Ca. 

15 
Ca. 15 Ca. 10 

Pulsed 

plasma 

poly(4-VBC) 

77.2 ± 

15.3 

76.5 ± 

11.7 
Ca. 60 Ca. 60 

39.6 

± 

11.1 

30.9 ± 

8.1 

Ca. 

60 
Ca. 60 > 60 

Phenol 
80.2 ± 

1.2 

82.6 ± 

6.6 
Ca. 45 Ca. 45 

52.5 

± 7.9 

25.8 ± 

8.8 

Ca. 

30 
Ca. 30 Ca. 60 

DMAM-

phenol 

80.9 ± 

6.1 

81.8 ± 

8.8 
Ca. 25 Ca. 25 

19.8 

± 6.9 

26.8 ± 

10.7 

Ca. 

20 
Ca. 20 Ca. 5 

DMAM-

calixarene 

83.0 ± 

12.3 

78.5 ± 

6.9 
Ca. 25 Ca. 25 

25.9 

± 9.8 

26.4 ± 

10.1 

Ca. 

15 
Ca. 15 Ca. 5 
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Extractant 

Dye 

Cationic Azo Janus Green B 
Cationic Non-azo 

Methylene Blue 
No Dye 

Filtration 

efficiency / % 

Filtration time / 

min 

Filtration 

efficiency / % 

Filtration time 

/ min 
Filtration 

time / 

min 
6 mg 

L−1 

10 mg 

L−1 

6 mg 

L−1 

10 mg 

L−1 

6 mg 

L−1 

10 mg 

L−1 

6 mg 

L−1 

10 mg 

L−1 

tBu-

calixarene 

84.4 ± 

16.6 

91.9 ± 

8.6 
Ca. 45 Ca. 45 

55.0 

± 4.5 

30.4 ± 

6.3 

Ca. 

45 
Ca. 45 Ca. 60 

 

The largest source of error regarding the filtration efficiency of each system is cloth weight, 

whereby larger cloths will give rise to a greater extraction percentage. Consequently, the data 

was normalised by means of converting the extraction percentages to adsorption capacities 

(Table 3-3). The only other potential error source is the unquantifiable filtration procedure, 

wherein the adsorbent is pushed towards the bottom of the Pasteur pipette. Given that this is 

performed manually, it is impossible to ensure that each cloth is compressed to the same 

extent. However, as each cloth is pushed until point of maximum resistance, it is unlikely that 

severe differences occur between each experiment. 

Table 3-3. Adsorption capacities of uncoated 35 GSM meltblown TPU cloth; pulsed plasma poly(4-VBC) 
coated TPU cloth; and pulsed plasma poly(4-VBC) coated TPU cloth, derivatised with either phenol, 
DMAM-phenol, DMAM-calixarene or tBu-calixarene (3 cm x 3.5 cm, inserted into the bottom of the body 
of a Pasteur pipette (150 mm total length, 100 mm body length, 5.6 mm body internal diameter, Fisher 
Scientific UK Ltd.)) towards 6 and 10 mg L−1 cationic dye (JGB and MB) solutions. 

Extractant 

Dye 

Cationic Azo Janus Green 
Cationic Non-azo 

Methylene Blue 

Adsorption Capacity / 

mgDyegCloth
−1 

Adsorption Capacity / 

mgDyegCloth
−1 

6 mg L−1 10 mg L−1 6 mg L−1 10 mg L−1 

Uncoated cloth 0.64 ± 0.04 1.18 ± 0.06 0.35 ± 0.02 0.45 ± 0.09 

Pulsed plasma 

poly(4-VBC) 
0.56 ± 0.12 0.92 ± 0.07 0.31 ± 0.06 0.41 ± 0.09 

Phenol 0.50 ± 0.04 0.98 ± 0.07 0.32 ± 0.03 0.31 ± 0.12 

DMAM-phenol 0.59 ± 0.06 1.03 ± 0.00 0.14 ± 0.05 0.30 ± 0.08 

DMAM-calixarene 0.59 ± 0.10 0.95 ± 0.04 0.21 ± 0.08 0.33 ± 0.12 

tBu-calixarene 0.58 ± 0.14 0.90 ± 0.11 0.33 ± 0.07 0.34 ± 0.08 
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 The uptake of JGB was 0.64 ± 0.04 and 1.18 ± 0.06 mgDyegCloth
−1 for the uncoated TPU 

cloth for the 6 mg L−1 and the 10 mg L−1 solutions respectively. There are insignificant changes 

in adsorption capacity when the cloth is coated with pulsed plasma poly(4-VBC), and when 

derivatised with phenol, tBu-calixarene, DMAM-phenol, or DMAM-calixarene. This indicates 

that the plasma deposition and subsequent derivatisation process exhibit minimal effect on 

the filtration efficiency. This, in turn, indicates that bulk TPU in the cloth is responsible for the 

dye removal. For all adsorbents, the capacity of the cloth increases with initial dye 

concentration, with the increase approximately proportional to the increase in concentration, 

indicating that capacity is yet to be reached. 

The uptake of MB when filtered by the uncoated TPU cloth is 0.35 ± 0.02 and 0.45 ± 

0.09 mgDyegCloth
−1 for the 6 mg L−1 and 10 mg L−1 solutions respectively. It is worth noting that 

the JGB molecules (Mr = 511.06 gmol−1) are considerably heavier than the MB molecules (Mr 

= 319.85 gmol−1), and therefore the adsorption capacity values for the 6 mg L−1 solutions are 

more similar when reported in terms of mmolDyegCloth
−1 (1.27 ± 0.08 x 10−3 mmolJGBgCloth

−1 vs 

1.09 ± 0.06 x 10−3 molMBgCloth
−1), albeit with the capacity towards JGB still slightly higher. 

However, the disparity in adsorption capacity towards the 10 mg L−1 dye solutions is greater 

(2.31 ± 0.12 x 10−3 mmolJGBgCloth
−1 vs 1.41 ± 0.22 x 10−3 mmolMBgCloth

−1). This has two 

implications. First, there are greater forces of attraction between the cloth and the JGB dye 

than between the cloth and the MB dye. Secondly—and combined with the fact that the 

adsorption capacity does not increase proportionally with dye concentration—it should be 

stated that the cloth is reaching, or has reached, capacity following filtration of the 10 mg L−1 

solution. 

 Regarding the functionalised cloths, there is a decrease in adsorption capacity for the 

extraction of MB from a 6 mg L−1 solution by the DMAM-functionalised cloths, while the tBu-

calixarene and phenol functionalised cloths yield similar extraction percentages to the 

uncoated and pulsed plasma poly(4-VBC) coated cloths. However, when using a starting MB 

concentration of 10 mg L−1, the adsorption capacity of all extractants reached similar values, 

indicating that the driving force behind the reduced extraction of the DMAM-functionalised 

cloths has been overcome at the greater dye concentration. 

3.3.2.2 Anionic Dyes 

For each anionic dye, the general trend in filtration time matches those for the cationic dyes 

and water solution, whereby the hydrophilic surfaces give rise to the quickest filtration time, 

followed by the hydrophobic cloth, and then the hydrophobic cloth, with additional 

hydrophobicity incorporated, yielding the slowest filtration times (Table 3-4). As with the 
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cationic dyes in Section 3.2.1, the filtration efficiencies have been converted into adsorption 

capacities (Table 3-5). 

Table 3-4. Filtration efficiencies and filtration time for: uncoated 35 GSM meltblown TPU cloth; pulsed 
plasma poly(4-VBC) coated TPU cloth; and pulsed plasma poly(4-VBC) coated TPU cloth, derivatised 
with either phenol, DMAM-phenol, DMAM-calixarene or tBu-calixarene (3 cm x 3.5 cm, inserted into the 
bottom of the body of a Pasteur pipette (150 mm total length, 100 mm body length, 5.6 mm body internal 
diameter, Fisher Scientific UK Ltd.)) towards 0, 6 and 10 mg L−1 anionic dyes AB10B (A), CR (B) and 
AR (C)) solutions. 

Extractant 

Alizarin Red Dye 

Filtration efficiency / % Filtration time / min 

6 mg L−1 10 mg L−1 0 mg L−1 6 mg L−1 10 mg L−1 

Uncoated cloth 0.0 ± 0.0 0.0 ± 0.0 Ca. 10 Ca. 10 Ca. 15 

Pulsed plasma 

poly(4-VBC) 
1.4 ± 2.5 0.8 ± 1.4 > 60 > 60 > 60 

Phenol 18.6 ± 10.1 17.7 ± 9.6 Ca. 60 Ca. 60 Ca. 60 

DMAM-phenol 96.0 ± 6.9 88.1 ± 8.2 Ca. 5 Ca. 15 Ca. 15 

DMAM-

calixarene 
88.1 ± 18.7 81.7 ± 8.8 Ca. 5 Ca. 15 Ca. 15 

tBu-calixarene 12.7 ± 2.1 7.5 ± 2.4 Ca. 60 Ca. 60 Ca. 60 

 

Extractant 

Congo Red Dye 

Filtration efficiency / % Filtration time / min 

6 mg L−1 10 mg L−1 0 mg L−1 6 mg L−1 
10 mg 

L−1 

Uncoated cloth 0.4 ± 0.8 0.0 ± 0.0 Ca. 10 Ca. 10 Ca. 10 

Pulsed plasma 

poly(4-VBC) 
7.4 ± 6.3 6.3 ± 4.0 > 60 > 60 > 60 

Phenol 11.5 ± 3.0 9.6 ± 2.9 Ca. 60 Ca. 60 Ca. 60 

DMAM-phenol 89.8 ± 5.3 76.0 ± 10.2 Ca. 5 Ca. 10 Ca. 10 

DMAM-

calixarene 
88.0 ± 9.3 81.6± 2.4 Ca. 5 Ca. 10 Ca. 10 

tBu-calixarene 11.0 ± 6.7 13.4 ± 4.0 Ca. 60 Ca. 60 Ca. 60 

 

(C) 

(B) 
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Extractant 

Amido Black 10B Dye 

Filtration efficiency / % Filtration time / min 

6 mg L−1 10 mg L−1 0 mg L−1 6 mg L−1 
10 mg 

L−1 

Uncoated cloth 1.9 ± 0.7 0.3 ± 0.2 Ca. 10 Ca. 10 Ca. 15 

Pulsed plasma 

poly(4-VBC) 
2.0 ± 0.7 6.5 ± 5.2 > 60 > 60 > 60 

Phenol 5.8 ± 6.9 3.7 ± 4.7 Ca. 60 Ca. 60 Ca. 60 

DMAM-phenol 96.1 ± 5.2 86.3 ± 11.9 Ca. 5 Ca. 15 Ca. 15 

DMAM-

calixarene 
83.9 ± 10.1 66.4 ± 6.3 Ca. 5 Ca. 15 Ca. 15 

tBu-calixarene 7.0 ± 5.0 5.0 ± 6.7 Ca. 60 Ca. 60 Ca. 60 

 

Table 3-5. Adsorption capacities of uncoated 35 GSM meltblown TPU cloth; pulsed plasma poly(4-VBC) 
coated TPU cloth; and pulsed plasma poly(4-VBC) coated TPU cloth, derivatised with either phenol, 
DMAM-phenol, DMAM-calixarene or tBu-calixarene (3 cm x 3.5 cm, inserted into the bottom of the body 
of a Pasteur pipette (150 mm total length, 100 mm body length, 5.6 mm body internal diameter, Fisher 
Scientific UK Ltd.)) towards 6 and 10 mg L−1 anionic dye (AB10B, CR and AR) solutions. 

Extractant 

Dye 

AB10B CR 
AR 

Adsorption Capacity / 

mgDyegCloth
−1 

Adsorption Capacity 

/ mgDyegCloth
−1 

Adsorption Capacity 

/ mgDyegCloth
−1 

6 mg L−1 10 mg L−1 6 mg L−1 10 mg L−1 6 mg L−1 10 mg L−1 

Uncoated 

cloth 
0.02 ± 0.01 

0.00 ± 

0.00 

0.00 ± 

0.01 
0.0 ± 0.0 0 ± 0 0 ± 0 

Pulsed 

plasma 

poly(4-VBC) 

0.02 ± 0.00 
0.08 ± 

0.06 

0.09 ± 

0.08 

0.06 ± 

0.04 

0.01 ± 

0.02 

0.01 ± 

0.02 

Phenol 0.04 ± 0.04 
0.04 ± 

0.04 

0.10 ± 

0.02 

0.11 ± 

0.04 

0.13 ± 

0.07 

0.21 ± 

0.11 

DMAM-

phenol 
0.71 ± 0.11 

1.12 ± 

0.05 

0.69 ± 

0.13 

0.86 ± 

0.15 

0.60 ± 

0.08 

0.87 ± 

0.08 

DMAM-

calixarene 
0.62 ± 0.14 

0.82 ± 

0.07 

0.57 ± 

0.04 

0.89 ± 

0.12 

0.63 ± 

0.06 

0.87 ± 

0.09 

(A) 
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Extractant 

Dye 

AB10B CR 
AR 

Adsorption Capacity / 

mgDyegCloth
−1 

Adsorption Capacity 

/ mgDyegCloth
−1 

Adsorption Capacity 

/ mgDyegCloth
−1 

6 mg L−1 10 mg L−1 6 mg L−1 10 mg L−1 6 mg L−1 10 mg L−1 

tBu-

calixarene 
0.04 ± 0.03 

0.06 ± 

0.08 

0.11 ± 

0.05 

0.16 ± 

0.04 

0.09 ± 

0.01 
0.08 ± 0.1 

 

AB10B is successfully removed by DMAM-calixarene and DMAM-phenol functionalised 

cloths (DMAM-phenol exhibits a greater adsorption capacity than DMAM-calixarene, 

particularly at a starting concentration of 10 mg L−1, where a capacity of 1.12 ± 0.05 

mgDyegCloth
−1 is observed for DMAM-phenol, compared to 0.82 ± 0.07 mgDyegCloth

−1 for DMAM-

calixarene). Indeed, the increase in adsorption capacity for the DMAM-phenol functionalised 

cloth is roughly proportional to concentration of AB10B, which is not the case for DMAM-

calixarene, indicating that that system has reached capacity. The AB10B dye is hardly 

removed by the uncoated TPU cloth; the cloth coated with pulsed plasma poly(4-VBC); and 

the coated cloth derivatised with either phenol or tBu-calixarene, indicating that the DMAM 

functionality is responsible for the dye removal. 

 Just as with AB10B, the DMAM-calixarene and DMAM-phenol functionalised cloths 

are capable of extracting CR from solution. However, the adsorption capacities of the two 

systems do not show a noticeable difference. When compared with the uncoated TPU cloth, 

the pulsed plasma poly(4-VBC) coated cloth, and coated cloths derivatised with either phenol 

or tBu-calixarene display a slight increase in adsorption capacity towards CR, however these 

values (ca. 0.1 mgDyegCloth
−1) are insignificant when compared to adsorption capacity displayed 

by the DMAM-calixarene and DMAM-phenol functionalised cloths (ca. 0.6 mgDyegCloth
−1 at 6 

mg L−1, and ca. 0.9 mgDyegCloth
−1 at 10 mg L−1).  

 AR is a non-azo anionic dye. As with AB10B and CR, excellent extraction of AR is 

observed by the DMAM-phenol and DMAM-calixarene functionalised cloths, while the other 

adsorbents are not capable of removing AR to any significant degree. Indeed, the adsorption 

capacities observed are almost identical to those demonstrated by CR, with insignificant 

differences observed between DMAM-calixarene and DMAM-phenol functionalised cloths. 

Similarly, the pulsed plasma poly(4-VBC) coated cloth, and coated cloths, derivatised with 

either phenol or tBu-calixarene, exhibit a greater adsorption capacity than the uncoated cloth. 
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3.3.2.3 Neutral Dye 

The flow-through time for all adsorbents was ca. 15 min for pure ethanol, which did not change 

when ethanolic dye solutions were employed (Table 3-6). Once more, all extraction 

percentages have been converted to adsorption capacity, which showed that DR1 could not 

be removed by any of the reported systems to any reasonable extent. While all adsorption 

capacity values do lie within error of each other, there does still seem to be a general trend, 

wherein capacity increases with starting dye concentration. 

Table 3-6. Extraction percentage, adsorption capacity and flow-through filtration time for uncoated 35 
GSM meltblown TPU cloth, pulsed plasma poly(4-VBC) coated TPU cloth, and pulsed plasma poly(4-
VBC) coated TPU cloth, derivatised with either: phenol; DMAM-phenol; DMAM-calixarene; or tBu-
calixarene (3 cm x 3.5 cm, inserted into the bottom of the body of a Pasteur pipette (150 mm total length, 
100 mm body length, 5.6 mm body internal diameter, Fisher Scientific UK Ltd.)) towards 5 mL of the 
neutral dye DR1 (dissolved in ethanol) in the absence of any external pressure. 

Extractant 

Neutral Azo Disperse Red 1 

Filtration 

efficiency / % 

Adsorption 

Capacity / 

mgDyegCloth
−1 

Filtration time / min 

6 mg 

L−1 

10 mg 

L−1 

6 mg 

L−1 

10 mg 

L−1 

6 mg 

L−1 

10 mg 

L−1 

No dye 

Uncoated cloth 
3.4 ± 

4.7 

6.4 ± 

6.6 

0.02 ± 

0.03 

0.08 ± 

0.08 
Ca. 15 Ca. 15 

Ca. 15 

Pulsed plasma 

poly(4-VBC) 

4.4 ± 

3.8 

2.7 ± 

2.6 

0.03 ± 

0.03 

0.04 ± 

0.04 
Ca. 15 Ca. 15 

Ca. 15 

Phenol 
4.0 ± 

5.9 

4.6 ± 

2.6 

0.02 ± 

0.03 

0.06 ± 

0.04 
Ca. 15 Ca. 15 

Ca. 15 

DMAM-phenol 
2.8 ± 

1.1 

5.9 ± 

3.1 

0.02 ± 

0.01 

0.05 ± 

0.02 
Ca. 15 Ca. 15 

Ca. 15 

DMAM-

calixarene 

4.8 ± 

2.6 

3.2 ± 

1.6 

0.03 ± 

0.01 

0.04 ± 

0.01 
Ca. 15 Ca. 15 

Ca. 15 

tBu-calixarene 
4.2 ± 

4.2 

3.0 ± 

4.2 

0.02 ± 

0.02 

0.03 ± 

0.05 
Ca. 15 Ca. 15 

Ca. 15 

 

3.3.3 Maximum Adsorption Capacity 

3.3.3.1 Experimentally Determined Adsorption Capacity 

Maximum adsorption capacities towards AB10B were calculated by leaving DMAM-phenol 

and DMAM-calixarene functionalised cloths to spin in 5 mL dye solutions containing either 10, 
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25, 50 or 100 mg L−1 AB10B for at least 6 h, before recording the concentration of dye 

remaining in solution. 100 % extraction of dye from the 10 mg L−1 solution was observed, 

meaning that the final dye concentration will be below the 0.01 mg L−1 safe limit specified by 

EU regulation No. 10/2011 for the concentration of primary aromatic amines found in 

foodstuff.275 However, this also implies that the cloth has not become fully saturated, and so 

the value cannot be used in the calculation of maximum adsorption capacity. The calculated 

maximum adsorption capacities towards the 25, 50 and 100 mg L−1 AB10B solutions (Figure 

3-4) are almost identical (1.73 ± 0.23, 1.74 ± 0.31 and 1.77 ± 0.38 mgDyegCloth
−1 for the 25, 50 

and 100 mg L−1 concentrations respectively, yielding a gradient of 0.0003 ± 0.0003 L g−1 for 

the dependence of adsorption capacity on starting dye concentration), implying that dye 

concentration has no effect on adsorption capacity once the saturation limit has been reached. 

This independence of starting dye concentration on adsorption capacity is similarly observed 

by the DMAM-calixarene functionalised cloths (dependence gradient = −0.00005 ± 0.00109 L 

g−1), indicating that this phenomenon is not limited to the DMAM-phenol system. As such, each 

individual adsorption capacity value can be averaged to yield the experimentally determined 

adsorption capacities of 1.74 ± 0.29 mgDyegCloth
−1 and 1.37 ± 0.32 mgDyegCloth

−1 for the DMAM-

phenol and DMAM-calixarene functionalised cloths respectively. Although there is an overlap 

of the error values, the results align with the findings from Section 3.2, where the adsorption 

capacity of the DMAM-phenol functionalised cloth towards the 10 mg L−1 AB10B solution was 

greater than the adsorption capacity of the DMAM-calixarene functionalised cloth towards the 

same dye solution. 
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Figure 3-4. Maximum adsorption capacities for DMAM-phenol and DMAM-calixarene functionalised 
cloths towards 25, 50, and 100 mg L−1 AB10B (anionic dye) solutions. 

3.3.3.2 Isotherm Determined Adsorption Capacity 

The investigation performed in Section 3.3.1. was expanded for the DMAM-phenol adsorbent 

to include dye concentrations below the extraction limit. The adsorption capacity values were 

converted into values of θ, according to Equation (2-21) (Section 2.1.3.2.2), where maximum 

adsorption capacity of the cloth (Q0) = 1.74 ± 0.29 mgDyegCloth
−1. 

Values of θ were then plotted against C (Figure 3-5), which yields a clear linear 

relationship at lower dye concentrations, before the values begin to plateau. This linear 

relationship is representative of adsorption which follows Henry’s law. Henry’s law states that 

the value of θ is directly proportional to the concentration of adsorbate.276 It is frequently 

observed that at low concentrations, adsorption is often described as belonging to the “Henry 

region”, where the concentration of solute is low, and therefore coverage on the adsorbent is 

minimal. 
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Figure 3-5. Relationship between starting concentration and normalised adsorption capacity. A linear 
model, which signifies the Henry region, has been overlayed. 

In order to convert the data obtained above and in Section 3.3.3.1 into adsorption 

isotherms, the values of θ were converted into the concentration of dye remaining in solution 

at equilibrium (Ce) and the amount of dye adsorbed by the DMAM-phenol functionalised cloth 

per gram of cloth at equilibrium (Qe), and Qe was plotted against Ce (Figure 3-6).219 The data 

could then be modelled by Langmuir and Freundlich isotherms by estimating values for Q0 

(Langmuir adsorption capacity) and KL (Langmuir constant) for the Langmuir plot and KF 

(Freundlich adsorption capacity) and n (Freundlich adsorption intensity) constants for the 

Freundlich plot. Plots were then generated using the equations for the non-linear isotherms 

(Section 2.1.3.2.2) and the values of Q0, KL, KF and n were optimised by using the solver 

function in excel in order to give rise to the lowest χ2 value. Additionally, Ce/Qe against Ce and 

Log(Qe) against Log (Ce) were plotted to give the linear forms of the Langmuir and Freundlich 

isotherms respectively (Figure 3-7). 
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Figure 3-6. Non-linear adsorption isotherm plots for the adsorption of anionic dye AB10B onto DMAM-
phenol functionalised cloths, overlayed with Langmuir (orange) and Freundlich (black) isotherms. 
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Figure 3-7. (A) Linear Langmuir and (B) Freundlich linear isotherms, associated with the adsorption of 
anionic dye AB10B from solution onto a DMAM-phenol functionalised cloth. 

 It can be seen that 100 % dye extraction for concentrations far below the saturation 

limit give rise to values of Ce = 0 g L−1, which coincides with the Henry region discussed above. 

Reduced extraction percentages at concentrations just below the adsorption capacity yield the 

characteristic “L-shape” adsorption curve, 277 before the plot plateaus at a value of Qe ≈ 1.74 

mg g−1 once the saturation limit has been reached. Indeed, this sharp increase followed by 

rapid plateau behaviour has been observed previously by Tian et al. and Yu et al. for the 

adsorption of AB10B.278,279 In the case of Tian et al., the estimated adsorption capacity from 

the Langmuir isotherm was identical to the experimentally calculated value. Based on visual 

appearance, it appears that the Langmuir isotherm does provide a better fit for the adsorption 

of AB10B onto a DMAM-phenol functionalised cloth. However, despite being similar in value, 

the χ2 value for the Langmuir isotherm (3.40) is greater than the χ2 value or the Freundlich 

isotherm (3.10). 

 However, by analysing the linear forms of the isotherms, it can be much more clearly 

seen that the adsorption is modelled by a Langmuir isotherm, with an R2 value of 0.9998, 

compared to 0.5312 for the Freundlich isotherm. Consequently, the adsorption can be 

described as homogenous, with the dye forming a monolayer on the cloth. 280 , 281  Each 

adsorbent site can only bind a single molecule, while being independent from the occupancy 
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of a neighbouring adsorbent site—each site is equivalent in terms of adsorption energy and 

adjacent adsorbed molecules do not interact. 

Given that adsorption follows a Langmuir isotherm, the Langmuir constant, KL, the 

estimated adsorption capacity, Q0, and the dimensionless separation factor, RL, can be 

calculated (Table 3-7 and Table 3-8).282  The value of RL represents the favourability of 

Langmuir adsorption. Adsorption is determined to be unfavourable if RL > 1, favourable if 0 < 

RL < 1, and irreversible if RL = 0.  Q0 is determined by calculating the inverse of the gradient, 

and KL and RL are calculated according to Equations (3-3) and (3-4) respectively, where ci is 

the initial dye concentration. The estimated values of adsorption capacity (1.77 ± 0.09 

mgDyegAdsorbent
−1 and 1.75 ± 0.67 mgDyegAdsorbent

−1 determined from the linear and non-linear 

isotherms respectively) are almost identical to the experimentally calculated adsorption 

capacity (1.74 ± 0.29 mgDyegcloth
−1), lending further credence to the suitability of the Langmuir 

isotherm model. The RL values are very low (< 1 x 10−2 at all investigated concentrations using 

both non-linear and linear isotherm determined values of KL), indicating that adsorption of 

AB10B onto the DMAM-phenol functionalised cloths is very favourable. Table 3-7 also shows 

the estimated Langmuir constants, derived by optimising the constants for the non-linear form 

of the isotherm. 

𝐾𝐿 =  
1

𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 × 𝑄0
                         (3-3) 

𝑅𝐿 =  
1

1+ 𝐾𝐿𝑐𝑖
                           (3-4)

         

Table 3-7. Adsorption capacity (Q0) and Langmuir constant (KL) for the adsorption of anionic dye AB10B 
by a DMAM-phenol functionalised cloth, determined following fitting of linear and non-linear Langmuir 
adsorption isotherms. For the linear isotherm, error values for gradient, Q0 and intercept have been 
calculated by using the “Data Analysis—Regression” tool in excel, with a confidence interval of 95 %. 
The error value for KL was determined via error propagation. As the value for the intercept lies very 
close to 0 (0.0935 ± 0.0528), the small error value constitutes a high percentage error. As such, when 
propagating this error with the error for Q0, the error for KL is an unrealistically high value. For the non-
linear isotherm, the errors were calculated by averaging the percentage error between each data point 
and the theoretically calculated value and applying this to the determined values of Q0 and KL. Owing 
to the 100 % error values obtained for when the experimental value of Qe = 0 was not predicted, these 
error values are unrealistically high.  

Form of 

isotherm 

Gradient / g 

mg−1 
Q0 / mg g−1 

Intercept / g 

L−1 
KL / L mg−1 

Linear 0.565 ± 0.002 

(Calculated from 

inverse of 

gradient) 1.77 ± 

0.005 

0.0935 ± 

0.0528 

(Calculated by: 

(1/(intercept x 

Q0))) 

18.93 ± 6.09 

Non-Linear N/A 1.75 ± 0.67 N/A 8.39 ± 3.23 
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Table 3-8. Values of RL dependent on initial dye concentration for the adsorption of AB10B onto DMAM-
phenol functionalised cloths, calculated from the KL values determined from the linear and non-linear 
Langmuir isotherms. The error values been calculated from the error in KL.  

Initial Dye Concentration / mg L−1 RL (linear) RL (non-linear) 

20 0.0026 ± 0.0008 0.0059 ± 0.0023 

25 0.0021 ± 0.0007 0.0047 ± 0.0018 

50 0.0011 ± 0.0003 0.0024 ± 0.0009 

100 0.0005 ± 0.0002 0.0012 ± 0.0004 

 

3.3.3.3 Thickness Dependence on Adsorption Capacity 

The experiment was repeated by calculating the adsorption capacity of a meltblown TPU cloth, 

coated with pulsed plasma poly(4-VBC) for either half (10 min) or double (40 min) the typical 

reaction time, before derivatisation with DMAM-phenol. The cloths were left to spin in a 50 mg 

L−1 AB10B solution, and the concentration of dye removed after > 6 h was calculated (Figure 

3-8). The deposition of pulsed plasma poly(4-VBC) was determined to be uniform for the first 

20 min of deposition, with a deposition rate of 43.2 ± 3.0 nm min−1, which is in line with previous 

findings.251 While extending the deposition time to 40 min resulted in a slight loss in 

proportionality, there are nevertheless large differences in film thickness between those 

deposited for 10, 20 and 40 min. The adsorption capacities towards following deposition of 

pulsed plasma poly(4-VBC) for both 10 and 40 min are almost identical (1.91 ± 0.32 and 1.87 

± 0.32 mgDyegCloth
−1 respectively) and are within error of the value for 20 min deposition (1.74 

± 0.29 mgDyegCloth
−1). Consequently, it can be implied that dye extraction is independent of film 

thickness. 
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Figure 3-8. Maximum adsorption capacity for a DMAM-phenol derivatised, pulsed plasma poly(4-VBC) 
coated TPU cloths, following deposition for either 10, 20 or 40 min towards 50 mg L−1 anionic dye 
AB10B solutions (blue bars). The thickness of the deposited pulsed plasma poly(4-VBC) films (red line) 
has been overlain. 

3.3.4 Adsorption Kinetics 

Kinetic studies were performed by recording the concentration of a 20 mg L−1 AB10B solution 

removed by a DMAM-phenol functionalised cloth over specific time intervals under static 

filtration conditions. In pseudo-first order kinetics, one of the reagents is typically found in 

excess, meaning that its concentration will remain relatively unchanged, and so is adsorbed 

at a constant rate, proportional to the number of adsorption sites. 283 , 284 ,285  Alternatively, 

pseudo-second order kinetics occur in  systems in which the sorption process is described by 

two competitive reversible second-order reactions at higher sorbate/sorbent ratios alongside 

a reversible second-order reaction at low sorbate/sorbent ratios.283 It was determined that 

equilibrium occurred after ca. 210 min, which was equivalent to a maximum adsorption 

capacity of 1.81 ± 0.14 mgDyegCloth
−1, in line with the adsorption capacities obtained in Section 

3.3.  

 From the data obtained, the pseudo-first- and pseudo-second-order kinetic models 

could be plotted in their linearised form (Figure 3-9). The graphical equations and R2 values 

are presented on the graphs, which show that the data appears to be better fit by a pseudo-

second order reaction model. 
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Figure 3-9. Linear forms of the (A) pseudo-first- and (B) pseudo-second-order kinetic models for the 
adsorption of 20 mg L−1 AB10B (anionic dye) with a DMAM-phenol functional cloth. 
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However, several publications have demonstrated the drawbacks behind fitting the 

data to the linearised forms of the equations, as the assumptions made in linearising the 

equations give a stronger weighting to values closer to equilibrium, meaning that pseudo-

second order kinetics are almost always determined to be the kinetic mechanism, regardless 

of whether that model is correct. 286 , 287 , 288 , 289  It is therefore recommended that fits are 

determined for the non-linear form. To that end, the raw data was plotted, and pseudo-first 

and pseudo-second order kinetic plots were determined, by performing a least-squares 

analysis on the fit, solved by adjusting values of k1 and k2 until the sum of the squares between 

raw data and fitted data were minimised (Figure 3-10). The determined values of k1 and k2 

were 0.154 ± 0.034 min−1 and 0.147 ± 0.020 gClothmgDye
−1min−1 respectively. It can be observed 

visually that although neither fit appears to be a perfect match, the pseudo-second order model 

gives rise to a better fit, which is backed up by the least squares data, which yields a value of 

1.13 mg2
DyegCloth

−2 for the pseudo-first order fit, and 0.46 mg2
DyegCloth

−2 for the pseudo-second 

order fit. 

 

Figure 3-10. Pseudo-first order (orange) and pseudo-second order (blue) kinetic fits for the adsorption 
of 20 mg L−1 AB10B (anionic dye) onto a DMAM-phenol functionalised cloth spun at 40 rpm for 5 h. 

 For the sake of completeness, the rate constant values determined from the linear fits 

were also determined (Table 3-9)—k1 is determined by multiplying the gradient by −2.303, and 
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k2 is determined by taking the inverse of the intercept and dividing that by the square of the 

maximum adsorption capacity.  

Table 3-9. Determined values for rate constants k1 and k2, using non-linear and linear models, for the 
adsorption of 20 mg L−1 AB10B (anionic dye) onto a DMAM-phenol functionalised cloth, spun at 40 rpm 
for 5 h. For the linear plots, the errors were calculated by determining the percentage error in the 
regression analysis for the gradient and intercept (where appropriate) calculations and applying this to 
the final rate constant values. For the non-linear plots, the errors were calculated by averaging the 
percentage error between each data point and the theoretically calculated value and applying this to 
the final rate constant value. 

Variable Non-Linear / min−1 Linear / gClothmgDye
−1min−1 

k1 0.154 ± 0.034 0.0153 ± 0.0005 

k2 0.147 ± 0.020 0.0820 ± 0.0181 

 

3.4.1. Mass Transfer Investigation  

Given the use of the FisherbrandTM mini-rotator to perform the experiment, it is important to 

investigate the potential mass-transfer implications of the equipment, in order to ensure that 

the kinetic data presented is an accurate representation of the chemistry, and not a 

representation of the ability of the equipment to transfer the dye to the active sites. Therefore, 

the experiment was repeated using half the usual spin speed (20 rpm), and data for the first 

hour of filtration was plotted (Figure 3-11). The cloths were left to spin overnight, to ensure 

that the system had reached equilibrium, which yielded an adsorption capacity of 1.77 ± 0.32 

mgDyegCloth
−1, which is very close to the 1.81 ± 0.14 mgDyegCloth

−1 value determined for the cloths 

spun at 40 rpm, demonstrating that adsorption had gone to completion. Once again, the 

pseudo-second order fit appears to give a superior match to the observed data, which is 

backed up by a least-squares value of 0.141 mg2
DyegCloth

−2, compared to 0.599 mg2
DyegCloth

−2 

for the pseudo-first order fit. 
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Figure 3-11. Pseudo-first order (orange) and pseudo-second order (blue) kinetic fits for the adsorption 
of 20 mg L−1 AB10B (anionic dye) onto a DMAM-phenol functionalised cloth spun at 20 rpm for 1 h.  

