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Abstract

The growing environmental impact of end-of-life carbon fibre composites and the rising use
of antibiotics in aquaculture present two critical sustainability challenges. Carbon fibre
reinforced polymers, widely used in aerospace and automotive industries, generate
significant waste. While aquaculture is a major source of pharmaceutical pollution. Antibiotics
such as ciprofloxacin and oxytetracycline are commonly used in fish farming and have been

linked to the emergence of antimicrobial resistance in aquatic environments.

This research aimed to develop high-performance, sustainable carbon-based adsorbents
using recycled carbon fibres recovered from Carbon fibre reinforced polymer waste, and to
optimise their use for the removal of ciprofloxacin and oxytetracycline from water. A
systematic approach was applied to optimise each stage of the adsorbent development
process including chemical activation, surface modification, adsorption, and regeneration.

Design of Experiments techniques were used to identify optimum process parameters.

Initial testing with sodium hydroxide-activated recycled carbon fibres yielded low adsorption
capacities (16.84 mg/g for methylene blue), indicating incomplete activation. Process
optimisation employing potassium hydroxide significantly improved adsorbent performance.
The optimum conditions were identified as an activation temperature of 670 °C, impregnation
ratio of 1:10 (CF:KOH) and hold time of 0.5 h, achieving methylene blue adsorption capacities
above 450 mg/g and vyields exceeding 70%. Surface-modified samples utilising 10 M nitirc
acid, 16 h contact time at 28 °C, resulted in increased acidity and mesoporosity. However, it
was found that additional modification was not essential to maintain high antibiotic removal.
Optimised adsorption conditions were identified to be an adsorbent dose of 0.8 g/L, pH of 2
and initial concentration of 2 mg/L, which resulted in removal efficiencies above 95% for both
CIP and OTC. Regeneration studies using 0.1 M potassium hydroxide demonstrated strong

reusability, with regeneration efficiencies remaining above 75% over seven cycles.

The results confirm that recycled carbon fibre-derived adsorbents are effective, reusable, and
environmentally sustainable materials for removing antibiotic contaminants from

aquaculture wastewater.
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1. Introduction

With the ever-increasing human population, comes the need to produce increasing amounts
of nutrient dense foods, such as fish. At present, fish consumption accounts for 17% of animal
protein consumed within the human diet and is increasing annually [1]. For this reason,
traditional fishing methods cannot sustainably meet the global demand for fish, causing
natural resources to become depleted and consequently having a negative impact on
predator — prey relationships, affecting the whole food chain [2]. The World Wildlife Fund
(WWEF) has estimated that a third of the world’s oceans are already exceeding their biological
limits as a result of overfishing [3]. Additionally, traditional fishing practices such as trawling
disrupt surface sediments, effecting benthic communities and causing contaminants to
become remobilised into the water column [2]. Therefore, alternative solutions had to be
implemented to prevent mass extinction of wild fish populations and irreversible damage to

natural and marine environments, the solution being aquaculture.
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Figure 1.1: Global production for aquaculture and capture fisheries between 1950 — 2020.

Data taken from FishStat) (FAOQ).

Aqguaculture is a form of farming and is widely considered to be the most rapidly growing food
industry globally, expanding on average 7 — 10% per annum, for the last 30 years, surpassing
the total production for capture fisheries in 2013 (Figure 1.1) [1,4,5]. Total production of
several species of fish including crustaceans, fish and molluscs have seen the largest annual

growth by approximately 7% per annum between 1950 — 2020 (Figure 1.2) [6].
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Figure 1.2: Types of species farmed within the global aquaculture production, between 1950

—2020. Data taken from FishStat) (FAO).

A major challenge within intensive fish farming is the growth and spread of pathogens,
parasites and pests (PPP), due to large populations living in proximity. Many approaches have
been taken to reduce or prevent the spread of PPP, such as improving management practices
(e.g. stocking density, species rotation and filtration), selective breeding for disease resistance
and multivalent vaccines [7]. However, these methods require large investments meaning
they are not accessible to everyone, particularly within developing countries. Therefore,
therapeutics such as antimicrobials, pesticides, nutrients and more are still common practice
within many aquaculture settings to reduce or prevent the spread of PPP. However, the rapid
expansion of the industry is quickly becoming unsustainable due to environmental
contamination, habitat destruction and eutrophication as a result of the widespread use of
therapeutics [8]. This thesis will focus on the application and management of antibiotics

within the industry.

Antibiotic administration in aquaculture varies globally; however, comprehensive data on the
guantities and nature of their use is sparse due to the lack of regulation and reporting in some
areas of the world. Antibiotics can be administered using several treatment methods,
namely, therapeutic — treating only the exposed animals, metaphylactic — treating the group
when a disease is identified or prophylactic — using treatment to prevent disease outbreaks.
In Europe, antibiotics are generally administered therapeutically in the form of an injection.
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Whereas, in Asia and other developing countries antibiotics are administered as a
prophylactic treatment in the feed, leading to direct environmental contamination. This has
led to significant differences in antibiotic consumption for aquaculture globally, ranging from
approximately 1 g/t of live fish in Norway, to over 700 g/t in Vietnam [9]. In 2017, four
countries within the Asia-Pacific region contributed the largest share of antimicrobial
consumption, including: China (57.9%), India (11.3%), Indonesia (8.6%), and Vietnam (5%) [1].
It has been predicted that by 2030 the aformentioned countries will remain the largest
consumers of antimicrobials (Figure 1.3). Antibiotics are a major concern in natural waters
due to their low biodegradability, potential for long range transport and the ability to

bioaccumulate [9].

® 2030
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Q 2500 Tons
Q 1500 Tons

O 500 Tons

Figure 1.3: Antimicrobial consumption in aquaculture in 2017 and 2030 [1].

Sapkota et al. compiled data about the antibiotics applied in the top 15 aquaculture-
producing countries, which account for 95% of aquaculture production, globally [10].
Fluoroquinolones (FQ) and tetracyclines (TC) were identified as two of the most prolifically
applied antibiotics in the aquaculture industry; in veterinary medicine, approximately 44.0 t
and 22.42 t of TCs and FQs, respectively, were applied in Portugal in 2011 [11]. Within
aquaculture, many of these antibiotic classes are poorly metabolised meaning up to 80% of

the antibiotics consumed enter the environment in a biologically active form [12,13].