To further verify this fit, linear forms of the pseudo-first and pseudo-second order 

kinetic models were plotted, despite their aforementioned limitations (Figure 3-12). Compared 

to the analysis provided above, a greater portion of the data has been taken away from the 

equilibrium value, and so the effect of the poor assumptions made in linearising the data will 

be lessened. Again, it can be seen that the pseudo-second order kinetic model provides a 

superior fit, with an R2 value of 0.999 compared to 0.858 for the pseudo-first order kinetic 

model. 
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Figure 3-12. Linear fits for the pseudo-first order (orange) and pseudo-second order (blue) kinetic 
models for the kinetic fits for the adsorption of 20 mg L−1 AB10B (anionic dye) onto a DMAM-phenol 
functionalised cloth spun at 20 rpm for 1 h. The pseudo-first order fit has been plotted on the left-hand 
Y-axis, and the pseudo-second order fit has been plotted on the right-hand Y-axis. Each data point 
corresponds to the average of three repeats. 

Expanding the analysis, the kinetic plots for the cloths spun at 20 rpm and 40 rpm have 

been superimposed (Figure 3-13). Although the adsorption capacities for the cloth spun at 40 

rpm do appear initially greater, the values become very similar after 10 min, and almost 

identical after 30 min. Furthermore, it should be emphasised that at all time intervals, the 

calculated adsorption capacities are within error range. As such, it should be stated that the 

use of the FisherbrandTM mini-rotator may not give rise to mass-transport issues, but if it does, 

these only arise during the first 5–10 min. As such, the obtained kinetic plots can be assumed 

to accurately describe the adsorption behaviour of the AB10B dye onto the DMAM-phenol 

coated cloth. 
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Figure 3-13. Pseudo-second order plots for the first 60 min of the adsorption of 20 mg L−1 AB10B 
(anionic dye) onto DMAM-phenol functionalised cloths spun at 20 (blue) and 40 (orange) rpm. 

3.3.5 Active Site Determination 

One method of investigating the adsorption mechanism is by determining the number of amine 

(adsorption) sites on the surface. By comparing this value with the number of moles of dye 

adsorbed, the ratio of active sites to adsorbed dye molecules will help elucidate the type of 

adsorption. If there are far more molecules of dye than adsorption sites, then multi-layers will 

have formed, implying that the adsorption is dominated by physisorption. If the numbers are 

similar, then it is likely that a monolayer will have formed, with each amine site binding to one 

dye molecule. If there are twice as many amine sites as dye molecules, then it is likely that 

the dyes require two amine sites to bind to them. If there are far more sites than dye molecules, 

then again, a monolayer will have formed, however there could be a strong degree of 

hindrance on the surface, wherein the dyes (e.g., due to their size—the dyes in this 

investigation exhibit a length of ca. 2 nm, which is greater than the 0.6 nm diameter exhibited 

by phenol, although it is understood that the DMAM functionality will increase this length)290 

inhibit a second dye molecule from attaching to a neighbouring binding site. After acidifying 

the DMAM-phenol cloths with 0.05 M HCl and back-titrating with NaOH, a slight decrease in 

volume of NaOH required to neutralise the HCl solution shaken with the DMAM-phenol 

functionalised cloth (Table 3-10) was observed, when compared to the volume of NaOH 
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required to neutralise the HCl solution, and the HCl solution, shaken with an unfunctionalised 

TPU cloth. 

Table 3-10. Volume of NaOH required to neutralise a HCl solution, and the same HCl solution, when 
shaken with an uncoated TPU cloth, and a DMAM-phenol functionalised cloth. By assuming complete 
dissociation of NaOH, the moles of HCl in solution has been calculated for each system. 

Acid Solution 
Volume of NaOH required 

to neutralise / mL 

Calculated moles of HCl in 

solution / mmol 

HCl 215.47 ± 0.16 0.4309 ± 0.0003 

HCl + TPU Cloth 215.42 ± 0.10 0.4308 ± 0.0002 

HCl + DMAM-phenol 

functionalised cloth 
215.05 ± 0.10 0.4301 ± 0.0002 

 It was determined that the change in number of moles of acid before and after shaking 

with the DMAM-phenol functionalised cloth was 0.000733 ± 0.000289 mmol, which is 

equivalent to 0.0179 ± 0.0077 mmolHgCloth
−1. As the cloths are capable of extracting 1.74 ± 

0.29 mgAB10BgCloth
−1, which is equivalent to 0.0028 mmolAB10BgCloth

−1, this means that there are 

approximately 6 (~0.018/~0.003) times as many adsorbent sites as dye molecules bound to 

the surface. However, due to the high observed percentage error of 43.4 % (which is 

associated with small differences in volume), it is more appropriate to state that there are 

between 3 and 9 as many adsorbent sites as dye molecules bound to the surface, which is in 

the ballpark of a 1:1 or fewer amine:dye sites. 

3.3.6 Cloth Recycling 

Many previous studies have used aqueous solutions of NaOH in order to regenerate 

adsorbents, which have extracted AB10B from solution.231,232,233,234,235,236,237,238 However, 

previous research within this group demonstrated that a 0.5 M NaOH/2 M NaCl mixture was 

superior for the regeneration of a DMAM-calixarene functionalised cloth, designed to remove 

chromium from solution.251 Therefore, following dynamic filtration of a 20 mg L−1 AB10B 

solution, DMAM-phenol functionalised cloths were regenerated with either 0.5 M NaOH/2 M 

NaCl or 1 M NaOH and the concentration of dye in the regeneration eluent measured by 

UV−Vis spectroscopy. Previously, optimising the regeneration fluids has been performed by 

comparing the concentration of contaminant in the regeneration eluent. However, it was 

immediately observed by simple visual observation that the concentration of dye found in the 

eluent never reached the concentration of dye removed. A potential cause of this observation 

is the destruction (and hence decolouration) of the dye due to NaOH addition. In order to test 

this hypothesis, 5 mL of 10 mg L−1 AB10B solutions were mixed with either 3 mL H2O or 3 mL 

1 M NaOH. It could be observed visually that the solution containing NaOH was notably less 
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intense in colour—an observation that was supported by the UV–Vis spectra (Figure 3-14) 

where the shape of the curve following dilution with NaOH has not only changed (implying 

chemical changes to the system), but the absorption maximum is lower, which explains the 

paler colour.  

 

Figure 3-14. UV–Vis spectra of 6.25 mg L−1 AB10B solution, made up with HP water (blue) or 0.375 M 
NaOH (orange). This figure demonstrates that the suitability of the regeneration solution cannot be 
determined by measuring the concentration of dye in the eluant, as the presence of base chemically 
effects the dye. 

Consequently, the optimal regeneration fluid was determined by comparing the drop 

in dye extraction percentage following repeat cycles. However, post filtration, many of the 

filtrates following recycling with the 1 M NaOH solution turned pink (Figure 3-15) meaning that 

not all filtrations could give rise to obtainable extraction percentages following UV-Vis analysis. 
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Figure 3-15. Colour of filtrates of a 20 mg L−1 AB10B (anionic dye) solution after filtration with a DMAM-
phenol functionalised cloth following regeneration with 1 M NaOH (top left), 0.5 M NaOH/2 M NaCl (top 
right). Repeats of both sets of the filtrations have been combined (bottom). It can be seen that the use 
of the 1 M NaOH recycling solution leads to some of the filtrates of the dye extraction experiments 
turning pink over time, meaning that filtration efficiency could not be calculated for these samples. The 
bottom image demonstrates that this was a repeat occurrence.   

Despite that, sufficient data has been obtained to plot the change in extraction 

percentage towards a 20 mg L−1 AB10B solution following several cycles of filtration and 

regeneration (Figure 3-16). It can be seen that the extraction percentage drops from 46.1 % 

to 12.9 % after 10 cycles following cloth regeneration with 1 M NaOH (corresponding to a 

decrease in adsorption capacity from 0.94 to 0.26 mgDyegCloth
−1). On the other hand, the 

extraction percentage has only dropped from 44.4 ± 11.1 % to 34.1 ± 13.3 % (corresponding 

to a decrease in adsorption capacity from 1.02 ± 0.26 to 0.79 ± 0.31 mgDyegCloth
−1) after the 

same number of cycles when using the 0.5 M NaOH/2 M NaCl mixture. The adsorption 

capacity values obtained are similar to those obtained for the dynamic filtration of 10 mg L−1 

AB10B with a DMAM-phenol functionalised cloth (1.12 ± 0.05 mgDyegCloth
−1), but due to the 

different extraction method, are much lower than the adsorption capacity towards 20 mg L−1 

AB10B with a DMAM-phenol functionalised cloth following static filtration (1.76 ± 0.19 

mgDyegCloth
−1). 
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Figure 3-16. Filtration efficiency of a DMAM-phenol functionalised cloth towards 20 mg L−1 AB10B 
(anionic dye) following successive regeneration cycles using a 0.5 M NaOH/2 M NaCl solution (orange) 
and a 1 M NaOH solution (blue). This graph is comparing the effectiveness of the two regeneration 
solutions. It shows that despite starting with almost identical extraction percentages, after 10 cycles, 
the filtration efficiency following regeneration with 0.5 M NaOH/2 M NaCl solution is greater than when 
regenerating with 1 M NaOH. 

 The fact that the filtration percentage exhibited a smaller decrease in efficiency with 

the 0.5 M NaOH/2 M NaCl than with the 1 M NaOH solution indicates that the 0.5 M NaOH/2 

M NaCl solution is the optimal regeneration solution. As such, to test the ability to recycle the 

DMAM-phenol functionalised cloth for the removal of AB10B at concentrations more likely to 

occur in real-world solutions, the repeated extraction of 6 mg L−1 AB10B followed by 

regeneration with a 0.5 M NaOH/2 M NaCl solution was performed (Figure 3-17). Here, it can 

be seen that extraction percentage remains close to 100 % after 10 successive filtrations, 

indicating that the DMAM-phenol functionalised cloth is capable of being repeatedly recycled 

for the purpose of AB10B extraction. 
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Figure 3-17. Concentration of AB10B removed from a 5 mL 6 mg L−1 solution after ten successive 
filtrations by a DMAM-phenol functionalised cloth (blue), after having been regenerated with a 5 mL 0.5 
M NaOH/2 M NaCl solution. The concentration of anionic dye AB10B recorded in the subsequent 
regeneration eluant is shown in orange—note that owing to the reasons provided above, this will not be 
an accurate measurement of the actual concentration of dye desorbed (but is rather a minimum 
concentration). The dashed line at 6 mg L−1 indicates the theoretical 100 % dye removal mark. All 
concentrations were determined using UV–Vis spectroscopy. 

It can also be observed that almost no dye is found in the regeneration eluent following 

the first two regeneration cycles. Aside from the decolouration of dye due to the NaOH, this 

was attributed to the adsorption capacity of the cloth not being reached, and so the Cl− ions in 

the regeneration fluid could be bound to the adsorption sites without having to displace the 

dye. In order to verify this theory, the concentration of dye found in the eluent for the 

experiment using 20 mg L−1 AB10B was determined (Figure 3-18). It can be seen that the 

concentration of dye removed from the cloth was similar following each regeneration cycle, 

which supports the claim that dye is not seen in the regeneration eluent until cloth adsorption 

capacity has been reached. Furthermore, the values for concentration of dye desorbed 

following each cycle are similar to those observed for the experiment using 6 mg L−1 AB10B 

(after the first 2 cycles), implying that similar concentrations of dye were released from the 

cloths each time, regardless of starting concentration during the filtration. Again, due to the 

reasoning provided above, the values obtained for concentration of dye desorbed will not be 

the actual value, due to the decolouration caused by the NaOH.  
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Figure 3-18. Concentration of anionic dye AB10B recorded in the 5 mL eluent following each 
regeneration cycle of a DMAM-phenol functionalised cloth, used to filter 20 mg L−1 AB10B from a 5 mL 
solution.  

3.3.7 Selectivity of Functional Cloths 

3.3.7.1 Competing Anions 

The suitability of DMAM-phenol and DMAM-calixarene functionalised cloths for extracting the 

anionic AB10B from real-world water samples was further investigated by observing the 

selectivity of the cloths towards AB10B when in competition with other anionic species. The 

anions chosen—chloride, phosphate, sulfate, carbonate and nitrate—are all commonly found 

in solution. Solutions were prepared using either a 1:10 or 1:100 mole ratio of dye:competing 

anion, in order to replicate selectivity studies of anions previously performed.251,291 For the 

DMAM-calixarene functionalised cloths (Figure 3-19(A) and (B)), the extraction capabilities 

towards AB10B are superior in the 1:10 mole ratio solutions than their 1:100 mole ratio 

counterparts. This is to be expected, as the 1:100 mole ratio solutions contain significantly 

more competing anions, which can saturate the adsorption sites. The nitrate ions gave rise to 

the greatest decrease in dye capture (64.6 ± 11.5 %). This is in line with the results obtained 

by Bieber et al. wherein the presence of nitrate in a 1:100 mole ratio of Cr(VI):NO3
− resulted 

in a decrease in chromium capture from ca. 97 % to ca. 65 % from a 2 mg L−1 Cr(VI) solution, 

attributed to the similar size (thermochemical radius of nitrate = 0.200 ± 0.019 nm vs 0.229 ±  
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0.019 nm for CrO4
2−)292 of the nitrate ion.251 Here however, no such effect was observed for 

the DMAM-phenol functionalised cloths (Figure 3-19(C)). The cloths yielded extraction 

percentages of ca. 100 % for all solutions, which demonstrates that the DMAM-phenol 

functionalised cloth is highly selective towards AB10B. The 1:10 mole ratio experiments were 

not performed, as the DMAM-calixarene experiments demonstrate that a lower concentration 

of competing anion results in greater dye extraction. Owing to the observed superior extraction 

performance when in the presence of competing anions, it is clear that the DMAM-phenol 

functionalised cloth is more selective towards AB10B than DMAM-calixarene. 
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Figure 3-19. Extraction percentage towards 6 mg L−1 AB10B (anionic dye) when in competition with 
either a 1:10 (A) or 1:100 mole ratio (B and C) of dye:anion, when passed through a pulsed plasma 
poly(4-VBC) coated TPU cloth, derivatised with either DMAM-calixarene (A and B) or DMAM-phenol 
(C). 
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3.3.7.2 Competing Dyes 

Having demonstrated selectivity towards AB10B when in competition with common anions, it 

is also important to demonstrate selectivity when in a mixture of dyes—polluted water will 

typically contain a number of dye species, rather than one sole contaminant.293 As such, a 

solution containing 6 mg L−1
 AB10B and 6 mg L−1 MB was made up. The solution appears 

purple in colour, and it can be seen that significant changes in the UV–Vis spectrum of the 

mixed solution occurs (Figure 3-20), rather than simply being a combination of the two 

individual dyes. While an absorption maximum at 663 nm, attributed to the MB, can be made 

out, the maximum absorbance of the mixture is significantly lower than for 6 mg L−1 MB. 

Furthermore, this maximum absorption occurs at 552 nm, which does not exist as a local 

maximum for either MB or AB10B. These changes in the UV–Vis spectrum imply that the dyes 

have undergone a chemical reaction, rather than co-existing in solution, and thus making it 

more difficult to extract the anionic AB10B with the DMAM-phenol functionalised cloth.294 

 

Figure 3-20. UV–Vis spectra of 6 mg L−1 solutions of cationic dye MB (blue), anionic dye AB10B (black) 
and a mixture of AB10B and MB (purple).  

The UV–Vis spectra of the 6 mg L−1 mixed solution before and after filtration with an 

uncoated TPU cloth, a TPU cloth coated with pulsed plasma poly(4-VBC) and a VBC coated 

TPU cloth, functionalised with DMAM-phenol, are shown in Figure 3-21. It can be seen that 

when using the uncoated cloth and pulsed plasma poly(4-VBC) coated cloth, the shape of the 
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UV–Vis spectra of the filtrates remain unchanged. However, the absorbances of both filtrates 

are lower than the starting mixture, implying that some dye is removed by the control cloths. 

The absorbance is lower following filtration with the pulsed plasma poly(4-VBC) coated cloth 

than the uncoated control cloth. On the other hand, the UV-Vis spectrum of the filtrate using 

the DMAM-phenol functionalised cloths has changed shape, and now matches the shape of 

the UV–Vis spectrum of MB. This implies that the AB10B has been successfully removed, 

leaving behind the cationic MB solution. This observation in the UV–Vis spectra is confirmed 

visually, where the purple mixed starting solution became a light turquoise (the colour of MB) 

after filtration. 

 

Figure 3-21. UV–Vis spectra of 6 mg L−1 mixed solution of anionic dye AB10B and cationic dye MB 
(purple), and the same solution when filtered with an uncoated TPU cloth (dark grey), a pulsed plasma 
poly(4-VBC) coated cloth (light grey) and a DMAM-phenol functionalised cloth (red). For reference, the 
UV–Vis spectra of 6 mg L−1 solutions of cationic dye MB and anionic dye AB10B are shown in blue and 
black respectively. 

 A crude calculation can be performed to determine the quantity of dye that has been 

extracted by the non-functionalised carbon cloths. By comparing the absorption at the new 

absorbance maximum at 552 nm of the starting mixed solution with the filtrates, an estimated 

extraction efficiency can be calculated. This method yielded extraction percentages of 22.6 % 

for the pulsed plasma poly(4-VBC) coated- and 14.7 % for the uncoated-meltblown TPU cloth 

(Figure 3-22) which does not demonstrate sufficient dye extraction. It is also possible to 
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determine the concentration of MB removed by the DMAM-phenol functionalised TPU cloths, 

alongside their complete AB10B extraction. By plotting a calibration curve of concentration of 

MB against absorbance at 663 nm, the absorbance of the filtrates at 663 nm can be used to 

determine the final concentration of MB, yielding an extraction percentage towards MB of 53.5 

± 9.2 %. As such, it should also be stated that a reasonable extraction of the cationic MB dye 

is also obtained by the DMAM-phenol functionalised meltblown TPU cloth from the 1:1 w/w 

MB: AB10B solution. 

 

Figure 3-22. Extraction percentage towards a solution containing 6 mg L−1 AB10B and 6 mg L−1 MB 
under dynamic conditions. The adsorbents investigated were an uncoated TPU cloth, a pulsed plasma 
poly(4-VBC) coated cloth, and a pulsed plasma poly(4-VBC) coated cloth, derivatised with DMAM-
phenol (3 cm x 3.5 cm, inserted into the bottom of the body of a Pasteur pipette (150 mm total length, 
100 mm body length, 5.6 mm body internal diameter, Fisher Scientific UK Ltd.)). The control 
experiments (uncoated TPU cloth and pulsed plasma poly(4-VBC) coated cloth) were performed once, 
while the DMAM-phenol functionalised cloth experiment was repeated 3 times. 

3.3.8 Alternative Substrates 

A key claim of plasma polymerisation is the fact that it is substrate independent. In order to 

verify this claim, a PET/PP substrate and a carbon cloth derived from cotton pyrolysis have 

been coated with pulsed plasma poly(4-VBC) and derivatised with DMAM-phenol.  

 When using the PET/PP substrate it can be seen once again that the extraction 

percentage towards AB10B is greatest for the DMAM-phenol functionalised substrate (Table 
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3-11). The extraction percentage is lower for the PET/PP substrate than for the TPU substrate, 

however the average weight of the PET/PP cloth is roughly half of the TPU cloth. As such, if 

adsorption capacity experiments were performed, it would be expected that similar values of 

mgDyegCloth
−1 would be obtained.  

Table 3-11. Extraction percentage towards anionic dye AB10B with a PET/PP cloth, a pulsed plasma 
poly(4-VBC) coated cloth, and a pulsed plasma poly(4-VBC) coated cloth, functionalised with DMAM-
phenol. The experiment with the DMAM-phenol functionalised substrate has been repeated three times, 
while the controls have each been performed once. Also included for reference are the results for the 
DMAM-phenol functionalised TPU cloths. The average mass of the functionalised PET/PP cloths was 
0.0270 ± 0.0033 g, compared to ca. 0.05 g for the functionalised TPU cloths. 

Adsorbent 
Extraction efficiency / % Filtration time / min 

6 mg L−1 10 mg L−1 6 mg L−1 10 mg L−1 

Uncoated PET/PP cloth 0 0 2 3 

Pulsed plasma poly(4-VBC) 

coated 
0.3 0 Ca. 40 Ca. 40 

DMAM-phenol functionalised 40.6 ± 6.9 26.8 ± 9.0 Ca. 15 Ca. 30 

DMAM-phenol functionalised 

TPU cloth 
96.1 ± 5.2 86.3 ± 11.9 Ca. 5 Ca. 5 

 

Unfortunately, the carbon cloth does not fit inside the Pasteur pipette, and so the 

extraction percentage was determined via static filtration (Table 3-12), where it can be seen 

that the functionalised carbon cloth gives rise to a significantly greater dye extraction than the 

uncoated and pulsed plasma poly(4-VBC) carbon cloths, demonstrating that the dye can be 

successfully removed by a DMAM-phenol functionalised activated carbon cloth. While the 

extraction percentage is lower than the DMAM-phenol functionalised TPU cloths, it should be 

noted that the average cloth weight is less than half of the TPU cloth. Calculating the 

adsorption capacity yields a value of 2.75 ± 0.54 mgDyegCloth
−1, which is ca. 1.5 times as large 

as the 1.81 ± 0.14 mgDyegCloth
−1 value for the extraction of 20 mg L−1 AB10B from DMAM-phenol 

functionalised TPU cloths, indicating that the carbon cloth is a superior substrate for dye 

removal. 

Table 3-12. Extraction percentage towards 20 mg L−1 AB10B (anionic dye) with an activated carbon 
cloth, pulsed plasma poly(4-VBC) coated carbon cloth, and a pulsed plasma poly(4-VBC) coated carbon 
cloth, functionalised with DMAM-phenol. The experiment with the DMAM-phenol functionalised 
substrate has been repeated three times, while the controls have each been performed once. Also 
included for reference are the results for the DMAM-phenol functionalised TPU cloths. The average 
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mass of the functionalised TPU cloths used in this investigation was 0.0500 ± 0.0005 g. The average 
mass of the functionalised carbon cloths was 0.0221 ± 0.0019 g. 

Adsorbent Extraction efficiency / % 
Adsorption Capacity / 

mgDyegCloth
−1 

Uncoated carbon cloth 27.5 1.18 

Pulsed plasma poly(4-VBC) 

coated 
30.4 1.50 

DMAM-phenol functionalised 60.4 ± 11.7 2.75 ± 0.54 

DMAM-phenol functionalised 

TPU cloth  
85.0 ± 6.1 1.76 ± 0.19 

 

3.3.8.1 Activated Carbon Cloth with Dye Mixture 

The attempted extraction of a 20 mg L−1 1:1 solution of AB10B:MB using a DMAM-phenol 

functionalised, activated carbon cloth was performed. As stated above, the cloth is too thick 

to fit inside a Pasteur pipette, and so static filtration must be performed.  

 The UV–Vis spectra of the 20 mg L−1 mixed solution before and after filtration with an 

uncoated control carbon cloth, a control carbon cloth coated with pulsed plasma poly(4-VBC) 

and a pulsed plasma poly(4-VBC) coated carbon cloth, functionalised with DMAM-phenol, are 

shown in Figure 3-23. As with the filtration of the 6 mg L−1 mixed solution in 3.3.8., filtration 

with the control cloths did not result in a significant change in the shape of the UV–Vis 

spectrum. However, unlike with the 6 mg L−1 experiments in 3.3.8., the overall absorbance of 

the filtrate has dramatically reduced compared to the starting solution. As with the dye mixture 

experiment in 3.3.7.2., the pulsed plasma poly(4-VBC) control cloth gave rise to a greater 

decrease in absorbance of the mixed dye. In particular, the absorbance at 663 nm for the 

solution following filtration with the pulsed plasma poly(4-VBC) coated cloth is the lowest of 

each of the filtrates, which does imply that the pulsed plasma poly(4-VBC) coated carbon cloth 

is excellent at removing MB from solution. 
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Figure 3-23. (A) UV–Vis spectra of 20 mg L−1 mixed solution of anionic dye AB10B and cationic dye MB 
(purple), and the same solution when filtered with an uncoated carbon cloth (dark grey), a pulsed 
plasma poly(4-VBC) coated cloth (light grey) and a DMAM-phenol functionalised cloth (red). For 
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reference, the UV–Vis spectra of 20 mg L−1 solutions of cationic dye MB and anionic dye AB10B are 
shown in blue and black respectively. (B) is an expansion of (A), in order to allow for easier visualisation 
of the spectra of the filtrates from the uncoated carbon cloth (dark grey), a pulsed plasma poly(4-VBC) 
coated cloth (light grey) and a DMAM-phenol functionalised cloth (red). 

Using the same method as described in 3.3.7.2, an estimated extraction percentage 

towards all dyestuff by the non-functionalised carbon cloths was calculated. Values of 89.5 % 

and 77.8 % were obtained by the pulsed plasma poly(4-VBC) coated- and uncoated-carbon 

cloths respectively. When compared with the 22.6 % and 14.7 % values with the meltblown 

TPU cloth towards a mixed dye solution of a much lower concentration, it is clear that the 

carbon cloth is a significantly superior absorber. Direct comparison should be cautioned 

however, as the dye filtration methods were different (static for the carbon cloth compared with 

dynamic for the meltblown cloth). 

As with the 6 mg L−1 experiments in 3.3.7.2, the shape of the UV–Vis spectra of the 

filtrates, when passed through a DMAM-phenol functionalised carbon cloth has changed, and 

now once again resembles that of MB. This can be more easily visualised by adjusting the 

scale, (Figure 3-24, which also displays the UV–Vis spectra of a 2.5 mg L−1 solution of AB10B 

and a 1 mg L−1 solution of MB). This observation demonstrates that the AB10B has been 

successfully removed from solution following filtration with the DMAM-phenol functionalised 

carbon cloth.  
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Figure 3-24. UV–Vis spectra of a 20 mg L−1 mixture of anionic dye AB10B/cationic dye MB, filtered by 
a DMAM-phenol functionalised cloth (red). For reference, the UV–Vis spectra of a 2.5 mg L−1 AB10B 
(black) and 1 mg L−1 MB (blue) solution have been included. 

The other crucial observation from the extraction study is that the final MB 

concentration is similar to 1 mg L−1. Using the calibration curve method as described in 3.3.7.2, 

the quantity of MB remaining in solution, following filtration with the DMAM-phenol 

functionalised carbon cloths can be calculated. An extraction percentage towards MB of 96.4 

± 0.8 % was obtained (Table 3-13). As such, it can be stated that a carbon cloth, coated with 

pulsed plasma poly(4-VBC) and derivatised with DMAM-phenol can be used to efficiently 

extract both cationic and anionic dyes simultaneously from solution. 

Table 3-13. Extraction percentage towards anionic dye AB10B, cationic dye MB, and total dye in a 
solution containing 20 mg L−1 AB10B and 20 mg L−1 MB under dynamic conditions. The adsorbents 
investigated were an uncoated activated carbon cloth, a pulsed plasma poly(4-VBC) coated carbon 
cloth, and a pulsed plasma poly(4-VBC) coated carbon cloth, derivatised with DMAM-phenol (3 cm x 1 
cm, placed in the bottom of a vial containing 5 mL dye, and left to spin for at least 6 h). The control 
experiments (uncoated carbon cloth and pulsed plasma poly(4-VBC) coated cloth) were performed 
once, while the DMAM-phenol functionalised cloth experiment was repeated twice. 

Adsorbent AB10B removed 

/ % 

MB removed / 

% 

Total dye 

removed / % 

Uncoated carbon cloth N/A N/A 77.8 

Pulsed plasma poly(4-VBC) 

coated cloth 
N/A N/A 89.5 
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Adsorbent AB10B removed 

/ % 

MB removed / 

% 

Total dye 

removed / % 

DMAM-phenol functionalised 

cloth 
100 ± 0 96.4 ± 0.8 98.4 ± 0.4 

 

3.3.9 Removal of AB10B from a Simulated Real-World Water Sample 

In order to further investigate the suitability of the system for AB10B removal in real-world 

environments, a real-world contaminated water sample was simulated. To do this, a water 

sample was collected from a nearby vegetated rainwater pond, which has a green hue (Figure 

3-25(A)). Previous studies have shown that the water contains 4.0 mg L−1 chloride, < 0.12 mg 

L−1 phosphate, 4.4 mg L−1 sulfate and < 0.7 mg L−1 nitrate.251 Further analysis of the water 

revealed that it contained 0.14 mg L−1 Ba, 55.63 mg L−1 Ca, 0.05 mg L−1 Eu, 0.44 mg L−1 Fe, 

2.21 mg L−1 K, 2.07 mg L−1 Mg, 0.35 mg L−1 Mn, 6.39 mg L−1 Na, and 1.18 mg L−1 Si. The 

water was filtered with a 0.45 µm Whatman membrane filter in order to remove the solid 

particulates, yielding a colourless sample (Figure 3-25(A)). The mechanically filtered 

pondwater was then used to make up a 6 mg L−1 AB10B solution, which was dynamically 

filtered with either DMAM-phenol or DMAM-calixarene functionalised cloths (Figure 3-25). 

Following repeats, extraction percentages of 87.2 ± 10.9 % and 87.7 ± 9.5 % for the DMAM-

phenol and DMAM-calixarene functionalised cloths respectively were obtained. As such, it can 

be claimed that the cloths are excellent extractors of AB10B in real-world water samples. 
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Figure 3-25. (A) Pictural representation of pondwater (far left) filtered with a Whatman filter (middle left), 
then spiked with anionic dye AB10B, yielding a 6 mg L−1 solution (middle right), and then filtered with a 
DMAM-phenol functionalised cloth (far right). (B) Filtration efficiency of DMAM-phenol and DMAM-
calixarene functionalised cloths towards a 6 mg L−1 AB10B (anionic dye) pondwater (green) and HP 
water (blue) solution. 
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3.4 Discussion 

All prior literature concerning the extraction of AB10B from solution has employed static 

(batch) adsorption or requires the use of a column with external pressure to force the 

contaminated water through a sample.260 In reality, these methods are inappropriate for point-

of-use water filtration, requiring expertise to perform, and many hours to complete. 

Furthermore, many other studies have employed acidic pH conditions, in order to protonate 

their adsorbents to increase dye capture, however these methods would yield a water sample 

unfit for human consumption.231,237,260,262,295,296,297 In this work, an anionic dye adsorbent, 

capable of decontaminating water at natural pH values and at point-of-use has been 

investigated. Ca. 100 % filtration of a 6 mg L−1 AB10B solution with a DMAM-phenol 

functionalised cloth has been demonstrated, meaning that < 0.01 mg L−1 will remain in 

solution—lower than the safe limit specified by EU regulation No. 10/2011 for the 

concentration of primary aromatic amines found in foodstuff275—and so the system is suitable 

for extracting anionic dye from solution. Given that the extraction percentage of the uncoated 

cloth and the pulsed plasma poly(4-VBC) coated cloth was insignificant, this excellent dye 

capture is attributed to the DMAM functionalities on the cloths. The DMAM moieties contain 

tertiary amine groups, which are protonated under natural pH (the pKa of tertiary amines are 

≈ 9−10).298 Consequently, there are electrostatic interactions between the anionic dyes and 

the positively charged cloth surface (chemisorption). When determining the number of amine 

sites, it was found that the ratio of active sites to adsorbed dye molecules was in the ballpark 

of 1:1 or fewer amine:dye sites. Given that the number of adsorbing sites lies in excess, this 

indicates that physisorption is unlikely to be the predominant extraction mechanism, as that 

would give rise to multilayers, meaning that there would be more dye present than adsorbing 

sites. As the number of adsorbing sites may well be greater than the number of adsorbed dye 

molecules, this also implies that dye adsorption could be hindered—potentially, the large size 

of the dye molecules (the dyes in this investigation exhibit a length of ca. 2 nm, which is greater 

than the 0.6 nm diameter exhibited by phenol)290 means that neighbouring amine sites are 

covered, which would sterically hinder the adsorption of dye in those locations.  

This adsorption behaviour, which has been shown to be modelled by pseudo-second 

order kinetics, is found to follow a Langmuir isotherm. Langmuir isotherms imply that the 

adsorption is homogenous, with the dye forming a monolayer on the cloth. Each adsorbent 

site can only bind a single molecule, while being independent from the occupancy of a 

neighbouring adsorbent site – each site is equivalent in terms of adsorption energy and 

adjacent adsorbed molecules do not interact. The values of RL, which are indicative of the 

favourability of adsorption, lie below 1 x 10−2 for all concentrations employed, which 
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demonstrates that the adsorption is very favourable, while the system was able to reach 

equilibrium within ca. 210 min. 

This adsorption mechanism aligns with the known behaviour of acid dyes (such as 

AB10B), which are known to dye amine-containing fibres via electrostatic interaction, and the 

formation of ionic bonds, between the negatively charged sulphonate groups on the dye with 

the protonated amine groups on the fibres.299 Given that the DMAM functionality also contains 

these amine groups, it is highly likely that the specific chemisorption process in this work is 

consistent with those exhibited during the dyeing of fabric materials. This mechanistic 

explanation is also provided by Sun et al., where the amine group on melamine becomes 

protonated, leading to electrostatic attraction with the negatively charged sulfonate groups on 

AB10B.300  

While the uncoated and pulsed plasma poly(4-VBC) coated cloths struggle to extract 

all negatively charged dyes from solution, the uncoated TPU cloth extracted a noticeable 

amount (1.13 ± 0.32 and 0.58 ± 0.03 mgDyegCloth
−1 of JGB and MB respectively) of both 

investigated cationic dyes from solution. It is known that some fabrics, such as 

poly(acrylonitrile), carry a negative charge, and therefore cannot be dyed by anionic dyes, and 

only yield pale colours with neutral, disperse dyes.301 For this reason, unnatural dyes had to 

be synthesised, which could stain the fibres. These dyes are known as “basic dyes” as they 

carry a positive charge. If the polyurethane cloth behaves similarly to acrylic fibres, then that 

would explain why it is capable of absorbing (is dyed by) the positively charged dyes. Indeed, 

work by Chen et al. into textile dyeing of a waterborne poly(urethane-urea) sample 

demonstrated that the carboxylic groups within the urethane molecules become negatively 

charged under neutral conditions, which would then electrostatically interact with cationic 

dyes.302 There does exist a disparity in adsorption capacity of the uncoated cloth towards JGB 

and MB (2.31 x 10−3 mmolJGBgCloth
−1 vs 1.41 x 10−3 mmolMBgCloth

−1 at 10 mg L−1 dye 

concentration) indicating that there are greater forces of attraction between the cloth and JGB 

than between the cloth and MB. The adsorption capacities do not significantly change for all 

JGB solutions following pulsed plasma poly(4-VBC) deposition and subsequent derivatisation, 

which demonstrates that the attractive forces between the TPU fibres and the JGB dye is 

sufficient to overcome any electrostatic repulsion provided by the positively charged DMAM 

groups. The uptake of MB is unaffected by pulsed plasma poly(4-VBC) deposition and 

subsequent derivatisation with phenol or tBu-calixarene. However, following derivatisation 

with DMAM-phenol and DMAM-calixarene, the adsorption capacities towards 6 mg L−1 MB 

decreased to 0.14 ± 0.05 and 0.21 ± 0.08 mgDyegCloth
−1 respectively, showing that the repulsion 

provided by the positively charged DMAM groups is capable of hindering the (weaker than 

with JGB) forces of attraction to the cloth. No such decrease is observed for 10 mg L−1 MB, 
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which is attributed to the cloth reaching final capacity—unlike with JGB, the adsorption 

capacity of every adsorbent did not increase proportionally with MB concentration—which 

allows the DMAM functionalised adsorbents to “catch up” as the amount of MB in solution 

increases. 

The neutral dye DR1 is unable to be extracted by any adsorbent, and all adsorption 

capacities are within error values of each other, indicating that the pulsed plasma depositions 

and subsequent derivatisation processes exhibit minimal effect on the dye uptake capabilities. 

This general lack of uptake of the neutral DR1 by any adsorbent provides further weight to the 

electrostatic mechanism theory. However, it is worth commenting that an ethanolic solution is 

not representative of real-world situations, and so the experiment does require upgrading. 

The DMAM-calixarene and (in particular) the DMAM-phenol functionalised cloths do 

exhibit excellent selectivity towards the AB10B dye, which cannot be explained solely by 

electrostatic interactions (it would be expected that the cloth would preferentially remove the 

competing anions, owing to their significantly higher concentration in solution). As such, it is 

likely that there are secondary interactions helping to drive dye capture. As a general trend 

across all dyes, regardless of charge, the extraction percentage when using the pulsed plasma 

poly(4-VBC) coated cloth is slightly greater than when using the uncoated TPU cloth, which 

improves again slightly when using a phenol or tBu-calixarene functionalised cloth. These 

findings indicate that the cloths are also capable of adsorbing the dye through π-π interactions 

between the π-electron systems of the dyes and the phenyl groups on the TPU cloth, pulsed 

plasma poly(4-VBC) linker layer, and/or the phenol/calixarene derivatives.303 These secondary 

interactions would also explain why some uptake of the neutral and cationic dyes is possible 

by the adsorbents. 

The DMAM-phenol functionalised cloth gives rise to a greater extraction percentage, 

dye selectivity and superior adsorption capacity than the DMAM-calixarene functionalised 

cloth. Note that the density of DMAM-phenol groups should not be drastically different to the 

density of DMAM-calixarene groups on the surface given that the molecular dimensions of the 

phenol component do not change drastically in calixarene form as opposed to being by 

itself.304,305 As DMAM-calixarene will therefore be approximately the same size as four DMAM-

phenol molecules, similar densities of DMAM groups should reside on the surface (however, 

no experiment has been performed to calculate the difference in density). This means that, 

unlike in previous studies,251 the macrocycle has not aided the dye extraction. Instead, it is 

possible that the dyes, in particular the bulkier AB10B, are too large to fit inside the calixarene 

cavity (the diameter of the upper ring of calix[4]arene is 3.8 Å, an order of magnitude smaller 

than the approximate size of the AB10B dye), as observed similarly by Spinella et al. in their 
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attempted removal of AB10B by a calixarene nanosponge.247,290,306,307 As such, this steric 

repulsion inhibits dye extraction, leading to a slightly reduced extraction efficiency.  

 The maximum adsorption capacity (1.74 ± 0.29 mgDyegCloth
−1) is lower than in previous 

studies. However, thickness studies demonstrate that the DMAM-phenol is only present on 

the very surface of the cloth, meaning that the adsorbent fibres will be very thin, and so the 

actual value of adsorption capacity in terms of mgDyegDMAM-functionalised-fibres
−1 will be far higher.  

 The method has been shown to be successful, regardless of cloth type employed. As 

such, it should be possible to utilise any cheap and readily available cloths as the substrates 

for the dye extraction. Furthermore, the elevated adsorption capacity exhibited by the activated 

carbon cloth helps to demonstrate that utilising substrates with increased surface area could 

give rise to an even greater degree of dye extraction.  

The DMAM-phenol functionalised cloths, designed to be employed for point-of-use 

dynamic water filtration, demonstrate outstanding capabilities towards real-world water 

samples. Whereas previous studies tend to show recyclability of adsorbents for five or fewer 

cycles—and often with a slight decrease in extraction percentage—following dynamic filtration 

of AB10B solutions of concentrations higher than expected at point-of-use, ca. 100 % 

extraction was still observed after ten filtrations. Cloth recycling is essential, in order to reduce 

the environmental impact of the cloth adsorbents, while also allowing for sustainable use in 

remote locations. Using a regeneration mixture of 0.5 M NaOH and 2 M NaCl was shown to 

be superior to solely using NaOH to deprotonate the amine groups, as is commonly performed 

in literature. The use of a significantly higher concentration of chloride anions compared to 

AB10B enables displacement of the captured dye with chloride, which are then re-displaced 

by AB10B in the subsequent filtration, owing to the excellent selectivity towards the dye 

exhibited by the cloth—when using a 1:100 mole ratio of dye: competing anion, ca. 100 % dye 

extraction is observed for all investigated anions. Furthermore, AB10B is able to be extracted 

when in a mixture with other dyes, replicating likely real-world conditions, while 87.2 ± 10.9 % 

of 6 mg L−1 AB10B can be removed from a real-world water sample, laced with the dye 

contaminant. 

 The outstanding dye extraction, recyclability, selectivity, and real-world performance 

all certify that DMAM-phenol functionalised cloths can be used for point-of-use water 

decontamination, especially in ODA (Official Development Assistance) countries and 

humanitarian crises, where access to clean water cannot be guaranteed, and large-scale 

batch filtration of water may not be possible. These adsorbents are easy to use and could be 

potentially vital to help achieve the 6th UN sustainability goal—access to clean water for all.308 

Within this work, three different substrates were coated with pulsed plasma poly(4-VBC) and 
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subsequently functionalised with DMAM-phenol, thus demonstrating the versatility of the 

plasmachemical process employed. One of these substrates, an activated carbon cloth, 

yielded an elevated adsorption capacity of 2.75 ± 0.53 mgDyegCloth
−1, when attempting to extract 

20 mg L−1 AB10B under static conditions. More potently, when employing the DMAM-phenol 

functionalised activated carbon cloth as an adsorbent towards the 20 mg L−1 mixed dye 

solution, the cloth was able to remove 98.4 ± 0.4 % of all dyestuff. While other work has 

previously demonstrated that close to 100 % dye removal from a system containing a mixture 

of anionic and cationic dyes is possible309,310, this work nevertheless indicates that using 

plasmachemical techniques to coat a substrate which already demonstrates good extraction 

of cationic dyes provides significant possibilities with respect to purifying water which might 

be contaminated with both cationic and anionic dyes. The DMAM-phenol surface layer 

removes the anionic dyes, before any cationic dye which is able to permeate into the bulk is 

then extracted. Alternatively, a cloth could be coated, such that one side is derivatised with 

DMAM-phenol, while the other side is then derivatised with a molecule capable of extracting 

cationic dyes with high efficiency. While the greatest dye extraction from cationic-anionic 

binary mixtures this author could find was significantly greater (357.1 ± 8.0 mgDyegCloth
−1)311 

than the 2.75 ± 0.53 mgDyegCloth
−1 in this work, no full investigation into dye-mixture adsorption 

capacity was performed, and so these values cannot be directly compared. However, the 

same argument as before remains, which states that only the surface fibres of the carbon cloth 

will be functionalised with DMAM-phenol, meaning that the actual value of adsorption capacity 

in terms of mgDyegDMAM-functionalised-fibres
−1 will be far higher.  

3.5 Conclusions 

Pulsed plasma poly(4-VBC) has been successfully deposited onto several cloth substrates 

and derivatised with phenol, tBu-calixarene, DMAM-phenol, or DMAM-calixarene. The cloths 

are capable of removing an azo dye (AB10B), which can be damaging to the respiratory 

system, using point-of-use dynamic filtration with high efficiency (ca. 100 %) at concentrations 

anticipated in water at point-of-use, and without the need to artificially decrease the pH value. 

The extraction is modelled by a Langmuir isotherm, and by pseudo-second order kinetics, and 

the extraction mechanism is primarily electrostatic, however secondary π-π interactions also 

aid dye adsorption. The ratio of adsorbed dye molecules to number of amine sites was in the 

ballpark of 1:1 or lower, implying that the dye forms a monolayer on the surface of the 

adsorbent. Higher adsorption capacities are observed by the DMAM-phenol than the DMAM-

calixarene functionalised cloth, attributed to macrocycle of the calixarene inhibiting access of 

the dye to the adsorbent sites. The DMAM-phenol functionalised cloth also demonstrated 

excellent selectivity when in competition with both commonly found anions (chloride, sulfate, 

phosphate, carbonate and nitrate), and with another dye (MB). Captured dye can be released 
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following addition of a small volume of 0.5 M NaOH/2 M NaCl, allowing the cloth to be used at 

least 10 times without a noticeable drop in extraction efficiency. Even greater dye extraction 

could be observed by employing static filtration with a DMAM-phenol functionalised activated 

carbon cloth, which was able to extract ca. 100 % AB10B and 96.4 ± 0.8 % MB from a 20 mg 

L−1 solution containing the two dyes in a 1:1 mole ratio. Suitability for real-world use was 

demonstrated by extracting 87.2 ± 10.9 % of AB10B from a real-world pondwater sample, 

laced with 6 mg L−1 AB10B, with a DMAM-phenol functionalised TPU cloth. 
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4 CHAPTER 4 – USE OF CHLOROFORM PLASMA TREATMENT IN 

THE PRODUCTION OF DIMETHYLAMINOMETHYL-CALIXARENE 

FUNCTIONAL CLOTHS FOR SELECTIVE CAPTURE OF TOXIC 

HEXAVALANT CHROMIUM FROM WATER SOLUTION 

 

4.1 Introduction 

Chromium is an incredibly valuable metal, essential to a large array of industries, including 

textile and pigment mordanting, leather tanning, metallurgy and chromium plating. Of these, 

the leather industry produces 1.7 billion m2 of leather at an estimated market value of 34 billion 

€, with China and India being the leading producers, as well as notable contributions from 

Italy, Turkey and Brazil.312,313 Unfortunately, a major disadvantage of such widespread use is 

a large requirement for chromite mining, and the production of significant quantities of waste. 

Indeed, only 20 % (by weight) of the starting hides are able to be converted into leather, with 

large quantities of wastewater and solid waste generated314—it has been reported that leather 

wastewater and sludge are responsible for the release of 2000–3000 tonnes of chromium into 

the environment each year in India alone.315 Furthermore, the mining technique commonly 

employed is open-cast, which is a particularly environmentally damaging technique. This 

degradation to landscape combined with dumped waste—one tonne of mined chromite waste 

is reported to produce 10 tonnes of waste—results in the ready seepage of chromium into air, 

water and soil.316 Consequently, Sukinda Valley in India, which contains 90% of the country’s 

chromite has been classified as one of the world’s top 10 most polluted places. 



Confidential 

 Durham University Copyright 125 

 Chromium is typically found in two common oxidation states – trivalent Cr(III) and 

hexavalent Cr(VI). The leather tanning process requires the use of Cr(III) salts,317 which are 

commonly oxidised to Cr(VI) under atmospheric conditions, and in the presence of MnO2, 

which has been reported to occur in chromium-containing sludge at concentrations as high as 

0.6 mg g−1.315 Metal plating requires the use of Cr(VI), and concentrations as high as 5721.95 

mg L−1 have been reported in industrial chrome plating wastewater.318 While Cr(III) does not 

possess a particularly high level of toxicity, Cr(VI) salts, which are readily absorbed by the 

lungs, digestive tract, and skin, are known to be toxic and carcinogenic.319,320 Due to this 

toxicity, the World Health Organisation (WHO) and United Nations (UN) have provided 

guidelines to state that chromium concentrations in drinking water higher than 50 µg L−1 should 

be classified as unsafe for consumption. 321  Therefore, it is vital to develop methods of 

removing chromium from water, especially in areas where wastewater treatment is insufficient. 

 Numerous systems have been employed, with the aim of removing chromium from 

solution. Of these, a particularly promising one is the use of calixarenes. Calixarenes are 

macrocycles, with a structure well suited for contaminant removal—their cavities enable the 

incorporation of target molecules through host-guest interactions, while their rims can be 

readily functionalised in order to control affinity and selectivity (e.g., by incorporating functional 

groups with a particular known affinity for a target molecule).322,323 Consequently, a wide range 

of calixarenes have been employed with the aim of removing hexavalent chromium from 

solution (Appendix Table 3). 

 Of these, adsorption capacities as high as 87.7 mgCrgAdsorbent
−1 have been observed.324 

However, the filtration methods involved are typically batch adsorption, which may be suitable 

in large-scale industrial applications before waste is released (point-of-release), but countries 

where chromium use is at its greatest are typically lesser developed, regulation is often sparce 

and inefficient, and expensive treating steps may be typically ignored. 325 , 326  Rather, 

consumers require point-of-use filtration, which is able to rapidly produce contaminant free 

water, without the need for expensive equipment or multiple filtration steps.  

 For that reason, the Badyal group has recently developed a cloth, designed for point-

of-use filtration, which was fabricated by employing plasmachemical deposition of a poly(4-

vinylbenzyl chloride, 4-VBC) linker layer onto a polypropylene cloth, before derivatising the 

pulsed plasma poly(4-VBC) with 5,11,17,23-tetrakis[(dimethylamino)methyl]-25,26,27,28-

tetrahydroxycalix[4]arene (DMAM-calixarene).327 By employing plasmachemical deposition, 

the use of solvents for the initial functionalisation of the cloth is not required, while plasma 

processes are independent, and so any porous substrate would be suitable for chromium 

removal.328,329 However, plasmachemical deposition does have its drawbacks. In particular, 
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the apparatus must be dissembled and cleaned between each deposition, which minimises its 

usefulness in large-scale production. Furthermore, 4-VBC is a toxic and slightly expensive 

chemical.330 As such, its use in large-scale production is advised to be avoided, meaning that 

alternative methods of linking the calixarene onto the surface are desired. 

 In that work, the calixarene attaches to the cloth by means of nucleophilic substitution 

of the chloride group on 4-VBC with a hydroxy group on the calixarene.331,332,333 As such, it 

was hypothesised that functionalising the cloth with a different chloride group would yield the 

same result. Previous work has shown that chloroform (CHCl3), which is a readily available, 

and relatively safe chemical, can be used to plasma treat substrates, functionalising the 

surface with chloride groups.334,335,336,337 Consequently, CHCl3 plasma was employed in order 

to introduce chloride functionality onto a TPU cloth, before substituting the chloride groups 

with DMAM-calixarene in order to fabricate a cloth capable of removing Cr(VI) from solution. 

As opposed to the aforementioned work, which used continuous wave CHCl3 plasma for 

extended periods of time, pulsed plasma was employed here, for shorter periods of time. As 

a result, the process should be considered to be much lower in energy, and therefore cheaper 

and more environmentally friendly.338 

 Following dynamic filtration of Cr(VI) solutions with DMAM-calixarene functionalised, 

CHCl3 treated cloths, fast and efficient removal of chromium is observed. Concentrations of 

chromium reported in real-world solutions have been reported to reach 4.5 mg L−1,339 and 

near-complete removal at these concentrations following static filtration has been observed. 

The cloths have also been shown to be able to selectively remove Cr(VI) when in the presence 

of a range of naturally occurring competing anions, and can be readily recycled for repeated 

chromium removal. 

4.2 Experimental 

4.2.1 Preparation of Functional Cloths 

A non-woven polyurethane (TPU; meltblown 35 GSM, M35A1YMO, Don & Low Ltd., 12 cm x 

8 cm) cloth was used as the substrate for plasmachemical treatment. The substrate was 

prepared, and the plasma chamber cleaned as described in 2.1.1.1. Following cleaning with 

air plasma, the glassware was then exposed to continuous wave CHCl3 (+ 99 %, Fisher 

Scientific Ltd.) plasma at a peak forward power of 30 W for 10 min. Following plasma 

extinction, the CHCl3 vapour was allowed to continue to pass through the chamber for a further 

15 min, before pumping back down to base pressure. Once the chamber had reached base 

pressure, the cloth was inserted into the chamber, and plasma treated as described in Chapter 

2 (Experimental). Pulsed plasma treatment was performed using a duty cycle on-period of 100 
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μs and a duty cycle off-period of 4 ms in conjunction with a peak power of 30 W, with the total 

time for deposition of 10 min. Following treatment, the cloth was removed and safely stored in 

a petri dish, while the chamber was re-cleaned with air plasma, before being re-treated with 

CHCl3 plasma. Afterwards, the original cloth was inverted and inserted into the freshly treated 

chamber, and the process repeated. Following the second treatment, the non-woven cloths 

were cut into two 60 mm x 70 mm pieces, leaving a 120 mm x 10 mm strip for characterisation. 

 The treated cloths were then placed into separate glass vials (28 mL volume, 

FisherbrandTM) containing 0.152 g (4 mM) K2CO3 (+ 99.0 %, Sigma Aldrich Ltd.) before 

addition of an acetone (+ 99.8 %, Fisher Scientific UK Ltd.) solution containing 8 mM NaI (+ 

99.5 %, Honeywell FlukaTM, Fisher Scientific UK Ltd.) and 0.4 mM of one of  5,11,17,23-tetra-

tert-butyl-25,26,27,28- tetrahydroxycalix[4]arene (tBu-calixarene; + 99 %, Acros Organics 

B.V.B.A.) or DMAM-calixarene (Konya Technical University, synthesised according to 

previous literature). The vials were sealed and left to spin at 40 rpm for ca. 70 h, then washed 

in acetone (15 min), air dried, and finally washed in high-purity (HP) water (15 min) and air 

dried. 

4.2.2 Characterisation  

Fourier Transform Infrared (FTIR) spectra were acquired as described in Section 2.1.2.1.6. 

 Concentrations of ideal initial chromate solutions and chromate-containing filtrates 

were measured using a UV−Vis−NIR (Near infrared) spectrophotometer (Cary 5000, Agilent 

Technologies Inc.) in conjunction with a quartz cell. The concentrations were determined by 

recording the absorbance of the chromate isosbestic point at 339 nm.340 Chromate solutions 

between 0.2 and 50 mg L−1 were made up and calibration curves prepared by plotting the 

change in absorbance at 339 nm with concentration, with the knowledge that absorbance is 

directly proportional to concentration according to the Beer-Lambert law (Equation 2-9).341 

Extraction percentages were calculated by determining the percentage change in absorbance 

(Equation 2-14). 

 Concentrations of real-world initial chromate solutions and chromate-containing 

filtrates were measured using an Inductively Coupled Plasma–Optical Emission Spectroscopy 

(ICP-OES) spectrophotometer (iCAP 6500, Thermo Fisher Scientific Inc.). Calibration 

standards were prepared following serial dilution of a 1000 mg L−1 Cr(NO3)3 ICP standard 

solution (ROMIL Ltd.) Each sample analysis consisted of three replicate measurements for 13 

characteristic chromium wavelengths to ensure that the complex environmental matrix was 

not causing spectral interferences. 
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4.2.3 Dichromate Extraction 

Cr(VI) solutions were prepared by first making up a stock solution containing 565.77 mg L−1 

potassium dichromate (+ 99 %, Sigma Aldrich Ltd.) (equivalent to 200 mg L−1 chromium) in 

HP water. The stock solution was then diluted to yield Cr(VI) solutions of the desired 

concentration. 

 Dynamic and static filtration experiments, as well as isotherm determination and kinetic 

modelling investigations were performed as described in 2.1.3.2. Mass transfer investigations 

were performed by repeating the kinetic modelling investigation, using half the usual spin 

speed (20 rpm). 

 In order to calculate the number of amine sites on the surface, and hence determine 

the ratio of active sites to adsorbed chromium molecules, the experimental procedure outlined 

by Lee et al. was adapted.342 Pieces of DMAM-calixarene functionalised cloths were left to 

shake at 200 rpm in the presence of 10 mL HCl (approximately 0.01 M) for 24 h. An 8 mL 

aliquot was extracted and titrated against 0.002 M NaOH. As a reference, 8 mL of the starting 

HCl solution was titrated against the 0.002 M NaOH solution, and the whole experiment was 

also repeated using uncoated TPU cloth as a control. If there are far more molecules of dye 

than adsorption sites, then multi-layers will have formed, implying that the adsorption is 

dominated by physisorption.343 If the numbers are similar, then it is likely that a monolayer will 

have formed, with each amine site binding to one dye molecule. 

 Cloth recycling experiments were carried out similarly to Bieber et al.327 In short, 

following dynamic filtration of a 20 mg L−1 Cr(VI) solution, 5 mL of HP water was passed 

through the cloth to remove any chromium trapped via capillary forces. Then 5 mL of a solution 

containing 2 M NaCl and 0.5 M NaOH was passed through the cloth and the eluent collected, 

before being analysed via UV−Vis spectroscopy in order to determine the concentration of 

Cr(VI) in the regeneration eluent.  

 Cloth selectivity experiments were performed by passing 5 mL of a 6 mg L−1 Cr(VI) 

solution containing one of: sodium chloride (+ 99.5 %, Sigma-Aldrich Ltd.); monosodium 

phosphate (+ 99 %, Sigma Aldrich Ltd.); sodium sulfate  (+ 99  %  anhydrous,  Fisher  Scientific  

UK  Ltd.);  sodium  hydrogen  carbonate  (+ 99 %, Acros Organics B.V.B.A.); or magnesium 

nitrate hexahydrate (+ 99 %, A.C.S. Reagent, Sigma Aldrich Ltd.) in a 1:100 mole ratio of 

Cr:competing anion. 

 A simulated real-world Cr(VI) contaminated solution was prepared by first collecting 

water from a vegetated rainwater pond (Durham University, UK)—it is expected that a 

rainwater pond would contain a wide array of ions and organic matter. The water was first 
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filtered with a membrane filter (Whatman Polydisc GW In-Line polyamide filter with 0.45 μm 

pore size, GE Healthcare Inc.) in order to remove any solid particulates via mechanical 

filtration. The particulate-free pond water was then used to make up a solution containing 6 

mg L−1 Cr(VI), which was then dynamically filtered with TPU cloths functionalised with DMAM-

calixarene.  

 Real-world industrial wastewater samples were collected in polypropylene bottles 

(Azlon 30 mL round wide neck bottles, Scilab Ltd.) from an industrial zone near Jalandhar, 

India. Again, the sample was first filtered with a membrane filter (Whatman Polydisc GW In-

Line polyamide filter with 0.45 μm pore size, GE Healthcare Inc.) in order to remove any solid 

particulates via mechanical filtration. The particulate-free industrially polluted water was then 

dynamically filtered with TPU cloths functionalised with DMAM-calixarene. 

 Filtrates from both the spiked pond water, and real-world industrially polluted water 

experiments were analysed via ICP-OES spectroscopy. 

All experiments have been performed at least three times, and error values provided 

correspond to the standard deviation of the recorded values. 

4.3 Results 

4.3.1 Characterisation of Functional Cloths 

The ATR spectrum of the TPU cloth, treated with CHCl3 plasma, and then the same cloth, left 

to spin in a DMAM-calixarene solution, revealed little difference in absorbance bands. This 

can be attributed to the functional groups of the TPU cloth exhibiting significant overlap with 

the calixarene functional group.  Therefore, to aid identification of the key absorbance bands, 

the experiment was repeated using a polypropylene cloth (meltblown 20 GSM, M020A1WMS, 

Don&Low Ltd.) as a substrate (Figure 4-1). One key advantage of plasma processes (and as 

demonstrated in 3.3.8) is that they are substrate independent,253,329 so carrying out the process 

with a different cloth should yield the same product on the surface of the substrate. 

Polypropylene was therefore chosen, owing to its relative lack of absorbance bands in the 

FTIR spectra. Following treatment with CHCl3 plasma, several absorbance bands in the range 

of 600–800 cm−1 appeared, which are not observable in the ATR spectrum of the untreated 

cloth. These absorbance bands can be attributed to C–Cl stretches—note that in previous 

research of chlorine-containing plasma treatment polymer substrates, a wide range of 

absorbance bands have been attributed to the presence of C–Cl bonds, all of them within this 

wavelength range (as well as other species which contain C–Cl bonds).334,335,337, 344 , 345 

Particularly noticeably, following derivatisation with DMAM-calixarene, the absorbance band 

at 768 cm−1 is no longer visible, implying that the chloride group has been successfully 
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substituted. Furthermore, absorbance bands corresponding to various DMAM-calixarene 

functional groups, including the O–H stretch (3240 cm−1), C–H3 antisymmetric bend (1465 

cm−1), and N–H stretch (1175 cm−1) can be observed following derivatisation with DMAM-

calixarene (Figure 4-1, Table 4-1) indicating successful attachment. 
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Figure 4-1. (A) ATR−infrared spectrum of untreated polypropylene cloth (black), solid DMAM-calixarene 
(blue), a polypropylene cloth treated with CHCl3 plasma (orange), and the same treated cloth, 
derivatised with DMAM-calixarene (red). (B) is an expansion of (A), illustrating the absorbance bands 
between 1600 and 600 cm−1. 

Table 4-1. Assignment of functional groups found in the DMAM-calixarene functionalised, CHCl3 

treated, polypropylene cloth. *The absorbance band at 768 cm−1 was observed in the treated cloth, but 
not in the DMAM-calixarene functionalised cloth.  

 

Label 
Absorbance band 

present in calixarene / 
cm−1 

Absorbance band 
present in 

functionalised cloth / 
cm−1 

Assignment Ref 

● 3220 3280 O–H stretch 346, 347 

† 1472 1465 
C–H3 

antisymmetric 
bend 

346, 347 

‡ 1171 1175 N–H stretch 346, 347 

♦ N/A 768* C–Cl stretch 
344, 345, 

347 
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4.3.2 Extraction of Chromate Oxyanions 

4.3.2.1 Plasma Optimisation 

In order to determine the optimum experimental conditions, pieces of meltblown 35 GSM 

polyurethane cloth were exposed to CHCl3 plasmas consisting of a variety of peak powers, 

treatment time, and a mixture of continuous wave (C.W.) and pulsed plasma (Table 4-2). The 

greatest extraction percentage was observed by cloths which were treated with CHCl3 plasma 

under pulsing conditions, with a duty on:off cycle of 100 µs:4 ms. The extraction decreases 

for both harsher conditions (use of C.W. plasma and longer on-times) and gentler plasma 

conditions (shorter on times and/or longer off times). While it is generally expected that less 

harsh plasma conditions give rise to more ideal surfaces,334,348 it is usual for there to be an 

optimum “middle ground” plasma power, which results in the most desirable surface.349 At 

lower energies, less fragmentation of the monomer occurs, which can lead to fewer anchoring 

points with the substrate and hence, a lower incorporation of chloride groups.350 However, at 

greater powers, chlorine-containing plasmas are known to deposit oligomeric chlorine-

containing films.337 These films may be less susceptible to substitution (e.g., due to their higher 

degree of cross-linking) than individual chloride groups on the cloth surface, meaning that less 

calixarene can be incorporated onto the surface. 

Table 4-2. Plasma conditions employed during the fabrication of CHCl3 treated, DMAM-calixarene 
functionalised TPU cloths, and their subsequent extraction percentages and filtration times obtained for 
the dynamic filtration of 20 mg L−1 Cr(VI). Data presented without errors have been performed one time; 
both experiments using the 100 μs:4 ms on:off time, and the continuous wave experiments using 30 W 
plasms have been performed at least three times; all other experiments have been performed twice. 

C.W. or 

Pulsed 

Plasma 

Peak 

Power / W 

On:Off 

time / 

µs:ms 

Total time 

/ min 

Extraction 

percentage / % 

Filtration 

Time 

Pulsed 30 200:4 1 9.4 ± 1.5 Ca. 15 

Pulsed 30 100:4 10 62.9 ± 9.2 Ca. 15 

Pulsed 

(Chamber was 

not pre-treated 

prior to cloth 

treatment) 

30 100:4 10 14.65 ± 9.9 Ca.10 

Pulsed 30 50:4 10 11.7 Ca. 

Pulsed 30 20:20 1 16.8 ± 12.0 Ca.10 

Pulsed 30 2:30 1 1.1 ± 1.6 Ca. 5 

C.W. 30 N/A 5 47.3 ± 5.6 Ca. 5 

C.W. 10 N/A 1 35.0 ± 10.0 Ca. 5 



Confidential 

 Durham University Copyright 133 

4.3.2.2 Adsorbent Comparison 

The extraction percentage towards Cr(VI) of meltblown TPU cloths, treated with CHCl3 plasma 

for 10 min under the optimised conditions (30 W, 100 µs on, 4 ms off) and derivatised with 

either DMAM-calixarene, or tBu-calixarene was determined. The extraction percentages 

following dynamic filtration of a 20 mg L−1 Cr(VI) solution with each of these adsorbents, and 

a CHCl3 plasma treated cloth were determined (Figure 4-2). Minimal extraction of chromate 

oxyanions is observed following attempted filtration with both the treated cloth, and the treated 

cloth functionalised with tBu-calixarene, which demonstrates that attachment of the DMAM 

moiety is necessary for chromium removal, which aligns with previous results by Bieber et 

al.327 In that work, an extraction percentage of 78 ± 9 % under the same experimental 

conditions—other than using pulsed plasma poly(4-VBC) as the linker layer—was observed, 

which is within error range of the 62.9 ± 9.2 % in this work, indicating that under optimal 

conditions—note that when using CW plasma at 30 W for 5 min (the next most optimal 

conditions), the filtration efficiency is no longer within error range of Bieber’s findings—the use 

of CHCl3 plasma over VBC does not give rise to a noticeable decrease in chromate extraction. 

 

Figure 4-2. Extraction percentages towards 5 mL 20 mg L−1 Cr(VI) following dynamic filtration with 
DMAM-calixarene and tBu-calixarene functionalised, CHCl3 plasma treated cloths; and CHCl3 treated 
cloths. The treated cloths and DMAM-calixarene functionalised cloths presented were prepared using 
both using both CW (30 W, 5 min) and pulsed (100 µs on:4 ms off, 30 W, 10 min) plasmas. The tBu-
calixarene functionalised cloths were prepared using CW (30 W, 5 min) plasma. The CW treated cloth 
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was performed once, and the tBu-calixarene functionalised cloth was performed twice. All other 
experiments were performed at least three times. 

4.3.3 Adsorption Kinetics 

Kinetic studies were performed by recording the concentration of a 30 mg L−1 Cr(VI) solution, 

which was adsorbed by a piece of DMAM-calixarene functionalised, CHCl3 plasma treated 

TPU cloth, over an extended period of time. Adsorption kinetics are typically described by 

either pseudo-first order kinetics—in which one of the reagents exists in excess, so its 

concentration can be modelled as being constant, and so is adsorbed at a constant rate 

(proportional to the number of adsorption sites)351,352,353—or pseudo-second order kinetics, 

which describes systems which contain two competitive reversible second-order reactions at 

higher sorbate/sorbent ratios alongside a reversible second-order reaction at low 

sorbate/sorbent ratios.283  

 Equilibrium was achieved within ca. 10 min (Figure 4-3), which demonstrates that 

chromium extraction is rapid—an essential requirement for real-world contaminant removal. 

The experiment was repeated at half the usual spin speed (20 rpm) in order to determine 

whether the adsorption was affected by mass transfer problems (i.e., whether the kinetic data 

observed described the transfer of the chromium to the cloth by the FisherbrandTM mini-rotator, 

or whether it was an accurate description of the adsorption kinetics). While the adsorption 

capacity following static filtration at 40 rpm appears initially greater, this disparity only occurs 

for the first 2.5 min. Furthermore, it should be emphasised that for both spin speeds, the values 

for adsorption capacity were within error range of each other at all time periods (Figure 4-3). 

As such, it is unlikely that the use of the FisherbrandTM mini-rotator to spin the samples at 40 

rpm gives rise to mass transfer problems for the adsorption of Cr(VI) with a DMAM-calixarene 

functionalised cloth. 
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Figure 4-3. Adsorption capacity of a DMAM-calixarene functionalised, CHCl3 treated TPU cloth towards 
a 30 mg L−1 Cr(VI) solution under static filtration conditions, spinning at 40 rpm (black) and 20 rpm 
(green). 

 The data obtained at 40 rpm was modelled with linear and non-linear pseudo-first or 

pseudo-second kinetic models (Figure 4-4). Following the non-linear fit, the data appears to 

be well described by both pseudo-first- and pseudo-second-order models, with the error bars 

for all data points lying within the described adsorption curves. However, the pseudo-first order 

kinetic model does lie almost exactly on each data point, which would potentially suggest that 

the pseudo-first order kinetic model is more appropriate. On the other hand, the linear fit gives 

rise to an almost perfectly proportional relationship under the pseudo-second order kinetic 

model (R2 = 0.9999), as opposed to the pseudo-first order kinetic model (R2 = 0.9423), which 

would suggest that the pseudo-second order kinetic model is the more appropriate fit. Several 

publications have demonstrated the drawbacks behind fitting the data to the linearised forms 

of the equations, as the assumptions made in linearising the equations give a stronger 

weighting to values closer to equilibrium, meaning that pseudo-second order kinetics are 

almost always determined to be the kinetic mechanism, regardless of whether that model is 

correct. 354 , 355 , 356 , 357  As it has been shown that equilibrium is reached very quickly, this 

weighting effect will be even more impactful for this calculation.  
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Figure 4-4. Pseudo-first order (orange) and pseudo-second order (blue) kinetic models, determined 
by following non-linear (A) and linear (B) models.  
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 Consequently, it should be stated that the removal of Cr(VI) from solution by the 

DMAM-calixarene functionalised cloth does follow adsorption kinetics, however it cannot be 

confirmed whether pseudo-first order or pseudo-second order kinetics are more appropriate. 