As previously mentioned, there is a lack of information regarding the quantities of antibiotics
administered globally within aquaculture. However, an insight into antibiotic use within

aquaculture can be found within literature. Ciprofloxacin (CIP) and oxytetracycline (OTC), of
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the FQ and TC antibiotic classes, respectively, are consistently the most commonly cited
antibiotics within literature, as shown in Figure 1.4A and 1.4B. The increased research
surrounding the antibiotics CIP and OTC can be attributed to the detection antibiotic residues
and resistant genes in close-proximity to aquaculture settings [14—-16] For this reason there

will be a particular focus toward CIP and OTC throughout this thesis.
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Figure 1.4: Scopus indexed publications per annum for fluoroquinolone (A) and tetracycline

(B) antibiotics, between 2000 — 2022.

Due to the rapid growth of the industry, aquaculture has become widely recognised as one of
the main sources of antibiotics being found within the aquatic environment [17]. There are
serious ecological impacts associated with the release of antibiotics into aquatic
environments because of their persistence within sediments, surface waters, ground waters
and biota. Many organisations including The World Health Organisation (WHQO) and many

national governments have highlighted the potential risks associated with irresponsible use
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of antibiotics within the aquaculture industry; due to the emergence of antimicrobial

resistance (AMR) [5].

AMR arises and is maintained over time due to genetic mutations or horizontal gene transfer
mechanisms including: the uptake of free DNA via transformation, conjugation with other
bacteria and transduction with bacteriophages; however, this is accelerated by the presence
of antimicrobials causing selective pressures within the environment [10]. This is a serious
concern for both human and environmental health since AMR does not respect geographical
or phylogenetic borders, having the capability to spread from aquatic bacteria to human and

animal pathogens (or vice versa) [18].

The WHO has declared AMR as one of the top 10 global public health threats of our
generation, because it reduces the effectiveness of many drugs used to treat common
infections. Resistant bacteria have been shown to double probability of developing a severe
health issues and triple the chances of patient mortality having contributed to an estimated
25,000 deaths annually, in Europe [19-21]. AMR presents a significant cost to national
economies and health systems because patients often require prolonged hospital stays with
more intensive and expensive care; America has reported in excess of $20 billion in spending
each year, due to the prolonged hospital stays combined with the potential need for intensive
care units and/or patient isolation to prevent transmission [20,21]. However, the full impact
of AMR globally is unknown because epidemiological data are sparse in many areas of the

world.

Elevated levels of AMR resistance have been reported in close proximity to aquaculture sites,
which can be attributed to overuse and misuse of antimicrobials. It has been well documented
that exposed aquatic bacteria develop and readily spread AMR genes, creating a global
environmental and human health concern because many aquatic bacteria can facilitate the
transfer of AMR genes to fish, human and animal pathogens [10,14,22—-24]. This can be
attributed to the phylogenetic relationship between aquatic bacteria and human pathogens,
increasing the likelihood of horizontal gene transfer. One example has been shown in E. coli,
where several aquatic bacteria have facilitated the transfer of multi-resistance plasmids

including Aeromonas salmonicida, Aeromonas hydrophila, Edwardsiella tarda, Citrobacter
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freundii, Photobacterium damselae subsp. piscicida, Vibrio anguillarum, and Vibrio

salmonicida [5,10,22,23].

In order to limit antibiotic consumption within aquaculture, research is ongoing to find
alternative treatments such as vaccines, probiotics, bacteriophages, medicinal plants and
more [18]. However, these alternatives are not currently cost-effective, particularly for low-
value fish species, or within developing countries, meaning antibiotic use is still seen as a
necessity to prevent the spread of bacterial infections. It has been widely reported that the
presence of pharmaceutical compounds such as antibiotics, significantly degrade the quality
of surrounding waterways or environments [25]. Therefore, cost-effective water treatment
techniques must be implemented to reduce or prevent the release of antibiotics into the

wider environment.

Many techniques have been applied to remediate pollutants in agueous media, such as:
biodegradation, coagulation, flocculation, flotation, ion exchange, ozonation, reverse
osmosis, solvent extraction, ultrafiltration and more [26—28]. Adsorption processes remain at
the forefront in remediation technologies, owing to their simplicity in operation and design,
and the relatively lower cost overall. Common adsorbent categories include carbon-based
materials, zeolites, oxygen-containing compounds and polymer-based compounds; owing to
their high specific surface area (SSA), distinct pore structure, high thermal stability and

abrasion resistance.

Some key considerations for adsorbent precursors are material availability and cost, making
waste or recycled materials promising candidates for adsorbent synthesis [13]. Recycled
carbon fibres (rCFs) in particular are a promising candidate for adsorbent synthesis due to the
surplus of available material when carbon fibre reinforced polymer (CFRP) products reach

their end-of-life, (EoL), as discussed below.

CFRPs use is increasing rapidly across a range of industries including aviation, automotive,
wind turbine, infrastructure, sports equipment and more, with the first two industries being
the biggest contributors (Figure 1.5) [29,30]. Polyacrylonitrile-based (PAN-based) carbon

fibres (CFs) are most commonly applied within the aforementioned industries owing to their

29



excellent tensile strength, durability, low weight, chemical resistance and temperature

tolerance [31-33].

Other
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Figure 1.5: Percentage of CFRP use within major industrial sectors [34].

Carbon fibre (CF) production has seen an 180% growth between 2006 — 2018 from 28,000 t
to 78,500 t, which is largely attributed to the rapid expansion of the CFRP industry [31,35,36].
Recent studies have projected a global growth rate of 11% per annum between now and 2030
[29,37]. However, EolL products and offcuts within the CFRP industry present a major
environmental challenge, with waste projected to reach 20 kt annually, by 2025. Therefore

alternative, sustainable pathways must be found for EoL CFRP waste.

At present, CFRPs can be recycled mechanically or by applying fibre reclamation techniques
such as thermal and chemical recycling. Mechanical recycling involves the crushing, milling or
shredding of CFRP which can then be separated into the fibrous and non-fibrous fractions via
sieving. Thermal recycling (i.e. pyrolysis) involves the thermal decomposition of the resin by
heating (450 — 700 °C) in an inert atmosphere (commonly N;). The polymeric matrix is
volatilised into lower-weight molecules and char, while the inert CFs remain largely
unchanged. Chemical recycling breaks down the CFRP matrix by employing a reactive medium

such as supercritical fluids, catalysts, and solvents, at low temperature (< 350 °C) [35,38].

A major drawback of current recycling processes is the destruction of the CF form (in the case

of mechanical recycling) or degradation to the mechanical stability of the CFs (during thermal
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or chemical recycling), creating a lack of trust in the properties of recycled product, meaning
they are not readily reused within their former industries. This can be attributed to the lack
of legal standards to regulate the use of rCFs within major industrial sectors. In recent years,
research has turned to investigate the methods to enhance characteristics (e.g. tensile and
flexural strength) of rCF-based CFRPs via the introduction of various coatings such as
nanoparticles or polymers. However, there is still a lack of understanding around the
degradation conditions (i.e. temperature, pH, moisture, exposure to seawater etc.) of these
rCF-based products, preventing their use within the major industrial sectors discussed
previously. Without an appropriate market, recycling is not profitable leading to waste going
to landfill. Therefore, suitable applications within alternate industries must be identified to

create a circular economy for CFRP waste [36].