For the sake of completeness, the determined rate constant values for both non-linear and 

linear pseudo-first- and second-order kinetic models have been determined (Table 4-3)—the 

non-linear rate constants are calculated by determining which rate constant values yield the 

optimal data fit, whereas for the linear rate constants, k1 is determined by multiplying the 

gradient by −2.303, and k2 is determined by taking the inverse of the intercept and dividing 

that by the square of the maximum adsorption capacity. 

Table 4-3. Determined values for rate constants k1 and k2, using non-linear and linear models, for the 
adsorption of 30 mg L−1 Cr(VI) onto a DMAM-calixarene functionalised cloth, spun at 40 rpm. For the 
linear plots, the errors were calculated by determining the percentage error in the regression analysis 
for the gradient and intercept (where appropriate) calculations and applying this to the final rate constant 
values. For the non-linear plots, the errors were calculated by averaging the percentage error between 
each data point and the theoretically calculated value and applying this to the final rate constant value. 

Variable Non-Linear / min−1 Linear / gClothmgCr
−1min−1 

k1 1.58 ± 0.01 0.0153 ± 0.0005 

k2 2.26 ± 0.05 0.0820 ± 0.0181 

   

4.3.4 Isotherm Determination 

Determining the appropriate adsorption isotherm is a useful tool for elucidating the interactive 

mechanism between adsorbent and adsorbate.358 For example, the Langmuir isotherm model 

describes a monolayer adsorption process wherein adsorption and desorption are equal. On 

the other hand, the Freundlich isotherm describes a multilayer adsorption system, with no 

finite adsorption limit when pressure/concentration is sufficiently large. In particular, once the 

adsorption isotherm has been identified, parameters including the maximum adsorption 

capacity can be estimated.359 

 DMAM-calixarene functionalised, CHCl3 plasma treated cloths were left to spin in 5 mL 

Cr(VI) solutions for > 4 h at a range of concentrations, their extraction percentages determined, 

and adsorption capacities (mg of Cr adsorbed per gram of cloth, Qe) calculated.  

 Calculated values of Qe were plotted against C (Figure 4-5), which demonstrates that 

at lower concentrations, there is a linear relationship between concentration and Qe, which is 

the adsorption behaviour described by Henry’s law.360 Once the concentration rises, the Qe 

values start to curve off, which is indicative of typical adsorption behaviour. 
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Figure 4-5. Relationship between starting concentration and normalised adsorption capacity. The 
datapoints in orange represent concentrations at which adsorption can be described by Henry’s law.  

 The obtained data was converted into non-linear (Figure 4-6) and linear (Figure 4-7) 

Langmuir and Freundlich isotherms by following the process outlined in 2.1.3.2.2. Χ2 values 

for both non-linear plots were calculated, which yielded values of 0.454 and 0.112 for the 

Langmuir and Freundlich isotherms respectively.  
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Figure 4-6. Adsorption capacity towards Cr(VI) from solution following static filtration with a DMAM-
calixarene functionalised, CHCl3 treated, cloth. The raw data has been fitted against non-linear 
Langmuir (orange) and Freundlich (black) adsorption isotherms. 
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Figure 4-7. (A) Freundlich and (B) Langmuir linear isotherms, associated with the adsorption of Cr(VI) 
from solution with a DMAM-calixarene functionalised, CHCl3 treated, cloth. The blue trendlines 
correspond to the linear fit incorporating all data points, while the orange trendlines correspond to linear 
fits omitting the first two data points. 

 Within the range of concentrations employed, there does not appear to be a Cr(VI) 

concentration at which 100 % extraction occurs, nor does there appear to be a point at which 

the amount of Cr(VI) removed from solution remains unchanged, regardless of starting 

concentration. Note that due to the limitations of the UV-Vis spectrometer employed, 

concentrations greater than 75 mg L−1 could not be accurately recorded.  

 Analysis of the non-linear forms of the isotherms potentially implies that the Freundlich 

isotherm is a more accurate description of the Cr(VI) adsorption by the DMAM-calixarene 

functionalised cloths, as the χ2 value is lower, which implies a better fit. However, as a visual 

fit, both models appear suitable, with all data points within error range of both the predicted 

Freundlich and Langmuir fits.  

 This determination was solidified by analysing the linear forms of the isotherms. The 

R2 value of the linear Freundlich fit was 0.9458, which is much closer to 1 than the 0.8431 

value for the Langmuir fit. Furthermore, it can be identified for both fits that the first two data 

points did not particularly fall in line with the remainder of the data points. As such, linear fits 

were re-fitted, omitting those two data points. Yet again, the R2 value for the Freundlich fit 

(0.9946) lies much closer to 1 than the value for the Langmuir fit (0.9569). 
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 Consequently, it was assumed that the adsorption of Cr(VI) by the DMAM-calixarene 

functionalised, CHCl3 plasma treated cloth could be modelled by a Freundlich adsorption 

isotherm, for which the values of n and KF could be determined (Table 4-4). According to 

Equation (2-20), the values of n and KF can be calculated from the linear isotherm by taking 

the inverse of the gradient and calculating 10Intercept respectively. Indeed, it can be seen that 

the values for n and KF determined from the redacted linear isotherm are within error range of 

the values determined from the non-linear Freundlich isotherms, affirming the validity of the 

redaction. 

Table 4-4. Determined values of n and KF from the non-linear Freundlich plot, as well as both the 
redacted, and unredacted linear Freundlich plots. The error values for the gradient and intercept from 
the linear plots were determined by using the “Data Analysis—Regression” tool in excel, with a 
confidence interval of 95 %. For the non-linear isotherm, the errors were calculated by averaging the 
percentage error between each data point and the theoretically calculated value and applying this to 
the determined values of n and KF. 

Form of isotherm Gradient n Intercept KF / mg L−1 

Linear 0.492 ± 0.045 2.03 ± 0.09 −0.337 ± 0.042 0.46 ± 0.02 

Linear (redacted) 0.641 ± 0.021 1.56 ± 0.03 −0.501 ± 0.022 0.32 ± 0.01 

Non-linear N/A 1.67 ± 0.19 N/A 0.36 ± 0.04 

 The assignment to a Freundlich isotherm provides information regarding the physical 

characteristics of the adsorption. Specifically, Freundlich isotherms are representative of 

adsorptions which are heterogenous, with the formation of multilayers on the cloth. 361 

Furthermore, the energy of adsorption is independent of surface coverage, as noted by the 

(single) KF term within Equation (2-19).362 However the Freundlich isotherm does not allow the 

determination of an adsorption maximum. Analysis of Equation (2-19) indicates that the 

variable (Ce) is an arithmetic term and given that 
1

𝑛
 ≠ 0, 𝐶𝑒

1

𝑛  ≠ 1, the value of Q0 will always 

increase with Ce.  

4.3.5 Active Site Determination 

In order to determine the number of amine groups added to the cloth surface through this 

procedure, an 8 mL aliquot of HCl (approximately 0.1 M)—before and after immersion of a 

DMAM-calixarene functionalised cloth—was titrated against a 0.002 M NaOH solution. 

Determining the number of amine sites can aid in understanding the adsorption mechanism. 

For example, while the determination of the Freundlich isotherm means that no estimation of 

the maximum adsorption capacity is possible, if the number of amine sites is found to be 

smaller than the maximum number of chromate molecules adsorbed to the surface during this 

investigation (note that the adsorption capacity following static filtration with a 75 mg L−1 

solution was 3.36 ± 0.57 mgCrgCloth
−1), then this would imply that a multilayer is formed. It was 
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found that after acidifying the DMAM-phenol cloths with 0.1 M HCl and back-titrating with 

NaOH, a slight decrease in volume of NaOH required to neutralise the HCl solution, shaken 

with the DMAM-phenol functionalised cloth, was observed (Table 4-5). 

Table 4-5. Calculated moles of NaOH required to neutralise a HCl solution, and the same HCl solution, 
when shaken with an uncoated TPU cloth, and a DMAM-calixarene functionalised cloth.  

Acid Solution 
Volume NaOH required 

to neutralise / mL 

Calculated moles HCl in 

solution / mmol 

HCl 103.88 ± 0.06 0.2078 ± 0.0001 

HCl + TPU Cloth 103.88 ± 0.03 0. 2078 ± 0.0001 

HCl + DMAM-calixarene 

functionalised cloth 
103.75 ± 0.05 0.2075 ± 0.0001 

 It was determined that the change in number of moles of acid before and after shaking 

with the DMAM-calixarene functionalised cloth was 0.267 ± 0.004 µmol, which is equivalent 

to 0.00651 ± 0.00009 mmolHgCloth
−1. The greatest chromium adsorption capacity achieved in 

this investigation was 3.36 ± 0.57 mgCrgCloth
−1, which is equivalent to 0.065 ± 0.011 

mmolCrgCloth
−1. It can be seen that this is roughly 10 times the number of moles of chromium 

as amine groups, implying that a multilayer has formed. 

 However, owing to the small difference (in terms of mL) of NaOH titrated before and 

after addition of the DMAM-calixarene cloth, the validity of these findings must be questioned. 

That said, in order for the results to indicate a 1:1 ratio of amine groups to adsorbed chromium, 

a significantly greater difference in mL of titrated NaOH would need to be observed. As such, 

it is more than likely that a multilayer of chromate ions does indeed form, which is line with the 

findings from Section 4.3.4, which indicated that multilayer formation was likely, owing to the 

adsorption following a Freundlich isotherm. 

4.3.6 Cloth Recycling 

Recycling of the DMAM-calixarene functionalised, CHCl3 plasma treated TPU cloths towards 

hexavalent chromium was performed by following a recycling procedure similar to that outlined 

by Bieber et al.327 Following filtration of a 5 mL 6 mg L−1 Cr(VI) solution, 5 mL of HP H2O was 

passed through the used cloth, which was then regenerated with a 5 mL 2 M 0.5 M NaOH/2 

M NaCl solution. Nine successive regeneration cycles were performed, with the filtration 

efficiency decreasing from 73.9 ± 5.9 % (0.52 ± 0.07 mgCrgCloth
−1) after the first filtration to 

34.55 ± 0.8 % (0.22 ± 0.01 mgCrgCloth
−1) after the tenth filtration (Figure 4-8). While a lack of 

drop-off in chromium extraction would naturally be preferred, the results nonetheless 
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demonstrate that the same piece of cloth is still capable of removing chromium after 10 

repeated uses, which demonstrates good reusability. 

 
Figure 4-8. Concentration of Cr(VI) removed from a 5 mL 6 mg L−1 solution after ten successive 
filtrations by a DMAM-calixarene functionalised, CHCl3 plasma coated cloth (blue). Also, the 
concentration of Cr(VI) desorbed by the used cloth following regeneration with a 5 mL 0.5 M NaOH/2 
M NaCl solution (orange). 

 While only a small concentration of Cr(VI) can be observed following the first 

desorption, a chromium concentration of ca. 4 mg L−1 is observable in the regeneration eluant 

from the second desorption onwards. The limited desorption ability performance following the 

first cycle indicates that the increase in pH only plays a minor role in the cloth recycling—if pH 

adjustment were the primary driver of cloth recycling, then such an increase in regeneration 

efficiency in later cycles than earlier cycles would not be expected—meaning that regeneration 

is predominantly driven by displacement of bound chromate anions with the large excess of 

chloride ions in the regeneration solution.  It was demonstrated in Section 4.3.4 that the 

maximum adsorption capacity far exceeds the 0.52 ± 0.07 mgCrgCloth
−1 observed in this 

experiment. As such, the cloth is not at capacity following the first regeneration, meaning that 

the chloride ions in the regeneration solution can bind to the adsorbent sites without needing 

to displace chromium. This provides a potential explanation for the regeneration behaviour 

observed, as for each subsequent regeneration—in addition to the chromium adsorbed in the 

most recent filtration—there is a bank of adsorbed chromate molecules, capable of being 

displaced by the chloride molecules. By displacing these chromate molecules in addition to 
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the more recently bound oxyanions, there will be a greater concentration of Cr(VI) in the 

regeneration eluent than extracted by the adsorbent in that cycle. 

4.3.7 Cloth Selectivity 

4.3.7.1 Competing Anions 

The suitability of the DMAM-calixarene functionalised, CHCl3 plasma treated TPU cloth 

towards real-world hexavalent chromium extraction was analysed by investigating the filtration 

efficiency of the cloth towards Cr(VI) contaminated water, containing (one of) a variety of 

competing anions. The anions chosen—chloride, phosphate, sulfate, carbonate and nitrate—

are all commonly found in solution. A 1:100 mole ratio was chosen as the ratio of Cr(VI): 

competing anion as previous research (and also in Chapter 3 of this thesis) showed that a 

1:10 mole ratio was insufficient to demonstrate noticeable changes in extraction percentage 

upon addition of competing anions.327  

 Following attempted filtration of a 6 mg L−1 Cr(VI) solution, an extraction percentage of 

68.8 ± 7.2 % was obtained (Figure 4-9). Following the addition of chloride, phosphate, sulfate 

and nitrate, little difference in extraction percentage was observed—there is a potential 

increase to 80.3 ± 7.2 % when in the presence of phosphate, and a potential decrease to 56.9 

± 11.4 % when in the presence of nitrate, however these extraction percentages are all within 

error range. The negative impact on extraction percentage by nitrate has been observed 

previously, with the similar size of nitrate to Cr(VI) used to explain the hindered Cr(VI) 

extraction (thermochemical radius of nitrate = 0.200 ± 0.019 nm vs 0.229 ± 0.019 nm for 

CrO4
2−).327,363 However, a significant decrease in extraction percentage is observed when the 

filtration was performed in the presence of carbonate ions, yielding an extraction percentage 

of 14.6 ± 4.9 % (Figure 4-9). 
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Figure 4-9. Change in extraction percentage for the dynamic filtration of a 6 mg L−1 Cr(VI) solution with 
a DMAM-calixarene functionalised cloth, and the same solution, when spiked with either chloride, 
sulfate, phosphate, nitrate, or carbonate, in a 1:100 mole ratio of chromium:competing anion. 

 However, it should be noted that the size of sulfate ions (0.218 ± 0.019 nm) are more 

similar to chromate than carbonate (0.189 ± 0.019 nm) and nitrate,363 yet the presence of 

carbonate ions has a greater (negative) impact on chromate removal. There is an alternative 

explanation for its poor performance. Sodium hydrogen carbonate is mildly basic, and so its 

addition to the chromate solution means that, when in contact with the DMAM groups, these 

groups will become deprotonated, and hence will exhibit a weaker electrostatic attraction to 

the chromate anions, reducing the filtration efficiency. Furthermore, monosodium phosphate 

is mildly acidic, and so its addition to the Cr(VI) solution is likely to promote protonation of the 

amine groups, and hence cause an increased electrostatic attraction with the chromate 

anions. 

4.3.7.2 Real-World Chromium Samples 

Attempted filtration of real-world water samples containing hexavalent chromium was 

performed. The first sample was taken from a nearby duckpond, and spiked with a known (6 

mg L−1) concentration of Cr(VI). A semi quantitative scan of the non-spiked pond water 

revealed presence of the metal ions shown in Table 4-6. The second sample was taken from 
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an industrial area in Jalandhar, India, where there is known to be chromium contamination.327 

ICP-OES analysis of the industrial water revealed a chromium concentration of 0.09 mg L−1. 

Table 4-6. Concentration of elements determined by a semi quantitative ICP-OES scan of non-spiked 
pond water. 

Element Concentration / mg L−1 

Ba 0.14 

Ca 55.63 

Fe 0.44 

K 2.21 

Mg 2.07 

Mn 0.35 

Na 6.39 

Si 1.18 

Sr 0.32 

   

An extraction percentage of 58.9 ± 14.1 % was observed following dynamic filtration 

of the spiked pondwater sample with a DMAM-calixarene functionalised, CHCl3 plasma 

treated cloth, which is within error for the extraction of Cr(VI) from HP water with the same 

starting concentration (68.8 ± 7.2 %, Figure 4-10). Therefore, it can be stated that extraction 

of chromium is still possible, even in the presence of a wide array of organic and inorganic 

matter. Unfortunately, no extraction from the real-world water sample was observed (Figure 

4-10). Section 4.3.4 demonstrated that the capacity towards chromium extraction decreased 

as concentration reduced, and so the concentration of chromium within the sample may be 

too dilute to be extracted by the cloth. 
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Figure 4-10. Extraction percentage following dynamic filtration of a 6 mg L−1 Cr(VI) solution, made up 
with HP water (blue) and pondwater (green), with a DMAM-calixarene functionalised, CHCl3 plasma 
coated TPU cloth. Also, the extraction percentage following dynamic filtration of a real-world chromium 
contaminated solution, with a DMAM-calixarene functionalised, CHCl3 plasma coated TPU cloth (note 
that this value is 0 %). 

4.4 Discussion 

This work has built on previous research performed by Bieber et al., who produced a cloth 

filter, capable of removing hexavalent chromium for solution under dynamic conditions.327 The 

need to use dynamic conditions is vital to address contaminated water in point-of-use 

scenarios, as static conditions—which are most commonly utilised throughout previous 

research into chromium removal—require expertise and significant timeframes to perform, 

meaning that they are unsuitable.324,364,365,366,367,368 Furthermore, previous research into the 

use of calixarenes to extract Cr(VI) from solution typically uses acidic conditions to protonate 

the adsorbent, to aid with binding to the chromate anion. Not only is this non-representative of 

the pH of water typically found in rivers and lakes, but acidifying water to aid with chromium 

removal would render the water sample unfit for human consumption.324,364,365,366,367,368,369,370 

While the cloth produced by Bieber et al. was capable of extracting 79 ± 9 % of Cr(VI) from a 

20 mg L−1 sample under the dynamic filtrations conditions utilised in this work, there are issues 

associated with their cloth synthesis, specifically with regards to the plasmachemical 

deposition of pulsed plasma poly(4-VBC): 1) 4-VBC is toxic, and therefore increased levels of 
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controls are required for safe handling and safe disposal; 2) 4-VBC is relatively expensive, 

and so manufacturing a large quantity of the cloths would incur costs which may hinder the 

production; 3) Following plasmachemical deposition, the apparatus must be disassembled 

and cleaned between each deposition, which takes time, and hence limits the number of cloths 

that can be manufactured within a given timeframe. In this investigation, a cloth has been 

synthesised, which addresses each of the aforementioned issues, whilst still being capable of 

extracting 62.9 ± 9.2 % Cr(VI) under the same conditions used by Bieber. The cloth was 

synthesised by treating a piece of TPU cloth with CHCl3 plasma, before undergoing the same 

functionalising step performed by Bieber to introduce DMAM-calixarene groups to the cloth 

surface. Chloroform is ~ 100 times cheaper than 4-VBC and exhibits significantly fewer 

hazards. Furthermore, the equipment could be used without the need for complete 

disassembly and cleaning between treatments—the optimal conditions were determined to 

occur when the chamber was pre-treated with CHCl3 plasma prior to cloth insertion, however 

no scrubbing of the chamber is necessary, meaning that the equipment can be ready-to-use 

in much faster time periods. 

 The extraction percentages observed when a 20 mg L−1 Cr(VI) solution was passed 

through a CHCl3 treated cloth, and a treated cloth, functionalised with tBu-calixarene were 

minimal, indicating that the DMAM functionalities are responsible for dye extraction. The pKa 

of tertiary amines are ≈ 9−10, meaning that under natural pH conditions, the DMAM groups 

will become protonated,371 and so an electrostatic interaction between the positively charged 

cloth surface and negatively charged chromate anions can occur. During Bieber’s 

investigation, no further explanation into the adsorption mechanism was able to be obtained, 

however greater insight has been found in this investigation. Here, it was discovered that the 

ratio of adsorbed chromium:active sites was capable of reaching 10:1 for the greatest 

chromium concentrations investigated. This implies that the adsorbed chromate is capable of 

forming multilayers. Indeed, this finding aligns with the adsorption behaviour, which has been 

shown to be modelled by a Freundlich isotherm – Freundlich isotherms imply that the 

adsorption is heterogeneous and gives rise to the formation of multilayers. Several other 

pieces of research have also provided adsorbents, which remove Cr(VI) via multilayer 

adsorption.372,373,374 There, it is described that initially, electrostatic attractions lead to the 

formation of a monolayer of Cr(VI) on the adsorbents, before physical interactions between 

the adsorbed Cr(VI) and Cr(VI) in solution occur, leading to multilayer formation. As such, it is 

likely that in this work, a monolayer of Cr(VI) forms, owing primarily to the electrostatic 

interactions between the negatively charged chromate ion, and the positively charged amine 

groups on DMAM-calixarene, which are protonated under neutral pH, alongside N–

H+●●●O−
Chrom hydrogen bonding.  This would then be followed by slightly weaker ion-dipole 
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interactions and Van Der Waal’s forces between the adsorbed chromate species and Cr(VI) 

species in solution, leading to the formation of multilayers. Multilayer formation is particularly 

useful as a mechanism of extraction, as it means that the adsorbent does not become 

exhausted once all the active sites on the cloth surface are saturated, allowing for augmented 

adsorption capacities.375,376 Indeed, while the nature of the Freundlich isotherm does not 

permit the estimation of an adsorption capacity, the experimentally determined adsorption 

capacity is of the same order of magnitude as most of the adsorbents presented in Appendix 

Table 3. Given that the adsorbents listed in Appendix Table 3 typically present their optimal 

results under acidic conditions rather than pH 7, and that the aforementioned adsorbents tend 

to be high-surface area nanoparticles or resins (rather than a cloth, in which only the surface 

layer will have been functionalised, meaning that the vast majority of the weight will not be 

contributing towards the chromium extraction), these findings demonstrate that the DMAM-

calixarene functionalised, CHCl3 plasma treated TPU cloth should be considered an 

outstanding adsorbent of hexavalent chromium. 

 In order to be useful as a point-of-use chromium extractor, an adsorbent also must be 

able to rapidly extract the contaminant (dynamic filtration implies a short contact-time between 

the cloth and the chromate, and so slow kinetics would not facilitate sufficient contaminant 

extraction), be reusable (single use filters would need to be disposed of more rapidly, which if 

not performed properly, could lead to an increase in pollution), and remove the desired 

contaminant even when in the presence of a range of competing ions (real-world water will 

contain a range of substances). Note that in the previous work presented in Appendix Table 

3, only three pieces of work contained recycling studies.324,327,369 Of these, only the work by 

Qureshi et al. investigated the effectiveness of their filter after ten regeneration cycles, 

however their work utilised very harsh conditions (4 M HCl) in order to regenerate their resin.324 

Furthermore, in works by Ozcelik et al.369 and Bieber et al.,327 the starting extraction 

percentage is 100 %, meaning that it is unclear whether or not the capacity of the cloth has 

actually decreased or remained the same for each cycle. Here, ten repeat filtrations of a 6 mg 

L−1 Cr(VI) were performed, with the cloth regenerated between each filtration using relatively 

mild conditions—a 0.5 M NaOH/2 M NaCl mixture. This choice of regeneration solution was 

based on previous research, where it was stated that base can deprotonate the amine groups, 

and hence extinguish the electrostatic interaction between the negatively charged chromate 

ions and the amine groups, while the exceedingly high salt concentration enables chloride 

ions to displace the chromate groups at the active sites (and hence allows for a lower base 

concentration to be used). The cloth’s recycling behaviour—wherein following completion of 

the first cycle (where only a small proportion of extracted Cr(VI) is desorbed) more chromium 

is desorbed each cycle than adsorbed—potentially indicates that the displacement of bound 
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chromate is the main driving force behind regeneration. Fortunately, the excellent selectivity 

displayed by the cloth—minimal change in extraction percentage is observed when filtration 

of a 6 mg L−1 Cr(VI) solution in a 1:100 mole ratio of Cr(VI):competing anion was performed 

across a range of anions—means that the adsorbed chloride ions are themselves readily 

displaced upon addition of a repeat batch of chromium-contaminated water. While a drop-off 

in chromium extraction was observed, the cloth still demonstrated reasonable adsorption 

capabilities on the tenth filtration, meaning that it would be able to be used to repeatedly 

remove chromium from water sources, and hence can be used sustainably in remote 

locations. Furthermore, the selectivity investigation provides further clarity on the extraction 

mechanism. The drop-off in extraction percentage following addition of the basic sodium 

hydrogen carbonate (and potential increase in extraction percentage following addition of 

mildly acidic monosodium phosphate) lines up with observations illustrated in previous work 

(Appendix Table 3) whereby extraction percentages decreased with pH, owing to electrostatic 

interactions between the amine groups on the calixarene and the negatively charged chromate 

being the primary source of attraction. The relatively small decrease in extraction percentage 

when attempting Cr(VI) filtration in the presence of nitrate aligns with the research performed 

by Bieber et al., which stated that the unique cup-shape of the calixarene was able to provide 

favourable host-guest interactions with the chromate, and hence adsorption over the similarly 

(but still slightly different) sized nitrate ions was favoured.327 Finally, under static conditions, 

equilibrium was reached within 10 minutes, which indicates that uptake is very rapid. Not only 

does rapid uptake increase the efficacy of dynamic filtration, but if static conditions were to be 

employed, then short filtration times could be used before cloth recycling, increasing their 

usefulness as a chromium extractor. 

 When investigating the filtration efficiency of the cloth towards a real-world water 

sample, the extraction percentage was in error range of the value determined for HP water, 

again demonstrating the suitability of the cloth towards real-world chromium removal. 

Unfortunately, when investigating real-world industrial water samples containing very low 

concentrations of Cr(VI), insufficient extraction was observed. One solution could be to 

combine the cloths in this work with a filter which is capable of removing Cr(VI) when in low 

concentrations (e.g., the filter designed by Bieber et al.327). Highly concentrated chromium 

solutions (e.g., those found in chrome plating wastewaters318) could be filtered by the cheaper, 

and more readily made CHCl3 plasma treated, DMAM-calixarene functionalised cloth in this 

work—whose multi-layer extraction mechanism implies the ability to extract large amounts of 

chromium—until the concentration is sufficiently low that the more expensive pulsed plasma 

poly(4-VBC) coated, DMAM-calixarene functionalised cloth can bring the levels of chromium 

below the 50 µg L−1 safe drinking level. 
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4.5 Conclusion 

A TPU cloth has been successfully treated with CHCl3 plasma and functionalised with DMAM-

calixarene and tBu-calixarene. The cloth is capable of removing highly-toxic and carcinogenic 

hexavalent chromium from solution with a high degree of efficacy (62.9 ± 9.2 % for a 20 mg 

L−1 solution) under dynamic, point-of-use, filtration conditions, without any artificial 

adjustments in pH. This is appropriate for less affluent, more remote regions, where water 

contamination is more likely to have occurred. The extraction is modelled by a Freundlich 

isotherm, although it is unclear whether pseudo-first or -second-order kinetics is the more 

appropriate kinetic adsorption model. The extraction mechanism is primarily electrostatic, 

however the host-guest interactions facilitated by the unique shape of the calixarene is likely 

to support the Cr(VI) adsorption, and provides selectivity for the extraction of Cr(VI) when in 

competition with anions of similar charge and size in both controlled and real-world solutions. 

The ratio of adsorbed chromium to number of amine sites was in the ballpark of 10:1, which 

indicates that the adsorbed chromium forms a multilayer on the cloth, which would enable 

elevated adsorption capacities – the greatest capacity capable of being recorded under the 

experimental conditions was 3.36 ± 0.57 mgCrgCloth
−1, and so increased capacities at elevated 

starting Cr(VI) concentrations is to be expected. Rapid kinetics were observed, with 

equilibrium achieved within 10 minutes, and the cloth was still capable of extracting chromium 

from solution, having been regenerated with a 0.5 M NaOH/2 M NaCl mixture at least 10 times.   
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5 CHAPTER 5 – PLASMACHEMICAL PREPARATION OF 

AMIDOXIME FUNCTIONALISED CLOTHS FOR THE CAPTURE 

AND RELEASE OF TOXIC URANIUM FROM WATER SOLUTION 

 

5.1 Introduction 

Uranium is a highly sought-after resource, owing to its exceptional capabilities in both 

weapons and nuclear fuel.377 As such, there has been a significant increase in the economic 

viability of mining for uranium ore—just after the turn of the century, an increase in the price 

of uranium ore led to a 250 % increase in the global expenditure on uranium exploration (from 

$200 million to $750 million per year), with 5.5 million tonnes of uranium ore estimated to be 

economically viable.377, 378  More recently, between January 2023 and January 2024—

potentially in response to the percentage of the world’s power derived from nuclear power 

plants increasing from 10.3 % in 2020 to 18.9 % in 2021, with the trend expected to increase 

further379—the price of uranium more than doubled, from $40.06 lb−1 to $80.36 lb−1, indicating 

that a further rise in uranium mining is imminent.380 Unfortunately, as a result of extensive 
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mining, surface runoff and erosion processes have led to the contamination of groundwater 

with uranium worldwide, while mines that are abandoned, and insufficiently decommissioned, 

have also been found to result in nearby water-bodies becoming contaminated with 

uranium. 381 , 382  Although uranium is also able to enter groundwater naturally—owing to 

leaching of uranium from U-hosting materials (such as Fe-Mn(oxy) hydroxides) under oxic 

conditions, or from weathering of U-containing surface rocks383,384—a significant proportion of 

uranium content found within groundwater is attributable to human behaviour. As well as the 

aforementioned mining processes, nitrate-containing fertilisers, used extensively in 

agriculture, have been suggested to abiotically oxidise U(IV) to the more mobile U(VI), while 

nitrate driven Fe(II) oxidation gives rise to Fe(III) oxides, which are also capable of oxidising 

U(IV) into U(VI). 385 , 386  Owing to this mobility, U(VI) is then able to permeate into local 

groundwater. Similarly, reports have stated that the use of phosphate fertilisers—which 

contain 0–200 μgUraniumgFertiliser
−1, and owing to uranium’s ability to exchange with calcium ions 

in apatite387,388—has led to the introduction of 14,000 tonnes of uranium being applied to the 

soil (equivalent to 1 kg U per hectare) over a 60 year period in Germany.389 Finally, natural 

disasters, such as the Great East Japan Earthquake—in which the Fukushima Daiichi Nuclear 

Power Plant became damaged, and subsequently has resulted in the release of more than 

1.2 million tonnes of nuclear wastewater into the pacific ocean390,391—have the potential to 

damage infrastructure containing uranium waste, and can lead to widespread contamination. 

While events, such as the Chernobyl natural disaster, tend to mean that people consider 

the radioactive risks of uranium above all else, it is the chemical risks associated with uranium 

as a heavy metal which result in the greatest harm to humans. Uranium is inefficiently excreted 

by bodies and is capable of accumulating in nail and hair after only a few months’ exposure. 

Additionally, research into rats demonstrated that 78.3 % of initial uranium content is retained 

following inhalation.392 Once in the lungs, the presence of uranium generates reactive oxygen 

species (ROS), and lipidperoxidation (LPO) occurs, which leads to cell membrane damage 

and eventually cell death. 393  Furthermore, uranium is capable of binding to the tubular 

membrane within the kidney, leading to reduced transport of necessary species (particularly 

Na+, leading to interference of glucose transport394), resulting in kidney damage.395 Moreover, 

in its insoluble form, uranium has been found to give rise to gastrointestinal, bone, and lung 

cancers.396 

Significant research has been performed to investigate uranium removal from solution, 

and a wide range of adsorbents have been discovered. These include calixarenes, 397 

amidoximes,398 and polyhydroxybenzenes.399 In each of these cases, the adsorbent contains 

an oxygen and/or nitrogen lone pair, which exhibits electrostatic attraction towards the 

positively charged UO2
2+ species, removing it from solution. 
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Calixarenes are particularly attractive, owing not only to their facile synthesis, but also 

their ability to be functionalised on either the upper or lower rim, thus rendering it easier to 

control their affinity and selectivity.400 As such, a range of calixarenes have been used for the 

attempted removal of uranium from solution (Appendix Table 4). Here, a significant range of 

calixarenes can be seen, with adsorption capacities as high as 505.58 mgUgAdsorbent
−1 

observed,401 indicating the excellent uranium extraction capabilities of calixarenes. It should 

be noted that most early work investigating calixarene removal of uranium demonstrated 

successful removal by determining equilibrium constants, and so these are not reported in 

Appendix Table 4.402,403,404,405,406,407,408,409,410,411 

The second class of molecules which demonstrate strong affinity towards uranyl ions is 

polyhydroxybenzenes, particularly catechols and resorcinols (Figure 5-1).399 While the 

calixarenes listed in Appendix Table 4 tended to require functionalisation on the upper rim in 

order to introduce functional groups that exhibit the strong affinity (typically, groups containing 

lone pairs and/or a negative charge, e.g., COOH, NH2, OH), polyhydroxybenzenes, by their 

nature of containing (at least) two hydroxy groups which are electrostatically attracted to the 

positively charge [UO2]2+ ion, already exhibit good affinity towards uranyl.  

 

Figure 5-1. Structure of (A) Resorcinol, and (B) Catechol 

Consequently, both catechol and resorcinol-type species have been employed as 

adsorbents for the extraction of uranium from both sea- and freshwater (Appendix Table 5 and 

Appendix Table 6 for catechol and resorcinol type adsorbents respectively). Note that the list 

of resorcinol-type adsorbents is significantly shorter, as the majority of uses refer to low-

concentration uranium detectors, rather than uranium extraction, owing to the fact that uranium 

forms coloured complexes when chelated to 4-(2-Pyridylazo) resorcinol (PAR) or 4-(2-
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thiazolylazo) resorcinol (TAR). 412,413,414,415,416,417,418,419,420,421,422,423,424,425,426,427,428,429,430,431,432, 

433,434,435,436,437,438,439,440 The catechol-type adsorbents show particularly promising uranium 

extraction capabilities, with a crosslinked bayberry tannin being able to remove 307.3 

gUraniumgAdsorbent
−1—a value which was surmounted by several of the polydopamine (PDA) type 

adsorbents, including a salicylaldoxime/PDA mix, tethered to graphene oxide (GO), which 

could extract 1049 gUraniumgAdsorbent
−1.441,442 The resorcinol-type adsorbents do still perform well, 

with PAR tethered to an Amberlite XAD resin capable of removing 115.5 gUraniumgAdsorbent
−1, 

although this value does still lie below many of the catechol type resins in Appendix Table 5.443 

The third class of adsorbents relevant to this work, which demonstrate particularly good 

uranium extraction capabilities, are amidoximes. The synthesis of amidoximes has remained 

almost unchanged since the 19th century, consisting of nucleophilic attack of the amide with 

hydroxylamine under basic conditions—although hydroxylamine attack on thioamide, 

hydrazine imide, iminoether, imidoylbenzo-triazole, and open chain pyrazine derivatives has 

also been used to produce amidoximes.444,445 The presence of the two amine groups, as well 

as the hydroxy group, provide three lone pair sites which are capable of attracting the 

positively charged uranyl ion—separate spectral studies have given rise to differing 

conclusions regarding the main active site, potentially indicating that no one particular site 

dominates uranium binding.446,447,448  

There exists an extensive amount of literature concerning the use of amidoxime 

functionalised materials in the removal of uranium from water sources, which has been 

thoroughly covered in a recent review.449 Owing to the significant number of pieces of work, 

only those demonstrating the greatest adsorption capacities have been reported here 

(Appendix Table 7). Indeed, the excellent uranium capture exhibited by amidoxime-type 

adsorbents is demonstrated by the fact that—aside from salicylaldoxime/PDA tethered to 

graphene oxide442—the adsorption capacity of the amidoxime type adsorbents in Appendix 

Table 7 is greater than any of the calixarene-, catechol-, or resorcinol-type adsorbents in 

Appendix Table 4, Appendix Table 5, or Appendix Table 6 respectively (Figure 5-2). 
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Figure 5-2. Adsorption capacities of the calixarene-based401,450,451 (green), catechol-based442,452,453 
(blue), resorcinol-based443, 454 , 455  (black), amidoxime-based 456 , 457 , 458  (red), and amidoxime-based, 
where plasmachemical processes were used as part of the synthesis459,460,461 (purple) adsorbents, 
which demonstrated the greatest adsorption capacities towards uranium.  

Previous work by the Badyal group has utilised plasmachemical deposition in order to 

functionalise substrates, so that they are capable of removing contaminants (in this case 

chromium) from drinking water. 462  As opposed to the various wet chemistry techniques 

employed in the fabrication of the adsorbents in Appendix Tables 4–7, plasmachemical 

deposition offers several key advantages: no solvents are required for the initial 

functionalisation step, reducing material (and monetary) waste; minimal quantities of reagent 

are required in order to functionalise the substrate; and plasmachemical deposition is 

substrate independent, meaning that any substrate can be manipulated in order to introduce 

the key functional group.463,464 Indeed, no use of plasmas in order to synthesise calixarene-, 

catechol-, or resorcinol-type adsorbents for the purpose of uranium capture has been found 

by this author, and only limited literature on the use of plasmas in the synthesis of amidoxime-

type adsorbents has been found (Appendix Table 8). However, nearly all of these studies 

simply used nitrogen/argon plasma in order to activate a surface, so that acrylonitrile could be 

attached, rather than depositing a cyano-containing group onto the surface. The only 

deposition involved coating a surface, which already contained amidoxime groups, with an 
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alternative species whose purpose was to increase the anti-biofouling properties of the 

adsorbent.465 

Furthermore, almost all of the extraction conditions stated in Appendix Tables 4–8 utilise 

batch adsorption, which, although useful when attempting to remove contaminants from large 

volumes of water (e.g., wastewater treatment prior to release into water bodies), is less 

appropriate for point-of-use water filtration required by the many thousands of civilians who 

rely on uranium-contaminated waterbodies for bathing, cooking, and drinking. While some of 

the systems described above did investigate dynamic filtration, the conditions employed 

typically involved packing resins into columns and passing through the contaminated water 

under pressure – conditions which are unlikely to be replicated in the environments where 

uranium filtration is most needed. 

Consequently, the adsorbents synthesised in this work are designed to be used as filters 

which do not require external pressure, any specialised equipment, nor extended filtration 

times. To achieve this, polyurethane cloths were initially coated with pulsed plasma poly(4-

vinylbenzyl chloride, 4-VBC), as in previous work (and as presented in Chapter 3).462 Then, 

the chloride linker layer undergoes nucleophilic substitution with the extractant molecule of 

choice. In this case, a range of calixarenes containing hydroxy groups on the lower rim, and 

carboxylic acid, ureayl, ester, and amino moieties—which are designed to bind to uranium—

on the upper rim. The calixarenes chosen for this work (KTU-009, KTU-010, KTU-011, KTU-

013, KTU-014; all synthesised by Konya Technical University) are shown in Figure 5-3. 
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Figure 5-3 - Structures of calixarenes, attempted to be attached to a pulsed plasma poly(4-VBC) coated 
TPU cloth. 

Similarly, hydroxyquinone and phloroglucinol (Table 5-1) were chosen, as nucleophilic 

substitution between one of the hydroxyl groups and the chloride on the pulsed plasma poly(4-

VBC) would give rise to a filter containing catechol and resorcinol groups respectively. 



Confidential 

 Durham University Copyright 163 

Table 5-1. Structures of polyhydroxybenzene species attempted to graft onto the pulsed plasma poly(4-
VBC) linker layer, and the final product synthesised, assuming successful attachment  

Reagent Structure Final Product 

Phloroglucinol 

 

 

Hydroxyquinone 

 

 

 

As amidoximes are formed by conversion of a nitrile group,444,445 it was necessary to 

functionalise the polyurethane cloth substrate with a nitrile group containing species as the 

initial step. This was again done using the pulsed plasma deposition technique, here in 

conjunction with a cyano group monomer.  

While previous research has demonstrated that plasma deposition of acrylonitrile, 

acetonitrile, 2-dicyanoethylene, and tetracyanoethylene in order to produce a cyano-

functionalised substrate is possible, the plasma conditions resulted in limited retention of 

cyano groups, owing to the formation of ketene-imine and conjugated –C=N– 

structures.466,467,468,469,470,471 However, the Badyal group has previously deposited pulsed 

plasma poly(2-cyanoethyl acrylate) (Figure 5-4(A)) onto substrates (PTFE and NaCl plates) in 

order to fabricate cyano-functionalised solid surfaces with elevated nitrile retention. 472 

Consequently, pulsed plasma poly(2-cyanoethyl acrylate) was deposited onto the 

polyurethane cloths, before reaction with hydroxylamine hydrochloride (HH) in order to give 

rise to amidoxime functionalised cloths Figure 5-4(B). 
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Figure 5-4. (A) Structure of 2-cyanoethyl acrylate. (B) Full scheme for the deposition of pulsed plasma 
poly(2-cyanoethyl acrylate) onto a polyurethane cloth, followed by amidoximation with hydroxylamine 
hydrochloride. 

Unfortunately, under the conditions used in this research, none of the investigated 

calixarenes or polyhydroxybenzenes gave rise to successful extraction of uranium. This was 

potentially attributed to (in part) the inability to tether the target molecules onto the pulsed 

plasma poly(4-VBC) coated surface, meaning that future studies should investigate alternative 

attachment mechanisms and/or alternative calixarenes/polyhydroxybenzenes, which would 

be more susceptible to undergo nucleophilic substitution (whilst leaving the active site 

available for uranium capture). 

However, successful uranium filtration with the amidoxime functionalised cloths was 

observed, with capture observed under static conditions, achieving an experimentally 

observed adsorption capacity of 8.80 ± 0.85 mgUgCloth
−1. While dynamic filtration occurred 

rapidly, meaning that a cloth could be able to filter significant quantities of water in a short 

timescale, the extraction percentage was unfortunately significantly lower than under static 

conditions (22.0 ± 6.3 % vs 90.3 ± 4.5 %). Furthermore, the cloth was shown to be recyclable, 

and was capable of selectively removing uranium from solution containing some competing 

metal ions. 
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5.2 Experimental 

5.2.1 Calixarene and Polyhydroxybenzene Functionalised Cloths 

5.2.1.1 Preparation of Functionalised Cloths 

In order to fabricate the calixarene and polyhydroxybenzene cloths, the cloths first required 

coating with a pulsed plasma poly(4-VBC) linker layer. This was achieved by following a similar 

method to that performed previously by the Badyal group.462, 473 , 474 , 475 , 476  A non-woven 

polyurethane (TPU; meltblown 35 GSM, M35A1YMO, Don & Low Ltd., 12 cm x 8 cm) cloth 

was used as the substrate for plasmachemical deposition. The substrates were prepared, the 

plasma chamber cleaned, and plasmachemical deposition performed using 4-VBC (+ 90 %, 

10403053, Fisher Scientific UK Ltd.) as the monomer as described in 2.1.1.1.1. Pulsed plasma 

deposition was performed using a duty cycle on-period of 100 μs and a duty cycle off-period 

of 4 ms in conjunction with a peak power of 30 W, with the total time for deposition of 20 min. 

Following deposition of pulsed plasma poly(4-VBC) onto the first side of the substrate, 

the cloth was inverted, and placed into a new, clean, chamber, and the process was repeated. 

Following the second deposition, the non-woven cloths were cut into two 60 mm x 70 mm 

pieces, leaving a 120 mm x 10 mm strip for characterisation. 

Each coated cloth piece was placed into separate glass vials (28 mL volume) 

containing 0.152 g (4 mM) K2CO3 (+ 99.0 %, Sigma Aldrich Ltd.) before addition of an acetone 

(+ 99.8 %, Fisher Scientific UK Ltd.) solution containing 8 mM NaI (+ 99.5 %, Honeywell 

FlukaTM, Fisher Scientific UK Ltd.) and either 0.8 mM KTU-009, KTU-010, KTU-011, KTU-013, 

or KTU-014 (to attempt to yield a calixarene functionalised cloth) or 1.6 mM hydroxyquinone 

(+ 97 %, Fisher Scientific UK Ltd.), or phloroglucinol (+ 99.3 %, APC Pure) (to attempt to yield 

a polyhydroxybenzene functionalised cloth). The vials were sealed and left to spin at 40 rpm 

for ca. 70 h, before subsequent washing in acetone (15 min), air dried, and finally washed in 

high-purity (HP) water (15 min) and air dried. 

5.2.2 Amidoxime Functionalised Cloths 

5.2.2.1 Preparation of Functionalised Cloths 

In order to fabricate the amidoxime functionalised cloths, the cloths first required coating with 

pulsed plasma poly(2-cyanoethyl acrylate). The polyurethane cloth, glass slide and reflective 

silicon wafer substrates were prepared, the plasma chamber cleaned, and plasmachemical 

deposition performed using 2-cyanoethyl acrylate (+ 95 %, Sigma Aldrich Ltd.) as the 

monomer as described in 2.1.1.1.1. Pulsed plasma deposition was performed using a range 

of on/off duty cycles in order to determine the optimum conditions, which were established to 
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be an on/off duty cycle of 20 µs on/20 ms off at a peak power of 30 W for 5 min. Following 

deposition of pulsed plasma poly(2-cyanoethyl acrylate) onto the first side of the substrate, 

the cloth was inverted, and placed into a new, clean, chamber, and the process was repeated. 

Following the second deposition, the non-woven cloths were cut into two 60 mm x 70 mm 

pieces, leaving a 120 mm x 10 mm strip for characterisation. 

Amidoximation was performed by following a procedure similar to Zahri et al.477 HH (+ 99 

%, Sigma Aldrich Ltd.) solutions were made up by dissolving the desired mass of HH in a 

NaOH solution—optimum conditions were determined to be 0.0200 g HH with 5.5 mL NaOH 

(2 M, + 99.5 %, Fisher Scientific Ltd.) and 94.5 mL HP water. Each piece of pulsed plasma 

poly(2-cyanoethyl acrylate) coated cloth was placed into separate glass vials (28 mL volume, 

FisherbrandTM), and 27.5 mL of the HH solution was added. The vials were sealed and left to 

spin at 40 rpm for ca. 48 h, before subsequent washing in HP water (15 min) and being dried 

in air. 

5.2.3 Characterisation 

The thickness of the pulsed plasma poly(4-VBC) and pulsed plasma poly(2-cyanoethyl 

acrylate) coated silicon wafers was recorded using a spectrophotometer (NKD-6000, Aquila 

Instruments Ltd.). Transmittance−reflectance curves (350−1000 nm wavelength) were 

acquired using a parallel p-polarised light source at 30° incident angle to the substrate. These 

curves were fitted to a Cauchy model for dielectric materials using a modified 

Levenberg−Marquardt algorithm (version 2.2 Pro-Optix software, Aquila Instruments 

Ltd.).478,479 

Fourier Transform Infrared (FTIR) spectra were acquired as described in Section 

2.1.2.1.6. 

Concentrations of all uranium-containing solutions were measured using an ICP-OES 

spectrophotometer (iCAP 6500, Thermo Fisher Scientific Inc.). Calibration standards were 

prepared following serial dilution of a 1000 mg L−1 [UO2(NO3)6]2+ solution (ICP standard 

solution, ROMIL Ltd.). Each sample analysis consisted of two replicate measurements for 

three characteristic wavelengths to ensure that the matrix was not causing spectral 

interferences. 

5.2.4 Uranium Extraction 

A 100 mg L−1 stock solution of U(VI) was made up following dilution of a 1000 mg L−1 

[UO2(NO3)6]2+ solution (ICP standard solution, ROMIL Ltd.). Subsequent dilution of this stock 

solution was performed in order to obtain uranium solutions of the desired concentration. 



Confidential 

 Durham University Copyright 167 

 Dynamic and static filtration experiments, as well as isotherm determination was 

performed mostly as described in 2.1.3. The only difference occurred under static filtration, 

where the vials were left to shake (rather than spin) using a VXR Basic Vibrax® shaker at > 

200 rpm. 

Kinetic modelling experiments were performed following static filtration of several 20 mg 

L−1 U(VI) solutions, each with a piece of adsorbent. The vials were left to shake, then after a 

designated time, the shaker was switched off and the cloth was removed from three (to allow 

for repetition) of the solutions, which were then submitted to ICP-OES for analysis. The shaker 

was then restarted, and the next set of the cloths were removed at the next designated time-

period. This process was repeated until all cloths had been removed, and the experiment 

lasted for a duration of 1 h. The adsorption capacity after each time-period was determined 

and plotted against time. From this, the data was modelled by pseudo-first order and pseudo-

second order kinetic models as described in 2.1.3.2.3. 

 Cloth recycling experiments were carried out similarly to Bieber et al.462 In short, 

following dynamic filtration of a 5 mL 20 mg L−1 U(VI) solution, 5 mL of HP water was passed 

through the cloth to remove any uranium trapped via capillary forces. Then 5 mL of a 

regeneration solution was passed through the cloth and the eluent collected, before being 

analysed via UV−Vis spectroscopy in order to determine the concentration of U(VI) in the 

regeneration eluent. Two regeneration solutions were investigated: 1 M HNO3—this is capable 

of protonating the amidoxime functional group, removing the electrostatic attraction between 

the adsorbent and the uranyl ions in solution—and a solution containing 0.5 M HNO3 and 2 M 

NaCl—this is similar to the regeneration solution used by Bieber et al., wherein as well as 

protonating the active sites, captured uranium is displaced owing to the high concentration on 

salt in solution. 

 Cloth selectivity experiments were performing via static filtration of a 5 mL 20 mg L−1 

U(VI) solution, containing one of: NaCl (+ 99.5 %, Sigma-Aldrich Ltd.); K2CO3 (+ 99.0 %, Sigma 

Aldrich Ltd); FeCl3 (+ 97 %, Sigma Aldrich Ltd.); CaCl2 (+ 90 %, BDH Laboratory Reagents); 

MgCl (+ 98 %, Sigma Aldrich Ltd.); or PbNO3 (+ 99 %, Sigma Aldrich Ltd.) in a 1:50 mole ratio 

of uranium:competing metal ion, with a piece of functionalised cloth. 

 A real-world uranium contaminated sample was simulated by first collecting water from 

a vegetated rainwater pond (Durham University, UK) as it is expected that a rainwater pond 

will contain a wide array of ions and organic matter. The water was first filtered with a 

membrane filter (Whatman Polydisc GW In-Line polyamide filter with 0.45 μm pore size, GE 

Healthcare Inc.) in order to remove any solid particulates via mechanical filtration. The 

particulate-free pond water was then used to make up a solution containing 20 mg L−1 U(VI), 
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which was then statically filtered with functionalised TPU cloths. The uranium solution before 

and after filtration was analysed by ICP-OES in order to determine the uranium extraction 

percentage. All pond water filtration experiments were performed within 2 h of collection.  

 All experiments have been performed at least three times, unless otherwise stated, 

and error values provided correspond to the standard deviation of the recorded values. 

5.3 Results 

5.3.1 Calixarene Functionalised Cloths 

5.3.1.1 Characterisation 

The deposition rate for the pulsed plasma poly(4-VBC) films coated onto silicon wafers was 

measured to be 43.2 ± 3.0 nm min−1, giving a coating thickness of 864 ± 20 nm for the 

deposition time of 20 min. 

The FTIR spectra (ATR) of the starting TPU cloth, and pulsed plasma poly(4-VBC) 

coated cloth (Figure 5-5) demonstrate that pulsed plasma poly(4-VBC) has been successfully 

deposited on to the TPU cloth, owing to the presence of the C–⁠H wagging mode of CH2–C⁠l 

(from the VBC chloride group) at 1265 cm−1, and the VBC benzyl phenyl stretch at 1512 

cm−1.464,480 However, following immersion of the coated cloth in calixarene solutions containing 

one of KTU-009, KTU-010, KTU-011, KTU-013, or KTU-014, the ATR spectra (Figure 5-5) do 

not provide strong evidence for the presence of any of the calixarenes on the substrate—e.g., 

through the presence of additional hydroxyl (as seen in Chapter 3, and in previous work462), 

amine or ureayl groups. As such, successful attachment of calixarenes cannot be confirmed. 
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Figure 5-5. ATR−infrared spectrum of uncoated polyurethane (TPU) cloth (black), pulsed plasma 
poly(4-VBC) coated TPU cloth (grey), and coated TPU cloth, which was then immersed in a solution 
containing one of the following calixarenes: KTU-009 (pale blue), KTU-010 (green), KTU-011 (orange), 

KTU-013 (pink), or KTU-014 (dark blue). * indicates the C–⁠H wagging mode of CH2–C ⁠l at 1265 cm−1, 
while † indicates the VBC benzyl phenyl stretch at 1512 cm−1. 

5.3.1.2 Extraction of Uranium 

In order to determine whether the adsorbents are suitable for uranium extraction, static 

filtration of a 10 mg L−1 U(VI) solution was performed using each of the cloths. Static filtration 

was employed in order to ensure that sufficient contact between the uranyl ions and the 

surface occurred. Following static filtration, the uncoated cloth, and the cloth coated with 

pulsed plasma poly(4-VBC), were unable to remove uranium from solution (extraction 

efficiency of 2.53 ± 1.47 % and 2.67 ± 0.67 % respectively, Figure 5-6). Following immersion 

of the coated cloth with each of the investigated calixarenes, an insignificant increase in 

uranium extraction was observed (Figure 5-6). There are two possible explanations for the 

lack of uranium capture: (1) None of the investigated calixarenes are capable of binding 

uranium – this would be surprising, as the upper rim on each of the calixarenes has been 

functionalised with groups which are known to bind well to uranyl ions. While it is possible that 

some of the investigated calixarenes may not exhibit affinity to uranium, it is far less likely that 

none of the calixarenes demonstrate this affinity. Alternatively; (2) The calixarenes did not 

attach to the surface/only some calixarene molecules attached to the surface. This is the more 
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likely explanation, owing to the lack of evidence of calixarene attachment demonstrated in 

5.3.1.1. Note that each of the investigated calixarenes contain two hydroxy groups and two 

methoxy groups on the lower rim—as opposed to four hydroxy groups for the investigated 

calixarene in previous work by the Badyal group and in Chapter 4 of this thesis462—meaning 

that the methoxy groups may a) be less inclined to undergo nucleophilic substitution with the 

chloride; and/or b) introduce hinderance, inhibiting nucleophilic substitution of the 

neighbouring hydroxy groups.  

 

Figure 5-6. Extraction percentage towards uranium, following filtration with an uncoated TPU cloth, a 
pulsed plasma poly(4-VBC) coated TPU cloth, and a pulsed plasma poly(4-VBC) coated TPU cloth, left 
to spin in a solution containing one of: KTU-009, KTU-010, KTU-011, KTU-013, or KTU-014. As the 
uncoated cloth and the coated cloth are control experiments, these are shaded in grey. 

5.3.2 Polyhydroxybenzene Functionalised Cloths 

As with the attempted synthesis of the calixarene functionalised cloths (Section 5.3.1), the 

ATR spectrum of the pulsed plasma poly(4-VBC) coated cloth demonstrates successful 

deposition, owing to the presence of absorbance bands at 1265 cm−1 and 1512 cm−1 (Figure 

5-7). Following immersion of the cloths in solution containing either phloroglucinol or 

hydroxyquinone, these functional groups are no longer visible in the ATR spectra—the lack of 

absorbance band at 1265 cm−1 (attributed to the C–⁠H wagging mode of the CH2–C⁠l group) 

potentially indicates that nucleophilic substitution with the Cl group has successfully occurred, 

while the lack of visible phenyl absorbance bands attributed to the pulsed plasma poly(4-VBC) 
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linker layer may occur owing to the presence of the phenyl groups within the 

polyhydroxybenzenes. Furthermore, there do appear to be broad absorbance bands at ca. 

3200 cm−1, which can be attributed to OH groups found on the polyhydroxybenzenes. 

 

Figure 5-7. ATR−infrared spectrum of uncoated polyurethane (TPU) cloth (black), pulsed plasma 
poly(4-VBC) coated TPU cloth (blue), and coated TPU cloth, which was then immersed in a solution 

containing either hydroxyquinone (orange) or phloroglucinol (red). * indicates the C–⁠H wagging mode 

of CH2–C ⁠l at 1265 cm−1, while † indicates the VBC benzyl phenyl stretch at 1512 cm−1. 

5.3.2.1 Extraction of Uranium 

Following fabrication of the polyhydroxybenzene functionalised cloths, samples were left to 

spin for 24 h in a 10 mg L−1 uranium solution, in order to determine their suitability as 

adsorbents. After attaching the polyhydroxybenzene to the linker layer, very minor increases 

in uranium extraction were observed (Figure 5-8). While an augmented extraction percentage 

could lend credence to the incidence of successful derivatisation, the filtered water would still 

contain > 9 mg L−1 U(VI), meaning that it remains highly contaminated. As such, the observed 

affinity towards uranium is insufficient for the synthesised cloths to be considered as useful 

adsorbents. 
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Figure 5-8. Extraction percentage towards uranium, following filtration with an uncoated TPU cloth, a 
pulsed plasma poly(4-VBC) coated TPU cloth, and a pulsed plasma poly(4-VBC) coated TPU cloth, left 
to spin in a solution containing one of hydroxyquinone or phloroglucinol. As the uncoated cloth and the 
coated cloth are control experiments, these are shaded in grey. As hydroxyquinone could give rise to a 
catechol-type adsorbent, this is coloured in blue. As phloroglucinol could give rise to a resorcinol-type 
adsorbent, this is coloured in black. 

5.3.3 Amidoxime Functionalised Cloths 

The final type of investigated cloth was amidoxime functionalised cloths. In order to synthesise 

these cloths, the TPU substrate first had to be coated with a cyano-containing substance, 

which could then undergo amidoximation. As previous work has successfully deposited 

poly(2-cyanoethyl acrylate) onto a substrate, this was chosen as the cyano-containing 

substance.472 

5.3.3.1 Deposition of Pulsed Plasma Poly(2-cyanoethyl acrylate) 

The thickness of the pulsed plasma poly(2-cyanoethyl acrylate) films coated onto silicon 

wafers was measured to be 193.9 ± 51.9 nm, which yields a deposition rate of 38.8 ± 10.4 nm 

min−1 over the course of the 5 min deposition—lower than the value in previous work, which 

utilised a higher (40 W) peak power.472 

Pulsed plasma poly(2-cyanoethyl acrylate) was deposited onto a silicon wafer under 

similar conditions to those previously employed by Tarducci et al.472 (30 W peak; 20 µs on, 20 

ms off). Additionally, a duty on:off cycle of 40 µs on:8 ms off was utilised, in order to investigate 
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the effect of a shortened on:off cycle. Unfortunately, a stable plasma could not be obtained 

with on:off cycles extended beyond 20 µs:20 ms, nor peak powers below 30 W, and so these 

could not be investigated. Following deposition with the 20 µs:20 ms duty cycle, the key 

absorbance bands at 2245 cm−1 (C≡N stretch) and 1736 cm−1 (C=O) stretch can be observed, 

while there is no evidence of a C=C stretch at 1637 cm−1, indicating that deposition and 

polymerisation have been successful (Figure 5-9, Table 5-2).472,480 While these absorbance 

bands are still observable using the shortened duty cycle, the intensity is significantly 

weakened. This indicates that the more aggressive plasma conditions negatively impact the 

deposition (e.g., by breaking up the monomer, preventing deposition of the desired coating), 

and so the more gentle conditions were chosen for all future experiments. 

 

Figure 5-9. FTIR—ATR of 2-cyanoethyl acrylate monomer (blue), and FTIR—RAIRS of pulsed plasma 
poly(2-cyanoethyl acrylate), deposited with an on:off time of 20 µs:20 ms (green) and 40 µs:8 ms 
(orange). 

Table 5-2. Assignment of the absorbance bands observed in the FTIR spectrum of 2-cyanoethyl 
acrylate. *Absorbance bands marked with an Asterix are not present in the spectra of the deposited 
films. 

Label Wavenumber / cm−1 Assignment Reference 

▪ 3460 N–H stretch 480 

† 2254 C≡N stretch 472, 480 

‡ 1736 C=O stretch 472, 480 
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Label Wavenumber / cm−1 Assignment Reference 

* 1637* C=C stretch 472, 480 

● 1273 C–O stretch 472, 480 

□ 1175 C–O stretch 472, 480 

◊ 985* =CH2 wag 472, 480 

○ 810* =CH2 stretch 472, 480 

 Deposition was subsequently performed onto glass slides and a meltblown TPU cloth. 

Compared to the RAIRS spectra of the deposited film on the Si wafers, several of the pulsed 

plasma poly(2-cyanoethyl acrylate) peaks are obscured by the substrate absorbance bands 

(Figure 5-10). This obscuring effect is more notable when using the TPU cloths than the glass 

slides, however the C≡N stretch at 2245 cm−1 and C=O stretch at 1736 cm−1 can still be 

identified, while there is no evidence of any of the C=C absorbance bands listed in Table 5-2. 

Consequently, it can be concluded that pulsed plasma poly(2-cyanoethyl acrylate) can be 

successfully deposited onto a range of substrates. 

 

Figure 5-10. FTIR—ATR of 2-cyanoethyl acrylate monomer (blue), TPU cloth (orange), pulsed plasma 
poly(2-cyanoethyl acrylate) deposited onto a TPU cloth (grey), a glass slide (yellow), and pulsed plasma 
poly(2-cyanoethyl acrylate) deposited onto a glass slide (dark green). All depositions have been 
performed with an on:off time of 20 µs:20 ms. 
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5.3.3.2 Conversion to Amidoxime 

In order to determine the optimum conditions for amidoxime conversion, varying 

concentrations NaOH and HH were investigated—the optimum conditions are those which 

result in successful conversion to the amidoxime whilst using the fewest quantity of 

materials/energy necessary. Successful conversion to the amidoxime can be demonstrated 

by the loss of the C≡N stretch at 2245 cm−1, and appearance of an N–H stretch at ca. 3460 

cm−1 (Figure 5-11, only visible when using an uncoated TPU cloth as the FTIR background, 

owing to overlap with TPU absorbance bands). Consequently, in order to determine whether 

experimental conditions resulted in successful amidoximation, the disappearance/appearance 

of these respective absorbance bands were tracked (Table 5-3). Here it can be seen that for 

starting HH concentrations of 0.028 M and above, there is a respective absence and presence 

of C≡N and N–H absorbance bands, demonstrating successful amidoximation. At lower 

concentrations, this has not occurred. Therefore, it was determined that a HH concentration 

of 0.028 M was the minimum requirement for the successful conversion to amidoxime.  

Table 5-3. Starting HH and NaOH concentrations for the attempted amidoximation of the deposited 
pulsed plasma poly(2-cyanoethyl acrylate film), and whether absorbance bands corresponding to N–H 
and C≡N stretches at 3460 and 2245 cm−1 respectively could be observed in the final product. *This 
solution was left to spin for an extended (4 days) reaction time. 

HH Concentration 

/ M 

NaOH 

Concentration / M 

N–H absorbance 

band 

C≡N absorbance 

band 

0.006 0.022 × ✓ 

0.006* 0.022* × ✓ 

0.018 0.066 × ✓ 

0.028 0.110 ✓ × 

0.043 0.165 ✓ × 
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Figure 5-11. FTIR—ATR of (A) the TPU cloth (black), the 2-cyanoethyl acrylate monomer (blue), the 
pulsed plasma poly(2-cyanoethyl acrylate) film deposited on the TPU cloth (green), and the same film 
when inserted into a solution containing 0.036 M HH solution (to form the amidoxime) (pink), all using 
air as the FITR background; and (B) the TPU cloth (dotted black) using air as the FTIR background, the 
pulsed plasma poly(2-cyanoethyl acrylate) film deposited on the TPU cloth using an uncoated cloth as 
the FTIR background (green), and the same film when inserted into a solution containing 0.036 M HH 
solution (pink), using an uncoated cloth as the FTIR background. ▪ indicates the N–H stretch at 3460 
cm−1, while † indicates the C≡N stretch at 2245 cm−1. 

5.3.3.3 Static Filtration of Uranium 

The cloths which had successfully undergone amidoximation were left to spin in a 10 mg L−1 

U(VI) solution for 24 h, in order to determine whether uranium could be removed from solution. 

Cloths synthesised using different concentrations of HH were investigated to determine 

whether the concentration of reagent affected uranium capture. Extraction percentages of ca. 

90 % for each cloth (Figure 5-12) not only indicated that uranium could be successfully 

removed from solution, but also that increasing the concentration of HH beyond 0.028 M did 

not yield improved results (average filtration efficiency = 90.3 ± 4.5 %). As such, 

concentrations of 0.028 M HH were used for all future experiments. 

 

Figure 5-12. Extraction percentages for the static filtration of a 5 mL 10 mg L−1 U(VI) solution with an 
uncoated TPU cloth, and an amidoxime-functionalised TPU cloth, synthesised using HH concentrations 
of 0.028 M, 0.036 M, or 0.043 M. Also included is the average extraction percentage for all HH 
concentrations greater than 0.027 M. As the uncoated cloth is a control experiment, this is shaded in 
grey. 
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5.3.3.4 Dynamic Filtration of Uranium 

In order to determine the feasibility of utilising the amidoxime functionalised cloths for point-

of-use water filtration, dynamic filtration of a 10 mg L−1 U(VI) solution, using a TPU cloth, 

coated with pulsed plasma poly(2-cyanoethyl acrylate), as well as the amidoxime 

functionalised cloths, was performed. The solution rapidly passes through the amidoxime 

functionalised cloth (filtration time = ca. 90 s for all amidoxime functionalised cloths), as 

opposed to the pulsed plasma poly(2-cyanoethyl acrylate) coated cloth (filtration time = ca. 15 

min). This extraction time, while indicating strong forces of attraction between the cloth and 

the uranium solution, is particularly useful in real-world environments, as it indicates that 

substantial quantities of water could be filtered in relatively short periods of time. This short 

contact time, however, has coincided with significantly reduced extraction percentages (22.0 

± 6.3 % (Figure 5-13) vs 90.3 ± 4.5 % (Figure 5-12)). As with the static filtration of U(VI), the 

filtration efficiency of the amidoxime cloths, synthesised using different concentrations of HH 

are within error ranges. Finally, it should be noted that the filtration efficiency of the pulsed 

plasma poly(2-cyanoethyl acrylate) coated cloth towards uranium is even lower than that of 

the dynamic filtrations with the amidoxime functionalised cloth (filtration efficiency = 0.9 % vs 

22.0 ± 6.3 %, Figure 5-13), indicating that, albeit low, under dynamic conditions, removal of 

some uranium with the amidoxime functionalised cloths is possible. 
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Figure 5-13. Extraction percentages for the dynamic filtration of 5 mL 10 mg L−1 U(VI) solution with a 
pulsed plasma poly(2-cyanoethyl acrylate) coated cloth, and amidoxime-functionalised TPU cloths, 
synthesised using HH concentrations of 0.028 M, 0.036 M, or 0.043 M (3 cm x 3.5 cm, inserted into the 
bottom of the body of a Pasteur pipette (150 mm total length, 100 mm body length, 5.6 mm body internal 
diameter, Fisher Scientific UK Ltd.)). Dynamic filtration of U(VI) with the pulsed plasma poly(2-
cyanoethyl acrylate) coated cloth has only been performed once. Also included is the average extraction 
percentage for all HH concentrations greater than 0.027 M. As the coated cloth is a control experiment, 
this is shaded in grey. 

5.3.3.5 Cloth Recycling 

While previous work has typically used strong acid to protonate the amidoxime sites, and 

hence remove the electrostatic attraction between the amidoxime and uranyl ion,458,481 ,482 

previous work by the Badyal group has demonstrated that utilising a large excess of salt in 

addition to altering the pH results in bound adsorption sites becoming replaced with the 

respective ion, leading to a greater increase in contaminant being released from a cloth.462 

Consequently, two different regeneration solutions were investigated—one containing 0.5 M 

HNO3 and 2 M NaCl, and a second containing 1 M HNO3. Owing to the rapid flow-through 

time, dynamic filtration was chosen as the filtration method, in order to exemplify the difference 

in performance between the two regeneration solutions. Furthermore, rapid recycling is 

desirable, and so utilising dynamic filtration better represents real-world conditions. Following 

dynamic filtration of 10 mg L−1 solutions, none of the initial filtrations gave rise to successful 

filtrations (Figure 5-14). However, in each subsequent filtration, the extraction percentage did 
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increase, before levelling out, indicating that the cloths were certainly not becoming saturated, 

and indeed may be becoming more suitable extractants following repeat use. It can be seen 

that the concentration of uranium extracted at each cycle is similar when using both 

regeneration solutions, and indeed, is similar to the concentration of uranium found in the 

regeneration eluant when regenerating with the 1 M HNO3 solution. However, when 

regenerating with the 0.5 M HNO3/2 M NaCl solution, there is a lower concentration of uranium 

found in the regeneration eluant. 