Gen2Carbon (formerly ELG Carbon Fibre Ltd.) is a UK-based company which specialises in the
recycling of CFRPs on an industrial-scale. They are capable of processing up to 5 t of waste per
day, using a continuous pyrolysis process. However, rCFs are short in length and fluffy with a
approximately a 10% reduction in mechanical strength, meaning they cannot be substituted
for virgin carbon fibres (vCFs) in many sectors. Instead, rCFs are viewed as a new product,
requiring different processes and designs. Previously, ELG had started a project with the aim
to establish a closed-loop recycling process for EolL aircraft CFRPs, by developing a new

product using the rCF material.

Adsorbent synthesis could offer an ideal pathway to create a high-value product from rCFs.
Many carbonaceous adsorbents (CAs) including activated and modified virgin CFs (vCFs) have
already been applied to successfully remove a range of pollutants from both aqueous and
gaseous media [39-42]. However, at present there is little research into the activation,

modification and application of their rCF counterpart [31,34,43]

CAs are attractive adsorbents in both aqueous and gaseous phase applications, owing to their
high surface area (> 400 m?/g), low cost, tuneable porosity and surface functionalisation, and
improved sustainability when using waste or recycled materials. For aqueous phase
adsorption mesoporosity or hierarchical porosity is favoured due to the enhanced diffusion
of pollutants into the porous network, which is often the rate limiting step [13,44,45].

Furthermore, surface functionalisation is of high importance since it determines the
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mechanism of adsorption (e.g. physisorption or chemisorption). Physisorption consists of
physical interactions such as Van der Walls forces, hydrogen bonding and hydrophobic
interactions. Whereas chemisorption involves the formation of chemical bonds (i.e. ionic or
covalent), between functional groups. Adsorption of antibiotics onto CAs can occur via
physisorption or chemisorption, due to their chemical structure which typically consists of
hydrocarbons in the form of aromatic or cyclic structures with heteroatoms or functional

groups substituted within the structure.

This project aims to focus on the two global issues discussed above, namely, the
environmental contamination caused by the aquaculture industry and the surplus of waste
generated by the CFRP industry. This will be achieved by synthesising activated and modified
CFs which will be applied as adsorbents for the in-situ remediation of antibiotics from
freshwater aquaculture settings. Process optimisation applying design of experiment (DoE)
techniques, will be carried out throughout the activation, modification and adsorption
campaigns to enhance the adsorbent characteristics and adsorbate-adsorbent interactions,

with an aim to improve the adsorption capacity toward target antibiotics (CIP and OTC).
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2. Literature Review

2.1. The Aquaculture Industry

Aqguaculture dates back to approximately 1000 BCE with evidence being found in Ancient
China and Egypt [46]. However, it didn’t take on it’s modern, industrialised form until artificial
granulated fish food was developed in the mid-20th century. Since then, aquaculture has
become one of the most rapidly expanding food industries globally, which can be attributed
to the rapid expansion across Asia (Figure 2.1A). China has experienced the most substantial
growth, now accounting for almost 60% of all aquaculture production globally (Figure 2.1B).
As of 2020, the top 15 aquaculture producing countries accounted for over 90% of global
production, with only four of the top producers being located outside of Asia, namely Brazil,

Chile, Egypt and Norway [47].
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Figure 2.1: Total aquaculture production by continent (A) and the percentage of aquaculture
production within the top 15 aquaculture producing countries (B), data generated via FAO

software (FishStat) v4.04.00) [47].
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The total number of commercially farmed aquaculture species has also seen a 31.9% increase.
Between 2006 — 2018, the number of species farmed increased from 472 — 622, with the most
farmed species of fish being crustaceans and molluscs ( Table 2.1) [47]. In comparison,
terrestrial agriculture only consists of approximately 38 species of livestock and 173 species

of crop, giving an indication of the scale and diversity of aquaculture practices [46].

Table 2.1: Aquaculture production statistics, data generated via FAO software (FishStat)

v4.04.00) [47].

Species Group Number of countries Global aquaculture
farming species production
group

Carps, barbels and other 95 29,789,359
cyprinids

Marine shrimps and prawns 62 6,555,315

Catfishes 86 6,264,326

Tilapias and other cichlids 124 6,194,760

Oysters 46 6,125,606

Clams, cockles, shellfish 22 5,522,876

Salmons, trout, smelts 83 3,855,434

Overall, aquaculture is widely viewed as an invaluable farming technique to providing
economic, social and food security, by creating a range of jobs and improving access to low-
cost protein sources (Figure 2.2). However, a major hurdle faced by the industry is the
destruction of ecosystems due to unsustainable aquaculture practices creating a human and
environmental health concern. One of the leading concerns within the industry is degradation
of the water quality, due to the multiple waste sources within aquaculture. Typically,
aquaculture waste can be separated into two types of waste, namely, solid (feed, faeces etc.)
and dissolved (chemicals, pathogens etc.), each presenting their own environmental

challenges [48].
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III

The “chemical cocktail” employed to maintain fish heath and water quality on an industrial
scale is of particular concern, having a negative impact on surrounding ecosystems. The
chemicals employed within aquaculture consist of antibiotics, hormones, nutrients, chemical
treatments and more. The environmental fate of these pollutants is complex, with many

degradation pathways being reported [49,50].
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Figure 2.2: Social and economic impacts of aquaculture.

Excess antibiotic consumption within the industry presents major challenges, being widely
viewed as a necessity to prevent mass stock losses; however, many studies have highlighted
the link between aquaculture and rising AMR across the globe [50-52], and the need for
efficient techniques to manage aquaculture effluents, consequently antibiotic remediation
has been selected as the focus for this thesis. The following sub-sections which will provide a
summary of the types of aquaculture, antibiotic pollution generated by aquaculture,

environmental impacts and the current treatment techniques.
2.1.1. Types of Aquaculture

Aquaculture is diverse and can be practiced in a range on environmental conditions (e.g.
freshwater, marine or brackish water), from artic oceans to tropical rice fields. Furthermore,
intensity of the practices can vary from highly intensive to small-scale family-owned
businesses. Small-scale aquaculture typically has low fish stocking densities, where water

quality can be maintained via natural processes such as plankton [53].
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Human and environmental concerns arise with increasing intensification of the industry.
Higher stocking densities, result in increased degradation of water quality, due to the
amplified demand for feed, treatments to prevent spread of PPP and nutrients to promote

growth (Section 2.1.2).

Aquaculture methods can also be classified into high-risk systems and low-risk systems (Table
2.2). High-risk systems utilise open-net pens (or cages) and ponds, and are commonly highly
intensive, containing thousands to hundreds of thousands of fish [54]. These systems benefit
from having low initial investment costs due to their utilisation of natural environments.
However, the open nature of these systems presents major environmental challenges due to
waste discharge and the introduction of non-native species, diseases and parasites into

surrounding environments (Section 2.1.3).

Low-risk systems are typically physically contained or treated to prevent or reduce
contamination of surrounding environments and the release of non-native species and PPP.
This is achieved by closely monitoring and managing water quality, which subsequently
increases fish health and reduces the growth and spread of PPP. However, these farming
techniques often have complex operational procedures and require high initial investment

and maintenance costs.
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Table 2.2: Summary of the different types of aquaculture.

System Species Farmed Advantages Disadvantages
Cost-effective
Waste discharge
Salmon. trout. bass. sea Natural environment utilisation _ _
Open-net ’ ’ ’ Disease and parasite control
oens bream, tuna, cod and Industrial scalability I . _
nvasive species
o others Little/no land requirement
“n Introduction of invasive species
E Ease of Monitoring and Management
20
= .
Carp, tilapia, catfish . e Waste discharge
’ ’ ’ Natural environment utilisation
milkfish, shrimp & prawns Habitat destruction
Ponds and others Industrial scalability o _
isease and parasite control
Environmental integration
Resource intensity
High initial investment
Salmon, tilapia, catfish Environmental control _
’ ’ ’ Complex operation
x Closed bass, perch, sturgeon and Resource efficiency _ .
= others _ High energy consumption
3 Increased product quality
I System failures

Recirculation

Salmon, tilapia, catfish,
bass, perch, sturgeon

Environmental control

High initial investment
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System Species Farmed Advantages Disadvantages
shrimp & prawns and Resource efficiency Complex operation
others Increased product quality High energy consumption
Space efficiency System failures
Renewable energy sources Market and economic factors
High feed and nutrient costs
Efficient water use High initial investment
Salmon, tilapia, catfish, Ease of monitoring and management Water supply
Raceways bass, carp, sturgeon and High stocking density High energy consumption
DEREES Environmental control Disease spread
Scalability Environmental impact
Low environmental impact High initial investment
Improved water quality Increased exposure to elements
Suspended Bivalves, seaweed, Reduced predation Maintenance

crustaceans and others

Space efficiency

Increased growth rates

Biofouling

Regulatory and Spatial Competition
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Despite all the advantages presented by the aquaculture industry, there are a number of
concerns relating to the environmental impact of aquaculture practices, such as the depletion
of natural ecosystems, chemical contamination and changes in the pH of soil and water [55].
This thesis will focus on low-risk, intensive aquaculture with a particular emphasis on

freshwater, closed and recirculating aquaculture systems (RAS).

The waste generated by intensive aquaculture consists of matter such as excess feed, faeces,
chemical treatments, therapeutics and more resulting in a reduction in water quality. This is
signified by detectable changes to various water quality parameters such as the dissolved and
insoluble organic matter, nutrient content (i.e. nitrogen and phosphorus), biological oxygen

demand and pH of the wastewater.

Despite RAS reducing wastewater discharge by 10 — 100 times, the pollution concentration is
approximately 10 — 100 times higher [56]. This presents a major obstacle to make RAS
economically and environmentally justifiable. Therefore, simple and effective waste

purification techniques are required (Section 2.1.3).
2.1.2. Antibiotic use in Aquaculture, A Human and Environmental Health Concern

The use of antibiotics in foodstuffs (e.g. animal products) has caused widespread concern over
food safety and due to the growth and spread of AMR. Not only does AMR reduce the
effectiveness of treatments within aquaculture; resistance genes can also be transferred from
aquatic bacteria to human or animal pathogens constituting a human and environmental
health risk. It was estimated that AMR contributed to an estimated 1.27 million deaths in

2019, globally; this number is projected to reach 10 million by 2050 [57].

As mentioned in Chapter 1, antibiotic use within aquaculture is of particular concern, being
one of the leading sources of antibiotics within aquatic environments. A number of studies
have identified a correlation between antibiotic use in aquaculture and the development of

AMR genes [5,23,49-52,58].

This section will address antibiotic pollution arising from aquaculture practices, with a
particular focus on the selected antibiotics, CIP and OTC, and their respective classes, FQs and
TCs. These compounds were chosen due to their widespread use in aquaculture and other

areas of veterinary medicine.
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It is well known that aquaculture conditions promote the growth and spread of PPP and
therefore, antibiotic application is widely viewed as a necessity to prevent mortalities within
farmed fish populations. As a result, antibiotics have become one of the most widely applied
chemicals in aquaculture. It is estimated that China loses between 10 — 25 billion GBP of
income per annum due to disease outbreaks within aquaculture, with over half of infections
being bacterial [59]. This has led aquaculture to become widely recognised as a “genetic

hotspot” for resistance gene transfer, as discussed in Chapter 1 [17,50].

Antibiotic consumption is not evenly distributed globally, which can be accredited to the
varied treatment techniques (e.g. therapeutic, metaphylactic or prophylactic). At present,
there are no databases globally to provide information regarding the quantities of antibiotics
consumed within aquaculture. However, several review articles have compiled data regarding
the antibiotic classes and quantities consumed reporting that antibiotic consumption within
aquaculture, increased globally between 1990 — 2018, which was largely attributed to the
prophylactic use of antibiotics within China, Vietnam and Chile [10,60]. Up to 67 different
antibiotic compounds from eight antibiotic classes are utilised in 11 of the 15 major producing
countries (Figure 2.1). It has been widely reported in literature that Southeast Asia and South
America are the largest consumers. Despite an overall increase in antibiotic consumption
globally, a number of countries such as Japan, Norway, Thailand, UK and USA, have strived to
reduce antibiotic use via improved therapeutic administration techniques (i.e. injection and

probiotics) [10,60].