 

Figure 5-14. Concentration of uranium extracted following dynamic filtration (orange dotted lines) of a 
5 mL 10 mg L−1 U(VI) solution, which was subsequently regenerated using either a 1 M HNO3 solution 
(squares) or a 0.5 M HNO3/2 M NaCl solution (diamonds). Additionally, concentration of uranium 
removed from the cloths (blue dotted lines) following recycling with either a 1 M HNO3 solution (squares) 
or a 0.5 M HNO3/2 M NaCl solution (diamonds). 

 Obtaining detailed conclusions from Figure 5-14 is difficult, owing to the large error 

bars—attributable to the relatively large range of concentrations obtained during dynamic 

filtration. Therefore, it is more appropriate to determine the percentage of uranium desorbed 

from the cloth following each individual filtration experiment. This was determined by working 

out the amount of uranium found in the regeneration eluant as a proportion of the amount of 

uranium extracted in the previous filtration (Figure 5-15). Following each cycle using 1 M HNO3 

as the regeneration solution, > 90 % adsorbed uranium is removed from the cloth, which is 

indicative of an outstanding ability to recycle the functional cloths. On the other hand, when 



Confidential 

 Durham University Copyright 181 

using the 0.5 M HNO3/2 M NaCl solution, only ca. 50 % adsorbed uranium is removed from 

the cloth each cycle. This means that—in contrast to the previous work in this group, and 

indeed earlier in this thesis (3.3.6)—utilising a regeneration solution containing a high 

concentration of salt does not give rise to a superior ability to recycle the functional cloths.462 

Rather, the superior recycling performance with an increased acid concentration indicates that 

acidification of the adsorbent sites is the driving force behind cloth regeneration. 

 

Figure 5-15. Percentage of adsorbed uranium removed from cloths—which had previously been used 
to dynamically filter a 5 mL 10 mg L−1 uranyl solution—following regeneration with either a 1 M HNO3 
(green) solution, or a 0.5 M HNO3/2 M NaCl solution (pink). 

5.3.3.6 Isotherm Determination 

Determining the appropriate adsorption isotherm is not only a useful tool for elucidating the 

interactive mechanism between adsorbent and adsorbate, but can also be used to estimate 

the maximum adsorption capacity of an adsorbent under the investigated conditions, 

depending of the identified adsorption isotherm.483, 484 For example, the Langmuir isotherm 

model describes a monolayer adsorption process wherein adsorption and desorption are 

equal, with the maximum adsorption capacity occurring when no more adsorbate molecules 

can be incorporated into the monolayer. On the other hand, the Freundlich isotherm describes 

a multilayer adsorption system, with no finite adsorption limit. 
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 Amidoxime functionalised, pulsed plasma poly(2-cyanoethy acrylate) coated cloths 

were left to spin in 5 mL U(VI) solutions for 24 h under a range of U(VI) concentrations, after 

which the concentration of uranium remaining in solution was determined. Adsorption capacity 

(Qe) values were plotted against starting concentration, which demonstrates that initially, 

adsorption increases linearly with starting concentration (behaviour described by Henry’s law, 

485 hence concentrations below 25 mg L−1 can be classified as the Henry region, Figure 5-16). 

Afterwards, the adsorption capacity (Qe) values begin to curve off, indicative of a typical 

adsorption curve. 

 

Figure 5-16. Change in adsorption capacity (Qe) of an amidoxime functionalised cloth, following static 
filtration of U(VI) solutions, with initial concentration of uranium. The blue data points represent 
concentrations within the Henry region, whereas the black data points represent concentrations greater 
than the Henry region. 

 The obtained data was converted into non-linear (Figure 5-17) and linear (Figure 5-18) 

Langmuir and Freundlich isotherms. The non-linear form of both isotherms (Figure 5-17) are 

created by plotting Qe against Ce, where Qe = adsorption capacity, and Ce = concentration of 

U(VI) remaining at equilibrium. It can be seen that within the range of starting uranium 

concentration employed (0–100 mg L−1), there is no concentration at which 100 % uranium 

extraction occurs (Ce = 0), nor (more importantly), is there an observable plateau, in which the 

adsorption capacity (Qe) is unaffected by increasing the uranium concentration. This means 

that under the conditions feasible in this experiment, it is not possible to obtain an experimental 
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value for maximum adsorption capacity – the highest observed adsorption capacity occurs 

with a starting uranium concentration of 100 mg L−1, yielding a value of 8.80 ± 0.85 mgUgCloth
−1.  

In order to determine whether the data is best fit by either a Langmuir or Freundlich isotherm, 

the process outlined in 2.1.3.2.2 was followed. The model Langmuir and Freundlich adsorption 

curves lie within the error values for all observed data points, with the exception of the value 

determined for the starting uranium concentration of 100 mg L−1, wherein the model Langmuir 

adsorption curve does not pass through the associated error range. This implies that the 

Freundlich isotherm is a more appropriate isotherm model. This is evidenced through the 

calculated Χ2 values for both plots, which yielded values of 0.775 and 0.040 for the Langmuir 

and Freundlich isotherms respectively.  

 

Figure 5-17. Adsorption capacity towards U(VI) from solution following static filtration with a pulsed 
plasma poly(2-cyanoethyl acrylate) coated, amidoximated cloth. The raw data has been fitted against 
non-linear Langmuir (blue) and Freundlich (orange) adsorption isotherms. 

The linear forms of Langmuir and Freundlich isotherms are determined by plotting 

Ce/Qe against Ce (Langmuir) and Log(Qe) against Log(Ce) (Freundlich) (Figure 5-18). Analysis 

of the linear forms of the isotherms provide further evidence of the suitability of the Freundlich 

isotherm, which not only provides a better visual fit to the data, but also exhibits a superior R2 

value of 0.997, compared to 0.944 for the Langmuir fit. 

 



Confidential 

 Durham University Copyright 184 

 

 

Figure 5-18. Linear Freundlich (A) and Langmuir (B) isotherms, associated with the adsorption of U(VI) 
from solution with an amidoxime functionalised, pulsed plasma poly(2-cyanoethyl acrylate) coated cloth. 
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Consequently, it was assumed that the adsorption of U(VI) by the amidoxime 

functionalised cloths could be modelled by a Freundlich adsorption isotherm, for which the 

values of n and KF could be determined (Table 4-4). According to Equation (2-20), the values 

of n and KF can be calculated from the linear isotherm by taking the inverse of the gradient 

and calculating 10Intercept respectively. Additionally, it can be seen that the values for n and KF 

determined from the linear isotherm are within error range of the values determined from the 

non-linear Freundlich isotherms, validating the accuracy of the determined values, and indeed 

the fit itself. 

Table 5-4. Determined values of n and KF from the non-linear and linear Freundlich plots. The error 
values for the gradient and intercept from the linear plots were determined by using the “Data Analysis—
Regression” tool in excel, with a confidence interval of 95 %. For the non-linear isotherm, the errors 
were calculated by averaging the percentage error between each data point and the theoretically 
calculated value and applying this to the determined values of n and KF. 

Form of 

isotherm 

Gradient n Intercept KF / mg L−1 

Linear 0.502 ± 0.013 1.99 ± 0.05 0.137 ± 0.011 1.41 ± 0.07 

Non-linear N/A 2.01 ± 0.08 N/A 1.38 ± 0.06 

 The assignment to a Freundlich isotherm provides information regarding the physical 

characteristics of the adsorption. Specifically, Freundlich isotherms are representative of 

adsorptions which are heterogenous, with the formation of multilayers on the cloth.486 Note 

however, that the Freundlich isotherm does not allow the determination of an adsorption 

maximum. 

5.3.3.7 Adsorption Kinetics 

Owing to the nature of ICP-OES analysis, it is not feasible to begin a static filtration experiment, 

pause the experiment in order remove a sample for uranium concentration determination, then 

return the extracted uranium and restart the experiment (as would occur during conventional 

kinetic studies). Subsequently, an alternative technique was required, in order to attempt to 

establish a suitable kinetic model. One option would be to use a sufficiently large starting 

volume, so that the removal of small quantities of uranium would leave the remaining volume 

approximately constant. However, under the conditions required for this to occur, significant 

safety concerns arise in a laboratory setting. Consequently, a large number of static filtration 

experiments were set up, and each experiment was stopped after a predetermined length of 

time, always with three experiments stopped simultaneously. The average adsorption capacity 

at each time was determined, and these values were used to plot the adsorption curve. As it 

has been widely reported that fitting kinetic data towards linearised forms of the pseudo-first 

and pseudo-second order kinetic models provide stronger weighting to values found closer to 
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equilibrium, it was decided to prioritise filtration times closer to the start of the experiment, 

owing to the large number of synthesised cloths required for the investigation. 

 Unfortunately, owing to using different cloths for each data point, there are significant 

error ranges associated with each time-dependent calculated adsorption capacity (Qt) (Figure 

5-19). Furthermore, it can be seen that the data points obtained for the adsorption capacity 

after 5 and 10 min do not fit the overall adsorption curve (potentially owing to mass transfer 

effects meaning that adsorption does not occur in earnest until after 10 min). Thus, for the 

non-linear kinetic model (Figure 5-19), fits were performed with and without including these 

two data points. Of these kinetic models, the pseudo-second order model (excluding the data 

points at 5 and 10 min) appears to give the better fit to the observed data, although the pseudo-

first order model (excluding the data points at 5 and 10 min) does also pass through the error 

range of all data points. This was backed up by the χ2 values for each of these plots, which 

were calculated to be 0.560 and 0.707 for the pseudo-first and pseudo-second models, 

inclusive of all data points respectively; and 0.029 and 0.010 for the pseudo-first and pseudo-

second models, excluding the data points at 5 and 10 min respectively.  

 

Figure 5-19. Pseudo-first (red) and pseudo-second (orange) order kinetic models for the static 
adsorption of 20 mg L−1 U(VI) onto a range of amidoxime-functionalised TPU cloths over the first 60 
min of adsorption. Additionally, pseudo-first (grey) and pseudo-second (black) order kinetic models for 
the adsorption, omitting the data points captured after 5 and 10 min of adsorption. 
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 Similarly, when fitting the data to the linear pseudo-first and pseudo-second order 

models (Figure 5-20), fits were performed inclusive and exclusive of the data points at 5 and 

10 min. In both cases, removing these data points gave rise to better fits to the linear models 

(indeed, the R2 value for the linear pseudo-second order kinetic model, inclusive of these 

points is only 0.0865). As opposed to the non-linear fits, the best fit is the pseudo-first order 

model, exclusive of the anomalous data points (R2 = 0.9704), followed by the pseudo-second 

order model, exclusive of the anomalous data points (R2 = 0.9603), then the pseudo-first order 

model, inclusive of the anomalous data points (R2 = 0.9430), and finally the pseudo-second 

order model, inclusive of the anomalous data points (R2 = 0.0865).  
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Figure 5-20. (A) Linear plots for the pseudo-first order kinetic model, inclusive of all data points (orange), 
and excluding the data points at 5 and 10 min (blue). Owing to the extensive error range for all data 
points, error bars have not been included for ease of viewing. (B) Linear plot for the pseudo-second 



Confidential 

 Durham University Copyright 189 

order kinetic model, inclusive of all data points, and (C) Linear plot for the pseudo-second order kinetic 
model, excluding the data points at 5 and 10 min. 

 Consequently, as the non-linear and linear models give different conclusions as to the 

appropriate kinetic model, as well as the large error values during the non-linear plots and the 

similar R2 values for the linear plots, neither the non-linear, nor the linear kinetic model 

conclusions, can be considered definitively as the correct model. As such, it is more 

appropriate to state that the removal of U(VI) from solution follows adsorption kinetics, 

however it is inconclusive whether these kinetics follow pseudo-first order or pseudo-second 

order kinetics. For the sake of completeness, the determined rate constant values for both 

non-linear and linear pseudo-first- and second-order kinetic models have been determined 

(Table 5-5)—the non-linear rate constants are calculated by determining which rate constant 

values yield the optimal data fit, whereas for the linear rate constants, k1 is determined by 

multiplying the gradient by −2.303, and k2 is determined by taking the inverse of the intercept 

and dividing that by the square of the maximum adsorption capacity (2.386 mgUgCloth
−1). For 

each calculation, the models excluding the anomalous data point were utilised. 

Table 5-5. Determined values for rate constants k1 and k2, using non-linear and linear models, for the 
adsorption of 20 mg L−1 U(VI) onto an amidoxime functionalised cloth under static filtration conditions. 
The rate constants have been calculated using the redacted data set. For the linear plots, the errors 
were calculated by determining the percentage error in the regression analysis for the gradient and 
intercept (where appropriate) calculations and applying this to the final rate constant values. For the 
non-linear plots, the errors were calculated by averaging the percentage error between each data point 
and the theoretically calculated value and applying this to the final rate constant value. 

Variable Non-Linear / min−1 Linear / gClothmgU
−1min−1 

k1 0.0065 ± 0.0038 0.0055 ± 0.0003 

k2 0.0124 ± 0.0014 0.0538 ± 0.0045 

 

5.3.3.8 Cloth Selectivity 

In order to investigate the effectiveness of the synthesised cloth in real-world conditions, static 

filtration of a 20 mg L−1 U(VI) solution, in competition with one of several alternative metal ions, 

in a 1:50 mole ratio of uranium:metal ion was performed. In order to best replicate conditions 

in which uranium is found in real-world conditions, as well as to investigate a range of metal 

ion charge and size, the metal ions chosen were Na+, K+, Mg2+, Ca2+, Pb2+, and Fe3+. Following 

static filtration of the pure U(VI) solution, an adsorption capacity of 2.50 ± 0.32 mgUgCloth
−1 was 

obtained (Figure 5-21). Although the presence of Ca2+ did not result in a decrease in 

adsorption capacity, the large excess of Pb2+, Mg2+, and Na+ did result in lower uranium 

capture, while the presence of a large excess of K+ and Fe3+ did almost completely inhibit 

uranium uptake. While it is unlikely that real-world water conditions will contain potassium or 
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iron concentrations of 1000 mg L−1, these results may suggest that in real-world water 

conditions where there is a large disparity between the concentration of uranium and 

competing metal ions, the cloth may struggle to extract the contaminating uranyl ions. 

 

Figure 5-21. Adsorption capacity of an amidoxime functionalised cloth towards a 5 mL 20 mg L−1 U(VI) 
solution, containing a 1:50 mole ratio of U(VI):competing cation, under static conditions. 

 To further investigate the suitability of the amidoxime functionalised cloths to extract 

U(VI) under real-world conditions, a 10 mg L−1 U(VI) solution was made up using water taken 

from a nearby pond. A semi-quantitative scan of the obtained pond water revealed the 

presence of metal ions shown in Table 5-6, which includes the presence of iron, potassium, 

magnesium, and sodium. In comparison to the adsorption capacity of 1.52 ± 0.29 mgUgCloth
−1 

for the extraction of 10 mg L−1 U(VI) from a 5 mL solution made up with HP water, an 

adsorption capacity of 0.31 ± 0.16 mgUgCloth
−1 was obtained for the extraction of 10 mg L−1 

U(VI) from a 5 mL solution made up with pond water (Figure 5-22). These findings indicate 

that while the amidoxime functionalised cloth does display good extraction from water 

solutions, the cloths may struggle to remove uranium from water solutions containing a range 

of competing metal ions. 
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Table 5-6. Concentration of elements determined by a semi-quantitative ICP-OES scan of the obtained 
pond water. 

Element Concentration / mg L−1 

Ba 0.14 

Ca 55.63 

Fe 0.44 

K 2.21 

Mg 2.07 

Mn 0.35 

Na 6.39 

Sr 0.32 

 

Figure 5-22. Adsorption capacity of an amidoxime functionalised cloth towards 10 mg L−1 U(VI) 
solutions, made up with either HP water or pond water.  

5.4 Discussion 

Attempts were made to synthesise a range of functionalised cloths, including an amidoxime, 

three polyhydroxybenzene, and five calixarene functionalised cloths. Of these, the amidoxime 

functionalised cloth yielded the greatest uranium capture, successfully removing 90.3 ± 4.5 % 

of uranium from a starting 10 mg L−1 U(VI) solution under static filtration conditions. Given that 

neither the uncoated TPU cloth, nor the pulsed plasma poly(2-cyanoethyl acrylate) coated 
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cloth were able to remove uranium from solution, extraction was attributed to the presence of 

the amidoxime moieties on the surface. Amidoxime groups behave as weak acids, and so 

under neutral conditions, will dissociate, before the amidoximate complexes with the positively 

charged uranyl ion.487,488 However, no cloth, which was attempted to be functionalised with a 

calixarene or a polyhydroxybenzene, yielded successful uranium removal. As the calixarenes 

should behave similarly to amidoximes (weak Lewis acids, with multiple lone pair containing 

groups), their lack of efficacy towards uranium removal is attributed to the inability to efficiently 

attach the molecules to the surface, evidenced by the lack of visibility of key absorption bands 

within the FTIR spectra of the cloths, following attempted grafting of the molecules. Given that 

there does appear to be some evidence of polyhydroxybenzene attachment, the inefficient 

uranium extraction is attributed to weaker forces of attraction between the 

catechol/phloroglucinol molecules and uranyl ions, compared to the amidoxime molecules and 

uranyl ions. While there has been a plethora of other works utilising amidoxime functionalised 

substrates in order to extract uranium from solution, these all tend to use batch, static, filtration, 

which are generally not suitable for point-of-use filtration in real-world conditions. Where 

dynamic filtration is employed, columns are utilised, with the aid of external pressure, which is 

not suitable for point-of-use in real-world conditions.489,490,491 Despite undesirable results (a 

filtration efficiency of only 22.0 ± 6.3 % could be achieved), dynamic filtration of uranium 

solutions using the amidoxime functionalised cloth demonstrated potential. The filtration was 

completed within 2 min, meaning that the system would be able to process large quantities of 

uranium contaminated water within a short time-frame, which is ideal for point-of-use filtration. 

It is possible to conclude therefore that, when the methodology for dynamic filtration is 

optimised to ensure that successful filtration can be guaranteed, the cloth in this work would 

be a very promising adsorbent for real-world uranium extraction at point-of-use. 

Previous work to develop adsorbents designed for the removal of uranium from solution 

utilise wet chemistry techniques in their synthesis, which often require harmful conditions, long 

reaction times, and utilise solvents (which necessarily involves material and financial 

wastage).463,464 Furthermore, the synthesised adsorbents typically take the form of high 

surface area adsorbents, such as nanoparticles,492 silica fibres,493 or resins,443 which require 

more complicated use and handling procedures, and as such, are not suitable for point-of-use 

conditions. In this work, the adsorbent fabricated was a functionalised cloth, which can be 

easily handled and readily implemented as a uranium filter. Furthermore, a key stage of the 

cloth synthesis involved introducing cyano groups onto the surface of the cloth via 

plasmachemical deposition of pulsed plasma poly(2-cyanoethyl acrylate). Although previous 

works have used plasma techniques in order to synthesise adsorbents designed for uranium 

extraction, these techniques involve using Ar/N2 plasma in order to activate 
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substances,460, 494 , 495 , 496 , 497 , 498  so that acrylonitrile could be attached, which necessarily 

involves an additional step to the work presented here. Therefore, this work presents a 

synthetic route towards fabricating adsorbents, which utilise less energy and solvent than 

previously employed. Furthermore, the distinct advantage of plasmachemical deposition 

means that a functional cloth can be synthesised from any starting cloth, meaning that 

adsorbents can be made from whichever material is readily available.464 This substrate 

versatility has been demonstrated here by successfully depositing pulsed plasma poly(2-

cyanoethyl acrylate) onto the TPU cloth, silicon wafers, and glass slides. 

The adsorption capacity of the cloth shows excellent promise for real-world use. Under 

the experimental conditions possible, a maximum observed adsorption capacity of 8.80 ± 0.85 

mgUgCloth
−1 was observed. While this value is lower than many reported values in prior work, in 

reality, the cloths will be able to extract a greater quantity of uranium – plotting the adsorption 

capacity against starting concentration revealed a Henry region (where adsorption is directly 

proportional to concentration) for starting uranium concentrations up to 25 mg L−1, whereupon 

a shallow adsorption curve became visible. Within the bounds of the experimental conditions, 

it can be observed that the adsorption curve does not approach plateau, meaning that the 

actual maximum adsorption capacity of the cloth will be significantly greater than the highest 

measurable value. Indeed, the adsorption behaviour can be modelled as a Freundlich 

isotherm, meaning that multilayers of uranyl ions are able to be adsorbed onto the surface, as 

opposed to the majority of prior work, which models their adsorption as a Langmuir isotherm, 

and hence monolayer formation. Multilayer formation naturally enables a greater quantity of 

uranyl ions to be extracted, as uranium adsorption is not limited to the number of adsorption 

sites directly located on the surface of the adsorbent. Furthermore, plasmachemical deposition 

results in only the surface layer being functionalised. Therefore, if the adsorption capacity 

value could be calculated by determining the mass of the functionalised fibres, rather than the 

mass of the cloth as a whole, this would naturally lead to a significantly greater calculated 

adsorption capacity. As previous work which resulted in the greatest uranium uptake occurred 

for adsorbents with high-surface area, 457,458,482,492,499,500,501,502 where the fabrication process 

applied to a substrate such as GO nanoparticles, it is expected that the observed adsorption 

capacity would increase dramatically if the processes applied in this work were applied to 

similar high-surface area substrates. 

One distinct advantage of using a cloth as a uranium filter in real-world conditions is its 

usability, and so it is particularly important that the cloth can be used repeatedly, in order to 

minimise waste, and to further enhance this benefit over other adsorbents, which may require 

more complicated regeneration techniques (such as centrifugation502). In this work, it was 

demonstrated that under dynamic filtration conditions, a 1 M HNO3 solution is able to remove 
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> 90 % bound uranium. Given the rapid flow-through time, this demonstrates that the 

adsorbent can be efficiently, simply and rapidly recycled, and hence would be ideal in real-

world conditions. 

Unfortunately, there are drawbacks which currently prevent this adsorbent from being 

able to be utilised in real-world conditions. As well as the inconsistencies with dynamic 

filtration, the adsorption kinetics under static filtration show that uranium uptake is quite slow 

– following one hour of adsorption of a 20 mg L−1 U(VI) solution, only ≈ ¼ of total uranium 

uptake could be achieved. Furthermore, while uranium removal was shown to be outstanding 

when in competition with a 1:50 mole ratio of UO2
2+:Ca2+ (and very good when in competition 

with a 1:50 mole ratio of UO2
2+:Pb2+ and UO2

2+:Mg2+), there were significant reductions in 

extraction percentage when the uranyl ions were in a 1:50 mole ratio with Na+, and, in 

particular, K+ and Fe3+. Nevertheless, this is equivalent to a 1000 mg L−1 concentration of 

competing metal ion, significantly greater than expected in real-world groundwater. When 

investigating the uranium extraction abilities of the cloth towards a spiked real-world sample, 

an adsorption capacity of 0.31 ± 0.16 mgUgCloth
−1 was obtained, compared to 1.52 ± 0.29 

mgUgCloth
−1 when attempting to extract uranium of the same starting concentration from HP 

water. While the cloth does still demonstrate some uranium extraction capabilities, it is clear 

that its capacity has significantly decreased. As such, while the cloth does demonstrate some 

very promising capabilities towards real-world uranium capture, more work is still required 

before it would be suitable for point-of-use uranium filtration. However, owing to the cheap and 

easy production of the cloth, as well as its improved usability as a filter and its rapid 

regeneration capability, the cloth could be still used as a uranium filter when dealing with water 

samples containing elevated uranium concentrations (e.g., nuclear wastewater503,504). 

5.5 Conclusion 

A TPU cloth has been successfully employed as a substrate for the synthesis of an easy-to-

use uranium filter. The cloth was successfully coated with pulsed plasma poly(2-cyanoethyl 

acrylate), and reacted with hydroxylamine hydrochloride to yield an amidoxime functionalised 

cloth. While the cloth could be successfully coated with pulsed plasma poly(4-VBC), it was not 

possible to react it with the range of polyhydroxybenzenes or calixarenes investigated to yield 

a uranium adsorbent. The amidoxime functionalised cloth is capable of extracting uranium 

from solution with a high degree of efficacy (90.3 ± 4.5 % from a 10 mg L−1 under static filtration 

conditions, and a maximum adsorption capacity capable of being recorded under experimental 

conditions of 8.80 ± 0.85 mgUgCloth
−1). The adsorption mechanism is primarily electrostatic, 

involving the dissociation of the amidoxime leading to attraction between the positively 

charged uranyl ions, and the negatively charged amidoxime. The extraction is modelled by a 
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Freundlich isotherm, meaning that multilayers of uranyl ions are capable of being captured, 

leading to an elevated estimated adsorption capacity. However, it is unclear whether pseudo-

first or -second order kinetics is the more appropriate kinetic adsorption model. Regeneration 

of the cloths could be achieved rapidly, with > 90 % captured uranium eluted after 5 mL 1 M 

HNO3 was passed through the cloth, and good uranium capture was still observed when the 

uranyl ions were extracted from a solution containing a 1:50 mole ratio of UO2
2+:Ca2+, Pb2+, 

and Mg2+. However, uranium capture did drop dramatically when the uranium was found in 

solution containing a 1:50 mole ratio of UO2
2+:Na+, K+, and Fe3+; and when attempting to 

extract uranium from solution under dynamic conditions, significantly reduced extraction 

percentages were observed (22.0 ± 6.3 % from a 10 mg L−1 U(VI) solution).  
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6 CHAPTER 6 – CONCLUSION 

6.1 Contaminant Capture 

Plasmachemical techniques are a particularly useful way of introducing functionalities to solid 

materials, in order to tailor their properties as desired. In this thesis, three plasmachemical 

techniques were employed to introduce a desired functional group to a commonly-occurring 

polyurethane fabric cloth, in order to facilitate further derivatisation with specific compounds. 

The compounds chosen were ones designed to extract a contaminant of choice (toxic dye, 

hexavalent chromium, and uranium), each of which is located readily in groundwater 

worldwide (Figure 6-1). 

 

Figure 6-1. Summary of the three cloth adsorbents prepared and characterised in this thesis. 

 Chapters 3 and 5 utilised plasmachemical deposition to coat the TPU cloth with a 

pulsed plasma layer (4-vinylbenzyl chloride (4-VBC) and 2-cyanoethyl acrylate respectively) 

in order to facilitate further functionalisation, while Chapter 4 utilised plasmachemical 

functionalisation in order to introduce chloride groups directly onto the surface of the TPU 

cloth. Additionally, in Chapters 3 and 4, the chloride groups introduced to the cloth are used 

to link the desired molecule to the cloth via nucleophilic substitution, whereas in Chapter 5, 
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the coated cloth is reacted with hydroxylamine hydrochloride (HH) in order to convert the 

cyano group into an amidoxime. 

 Each Chapter focused on the extraction of a different water contaminant. Chapter 3 

demonstrated that DMAM-phenol, DMAM-calixarene, tBu-calixarene, and phenol could be 

incorporated onto the surface of the TPU cloth. Of these, DMAM-phenol and DMAM-

calixarene functionalised cloths gave rise to extraction of negatively charged dyes Congo Red 

(CR), Amido Black 10B (AB10B) and Alizarin Red (AR), but were unable to extract neutral 

Disperse Red 1 (DR1) or positively charged Methylene Blue (MB) and Janus Green B (JGB) 

from solution. This indicates that extraction is driven by electrostatic interactions between the 

negatively charged dye and the DMAM groups (which are positively charged at neutral pH). 

As stated in previous works—and backed-up by the slightly elevated extraction percentages 

of the tBu-calixarene and phenol functionalised cloths (compared to the uncoated cloth) 

towards the anionic dyes—it is likely that the dyes are also bound via π-π interactions. 

Successful dye capture was demonstrated by a PET/PP cloth and an activated carbon cloth, 

which were both subjected to the same conditions as the TPU cloth, demonstrating that the 

plasmachemical technique is independent of substrate. Therefore, the process could be used 

on high-surface area substrates, in order to maximise the adsorption area capable of removing 

contaminants from solution. Furthermore, the work demonstrated that extraction percentage 

did not depend on the thickness of the deposited linker layer, indicating that the DMAM-

functionalised groups are only incorporated onto the surface layer. 

 This last finding is important, as it aids in explaining the successful chromium capture 

demonstrated by the TPU cloth, functionalised with CHCl3 plasma, and then reacted with 

DMAM-calixarene in Chapter 4. While previous work demonstrated that coating a cloth with 

pulsed plasma poly(4-VBC) and functionalising the coating with DMAM-calixarene (as in 

Chapter 3) yielded an adsorbent capable of extracting Cr(VI) from solution, utilising 

plasmachemical functionalisation provides advantages as an alternative to coating with pulsed 

plasma poly(4-VBC). CHCl3 is significantly cheaper and safer-to-handle than VBC, while 

depositing a plasma polymer means that the equipment must be cleaned between each 

deposition. Conversely, when functionalising a cloth, the plasma chamber hosting the cloth 

simply needs re-treating with CHCl3 plasma prior to cloth insertion, meaning that functional 

cloths can be manufactured at an increased rate. The chromium uptake was 62.9 ± 9.2 % for 

a 20 mg L−1 solution under dynamic conditions, which is within error range of the 79 ± 9 % 

chromium uptake obtained in previous work505 by the DMAM-calixarene functionalised, pulsed 

plasma poly(4-VBC) coated cloth under identical conditions, indicating that introducing 

chloride groups via functionalisation as opposed to deposition does not significantly alter the 

chromium extraction capabilities of the cloth. 
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 Difficulties in utilising the chloride-containing linker layer were shown in Chapter 5, 

wherein a range of calixarenes could not be bound to the cloth, attributed to the presence of 

methoxy groups on the lower rim preventing successful attachment. However, it was possible 

to deposit a pulsed plasma poly(2-cyanoethyl acrylate) coating on the cloth, which, owing to 

the presence of the cyano group, was capable of undergoing amidoximation to yield a cloth 

capable of removing uranium from solution. Both the uncoated TPU cloth, and the TPU cloth 

coated with pulsed plasma poly(2-cyanoethyl acrylate) were unable to remove uranium from 

solution, which, as stated in previous works, indicates that electrostatic interactions between 

the amidoxime group—which dissociates under neutral conditions—and the positively 

charged uranyl ions, are the driving force behind the observed uranium filtration. 

 Overall, this work succeeds in demonstrating that plasmachemical techniques can be 

utilised to manufacture bespoke filters from the same starting substrate, in order to extract the 

desired contaminant. A key theme in this thesis is ease-of-use. Cloths can be easily handled 

by lay-users, as opposed to more specific adsorbents commonly found in literature (such as 

resins or nanoparticles), and dynamic filtration was employed throughout this thesis, in order 

to replicate conditions required for point-of-use filtration. Furthermore, neutral pH conditions 

were employed, unlike in most previous work, which tends to artificially adjust the pH in order 

to increase adsorption capacity. In order to be useful as adsorbents in real-world conditions, 

adsorption is required to occur rapidly, selectively (especially considering the adsorption 

mechanisms have been demonstrated to be electrostatic), with a high adsorption capacity, 

and be readily recycled – factors which are compared in Table 6-1. 
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Table 6-1. Performance comparison of each of the fabricated cloths towards their desired contaminant. 
Cells shaded in green designate excellent performance, cells shaded in yellow indicate acceptable 
performance, and cells shaded in red indicate poor performance. *ppp = pulsed plasma poly. 

Cloth 

Dynamic 

Filtration 

Performance 

Kinetics Selectivity 
Adsorption 

Capacity 
Recyclability 

DMAM-
phenol 
function-
alised, 
ppp(4-
VBC) 
coated 

> 90 % filtration of 

AR and AB10B 

(89.8 ± 5.3 % 

filtration of CR) 

from 6 mg L−1 

solutions. 

> 80 % filtration of 

AR and AB10B 

(76.0 ± 10.2 % 

filtration of CR) 

from 10 mg L−1 

solutions. 

Dynamic 

filtration time 

≈ 5 min. 

Under static 

filtrations, 

equilibrium 

was achieved 

within 210 

min. 

Extraction 

percentage 

towards 6 mg 

L−1 AB10B ≈ 

100 %, even 

when in a 1:100 

mole ratio of 

dye: competing 

anion. 

Capable of 

removing 

AB10B from a 

mixture of 

anionic and 

cationic dye. 

Extraction 

percentage of 

87.2 ± 10.9 % 

towards a 

spiked real-

world solution. 

Experimentally 

observed: 1.74 

± 0.29 

mgDyegCloth
−1. 

Adsorption 

modelling 

indicated a 

Langmuir 

adsorption 

isotherm (and 

hence 

monolayer 

formation), with 

an estimated 

maximum 

adsorption of 

1.77 ± 0.09 

mgDyegAdsorbent
−1. 

After 

regenerating with 

a 2 M NaCl/0.5 M 

NaOH solution, 

extraction 

percentage from 

a 20 mg L−1 

solution 

decreased from 

44.4 ± 11.1 % to 

34.1 ± 13.3 %. 

Extraction 

percentage 

remained ca. 100 

% following 10 

filtration cycles of 

a 6 mg L−1 

solution. 
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Cloth 

Dynamic 

Filtration 

Performance 

Kinetics Selectivity 
Adsorption 

Capacity 
Recyclability 

DMAM-
calixarene 
function-
alised, 
CHCl3 
treated 

68.6 ± 15.8 % 

from a 20 mg L−1 

solution. 

Dynamic 

filtration time 

≈ 15 min. 

Under static 

filtrations, 

equilibrium 

was achieved 

within 10 min. 

Minor decrease 

in extraction 

percentage 

(56.9 ± 11.4 %) 

when in a 1:100 

mole ratio of 

Cr(VI):NO3
−. 

Large decrease 

in extraction 

percentage 

(14.6 ± 4.9 %) 

when in 

competition 

with CO3
2−, 

attributed to the 

associated pH 

increase. 

Minor extraction 

percentage 

decrease (58.9 

± 14.1 %) when 

removing 

chromium from 

a real-world 

water sample, 

spiked with 

Cr(VI), albeit 

within error of 

the high-purity 

water solution. 

Experimentally 

observed: 3.36 

± 0.57 

mgCrgCloth
−1. 