Due to the rapid growth of the aquaculture industry, there are serious ecological impacts
associated with the release of antibiotics into aquatic environments because of their ability
to accumulate in sediments, surface waters, ground waters and biota. To date, numerous
antibiotic-resistant strains have been detected within fin-and-shellfish aquaculture
environments, globally. Hossain et al. compiled data regarding antibiotic use and AMR
bacteria within the top 15 aquaculture producing countries globally and found that quinolone
(QN) type and TC type antibiotics were some of the most prolifically applied antibiotics [50].
Meanwhile, the most frequently isolated resistant bacteria were found to be Aeromonas spp.,
Bacillus spp., Enterobacteriaceae, Exiguobacterium spp., Pseudomonas spp., Streptococcus

spp., and Vibrio spp.
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In 2020, China accounted for over 60% of aquaculture production globally. Furthermore,
China is also the largest antibiotic producer worldwide, consuming approximately 162,000
tonnes in 2013, with over half of antibiotic consumption being attributed to veterinary
medicine [59]. Within China, over 234 cases of antibiotic residues were reported within
aquaculture products, across 24 species of fish; CIP, norfloxacin and sulfisoxazole being the

most regularly detected.

Both FQs and TCs are poorly absorbed and metabolised by both humans and animals,
meaning up to 70% and 90% of FQs and TCs, respectively, are excreted unchanged into the
surrounding environment, leading to their detection in surface waters, sediments and ground
waters. Both antibiotic classes have low octanol partition coefficients between -2.876 and
1.283, indicating high water solubility [17]. However, the drugs possess the ability to form
divalent cationic complexes with Ca?* and Mg?*, meaning they are also adsorbed to sediments

and soils leading to persistence within the environment.
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HO

Figure 2.3: Structure of (A) fluoroquinolones and (B) tetracyclines.

OTC is a large molecule with three environmentally relevant pK, values ranging between pH
4 — 8. Generally, at the pH of natural waters (~ 8.2), OTC exists in zwitterionic form with a
negative charge on the hydroxyl group and a positive charge on the tertiary amine group
(Figure 2.3). The negative log Kow of OTC (-2.876) indicates that hydrophobic exclusion does
not play a role in sorption into sediments. Instead, a combination of electrostatic attraction,
ion-exchange and complexation reactions occur. Studies have suggested that OTC is adsorbed
to marine sediments via binding to divalent ions as mentioned above. When dispersed in
surface water, OTC is susceptible to hydrolysis and photolysis, due to its ability to absorb light

in the 200 — 400 nm region. The presence of Ca?* hinders hydrolysis processes but accelerates
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photolysis, indicating that photolysis is likely to be the primary pathway for degradation in

marine environments [61].

The presence of FQs and TCs in the environment is a major concern because they are wide
spectrum antibiotics, meaning they readily target both Gram-positive and Gram-negative
bacteria and consequently causing disruption to many natural processes within the aquatic
environment which involve bacteria. An example of where natural processes are being
impacted, is the nitrification process (Figure 2.4). Gram-negative bacteria (Nitrosomonas sp.
and Nitrobacter sp.) are responsible for converting ammonium to nitrite and finally nitrate.
However, the antibiotics cause a significant reduction in the numbers of these bacteria

leading to excess ammonia within the environment, which is extremely toxic to fish.

NH,* NO,- NO,-

Ammonium 7 < Nitrite 7 < Nitrate

Nitrosomonas sp. Nitrobacter sp.

Figure 2.4: The nitrification process.

As can be seen from the discussions in this section, the utilisation of FQs and TCs within
aquaculture is a necessity for aquaculture to be economically viable by preventing mortalities
within the industry; however, antibiotic pollution as a result of their prolific use is a major
concern, contributing to the development and spread of AMR, and negatively impacting
natural processes. Therefore, effective treatment techniques are required to limit the impacts

of antibiotics in agquaculture wastewater, as discussed in the following section.
2.1.3. Current Treatment Techniques

This section will discuss the current water treatment techniques available to treat antibiotics
within low-risk aquaculture wastewaters. Typically, wastewater treatment can be loosely
classified into three categories, namely physical, chemical and biological. Physical methods
include adsorption, sedimentation, flocculation and filtration. Chemical treatments consist of
ozonation, chlorination and Fenton’s oxidation. Finally biological treatments utilise living
organisms to degrade antibiotics. Table 2.3 summarises the advantages and disadvantages of

some of these treatment processes.
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Table 2.3: Summary of the advantages and disadvantages associated with water treatment

techniques, taken from [13].

Process Advantages Disadvantages

Adsorption Cheap and simple Regeneration can be expensive
High removal capacities and reduces adsorption capacity
Fast reaction kinetics Non-selective/limited selectivity
Low energy pH sensitive
Applicable to batch and Competitive adsorption
continuous flow
Non-selective

Biological Rapid (aerobic digestion) High energy input

Treatment

High efficiency
Natural breakdown of
pollutants yield cleaner

waste effluent

Large amounts of bio-waste
Potential ecological damage
Unreliable

Slow (anaerobic digestion)

Photodegradation

Low cost
Durability
Industrial scalability

Potential renewable energy use

Incomplete degradation
(potentially toxic or biologically

active products)

Limited efficiency in turbid or

coloured waters.

Energy Consumption (where

renewables aren’t available)
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Biological treatments have proven to be successful at removing, reducing or converting
antibiotics into their degradation products via biological processes. Five types of biological
treatment exist within aquaculture, namely, trickling filter, fluidised bed reactor, rotating
biological contactor and constructed wetlands. The process relies upon plants and
microorganisms such as algae or heterotrophic bacteria to immobilise non-living organic
matter within their cells. The utilisation of plants aquatic plants for the purification of
aquaculture wastewater is particularly advantageous due to the production of oxygen via
photosynthesis, which alleviates the risks of oxygen depletion and reduces the need for
traditional aeration. However, there is a lack of literature regarding the safety of biological
treatments in aquaculture, since the artificial introduction of active organisms into aquatic
environments may result in disruption of the ecological balance, causing long term damage
[62,63]. Furthermore, large amounts of hazardous biowaste is generated resulting in

increased disposal costs.