Adsorption 

modelling 

indicated a 

Freundlich 

adsorption 

isotherm (and 

hence 

multilayer 

formation). 

Filtration 

efficiency 

decreased from 

73.9 ± 5.9 % after 

the first filtration 

to 34.55 ± 0.8 % 

after the tenth. 

Amidoxi-
mated, 
ppp(2-
cyano-
ethyl 
acrylate) 
coated 

Not achieved Dynamic 

filtration time 

≈ 1.5 min. 

Under static 

conditions, 

only ¼ total 

adsorption 

achieved after 

1 h. 

Uranyl capture 

unchanged 

when in a 1:50 

mole ratio of 

UO2
2+:Ca2+; 

mildly reduced 

when in 

competition 

with Pb2+, Mg2+, 

and Na+; 

significantly 

impeded when 

in competition 

with K+ and 

Fe3+. 

Experimentally 

observed: 8.80 

± 0.85 

mgUgCloth
−1. 

Adsorption 

modelling 

indicated a 

Freundlich 

adsorption 

isotherm (and 

hence 

multilayer 

formation). 

> 90 % captured 

uranium could be 

desorbed each 

cycle (4 cycles 

performed) 

following 

regeneration with 

1 M HNO3. 
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6.2 Outlook 

The next stage in this research is to take the functionalised cloths and establish whether they 

can be applied to real-world polluted water. As demonstrated in Table 6-1, the TPU cloth, 

coated with pulsed plasma poly(4-VBC) and derivatised with DMAM-phenol provides the 

greatest performance across the board, with excellent selectivity and recyclability. The only 

drawbacks of the cloth are the relatively slow time taken for adsorption to reach equilibrium, 

and the lowest adsorption capacity observed in this thesis. However, dynamic filtration—which 

is more suitable for point-of-use filtration—of a 5 mL solution could still occur within 5 min, 

meaning that water could be filtered relatively quickly. Additionally, the adsorption behaviour 

showed that under anticipated concentrations of dye solutions in water at point-of-use, < 0.01 

mg L−1 dye will remain in solution, lower than the safe limit specified by EU regulation No. 

10/2011 for the concentration of primary aromatic amines found in foodstuff.506 This ability to 

fully remove contaminants at lower concentrations is more important in point-of-use 

environments, which are typically downstream of pollution sources, and hence tend to be more 

diluted, than an elevated adsorption capacity when exposed to high contaminant 

concentrations, such as those demonstrated by the DMAM-calixarene functionalised cloth 

towards Cr(VI) and the amidoxime functionalised cloth towards U(VI). 

 The DMAM-calixarene and amidoxime functionalised cloths could still be applied to 

real-world environments. Their adsorption behaviour is more suited to filtering wastewater, 

which contains elevated concentrations of contaminant, and is typically treated using static 

filtration. As opposed to nanoparticles and other high-surface area adsorbents, the use of the 

cloths in this work would provide easier handling, and the scalability of plasmachemical 

techniques means that cloths of appropriate size to filter the quantities required can be readily 

manufactured. 

 In order to build on the research presented in this thesis, the most pressing issue would 

be to discover a method that allows for dynamic filtration of U(VI) to occur. This may involve 

adjusting the dynamic filtration procedure, or altering the cloth (e.g., by introducing cyano 

groups via an alternative method, to increase the number of amidoxime groups on the 

surface). Furthermore, additional cloths can be synthesised to remove other contaminants—

especially those which typically coexist with anionic dyes, hexavalent chromium, and uranium. 

In Chapter 3, the use of the activated carbon cloth to simultaneously remove positively and 

negatively charged dyes from solution demonstrates the feasibility of simultaneous 

contaminant removal, and as cloths are readily stackable, an adsorbent (consisting of several 

stacked cloths) could be manufactured, which is capable of simultaneously removing a range 

of contaminants from water. 
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APPENDIX A LITERATURE FINDINGS 

 

Appendix Table 1. Adsorption capacity of calixarene-based adsorbents, and the conditions employed to extract the acid dye CR, and the basic dye MB. Where 
adsorption capacity is not stated within the publication, this has been calculated where possible, with presented data italicised in parentheses. 

Dye 

(Charge) 
Calixarene Substrate 

Extraction 

Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Information Ref 

CR 

(Anionic) 

1,2,3-triazole-modified 

thiacalix[4]arene polymers 

Polycondensation of 

1,2,3-triazole-

modified 

thiacalix[4]arene with 

an amine bridge. 

Add 10 mg polymer to 

10 mL dye (1 x 10−3 

M) and stir for 24 h at 

rtp. 

980.3 

Dye is desorbed following washes in 

10 % HCl and 10 % NaOH. Following 

five recycling cycles, extraction 

percentage drops from 96.3 % to 80.4 

%. 

507 

CR 

(Anionic) 

Cationic covalent organic 

polymers, incorporating a 

molecular switch and 

pTNC4A. 

Synthesised following 

diazo bond formation 

between pTNC4A 

and a viologen-based 

diamine. 

Mix 5 mg polymer 

with 5 mL dye (25 

µM) for 15 min. 928 

Rhodamine B and neutral Nile red dye 

could be removed by the cationic 

covalent organic polymers. 508 

CR 

(Anionic) 
Poly(calix[4]arene) (CalP2) N/A N/D 673 

High adsorption was also observed 

for MB. Total uptake of dye is 

completed within 15 min. 

509 
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Dye 

(Charge) 
Calixarene Substrate 

Extraction 

Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Information Ref 

CR 

(Anionic) 

Amidoamine 

calix[4]resorcinarene-based 

polymers 

Polycondensation of 

calix[4] 

resorcinarenes esters 

with 

diethylenetriamine. 

Mix dye (unknown 

concentration) with 

resin and leave to stir 

at 360 rpm for 24 h. 

625 N/A 
510, 

511 

CR 

(Anionic) 

A) p-tert-butylcalix[8]arene,  

B) Ester-t-

butylcalix[8]arene, and C) 

Amide-t-butylcalix[8]arene 

PAN nanofibers 

(fabricated through 

electrospinning). 

Mix 50 mL dye (42 

ppm) with 0.02 g 

adsorbent at 160 rpm 

at pH 7 and rtp for 80 

min. 

(A) Ca. 22.5* 

(B) Ca. 19* 

(C) Ca. 32* 

 

* Capacities 

were not 

written down 

in the 

publication, 

so values 

had to be 

estimated via 

reading off 

figures. 

 

Gold nanoparticles were incorporated 

into the adsorbent to degrade the 

captured dye. After five cycles of 

recycling with water and ethanol, 

extraction percentage remained 

unchanged. 

512 
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Dye 

(Charge) 
Calixarene Substrate 

Extraction 

Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Information Ref 

CR 

(Anionic) 

Tetradodecyloxyphenyl 

calix[4]arene 
None 

Pour calixarene into 

dye (unknown 

concentration), stir for 

1 h at 360 rpm, then 

separate by 

centrifuging.  

20.3 N/A 513 

CR 

(Anionic) 
Calix[4]arene Amberlite XAD-4 

Mix 10 mL dye (2 x 

10−5 M) containing 

0.2 M NaCl with 100 

mg resin and stir at 

170 rpm at rtp (35 °C) 

for 1 h at pH 5.8.  

1.00 (72 % 

extraction) 
N/A 514 

MB 

(Cationic) 

C-3,4,5-

trimethoxyphenylcalix[4]- 

2-methyl resorcinarene 
Waste Polystyrene 

Batch adsorption of 

50 mL MB (10–60 

ppm), stirred at 150 

rpm at rtp for 2 h. 

864.1 N/A 515 

MB 

(Cationic) 

Calixarene-based porous 

organic polymer, POP-8F 
None 

5 mg of POP-8F 

added to 15 mL of 

100 ppm MB and 

stirred until 

equilibrium is 

reached. 

862.07 

Excellent selectivity when extracted in 

competition with Rhodamine Blue 

(RhB), attributed to smaller size. 

Excellent extraction after five 

recycling cycles. 

516 



Confidential 

 Durham University Copyright 213 

Dye 

(Charge) 
Calixarene Substrate 

Extraction 

Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Information Ref 

MB 

(Cationic) 

Calixarene-based porous 

organic polymer, POP-10F 
None 

5 mg of POP-10F 

added to 15 mL of 

100 ppm MB and 

stirred until 

equilibrium is 

reached. 

793.65 

Excellent selectivity when extracted in 

competition with Rhodamine B, 

attributed to smaller size. Excellent 

extraction after five recycling cycles. 

516 

MB 

(Cationic) 

Sulfonate containing 

calix[4]arene-intercalated 

layered double hydroxide 

(SuLDH) 

Alginate beads, 

impregnated with 

unmodified MgAl-

NO3. 

Batch adsorption of 

10 mL of a 200 ppm 

MB solution, shaking 

at 150 rpm for 30 min 

at rtp and pH 7.  

653.59 

Good MB extraction after 5 

adsorption/desorption cycles (90 % 

down to 72.55 %). 

517 

MB 

(Cationic) 

Porous calix[4]arene 

polymer 
None 

120 min for complete 

removal. No other 

conditions provided. 

625 N/A 509 

MB 

(Cationic) 

Calix[4]arene  

carboxyl derivative 

Hydroxyl carbon 

nanotubes 

Batch adsorption, 

shaking at 200 rpm 

for 24 h at rtp at pH 

7.5. 

310 N/A 518 
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Dye 

(Charge) 
Calixarene Substrate 

Extraction 

Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Information Ref 

MB 

(Cationic) 

p-nitrobenzyloxy 

functionalised p-tert-

butylcalix[4]arene 

Silica Gel 

Batch adsorption of a 

20 mL, 20 ppm MB 

solution shaken at 

100 rpm for 75 min at 

pH 12. 

212.77 

Also investigated textile wastewater, 

spiked with MB, giving an adsorption 

yield of 40 % at pH 12. 

519 

MB 

(Cationic) 

p-tert-butyl-calix[4]arene; 

p-tert-butyl-calix[6]arene; 

p-tert-butyl-calix[8]arene 

Silica gel 

Batch adsorption of 

50 mL of a 20 ppm 

dye solution at pH 8, 

shaken at 180 rpm at 

rtp. 

23, 87 and 

188 
N/A 520 

MB 

(Cationic) 

p-tert-butylcalix[4]arene and 

sulfonatocalix[4]arene 

Graphene oxide (also 

use sodium alginate) 

Batch adsorption 

using 10 mL of 100 

ppm MB at pH 6 for 1 

h at rtp. 

170.36 N/A 521 

MB 

(Cationic) 

β-CD-calix[4]arene coupling 

products 
None 

100 mg of calixarene 

added to 25 mL of MB 

(20–140 ppm) and 

shaken for 2 h at pH 

9. 

22.4 N/A 522 



Confidential 

 Durham University Copyright 215 

Dye 

(Charge) 
Calixarene Substrate 

Extraction 

Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Information Ref 

MB 

(Cationic) 

Thiacalix[4]arene derivative 

containing multiple aromatic 

groups 

None 

Batch adsorption of 

10 mL of 2 x 10−5 M 

dye, vigorously 

agitated for 2 min with 

10 mL 1 x 10−3 M 

calixarene in DCM, 

then magnetically 

stirred for 1 h at rtp at 

pH 7. 

9.06 (95 % 

extraction) 
N/A 523 

MB 

(Cationic) 
Calix[6]arene PbS 

Batch adsorption of 

10 mL MB at different 

concentrations by 44 

mg adsorbent. 

Shaken at 150 rpm 

for 1 h at pH 6 and 31 

°C. 

5.495 
Good reusability after 3 recycling 

experiments. 
524 

MB 

(Cationic) 

1,2,3-triazole-modified 

thiacalix[4]arene polymers 

Polycondensate of 

1,2,3-triazole-

modified 

thiacalix[4]arene with 

an amine bridge. 

10 mg of polymer was 

added to 10 mL of a 1 

mM dye solution at 

pH 7 and left to stir for 

24 h at rtp. 

0.25 (79.5 % 

extraction) 

Recyclability of the polymer towards 

CR was performed, but not towards 

MB. 

507 
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Appendix Table 2. Extraction conditions and adsorption capacity of systems designed to extract AB10B from solution. Where adsorption capacity is not stated 
within the publication, this has been calculated where possible, with presented data italicised in parentheses. 

Adsorbent Extraction Conditions 

Maximum Adsorption 

Capacity / 

mgDyegAdsorbent
−1 

Additional Information Ref 

Lignin-based adsorbent 

10 mg adsorbent added to 100 mL 

dye (100 ppm) then vibrated at 150 

rpm for 24 h.  

2647.3 N/A 525 

Protonated metal-organic 

framework 

Add 10 mg of adsorbent to 60 mL 

dye (500 ppm) at pH 4. 
2402.82 

When investigating other cationic dyes, no 

removal occurred. Desorption occurred by 

immersing in DMF for 24 h and placed in a 

vacuum at 180 °C for 8 h. Removal efficiency 

dropped from 100 % to 86.87 % after 5 cycles. 

Tap water and pond water was laced with 

AB10B, resulting in > 99 % dye extraction. 

526 

Cationic hydrogel 

Add 6 mg hydrogel to 100 mL dye 

(200 ppm), and stir at 200 rpm at 

pH 4 for 3 h at 303 K.  

Continuous adsorption was 

performed by packing swollen 

adsorbent into a column and dye 

(100 ppm) was continuously 

passed through at flow rates of 4, 

8, and 12 mL min−1. 

1771 (static). 

1161.7, 858.4 and 750.1 

(dynamic, with flow rates of 

4, 8, and 12 mL min−1 

respectively). 

N/A 527 
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Adsorbent Extraction Conditions 

Maximum Adsorption 

Capacity / 

mgDyegAdsorbent
−1 

Additional Information Ref 

Cationic superadsorbent 
0.1 g polymer was added to 400 

mL dye (125 ppm) for 24 h.  
1697 

AB10B was adsorbed to a greater extent than 

other investigated dyes. 
528 

Agaraldehyde and chitosan 

functional beads 

50 mg functional beads were 

added to 10 mL of 5 ppm AB10B at 

pH 7.4, and left for up to 1440 min. 

1506 

Higher concentrations of dye could not reach 

equilibrium until 24 h. Equilibrium was reached 

in 4 h for the 2 ppm solution. 

529 

Irradiated Porous Biomass 

20 mg of adsorbent is added to 20 

mL of dye (1000 ppm) and shaken 

for 2 h at 200 rpm.  

772.4 N/A 530 

Amide functionalised cellulose-

based adsorbents 

0.1 g swollen adsorbent added to 

100 mL dye and stirred at 100 rpm 

for 2 h at pH 2.  

751.8 

Adsorption percentage increased when the 

adsorbent was investigated with a complex 

solution containing AB10B and Cu2+.  

Following 5 regeneration cycles with NaOH, the 

adsorption capacity decreased from 343.8 to 

320.2 mg g−1. 

531 

Humin 

10 mg humin added to 10 mL dye 

(10 ppm) at pH 5 then shaken for 

15 min.  

602.93 

(0.979 mmol g−1) 
N/A 532 

Porous chitosan doped with 

graphene oxide 

Add 15 mg adsorbent to 15 mL dye 

at pH 7. 
573.47 N/A 533 
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Adsorbent Extraction Conditions 

Maximum Adsorption 

Capacity / 

mgDyegAdsorbent
−1 

Additional Information Ref 

Zr(IV) surface-immobilised 

cross-linked chitosan/bentonite 

composite 

0.04 g adsorbent was added to 50 

mL dye (100 ppm) and shaken at 

200 rpm at pH 2. 

418.4 

Removal percentage was investigated when in 

competition with 1:1 ratio NaCl, Na2SO4, 

Na2CO3 and Na3PO4. Extraction percentage 

decreased reasonably when in competition with 

carbonate, and substantially when in 

competition with phosphate.  

534 

Magnetic chitosan nanosheets 

Add 1 mg adsorbent to 5 mL dye 

(40 ppm) at pH 2 and shake for 24 

h. 

389.97 

Desorption was performed using 0.1 M NaOH. 

Adsorption capacity decreased from 390 to ca. 

250 mg g−1 after 5 cycles. 

535 

CMP-97-Fe 

Add 10 mg CPM-97-Fe to 15 mL 

dye (0.022 mM) and stir at 100 rpm 

at 24 °C. 

325 

Adsorption mechanism involves ion exchange, 

electrostatic interactions, π-π stacking 

interactions, and pore filling. 

536 

Magnetically modified 

Leptothrix sp. sheets 

1 mL settled magnetic Leptothrix 

suspensions (equivalent to 19 mg 

dried adsorbent) mixed with 10 mL 

dye solution (100 ppm) at pH 2 and 

stirred at 27 rpm for 2.5 h at rtp. 

339.2 

N/A 

537 

Cross-linked 

chitosan/bentonite composite 

0.05 g adsorbent added to 50 mL 

dye and shaken at 200 rpm for 480 

min at pH 2. 

 

323.6 

N/A 

538 
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Adsorbent Extraction Conditions 

Maximum Adsorption 

Capacity / 

mgDyegAdsorbent
−1 

Additional Information Ref 

Melamine-based covalent 

organic framework 

0.025 g magnetic adsorbent 

injected into 50 mL dye at pH 4, 

ultrasonicated for 2 min, then 

magnetically separated. 

228.07 

Uptake rate of 920.20 mg g−1 s−1. Mechanism 

involves electrostatic attraction of positively 

charged amine groups with sulfonic groups on 

the dye. Also, hydrogen bonding with azo and 

hydroxyl groups of dye, as well as π-π stacking 

interactions occurs. 

AB10B is desorbed in basic medium, and good 

extraction is observed following 6 cycles.  

539 

Polyaniline/SiO2 composite  

Add 10 mg adsorbent to 50 mL dye 

(30 ppm) and leave for 60 min at 

pH 6. 

149.9 

(99.93 % adsorption) 

Adsorption efficiency dropped from 99 % to 

84.5 % after 4 regeneration cycles using NaOH. 
540 

Allylamine polymer modified 

bentonite. 

Add 30 mg to 30 mL of dye (200 

ppm) and leave to spin for 480 min 

at 200 rpm. 

144.08 
Adsorption remained at 95 % following 

regeneration with dilute NaOH. 
541 

Polyaniline/Iron Oxide 

composite 

Add 0.015 g adsorbent to 20 mL 

dye (50 ppm) and shake at 80 rpm 

for 180 min at pH 2. 

135 

Also investigated cationic dyes, such as MB, 

which could not be adsorbed. 94 % desorption 

occurred when using NaOH. The adsorption 

capacity decreased from 135 mg g−1 to 110 mg 

g−1 following 5 cycles. 

542 
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Adsorbent Extraction Conditions 

Maximum Adsorption 

Capacity / 

mgDyegAdsorbent
−1 

Additional Information Ref 

Composite 

Chitosan/diatomaceous earth 

biosorbent 

Simultaneous adsorption of Cu2+, 

Cd2+ and AB10B. 0.5 g of 

adsorbent added to 50 mL 

contaminated solution (50 to 500 

ppm). 

132.8 (pH 2), 108 (pH 7) 

SO4
2−, NO3− and PO4

3− all inhibited AB10B 

extraction (sulphate was the least inhibiting). 

0.5 M NaOH was used as a desorption agent. 

After 10 cycles, adsorption capacity had 

decreased from 109 mg g−1 to 93 mg g−1. 

543 

Magnetic SiO2@CoFe2O4 

nanoparticles on graphene 

oxide 

Add 0.5 g L−1 adsorbent to a 10 

ppm dye solution, and leave for 

140 min at pH 2. 

130.74 

Removed both Cr(VI) and AB10B (separately). 

When in competition with NaCl, removal 

efficiency remained unchanged at low (0–10 

ppm) NaCl concentrations but dropped slightly 

at 40 ppm. Following 5 cycles of regenerating 

with 0.1 M NaOH, the adsorption efficiency only 

dropped slightly (97 % to 92 %). 

544 

Carbonised metallised 

bagasse 

6 mg of adsorbent added to 50 

ppm dye at pH 3, sonicated for 2 

min, then stirred at 250 rpm. 

120 

95.8 % removed within 5 min. Following 5 

cycles, adsorption of AB10B decreased from 

ca. 98 % to ca. 80 %. 

545 

ZnO nanoparticles loaded on 

worn tire powdered activated 

carbon 

1.5 g of adsorbent added to 100 

mL solution (100 mg L−1) at pH 3, 

and stirred at 200 rpm for 30 min. 

94.36 

Regenerated using 0.1 M NaOH, percentage 

removal dropped from 92.88 % to 66.87 % after 

5 cycles. A real-world sample was obtained 

from Ardabil, Iran. 71.21 % dye was removed 

(no mention of initial dye concentration). 

546 
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Adsorbent Extraction Conditions 

Maximum Adsorption 

Capacity / 

mgDyegAdsorbent
−1 

Additional Information Ref 

Smart Metallo-Hydrogels 

Add 0.1 mM dye to 7 mL buffer at 

pH 6.5, then add 25 mg of dry 

metallo-hydrogel and leave for 24 

h. 

84 N/A 547 

Pumice stone 

Add ca. 0.5 g of adsorbent to 250 

mL dye (160 ppm), heated at 250 

°C and shake at 200 rpm until 

equilibrium is reached. 

72.46 

Regeneration studies were performed by 

rinsing the stone with distilled water several 

times and heating at 150 °C for 6 h. 99 % of 

AB10B was desorbed, and 83 % of AB10B was 

removed on the second cycle.  

548 

Reduced graphene oxide 

Add 5 mg to 15 mL dye (200 ppm) 

for 12 h under constant shaking at 

pH 2.  

60 

(100 % dye extraction) 

AB10B was investigated as an addition to 

neutral red dye, the primary focus. Adsorption 

capacity of primary investigated dye was < 

1300 mg g−1, but in a mixture of other dyes, total 

adsorption capacity was > 3500 mg g−1. 

549 

Hen feather 

Batch adsorption of 25 mL dye with 

0.1 g adsorbent at pH 2, shaken for 

2.5 h at 303 K. 

49.78 N/A 550 

Grain Stillage 

Add 50 mg modified grains to 20 

mL dye (100 ppm) and stir at 120 

rpm at 303 K. 

> 35.2 

(88 % dye extraction) 
N/A 551 

Polymer/clay nanocomposites  Not provided 28.8 Maximum adsorption (62.74 %) at pH 2. 552 
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Adsorbent Extraction Conditions 

Maximum Adsorption 

Capacity / 

mgDyegAdsorbent
−1 

Additional Information Ref 

Vilayti Tulsi plant 

Add 100 mg adsorbent to 50 mL 

dye and stir for 30 min at pH 2, 

before removal via centrifugation. 

Ca. 20 N/A 553 

Large adsorbent constituting 

PVA and glutaric dialdehyde 

as matric and activated carbon 

or crosslinked PAA as 

adsorptive constituent. 

Add 0.2 g adsorbent to 40 mL dye 

solution (900 ppm) and shake at 

200 rpm at pH 6.8. 

18 
Dyes were dissolved in 6 % v/v methanol in 

water. 
554 

ZrO2/Pb modified multi-walled 

carbon nanotube 

Stir 0.05 g adsorbent with dye (15 

ppm) for 15 min at pH 6. 
15.46 

Adsorption capacity towards Eosin B was 16.92 

mg g−1. Adsorption isotherm was pseudo-first 

order. 

555 

Crosslinked chitosan 

Add 0.21 g adsorbent to 50 mL dye 

(20 ppm) and stir at 200 rpm for 1 

h at natural pH. 

9.43 
90.3 % desorption efficiency occurred with 0.1 

M NaOH. 
556 

Activated carbon from Ricinus 

Communis 

Add 2 g adsorbent to 100 mL dye 

(100 ppm) and stir at 250 rpm for 

80 min. 

7.12 
Maximum adsorption (95 %) at pH 1. Dropped 

to 91 % at pH 7.  
557 

Calotropis procera Weed 

waste 

Add 0.5 g adsorbent to 100 mL dye 

(30 ppm) and shake at 120 rpm for 

60 min at 308.15 K at pH 2. 

5.0 

With increased ionic strength, the removal 

percentage increases. Acetic acid is used to 

regenerate the adsorbent and can be used 5 

times. However, the desorption takes 2 h. 

558 
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Adsorbent Extraction Conditions 

Maximum Adsorption 

Capacity / 

mgDyegAdsorbent
−1 

Additional Information Ref 

Zeolite, synthesised from Fly 

Ash 

Stir the zeolite adsorbent (10 g L−1) 

with dye (10 ppm) for 6 h at 300 

rpm at pH 4. 

0.93 (92.8 % extraction) 

for 10 ppm 

2.43 (48.6 % extraction) 

for 50 ppm 

Following 5 cycles, removal efficiency dropped 

from 75 % to 60 %, and then to 50 % after 6 

cycles. 

559 

Calixarene nanosponge 

Shaking 2 mL of 50 µM AB10B 

with 4 mg adsorbent for 90 min at 

rtp. 

1.49 (> 97 % extraction) N/A 560 

Calixarene nanosponge 

Shaking 2 mL of 50 µM AB10B 

with 4 mg adsorbent for 90 min at 

rtp. 

0.79 (51 % extraction) at 

pH 4.4 

0.64 (41.5 % extraction) at 

pH 6.7 

N/A 561 

Kaolin 

Add 0.75 g Kaolin to 20 mL dye (40 

ppm) and stir at 200 rpm for 10 min 

at pH 11. 

0.61 N/A 562 

Multi Walled Carbon 

Nanotubes 

0.01 g nanotubes were added to 

10 mL dye (0.01 mM) and stirred at 

pH 7. 

0.393 N/A 563 

Lignocellulosic waste biomass 

Batch adsorption of 10 mL dye 

(unknown concentration) using 

100 mg adsorbent at pH 2.3, 

shaking at 100 rpm at 300 K for 24 

h. 

95 % dye extraction 

(unknown adsorption 

capacity due to unknown 

concentration). 

N/A 564 
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Adsorbent Extraction Conditions 

Maximum Adsorption 

Capacity / 

mgDyegAdsorbent
−1 

Additional Information Ref 

L-cysteine-reduced graphene 

oxide/PVA aerogel 

Add 5 mg aerogel to 15 mL dye (20 

mL for dye mixture of unknown 

concentration), then shaken at 303 

K. 

> 90 % dye extraction 

(unknown adsorption 

capacity due to unknown 

concentration). 

N/A 565 

Cellulose-based carbon 

aerogel 

Immerse the aerogel in dye 

solution and stir at rtp. 
N/D 

Investigated a range of dyes and heavy metal 

ions. Greatest adsorption capacity was for 

malachite green (1947 mg g−1) and Cu2+ (801 

mg g−1). 

566 

 

Appendix Table 3. Calixarenes used for the extraction of Cr(VI) from solution, and adsorption capacity towards Cr(VI). Where adsorption capacity is not stated 
within the publication, this has been calculated where possible, with presented data italicised in parentheses. 

Calixarene Substrate Extraction Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Information Ref 

5,11,17,23,29,35,41,47-

octa-tert-butyl-

49,50,51,52,53,54,55,56

-octa-(2-

piprazinoethylamino)-

carbonylmethoxycalix[8]

arene 

XAD-4 resin 

Add 1 g impregnated resin to a 

column, and pass through 10 mL Cr 

(VI) solution at pH 3 (1 x 10−4 M) at a 

flow rate of 2 mL min−1. 

87.7 

Resin was regenerated by passing 

through 4 M HCl solution, followed by 

distilled water. Extraction percentage 

decreases with pH and flow rate. 

567 



Confidential 

 Durham University Copyright 225 

Calixarene Substrate Extraction Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Information Ref 

25,26,27,28-tetrakis(2-

ethoxy-

ethoxy)calix[4]arene 

XAD-4 Resin 

Static: Add 10 mg resin to 25 mL 

Cr(VI) solution (1 x 10−5 M) at pH 4 

and stir for 1 h.  

Dynamic: Pack the resin into a 

column and pass through Cr(VI) 

solution at various flow rates and 

concentrations. 

85 
Column is regenerated via elution with 

HNO3.  
568 

DMAM-calixarene 
PGMA modified 

cotton 

Pass 5 mL Cr(VI) through 1 cm x 1 

cm piece of cloth at pH 2. 

26.38. 

Under dynamic 

filtration at pH 

7, an 

adsorption 

capacity of ca. 

1 mg g−1 was 

observed. 

Cloth was regenerated by passing 

through 5 mL of 0.1 M NaOH. Adsorption 

percentage decreased with pH. 

Extraction was selective in the presence 

of chloride, nitrate, phosphate and 

sulfate. 

569 

DMAM-calixarene Merrifield Resin 

Static: Shake 25 mg adsorbent with 

10 mL Cr(VI) (1 x 10−4 M) at pH 1.5 

and stir for 1 h.  

Dynamic: Pack column with 0.5 g 

resin, and pass through 50 mL (1 x 

10−4 M) at pH 1.5 at a flow rate of 0.5 

mL min−1. 

7.8 (94.5 % 

extraction) 

Adsorption percentage decreased with 

pH. Liquid-liquid extraction yielded a 

greater extraction than solid-liquid 

extraction. 

570 
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Calixarene Substrate Extraction Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Information Ref 

C[4]P-1 and C[4]P-2 Cellulose 

Add 25 mg adsorbent to 10 mL 

Cr(VI) solution (1 x 10−4 M) and stir 

at 175 rpm for 1 h at pH 1.5. 

2.67 for C[4]P-

1 (32.3 % 

extraction) and 

7.52 for C[4]P-

2 (91.1 % 

extraction) 

Adsorption percentage decreased with 

pH. 
571 

5,17-bis-[(4-

benzylpiperidine)-

methyl]-calix[4]arene   

Electrospun 

nanofibrous 

polyacrylonitrile/ 

calixarene mats 

Add 25 mg adsorbent to 10 mL 

Cr(VI) solution (1 x 10−4 M) and stir 

at 175 rpm for 1 h at pH 1.5. 

7.43 (90 % 

extraction) Extraction percentage decreases with 

pH. 
572 

5,17-bis[(N-

methylglucamine)-

methyl]-25,26,27,28-

tetrahydroxycalix[4]-

arene 

Electrospun 

calixarene/PAN 

nanofibres 

Add 25 mg adsorbent to 10 mL 

Cr(VI) solution (1 x 10−4 M) and stir 

at 175 rpm for 1 h at pH 1.5. 

7.18 (87 % 

extraction) 
Extraction percentage decreases with 

pH. 
573 

1,3-distal diphenyl(4-

piperidin)methanol-

substituted calix[4]arene 

derivative 

Fe3O4 

nanoparticles 

Add 25 mg adsorbent to 10 mL 

Cr(VI) solution (1 x 10−4 M) and stir 

at 175 rpm for 1 h at pH 2.5. 

6.61 (80 % 

extraction) 

Extraction percentage remained similar 

when in the presence of SO4
2−, NO3

−, and 

Cl−. Extraction percentage decreased 

with pH. 

574 
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Calixarene Substrate Extraction Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Information Ref 

DMAM-calixarene 

(Previous work by the 

Badyal group) 

Polypropylene cloth 

Static: Spin 16 mL of Cr(VI) (20 mg 

L−1) at 40 rpm with 6 cm x 7 cm piece 

of cloth for 4 h. 

Dynamic: Pass 10 mL Cr(VI) 

through a 3 cm x 3.5 cm piece of 

cloth packed into a pipette. 

6.6 

Chromium could be removed when in 

competition with Cl−, NO3
−, H2PO4

3−, 

SO4
2−. Cloth could be recycled by 

passing through NaCl/NaOH. Successful 

extraction of real-world chromium was 

demonstrated. 

575 

M-DADBP-Calix and M-

DABP-Calix 

Magnetite 

nanoparticles 

Add 25 mg adsorbent to 10 mL 

Cr(VI) solution (1 x 10−4 M) and stir 

at 175 rpm for 1 h at pH 2.5. 

5.37 (65 % 

extraction) for 

M-DADBP-

Calix; 5.78 (70 

% extraction) 

for M-DABP 

Extraction percentage decreases with 

pH. 
576 

5,17,di-tert-butyl-11,23-

bis[(1,4-dioxa-8-

azaspiro[4,5]decanyl)me

thyl]-25,26,27,28-tetra-

hydroxy calix[4]arene. 

Polymer inclusion 

membrane 

6 h transport of 0.2 mM Cr(VI) 

(unknown volume) study across the 

membrane under acidic conditions. 

N/D (97.69 % 

extraction) 

N/A 

577 

25,27-bis[2-N-(4-

amiobenzyl)amino-

propoxy]-26,28-

dihydroxycalix[4]arene 

Graphene Quantum 

Dots 

Add 15.6 mg L−1 Cr(VI) (unknown 

concentration) to adsorbent in a 

permeation cell for 8 h at pH 5. 

N/D (97.23 % 

extraction) 

Extraction was selective in the presence 

of Fe(III), Ni(II) and Pb(II). Amine groups 

on calixarene rim were responsible for 

Cr(VI) removal. 

578 
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Calixarene Substrate Extraction Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Information Ref 

Various calix[4]arene 

Schiff bases 
N/A 

Add 10 mL 1 x 10−3 M calixarene in 

DCM to 10 mL 1 x 10−4 M Cr(VI) 

solution at pH 1.5, stirred for 1 h, 

then left to stand for 30 min. 

N/D (greatest 

extraction 

percentage 

was 91.5 %). 

Cr(VI) removal was selective in the 

presence of F−, Cl−, Br−, NO3
−, PO4

3−, 

SO4
2−. 

579 

p-sulfonated 

calix[n]arenes (n = 4, 6, 

8) 

Calixarene-

composited 

membrane 

Nanofiltration – pumping Cr(VI) (1 x 

10−4 M) contaminated feed through a 

membrane at pH 9.4. 

N/D (77.6 %) 
Adsorption percentage increased with 

pH. 
580 

 

Appendix Table 4. Calixarenes used for the extraction of U(VI) from solution, and adsorption capacity towards U(VI). Where adsorption capacity is not stated 
within the publication, this has been calculated where possible, with presented data italicised in parentheses. 

Calixarene Substrate Extraction Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Information Ref 

Calix[4]arene 

Phosphoric acid 

adorned 

hypercrosslinked 

calix[4]arene high-

efficiency uranium 

adsorption material 

Add 5 mg adsorbent to 50 mL 

uranyl nitrate (60 mg L−1) and 

agitate at 140 rpm for 6 h at pH 6. 

505.68 N/A 581 
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Calixarene Substrate Extraction Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Information Ref 

37,38,39,40,41,42, 

hydroxy 

1,8,13,19,25,31-

hexacarboxy 

calix[6]arene 

Resin of calixarene 

reacted with 

poly(styrene β- 

hydroxylamine) 

hexahydroxylamine 

Pack a column with 1 g of resin and 

pass through 25 mL solutions at pH 

6 of U(VI) (unknown concentration) 

at 0.5 mL min−1. 

97.8 

(0.411 mmol 

g−1) 

After passing through 2 M HCl, 99.3 % of 

extracted uranium was recovered. 
582 

p-tert-butyl 

calix[4]arene, modified 

with m-aminobenzoic 

acid on the upper rim, 

and 1,2-

dibromoethane, 3,3’-

iminodipropio-nitrile 

and NH2OH·HCl on 

the lower rim 

Fe3O4 nanoparticles 
Mix 8 mg adsorbent with 40 mL 

U(VI) at 250 rpm for 4 h at pH 5. 
88.6 

Adsorption followed the pseudo-second 

order and Freundlich model. 

Can be recycled through HNO3 elution, 

but efficiency decreases with each cycle, 

dropping to 65 % after the 6th recycle. 

583 

Calixarene 

phosphonate 

derivative 

Fe3O4 nanoparticles 
Shake adsorbent with 20 mL U(VI) 

solution at 250 rpm at pH 4.5. 
74.11 

Equilibrium was reached in 3.5 h. 

Nitric acid was used as a recycling 

solution, with adsorption efficiency 

slightly decreasing each time, but was 

still greater than 70 % after 5 cycles. 

584 
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Calixarene Substrate Extraction Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Information Ref 

Calix[4]arene-o-

vanillinsemi-carbazone 

Merrifield 

chloromethylated 

resin 

Mix 1 g of resin with 500 mL U(VI) 

solution (100 ppm) at pH 2 at 30 °C. 
48.74 

Equilibrium was reached after ca. 110 

min. Following 20 repeat filtration cycles, 

following elution with concentrated acid, 

a 2–3 % decrease in efficiency was 

observed. After addition of ca. 8 mg L−1 

competing cations (compared to 100 mg 

L−1 U(VI)), reduction in extraction 

percentage was observed. 

585 

4-Sulfonylcalix[6]arene 
Fe3O4@Aspergillus 

Niger 

Add 10 mg adsorbent to 100 mL 

U(VI) solution (5 mg L−1) at pH 6 at 

30 °C for 8 h. 

47.87 

Filtration efficiency was unaffected by the 

presence of K+, Na+, and Cu2+. The data 

was fit towards a pseudo-second order 

kinetic model and a Langmuir isotherm. 

586 

p-tert-butylcalix[8]-

arene 
Silica gel 

Pass 50 mL 1 mg L−1 U(VI) solution 

through the calixarene modified 

silica gel at pH 6 at 1.5 mL min−1. 

Maximum capacity was determined 

by stirring 25 mL of a 100 mg L−1 

U(VI) solution with 100 mg 

adsorbent for 2 h. 

17.14 

(0.072 mmol 

g−1) 

The adsorbent could be regenerated with 

HCl and used for 15 cycles with no loss 

in extraction percentage. Ca. 95 % U(VI) 

removal was determined following 

extraction from spiked ground water 

samples. 

587 
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Calixarene Substrate Extraction Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Information Ref 

Para-tert-butyl 1,3-

acid-diethyl amide 

calix[4]arene 

Incorporate 

calixarene into PVC 

based membrane 

containing 

calixarene, 

plasticiser, and anion 

excluder. Membranes 

contained either 0, 1, 

2, 4, or 8 wt% 

calixarene. 

Immerse membrane into 10 mL 

UO2
2+ solutions (27.5 mg L−1) for 65 

h at pH 7. 

Greatest extractions were observed 

for membranes containing 8 wt% 

calixarene. 

12.05 

(52 % 

removal) 

Extraction percentage decreased as pH 

divulged from 7. Following elution with 

6.5 mL HNO3 (1 M) for 23 h, 74 % of the 

adsorbed uranium could be removed. 

Uranium could not be detected (hence 

removed) by the fabricated sensor in a 

simulated wastewater matrix. 

588 

5,11,17,23-Tetra-tert-

butyl-25,27-

bis(methoxycarbonylm

ethoxy)-26,28-

dihydroxycalix[4]arene  

Grafted onto Fe3O4 

nanoparticles 

Mix 10 mL UO2
2+ (1.15 x 10−5 M) with 

25 mg sorbent at 180 rpm at pH 5.5. 

1.08 

(94.2 % 

removal) 

Extraction percentage was not affected 

by the presence of Fe3+, Ca2+, nor K+. 
589 
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Calixarene Substrate Extraction Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Information Ref 

Non-tBu[6]CH2COOH PET fabric 
Shake 0.5 g textile with 20 mL U(VI) 

(1 x 10−6 M) for 6 h at rtp at pH 6. 

0.18 

(7.6 x 10−7 mol 

g−1) 

Equilibrium was obtained after ca. 150 

min. Following elution with 0.01 M HCl 

(and subsequently 0.1 M HCl), ca. 95 % 

of adsorbed uranium was removed. 

Following attempted extraction of 

uranium from three batches of mine 

water, extraction percentage was 

unchanged in all bar one experiment. 

590 

37,38,39,40,41,42-

Hexakis(O-

carboxymethyl)-p-t-

butylcalix[6]-arene 

Liquid-liquid 

extraction 

Mix 2.10 mM calixarene with 0.037 

M UO2
2+ at pH 8 for 15 h at 30 °C. 

N/D 

(100 % 

removal) 

The calixarene was also employed in a 

membrane which was capable of 

removing the uranium at 40 °C (but not 

colder temperatures) and could then 

release the uranyl ion at lower pH. 

591 

37,38,39,40,42-

Hexakis(O-

carboxymethyl)-p-

hexylcalix[6]-arene 

Liquid-liquid 

extraction 

Mix 2.10 mM calixarene with 0.037 

M UO2
2+ at pH 8 for 15 h at 30 °C. 

N/D 

(100 % 

removal) 

N/A 

591 
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Calixarene Substrate Extraction Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Information Ref 

37,38,39,40,41,42-

Hexakis(N-

hydroxycarbamoylmet

hoxy)-p-tert-

butylcalix[6]-arene 

Liquid-liquid 

extraction 

Mix 0.534 mM calixarene in 25 mL 

chloroform with an aqueous solution 

containing UO2
2+ (unknown 

concentration) for 12 h at pH 7 at 30 

°C. 

N/D 

(100 % 

removal) 

Extraction percentage towards uranium 

remained outstanding in a 1:1000 mole 

ratio of U:Mg2+, a 1:1 mole ratio of U:Fe3+ 

and 1:10 mole ratios of U:Ni/Zn2+. 

However, extraction percentage dropped 

to 66 % in a 1:10 mole ratio of U:Fe3+. 

Extraction percentage decreased at pH 

values below 6. 

592 

1,3,5-OMe-2,4,6-

OCH2CONHOH-p-tert-

butylcalix[6]-arene 

Liquid-liquid 

extraction 

Mix 4.2 x 10−9 M UO2
2+ in aqueous 

buffer with 1 mM calixarene in 1-

heptanol over 3 h at 295 K followed 

by 10 min centrifugation at pH 6. 

N/D 

(100 % 

removal) 

Extraction percentage decreased below 

pH 6. Ca. 88 % removed U(VI) could be 

stripped following addition of 0.1 M 

HNO3. 

593 

Calix[4]resorcinarene-

hydroxamic acid 

Liquid-liquid 

extraction 

Mix 0.105 mM U(VI) (unknown 

volume) with 0.105 mM calixarene in 

3 mL ethyl acetate for 14 min at pH 

8. 

N/D 

(100 % 

removal) 

Extraction in a range of competing 

cations was investigated, with minimal 

effect on extraction percentage. 

594 
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Calixarene Substrate Extraction Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Information Ref 

1,3,5-OCH3-2,4,6-

OCH2COOH-p-

tertbutyl-calix[6]arene   

Nanoemulsion 

formed by mixing 

together Myrtraceae 

plant extract, 

monostearic acid 

glycerol ester, 

paraffin, sorbitol, 

hydroxyphenyl ester 

bacteriostatic agent, 

N,N,N-trimethyl-1-

hexadecyl iodide 

ammonium and 

calixarene. 

First place a full-sized piece of pig 

skin in a diffusion cell. The skin was 

kept at 38 °C inside a buffer solution, 

spiked with 600 µL of a 10 mg L−1 

uranyl nitrate solution. 600 µL of the 

calixarene nanoemulsion treatment 

was then immediately added, and 

the diffusion kinetics of uranium 

through the skin was evaluated for 

24 h. 

N/D 

(Prevents up 

to 95.12 % of 

the uranium 

from entering 

the skin) 

N/A 595 

5,11,17,23-Tetra-p-

tert-butyl-25,27-bis[(8-

hydroxy-quinoline-

carbaldehyde-

hydrazone-

carbonylmethoxy)]-

26,28-

dihydroxycalix[4]arene 

Liquid-liquid 

extraction 

Mix 1 x 10−5 M U(VI) in aqueous 

solution with 4 x 10−5 M calixarene in 

organic solution at pH 6. 

N/D 

(ca. 95 % 

extraction) 

N/A 596 
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Calixarene Substrate Extraction Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Information Ref 

Calix[4]arene bearing 

N-methyl-glucamine 

Electrospinning 

calixarene with a 

PAN solution. 

Mix 1.15 x 10−5 M U(VI) (unknown 

volume) with 25 mg sorbent and spin 

at 175 rpm for 1 h at 25 °C at pH 4.5. 

N/D 

(92 % 

removal) 

N/A 597 

25,27-dihydroxy-

26,28-

dimercaptoethoxy-

5,11,17,23-tetra-tert-

butyl calix[4]arene 

Liquid-liquid 

extraction 

Mix 10 mL U(VI) (2 x 10−5 M) with 10 

mL calixarene solution (unknown 

concentration) at pH 4.5. 

N/D 

(ca. 80 % 

extraction) 

Equilibrium reached in 2 h, and extraction 

can be modelled as quasi secondary. 

Extraction percentage reduces with 

temperature. 

Extraction decreased in the presence of 

competing cations, particularly Ca2+ and 

Na+. 

598 

Octaphosphinoylated 

para-tert-butylcalix[8]-

arene 

Liquid-liquid 

extraction 

Mix 0.107 mM U(VI) in nitric acid 

with calixarene (varying 

concentrations, unknown volume). 

N/D 

(Could remove 

0.291 M uranyl 

ions from 

0.299 M 

starting 

solution) 

The stoichiometry of adsorption 

(UO2:Calixarene) was determined to be 

2:1. 

599 
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Appendix Table 5. Adsorption capacity of catechol-based adsorbents towards uranium. Where adsorption capacity is not stated within the publication, this has 
been calculated where possible, with presented data italicised in parentheses. 

Catechol Species Substrate Extraction Conditions 

Adsorption 

Capacity / mg 

g−1 

Additional Information Ref 

Salicylaldoxime/PDA GO 

5 mg adsorbent is added to 500 

mL uranium solution and shaken 

at 300 rpm at rtp at pH 5 for 400 

min.  

1049 

(675 for RGO-

PDA). 

Data is best fit by a Langmuir isotherm. 

Excellent extraction of uranium from 

simulated seawater was observed. The 

adsorbent was regenerated by using 1 M 

Na2CO3 and 0.1 M H2O2. 97 % 

desorption after 30 min was observed, 

but no repeat cycles were performed. 

600 
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Catechol Species Substrate Extraction Conditions 

Adsorption 

Capacity / mg 

g−1 

Additional Information Ref 

PDA 

Activated 

Carbon/Ag 

nanoparticles 

10 mg adsorbent was added to 20 

mL U(VI) solution and shaken at 

180 rpm at pH 8. 

657.89. 

427.7 µg g−1 

were recovered 

from a simulated 

seawater 

sample. 

Data was best described by Langmuir 

and pseudo-second order models. 

Mechanistic investigation showed that 

the catechol units of PDA, metal oxygen 

and MAC carboxylic acid groups all 

combined in the removal of uranium, 

while indole units of PDA may participate 

in the complexation. 

Following 5 regeneration cycles using 

0.1 M HCl, adsorption decreased from 

ca. 200 mg g−1 to 151 mg g−1.  

MACS@PDA-Ag showed excellent 

selectivity towards uranium when in 

competition with a range of competing 

cations, except for V and Pb. 

601 
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Catechol Species Substrate Extraction Conditions 

Adsorption 

Capacity / mg 

g−1 

Additional Information Ref 

Polyamidoxime/PDA Graphene Oxide  

5 mg adsorbent is added to 150 

mL 10 mg L−1 U(VI) and shaken at 

200 rpm at pH 6 for 24 h.  

502.5 

Data is best fit by a Langmuir isotherm 

and a pseudo-second order kinetic 

model. Following regeneration with 0.1 M 

HCl, extraction percentage dropped from 

just below 100 % to ca. 90 % after 5 

cycles. Adsorption of uranium mine 

wastewater was performed (pH = 5.87), 

and an extraction percentage of ca. 95 % 

was observed, yielding a uranium 

concentration below the WHO 

recommended level.   

602 

Polydopamine (PDA) N/A 

10 mL U(VI) solution was added to 

20 mg adsorbent at pH 6.5 for 200 

h.  

480 N/A 603 

PDA 

Graphene 

oxide/chitosan 

aerogel 

Adsorbent was added to a U(VI) 

solution to yield a 0.3 g L−1 solution 

and stirred for 24 h at 120 rpm at 

pH 7.  

Ca. 160 

experimentally. 

Maximum 

adsorption of 

415.9 according 

to Langmuir. 

Aerogel was recycled by immersing in 

0.5 M HNO3 for 120 min at 120 rpm, 

before rinsing with deionised water. 

Extraction percentage was almost 

unchanged following 6 cycles. The 

adsorption follows a Langmuir isotherm 

and pseudo-second order kinetics. 

604 
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Catechol Species Substrate Extraction Conditions 

Adsorption 

Capacity / mg 

g−1 

Additional Information Ref 

PDA 
Wastepaper 

derived carbon. 

Add WPC@PDA (unknown 

quantity) to 50 mg L−1 U(VI) at pH 

6 for 100 min. 

384.6. 

> 85 % 

adsorption in 

simulated 

seawater, even 

at 1 µg L−1 

concentration. 

Data is best fit by a Langmuir isotherm 

and a pseudo-second order kinetic 

model. Adsorbent was regenerated with 

0.1 M HNO3, and desorption efficiency is 

almost unchanged following 5 cycles. 

Excellent selectivity compared to a range 

of metal ions was demonstrated. 

605 

PDA Mesoporous silica 

Mix together solutions of U(VI) (60 

mg L−1), NaNO3 (1 M) and 

adsorbent (1 g L−1) at pH 5.5. 

332.3 

Data is best fit by a Langmuir isotherm 

and a pseudo-second order kinetic 

model. 0.01 M HNO3 was used to 

regenerate the adsorbent, and 

adsorption capacity decreases each 

cycle. 

606 
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Catechol Species Substrate Extraction Conditions 

Adsorption 

Capacity / mg 

g−1 

Additional Information Ref 

PDA Graphene oxide 
0.01 g adsorbent was added into 

20 mL U(VI) solution. 
314 

The kinetics best follow a pseudo-second 

order model.  

The GO-PDA system was further 

functionalised with polyethylene imine 

(PEI), and the GO-PDA-PEI system gave 

rise to an adsorption capacity of 530.6 

mg g−1. Elution efficiency decreased 

slightly following 5 regeneration cycles 

using 0.8 M NaCl. GO-PDA-PEI showed 

excellent selectivity towards U(VI), 

except for when in the presence of Pb. > 

90 % adsorption from simulated 

seawater over a range of uranium 

concentrations was observed. 

607 
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Catechol Species Substrate Extraction Conditions 

Adsorption 

Capacity / mg 

g−1 

Additional Information Ref 

Crosslinked bayberry 

tannin 
N/A 

Add 10 mg adsorbent to 25 mL 

U(VI) solution (300 mg L−1) at pH 

4.5 and stir for 10 min. 

307.3 

Competitive sorption capacity was 

performed with a range of metal ions. 

Uranium was removed to a significantly 

greater degree than all other ions, 4 

times greater than Gd, the next most 

effectively removed ion. 

The phenolic hydroxyl groups were 

stated to be the primary force of 

attraction in the removal of uranium. 

608 

PDA A.niger mycelium 

40 mg adsorbent was added to 

U(VI) solution and stirred at 150 

rpm at pH 5 at 303.15 K. 

257.7 

Data is best fit by a Langmuir isotherm 

and a pseudo-second order kinetic 

model. The adsorbent was regenerated 

by immersing in a solution containing 

0.05 M HCl and 0.05 M NaOH for 2 h. 

Several ions significantly reduced the 

adsorption percentage towards U(VI). 

The uranium percentage removal 

decreased from 87.41 % in deionised 

water to 75.21 % in tap water to 61.71 % 

in lake water. 

609 
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Catechol Species Substrate Extraction Conditions 

Adsorption 

Capacity / mg 

g−1 

Additional Information Ref 

PDA  SBA-15 

Add the adsorbent (0.2 g L−1) to 50 

mL uranium solution (30 mg L−1) 

and stir at 200 rpm at rtp at pH 6. 

196 

Data best fits a Langmuir model. Adding 

Na+ or K+ resulted in a slight decrease in 

adsorption capacity.  

610 

PDA 
Attapulgite/chitosan 

aerogel 

0.02 g adsorbent is added to 50 

mL 50 mg L−1 U(VI) and shaken for 

24 h at 120 rpm at pH 5 and 25 °C. 

175.1 

Data is best fit by a Langmuir isotherm 

and a pseudo-second order kinetic 

model. Adsorbent was regenerated by 

washing with distilled water and then 

shaking for 120 min in 0.5 M HNO3. 

611 

PDA 
Halloysite 

nanotubes 

Add a 0.5 g L−1 nanotube to 50 mL 

20 mg L−1 U(VI) solution and leave 

to spin for 8 h at pH 6. 

72.51 

Data is best fit by a Freundlich isotherm 

and a pseudo-second order kinetic 

model. Adsorbent was regenerated with 

0.1 M Na2CO3, and adsorption 

percentage dropped from 93.11 % to 

76.67 % after 5 cycles. 

612 
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Catechol Species Substrate Extraction Conditions 

Adsorption 

Capacity / mg 

g−1 

Additional Information Ref 

PDA  
OMC/GFC/Fe3O4 

nanoparticles 

Add nanoparticles to a solution 

containing 100 mg L−1 U(VI) at pH 

6 and mix for 200 h.   

45.5 

 

Selectivity studies were performed with a 

range of ions commonly found in 

seawater. The adsorbent was selective 

towards uranium in all cases except zinc 

and molybdenum. XPS photoelectron 

spectroscopic analysis demonstrated 

that the catechol functionality was the 

dominant group behind uranium 

adsorption. 

100 % removal from un-purified 

seawater, and seawater laced with 

additional uranium up to 2000 ppb 

occurred for PDA modified Fe3O4 and 

CMK-3. 

613 
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Catechol Species Substrate Extraction Conditions 

Adsorption 

Capacity / mg 

g−1 

Additional Information Ref 

Catechol, salicylic acid, 

and 7-dichloroquinoline-

8-ol (DCQ)   

Vinylated chelating 

ligand, VP 

Add 0.02 g adsorbent to a 1 L 

solution containing 10 µg U for 10 

min at pH 7. 

Catechol-VP = 

ca. 19 (80 µmol 

g−1) 

Salicylic acid = 

ca. 26 (110 µmol 

g−1) 

DCQ = ca. 31 

(130 µmol g−1) 

 

Decent selectivity compared to Th(IV) 

and Fe(III) were observed, and excellent 

selectivity was observed over a range of 

other metals in the +2 oxidation state.  

The system was used to determine 

uranium concentration found in Arabian 

seawater. 

DCQ-VP could remove 83 % from 

synthetic seawater, and 99 % from 

Na2CO3, whereas SA-VP could only 

remove 25 % from the solutions. 

> 99 % removal from Arabian seawater 

was observed. 

614 

Catechol 
Aminopropyl silica 

gel 

0.2 g CASG was packed into a 

column, and a solution containing 

2–100 μg U(VI) was diluted 100-

fold, adjusted to pH 5, and passed 

through the column at a rate of 2 

mL min−1 (dynamic). 

0.2 g CASG was mixed with U(VI) 

(2–100 μg, 10–1000 mL) at pH 5 

for 10 min (static). 

15.94 (static) 

Metal ions were eluted with 10 mL of 1 M 

HCl, which enabled extraction to be 

performed 25 times with only a 2 % loss 

in adsorption capacity. (Unclear whether 

static or dynamic). 

615 
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Catechol Species Substrate Extraction Conditions 

Adsorption 

Capacity / mg 

g−1 

Additional Information Ref 

Persimmon Tannin Glutaraldehyde 

Suspend 2 mg adsorbent in 100 

mL U(VI) solution (10 mg L−1) for 1 

h at 30 °C at pH 5.  

7.2 

Of the tannins, this exhibits the highest 

adsorption capacity. Several other 

tannins have also been investigated but 

have not been included. 

Selectivity was performed by comparing 

uranium adsorption in competition with 

Mn, Co, Ni, Cu, Zn and Cd. Uranium was 

selectively removed, with Cu offering the 

strongest competition. 

616 

Myrica rubra  Collagen fibres 

0.5 g adsorbent, sealed in filter 

cloth was suspended in 100 mL 

U(VI) solution (0.5–2.5 mM) at pH 

5 and stirred for 24 h. 

1.2 

The tannin is weakly bound to the 

collagen, and so in solution, the tannin is 

released. 

617 

Pine bark (and pine bark 

modified by conversion 

to amidoxime). 

N/A 

100 mg adsorbent is added to 50 

mL uranium solution (10 mM) at 

pH 6 and shaken at 350 rpm for 50 

h at 298 K. 

0.36 (and 1.05) 
A greater adsorption capacity towards 

Cu2+ and Hg2+ were observed. 
618 
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Catechol Species Substrate Extraction Conditions 

Adsorption 

Capacity / mg 

g−1 

Additional Information Ref 

Catechol, iminodiacetic 

acid, imidodimethyl-

phosphonic acid, 

phenylarsonic acid or 

serine 

Chitosan 

Add 80 mL of 2 M nitric acid to the 

wet resin (mass not stated) and stir 

for 6 h. Then filter and pack the wet 

resin into a polypropylene mini 

column. 10 mL uranium solution is 

then passed through the column at 

a flow rate of 1 mL min−1. 

N/D 

(100 % 

adsorption at pH 

> 4 for catechol-

type 1 resin. 100 

% adsorption at 

pH > 3 for 

catechol-type 2 

resin IDP-type 

resin gave 100 % 

adsorption at all 

pH levels.) 

10 mL of 1 M nitric acid is used to elute 

the uranium from the resin. 
619 
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Catechol Species Substrate Extraction Conditions 

Adsorption 

Capacity / mg 

g−1 

Additional Information Ref 

Various 

polyhydroxybenzenes: 

phenol, catechol, 

resorcinol, 

hydroquinone, 

pyrogallol, 

hydroxyhydroquinone, 

phloroglucinol, 

protocatechulaldehyde 

and gallic aldehyde 

4-Aminopolystyrene 

 

12 mg of adsorbent in 100 mL 

seawater, containing 10 mg L−1 

uranium at pH 8. Mixture was 

stirred for 1 h at 30 °C. 

N/D 

(All values are 

given as mM / 

mol ligand: 

Phenol = 6.0 

Catechol = 55.4 

Resorcinol = 9.5 

Hydroquinone = 

9.9 

Pyrogallol = 98.6 

Hydroxy-

hydroquinone = 

61.5 

Phloroglucinol = 

11.0) 

Selectivity experiments were performed 

by stirring 20 mg adsorbent with 0.04 mM 

Mn2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+ and 

UO2
2+ at pH 5. 

 

Catechol adsorbed 89.7 % starting 

uranium, and pyrogallol adsorbed 78.7 

%, however catechol also adsorbed 49.8 

% starting Cu and pyrogallol adsorbed 

64.6 %. Mn, Co, Ni, Zn and Cd all gave 

rise to < 10 % extraction. 

Assumed binding mechanisms were 

provided. Catechol gives rise to a chelate 

ring, whereas pyrogallol gives rise to two 

chelate rings, with one molecule binding 

to 2 uranyl ions.  

620 
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Catechol Species Substrate Extraction Conditions 

Adsorption 

Capacity / mg 

g−1 

Additional Information Ref 

Catechol-3,6-

bis(methyleneimino-

diacetic acid) (CBMIDA) 

N/A 

Rats were injected with depleted 

uranium (range of pH values) and 

then with CBMIDA. 

N/D 

(Measurements 

were performed 

by comparing 

the percentage 

of injected 

uranium that was 

excreted. Ca. 40 

% was excreted 

after the first day, 

and ca. 50 % 

was excreted 

after the sixth 

day, compared 

to 20 % and 25 

% for the sample 

without CBMIDA 

addition). 

N/A 621 
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Appendix Table 6. Adsorption capacity of resorcinol-based adsorbents towards uranium. Where adsorption capacity is not stated within the publication, this has 
been calculated where possible, with presented data italicised in parentheses. 

Resorcinol Species Substrate Extraction Conditions Adsorption 

Capacity / 

mg g−1 

Additional Information Ref 

PAR Amberlite XAD resin 

Add 0.05 g adsorbent to 50 mL 125 

ppm U(VI) solution and stir at 200 

rpm for 3 h at rtp and pH 4.5. 

115.5 

Data is best fit by a Langmuir isotherm 

and a pseudo-second order kinetic 

model. 0.1 g uranium loaded resin can be 

desorbed with 5 mL 0.5 M nitric acid. 

Tolerance ratios of at least 100 were 

observed for all investigated competing 

metal ions. Almost complete uranium 

adsorption occurs for 30 consecutive 

cycles, dropping to 95 % after the 35th.   

622 

PAR and TAR Silica fibres 

Add 15 mg adsorbent to uranyl 

acetate in Atlantic Ocean seawater 

(0.2–1.0 ppm) and spin for 7 days 

at 30 rpm. 

20 N/A 623 

TAR 
Amberlite XAD-16 

resin 

Add 1 mL U(VI) (0.5 mM) to a 

solution containing 50 mg of TAR-

XVI in 99 mL 0.1 M acetate buffer 

and leave to shake for 1 day at pH 

6. 

0.17 

(0.71 mmol 

g−1) 

Complete desorption with 0.1 M HNO3 

was observed. 
624 
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Resorcinol Species Substrate Extraction Conditions Adsorption 

Capacity / 

mg g−1 

Additional Information Ref 

TAR N/A 

Add 200 µL TAR (0.025 mM) to 15 

mL 60 μg L−1 U(VI) alongside 80 

µL chloroform at pH 6. 

N/D 

(Ca. 85 %) 

In selectivity experiments, the sensor 

tolerated element-to-interference ratios 

of 1:50 for nickel, aluminium and 

cadmium. However, ratios were greater 

than 1:500 for all other investigated 

metals.  

625 
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Appendix Table 7. Adsorption capacity of a selection of amidoxime-based adsorbents towards uranium. 

Amidoxime Substrate Extraction Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Information Ref 

Amidoximated PAN Nanofibers 
Mix 15 mg adsorbent with 5 mL 8 mg 

L−1 U(VI) at pH 7 at rtp for 24 h. 
1187.05 

Uranium uptake in simulated seawater 

was achieved, even with the addition of 

competing metal ions at elevated 

concentrations (though a significant 

quantity of vanadium was also extracted). 

Following regeneration with a carbonate-

peroxide solution, adsorption capacity 

decreased by ca. 5 % from the 3rd 

adsorption, and each subsequent 

adsorption. 

626 

Amidoximated 

Hydrothermal carbon 
N/A 

Mix 10 mg adsorbent with 50 mL 300 

mg L−1 U(VI) at pH 4.5 for 2 h at rtp. 
1021.6 N/A 627 
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Amidoxime Substrate Extraction Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Information Ref 

Amidoximated PAN FeOOH 

Mix 20 mg adsorbent with 50 mL 

U(VI) (unknown concentration) at 

pH 8 for 4 h. 

980.39 

The adsorption process followed the 

pseudo-second order model and 

Langmuir isotherm. 

Following regeneration with 0.1 M HCl, 

the extraction percentage towards 

uranium dropped by only 6.91 % on the 

5th adsorption cycle. 

The distribution coefficient of uranium is 

significantly higher than a range of 

competing metal ions, indicating a strong 

selectivity towards U(VI). 

628 

Amidoxime 

functionalised diamino-

maleonitrile 

Graphene Oxide 
Mix 10 mg adsorbent with 20 mL 500 

mg L−1 U(VI) at pH 8 for 6 h at rtp. 
935 

Following 5 adsorption-desorption 

cycles, the extraction efficiency was 

almost unaffected. 

629 
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Amidoxime Substrate Extraction Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Information Ref 

Amidoximated 

Hydrothermal carbon 
N/A 

Mix 10 mg adsorbent with 10 mL 

U(VI) at pH 5 for 4 h at 308.15 K. 
724.6 

Following regeneration with HCl, the 

adsorption capacity decreases slightly on 

each of the first five adsorption-

desorption cycles. 

Adsorption capacity towards U(VI) was 

significantly greater than a range of 

competing metal ions. 

Adsorption followed pseudo-second 

order kinetics and extraction efficiency 

decreased with pH below pH 5. 

630 

Amidoximated 

mesoporous silica SBA-

15 

N/A 

Mix adsorbent with 10 mL U(VI) at 

pH 6 for 3 h at rtp with a 

mass/volume ratio of 0.1 g L−1. 

709 

Adsorption capacity was significantly 

reduced with increasing and decreasing 

pH. 

Following regeneration, a slight decrease 

in uranium capture was observed in each 

of the subsequent three adsorption 

cycles. 

631 
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Amidoxime Substrate Extraction Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Information Ref 

Amino-amidoxime 

bifunctional poly-

acrylonitrile 

Dendritic fibrous 

nanosilica 

Mix 10 mg adsorbent with 20 mL 500 

mg L−1 U(VI) at pH 8 for 12 h at rtp. 
678 

Following regeneration via centrifugation, 

the extraction efficiency dropped by 15 % 

following the 5th adsorption-desorption 

cycle. 

Good selectivity in competition with a 

range of competing metal ions. 

632 

 

Appendix Table 8. Adsorption capacity of amidoxime-based adsorbents—synthesised using plasma-based methods—towards uranium. 

System Use of Plasma 
Extraction 

Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Info Ref 

Suspension of amidoxime/ 

carbon nanofiber hybrids 

in deionised water 

N2 plasma activation of the 

carbon nanofibers, in order to 

attach acrylonitrile (which is 

then converted to an 

amidoxime). 

Liquid-liquid extraction: 

pH = 3.5, 273 K 

(solution); pH = 7.8, 

293 K (groundwater); 

pH = 8.1, 293 K 

(seawater). 

588.24 

(solution), 

398.41 

(groundwater), 

248.14 

(seawater) 

Adsorption was modelled by pseudo-

second order kinetics and a Langmuir 

isotherm model. Adsorption capacity 

decreases at pH > 6.5. 

633 
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System Use of Plasma 
Extraction 

Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Info Ref 

PAO/Magnetic Graphene 

Oxide (mGO) 

N2 plasma activation of mGO, 

in order to attach acrylonitrile 

(which is then converted to an 

amidoxime). 

Mix 5 mg PAO/mGO 

with 10 mL U(VI) (10 

mg L−1) for 2 days at 

pH 6. 

435 

Adsorption capacity towards uranium was 

significantly higher than alternative 

radionuclides. 

Adsorption was modelled by pseudo-

second order kinetics and a Langmuir 

isotherm model. 

634 

PO4/PAO 

Reaction between PAO and 

H3PO4 under Ar plasma in 

order to obtain PO4/PAO. 

Shaken for 24 h at pH 

7. 
161.5 

Adsorbent was regenerated with Na2CO3 

and was capable of removing uranium 

following 8 successive adsorption-

desorption cycles. 

Adsorption percentage increased with pH 

until pH 7, before decreasing. 

635 

Polyamidoxime/poly 

(vinylphosphonic acid) 

(PAO/PVPA) 

Polymerising PAO onto PAN. 

Primary purpose is to increase 

the anti-biofouling properties. 

Shaken for 24 h at pH 

8.2 at rtp. 
145 

Equilibrium was reached after 24 h, and 

adsorption follows a Langmuir isotherm. 
636 
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System Use of Plasma 
Extraction 

Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Info Ref 

Amidoximated multiwalled 

carbon nanotubes 

N2 plasma activation of the 

carbon nanotubes, in order to 

attach acrylonitrile (which is 

then converted to an 

amidoxime). 

Mix 20 mg adsorbent 

with 20 mL U(VI) (100 

mg L−1) at pH 4.5 at rtp 

for 4 h. 

145 

System can only operate at pH 4.5 or 

below. 

Adsorption was modelled by pseudo-

second order kinetics and a Langmuir 

isotherm model. 

Uranium capture was greater than the 

removal of a range of competing metal 

ions. Adsorption capacity decreased by 10 

% in a 1:1000 mole ratio of U:V. 

637 

Cellulose@amidoxime 

Plasma activation of cellulose 

samples, in order to attach 

acrylonitrile (which is then 

converted to an amidoxime). 

Add 0.25 mg adsorbent 

to a 250 mL simulated 

seawater sample 

containing various 

U(VI) concentrations 

and leave for 15 days. 

101.15 

Adsorption was modelled by pseudo-

second order kinetics and a Langmuir 

isotherm model. 

638 

Suspensions of 

PAO/MoS2 

Ar plasma activation of MoS2, 

in order to attach acrylonitrile 

(which is then converted to an 

amidoxime). 

Liquid-liquid extraction 

(pH 5). 
47.4 

Adsorption was modelled by pseudo-

second order kinetics and a Langmuir 

isotherm model. 

Extraction percentage decreased when 

U(VI) was in competition with K, Na, Mg, 

and Ca metal ions. 

639 
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System Use of Plasma 
Extraction 

Conditions 

Adsorption 

Capacity / 

mg g−1 

Additional Info Ref 

PAO/carbon nanotubes 

Reacting carbon nanotubes 

with dimethylamine under N2 

plasma, in order to introduce 

cyano groups onto the surface. 

N/D Ca. 4 N/A 640 
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