Photodegradation in aquaculture commonly employs solar energy to oxidise or reduce
antibiotics into their degradation products via photolysis, which can occur directly or
indirectly. Direct photolysis occurs when chromophores absorb light at wavelengths present
in sunlight. Whereas indirect photolysis utilises a photosensitiser to induce chemical
transformation. Photocatalytic degradation is an example of indirect photolysis which has
been utilised within aquaculture [62,64]. The technique employs ultraviolet
(UV)/visible/infrared (IR) light to activate a photocatalytic material (i.e. semiconductor),
which results in the excitation of electrons from the valance band to the conduction band,
generating photo-induced electron and hole pairs [64]. The electron and hole pairs possess
the ability to react with oxygen, water and hydroxyl groups, producing reactive oxygen
species (i.e. free radicals). Free radicals subsequently interact with pollutant molecules
resulting in the complete or partial degradation. However, photocatalytic degradation of
antibiotics within aquaculture presents some challenges, since the type of light, presence of
ions and/or dissolved organic matter (DOM), temperature, pH and salinity may hinder the
degradation of antibiotics [61,64]. Furthermore, the partial degradation of antibiotics within
aquaculture presents major issues, since antibiotic fragments may still be biologically active

and therefore, contributing to AMR.
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Adsorption processes remain at the forefront in industrial remediation technologies owing to
its simplicity in operation and design and the relatively low operational costs. Common
adsorbent categories for the adsorption of antibiotic compounds include carbon-based
materials, oxygen-containing compounds and polymer-based compounds, owing to their high
specific surface area (SSA), distinct pore structure, high thermal stability and abrasion
resistance. Adsorption is becoming an increasingly promising technology for the remediation
of antibiotics within aquaculture due to the aforementioned advantages [65,66].
Furthermore, adsorption has the ability to operate as a standalone technology, or be
incorporated into existing infrastructure, such as RAS. A number of studies have utilised
various adsorbents including CAs to remediate antibiotics from wastewater; however, at
present, there is a lack of literature regarding the competitive adsorption between antibiotics
and other components within aquaculture waste streams (Section 2.4.2.2). Therefore, further
research is required to gain a better understanding of the adsorption behaviours within the

system, in order to make the technology industrially viable.
2.2. End of Life Carbon Fibre Reinforced Polymers and Carbon Fibre Recycling

The following section relates to the choice of precursor for adsorbent synthesis, namely rCFs.
The International Union of Pure and Applied Chemistry (IUPAC) defines CFs as fibres,
filaments, lines or reels with a diameter of approximately 5 — 10 um, containing at least 92
wt.% carbon, in a non-graphitic (i.e. amorphous) state [67,68]. CFs are produced using
spinning processes (dry, melt and wet), which are applied to organic precursors such as PAN,
pitches (coal-tar and petroleum), phenolic resins and natural sources (cellulosic biomass) [33].
Once a fibrous form is achieved, the CFs are thermally stabilised in air, followed by

carbonisation in an inert atmosphere, at elevated temperatures.

Thermal stabilisation is an important step which involves the cross-linking of carbon chains to
form a ladder-like structure (Figure 2.5). The process consists of heating the fibres to 200 —
400 °Cin air and holding for 30 — 120 minutes, introducing oxygen onto the fibre surface, and
subsequently causing a rearrangement of the structure. Stabilisation produces a structure

that can withstand high temperatures during later processing stages, such as the
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carbonisation step. The method increases carbon yield by preventing melting or fusion of the

fibres and therefore, avoiding excessive removal of volatile carbon atoms [69].

Carbonisation involves heating CFs in an inert atmosphere, commonly Ny, to increase the
carbon content via the release of moisture and volatile organic compounds (VOCs) from the
starting material. This is achieved by removing any volatile gases present in the structure, in
the form of CO;, CO and H;O or any condensed liquids. The process involves several
physiochemical changes including dehydrogenation, cyclisation, polymerisation and
aromatisation [33]. Carbonisation improves several properties of the CFs such as: thermal and

chemical resistance, conductivity and stability.
2.2.1. Polyacrylonitrile Based Carbon Fibres

The performance of CFs is largely dependent on the precursor which should have the
following qualities: high carbon content, high molecular weight and high degree of molecular
orientations. PAN meets all the above requirements which has led to approximately 90% of

all CFs being produced using PAN as the precursor [68].

PAN is a semi-crystalline, thermoplastic polymer with the chemical formula (CsHsN), [33].
During the spinning process, acrylonitrile plastic powder is combined with another plastic
such as methyl acrylate or methyl methacrylate [68]. The polymerisation process is initiated
using a catalyst to form a final product of PAN [68]. The polymer is then spun into fibres,
washed and finally stretched until the desired diameter is achieved. Stretching additionally

helps to align the molecules within the fibre.

During synthesis, PAN-CFs undergo preliminary cyclisation and thermo-oxidative
dehydrogenation to form an amorphous graphitizable carbon with a sp? hexagonal structure
(Figure 2.5) [70,71]. Operating conditions such as temperature and hold time are selected to
be below the transition temperature of the fibre to prevent structural alterations and/or
damage. Typically for PAN based fibres stabilisation and carbonisation, temperatures range

between 250 — 350 °C and 700 — 1500 °C, respectively [71].
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Figure 2.5: Synthesis of PAN-based carbon fibres.
2.2.2. Applications of Carbon Fibre Reinforced Polymers

The first wave of CFRP use was seen in the 1990s where prepregs were utilised within the
primary airframe structure of the Boeing 777 [72]. Since then, CFRP production has increased
at a compound annual growth rate of 12.5%, with the aviation and automotive industries
being the biggest contributors (Figure 2.6) [29,30]. The development of PAN-based fibres

aided the rapid growth of the CFRP industry, being more economical and yielding more
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attractive properties such as higher carbon content and improved tensile strength, chemical
resistance and temperature tolerance, when compared to their pitch-based or cellulosic-

based counterparts [31-33,72].
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Figure 2.6: The development of carbon fibre application with time, taken from . Copyright

2021, Mitsubishi Materials [73].

The modern aviation industry is an example of the environmental challenges presented by
EoL CFRP products. Many vehicles including the Boeing 787 and Airbus A350 typically consist
of up to 50 wt% CFRP. In some ways this widely improves the environmental impact of the
aviation industry, owing to their light weight in comparison to the traditional metal structures
[35,74]. However, sustainability issues arise when the vehicles reach their end of life (EolL),
typically after 25 — 30 years, with over 16,000 commercial aircraft having been retired in the
last 35 years [75]. This issue was amplified due to the coronavirus pandemic, with many
airlines either going bankrupt or announcing they are bringing forward fleet retirement
programmes [75]. Current waste management processes include moving vehicles to landfill,
incineration or recycling (Section 2.2.3), the former being the lowest cost, with many vehicles
being abandoned in the desert. This highlights the need for to improve EoL pathways for CFRP

products.
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2.2.3. Carbon Fibre Recycling Processes

CFRPs can be recycled mechanically or by applying fibre reclamation techniques such as
pyrolysis or chemical recycling, which can be further sub-divided into hydrolysis and
solvolysis. The widespread adoption of recycled CFRPs is currently hindered by the absence
of established EoL recycling processes. This limitation stems primarily from industry
scepticism regarding the performance reliability of recycled materials, compounded by the
lack of standardised regulatory frameworks governing their use across major industrial
sectors. Without a suitable market, recycling is not profitable leading to waste going to
landfill; therefore, suitable applications within alternate industries must be identified to

create a circular economy for CFRP waste [36].

Mechanical recycling involves crushing, milling or shredding to break down CFRPs. Initially the
material would be broken down into pieces approximately 50 — 100 mm in size, using cutting
or shredding processes, followed by milling to achieve the final product typically ranging in
sizes between 50 um — 10 mm [76]. The resulting powder can be separated by sieving into
powdered (resin-rich) and fibrous (fibre-rich) products. Mechanical recycling has several
advantages, being the fastest and cheapest method to reclaim fibres, while not producing
hazardous materials. However, this is an aggressive method which destroys the fibre meaning
they can only be reapplied in low value applications for instance as fillers and reinforcements

in the construction industry [35].

Chemical recycling breaks down the CFRP matrix by employing a reactive medium such as
supercritical fluids, catalysts and solvents, under low temperature (< 350 °C) [35,38]. The CFs
remain intact with little degradation in mechanical properties due to their excellent chemical
and thermal stability; although, some defects such as char, residual matrix, pitting and
degradation of strength have been reported, particularly at longer gauge lengths. The method
does suffer several drawbacks including limited industrial scalability, reduced adhesion to
polymeric resins and low contamination tolerance. Degradation of the resin can be achieved
using either solvolysis or hydrolysis, where the chemicals/solvents applied are selected based
on the nature of the polymer matrix. Solid composites in particular, may require an initial

mechanical grinding stage to increase the surface area. Solvolysis involves the use of
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concentrated chemicals to depolymerise the composite; however, many chemicals involved

are hazardous, creating major environmental impacts when carried out at large scales.

Pyrolysis is readily industrially scalable and leaves the valuable CFs intact, making it one of the
most widespread processes for recycling CFRPs [77,78]. It involves thermal decomposition of
the resin by heating (450 — 700 °C) in an inert atmosphere (commonly N3). The polymeric
matrix is volatilised into lower-weight molecules and char, while the inert CFs remain largely
unchanged. The method can recover relatively long fibres retaining a high proportion (< 90%)
of their mechanical properties [35,79]. However, the remnant char within the structure can
prevent the proper adhesion of the reclaimed CFs with new resins meaning a controlled post-
treatment is required to remove any residual char without further degrading the fibres during
combustion [80]. Additionally, the method produces complex mixtures of hazardous
materials in the chemical feedstock, consisting of nitrogenous, oxygenated and sulphur-
containing organic compounds mixed with water and off-gases such as carbon monoxide and
dioxide, hydrogen and low molecular weight hydrocarbons. Studies have suggested that the
gases generated could have applications as an alternative fuel, however, this does not

compensate for the problem generated by the liquid waste.

As outlined earlier, Gen2Carbon operates at an industrial scale, processing substantial
guantities of PAN-based CFRPs originating from diverse sectors. Accordingly, the rCFs utilised
in this study can be considered representative of the variability inherent to PAN-based rCFs

recovered from mixed-source waste streams.
2.2.4. Applications of Recycled Carbon Fibres

At present, despite the availability of recycling processes for CFs, they are not economically
viable due to the somewhat limited industrial applications. Therefore, in recent decades
research has sought to improve the characteristics of rCFs for the incorporation back into
CFRP products. This has been achieved by introducing coatings such as polymers and
nanoparticles to enhance flexural and tensile strength amongst other characteristics [81-85].
For example, silica nanoparticles (3 wt%) have been incorporated into rCFs resulting in an
improvement in tensile and flexural strength by 20% and 36%, respectively. Despite the

promising research in this area, there is a lack of understanding around the degrading
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conditions of rCF-based products (i.e. temperature, pH, moisture, exposure to seawater and
etc.). As of 2022, few studies had been conducted regarding the degradation conditions of
rCFs; however, it has been suggested that the previously mentioned conditions could lead to
a decline in mechanical strength, thermal stability, and fatigue resistance [86]. Consequently,
more research is needed on the degradation characteristics of rCF-based CFRPs before they

can be broadly reintroduced into the major industrial sectors discussed earlier.

An alternative, promising technology for rCFs could be the development of CAs. A number of
studies have utilised virgin CFs (vCFs) for the development of adsorbents for applications in
both agueous and gaseous media. However, there is a gap in the research regarding the
application of rCFs as adsorbents. Nahil and Williams investigated the thermal activation of
rCFs by heating to 850 °C (ramp rate 5 °C/min) under nitrogen, once the desired temperature
was reached, the gas was switched to steam and held for 5 h [31]. The subsequent activated
rCFs (ArCFs) were mostly microporous with a surface area of 802 m?/g; however, the material
was not applied as an adsorbent within this study. Nevertheless, the characteristics of the

ArCFs in the aforementioned study are promising for adsorbent production.
2.3. Synthesis of Carbonaceous Adsorbents

The following section will discuss the preparation of adsorbents from carbonaceous
precursors, using physical or chemical activation and/or modification techniques. At present,
thereis a lack of research regarding the synthesis of PAN-based rCF adsorbents and therefore,
virgin PAN-based CFs and other forms of CA have been discussed below. A comprehensive
review of methodologies used within current literature has been undertaken, followed by an

in-depth discussion regarding the mechanisms.
2.3.1. Activation of Carbon Fibres

Activation is a vital stage for the synthesis of CAs, responsible for the development of the
porous network and the consequent increased surface area and pore volume which is
fundamental to adsorption processes. The techniques applied to activate CAs are well-
established and often consist of applying an activation agent (physical or chemical) and
elevated temperatures (<350 °C). Subsequently, the process burns off non-carbonised regions

of the carbonaceous framework, releasing volatiles (i.e. CO2, CO, H,0 and low molecular
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weight hydrocarbons) and ejecting pore-blocking tar, from the CA framework, which is

continuously removed from the reactor in the gas flow.

Correct selection of the activation methodology is of high importance, since different
approaches result in different physical and chemical characteristics (i.e. surface area, pore
size distribution and surface functionalisation), which play a significant role in the selectivity
of adsorbents. Within aqueous phase adsorption, high surface area (> 700 m?/g) along with
ordered mesoporosity or hierarchical porosity are preferred. High surface areas enable a
greater number of molecules to interact with the adsorbent’s surface, whilst mesopores (and
to some extent, macropores) facilitate the diffusion of pollutants into the internal porous

structure, which is commonly the rate limiting step.

According to IUPAC definition, micropores have diameters less than 2 nm, mesopores are
between 2 — 50 nm and macropores are larger than 50 nm. Microporous adsorbents often
exhibit limited adsorption capacities for high molecular weight compounds, such as
antibiotics, due to molecular size exclusion, where the adsorbate is too large to access the

internal pore structure [87].

Surface functionalisation is a critical factor in determining the adsorption mechanism (e.g.
physisorption or chemisorption), as functional groups serve as active sites for adsorbate
interaction. In particular, oxygen-containing functional groups have been shown to

significantly enhance the adsorption of antibiotics such as CIP and OTC, as detailed in [88,89].

From the above information, this section will discuss the activation techniques employed to
produce adsorbents with high surface areas, mesoporosity, and the presence of oxygen-

containing functional groups.
2.3.1.1. Physical Activation

Physical activation is a well-established technique which has been commonly applied to
increase the SSA and porosity of carbonaceous precursors by exposing them to high
temperatures (> 700 °C) in the presence of a gaseous activation agent. Physical activation
benefits from being industrially scalable, simple and low cost, due to the lack of chemical
agents and time consuming washing steps which result in secondary pollution. However,

higher temperatures and hold times are required leading to increased energy consumption,
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to produce CAs with lower surface area, porosity and yields, when compared to the chemically
activated counterpart. Additionally, during the activation process, valuable heteroatoms and
surface groups may be eliminated from the structure due to intense heating. Therefore,

additional modification steps may be required to introduce new surface groups.

It has been suggested that the physical activation mechanism occurs via a two-step process,
where firstly disorganised carbon (i.e. amorphous) is emitted from the structure, resulting in
a 10-20 wt% reduction. Gaseous activation agents then enter the internal network of the
carbonaceous structure by means of diffusion resulting in the widening of inaccessible pores

[76-78].

The most commonly cited physical activation agents are carbon dioxide or steam, since the
mechanism of activation is endothermic making the process more readily controlled [90]. The
former method begins with the Boudouard reaction, where CO; interacts with the
carbonaceous framework via dissociative chemisorption. This interaction leads to the
formation of surface oxides and the subsequent release of CO, which contributes to the
development of the porous network (Figure 2.7) [91,92]. Notably, the production of CO in the

Boudouard reaction is only favoured at temperatures above 700 °C.

Steam activation involves the reaction between water and the carbon surface to form CO and
hydrogen. Subsequently, the CO can participate in carbon gasification and the water gas shift
reaction where the full degree of porosity is developed. The CO; produced during the water
gas shift reaction then has the capability to further enhance the activation of the surface.
However, the H; produced may hinder steam gasification by deactivating active sites on the
carbon surface through dissociative adsorption of hydrogen, reverse oxygen exchange or

scavenging of surface oxides; a phenomenon introduced by Hermann and Hittinger [92-94].

Higher adsorption capacities are typically observed at elevated temperatures and longer hold
times due to the increased burn off of carbon, volatile materials and tar, creating a greater
SSA and a better developed pore structure [95]. However, increased burn-off causes a
decrease in yield and therefore, a compromise is required between adsorption capacity and

carbon yield.
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Steam Cco,
Cr+Hy,0 - C(0) + H, AH = +131 kJ/mol Cr+COy - 2C€(0) AH = +171kJ/mol
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Figure 2.7: A comparison of the physical activation mechanisms of steam and CO,, where C¢
represents carbon atoms that are not bonded to surface complexes and are thus available
to react with oxygen molecules, while C(O) refers to surface oxygen complexes, taken from

[13].

Choi et al. investigated the physical activation of PAN-based carbon fibre using a steam
activation agent [96]. Prior to activation the PAN-fibres were oxidised at 230 °C for 4 h, then
carbonised at 900 °C. A range of temperatures (700 — 900 °C) and hold times (30 — 360 min)
were studied. Initially the PAN-CFs were heated at a rate of 5 °C/min under Nz (200 mL/min)
until the desired temperature was reached, after which the supply was switched to steam at
a rate of 200 mL/min. Figure 2.8a and Figure 2.8b show the influence of temperature and hold
time on the yield and surface area, respectively. The surface area was enhanced by higher
activation temperatures and hold times due to the enhanced development of microporous
structures via the decomposition of blocked channels. Contrastingly, lower temperatures and
hold times resulted in reduced surface area; however, an improvement in mesoporosity was
observed which is especially beneficial for aqueous phase adsorption. The study was
conducted for gas-phase applications and therefore, concluded that higher temperatures
were advantageous. However, for liquid-phase applications, lower temperatures with
extended hold times may be more advantageous, as this could promote the formation of the

desirable mesoporous structure [13].
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activation (a), and the correlation between activation temperature/time and Sger (b) [96].

Similarly, the influence of activation temperature on the adsorption characteristics of PAN-
based CFs has been investigated using CO> as the activation agent [97]. Firstly, the CFs were
carbonised at 1000 °C for 2 h, in an inert atmosphere. The CFs were then activated at
temperatures of 700, 800, 900 and 1000 °C for 2 h in CO2 (30 mL/min). Increasing activation
temperature resulted in higher specific surface areas, up to 900 °C, after which a small decline
was observed (Figure 2.9), which can be attributed to the destruction of micropores due to

pore wall collapse.

BET surface area (m? g”')

Burn-off (%)

Figure 2.9: The correlation between perentage burn-off on the specific surface area of PAN-

based ACFs [97].
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Table 2.4: Summary of physical activation techniques in literature and the subsequent properties of CAs.

Precursor Activation Agent/ Activation Heating Activation Seer (mM?/g) Vimicro/ Vtot Ref
Flow rate (mL/min) Temp (°C) atmosphere/ Flow Time (h) (cm3/g)
rate (mL/min)
PAN-rCF Steam 850 N> 5 800 - [31]
PAN-CF Steam/200 850 - 0.75 1041.9 0.42/0.49 [96]
PAN-CF C0,/30 900 - 2 576 0.34 [97]
PAN-CF Steam 850 N> - 1241 0.45/- [98]
Air 850 N2 - 527 0.160/-
Polyethylene-CF Steam/0.5 900 N2/300 0.66 1750 0.60/0.99 [99]
Bamboo-CF Steam/8 850 N2 0.67 2024 0.57/0.99 [100]
Biomass-CF Steam 800 N2 - 840 - [101]
Biomass-CF Steam/80 600 3.33 615 0.02/0.16 [102]
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Precursor Activation Agent/ Activation Heating Activation Sger (M?/g) Vimicrof Vot Ref
Flow rate (mL/min) Temp (°C) atmosphere/ Flow Time (h) (cm3/g)
rate (mL/min)
Pitch-CF CO; 890 N»/100 22.5 2487 0.86 [103]
Pitch- CF Steam 900 N2/100 - 1900 - [104]
MWCNTs Steam/800 800 N,/100 - 85.8 -
MWCNTs CO, 800 N2/100 - 144.0 -
Oil palm-AC CO2/100 900 N, 0.50 1366 [105]
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2.3.1.2. Chemical Activation

Chemical activation consists of heating the precursor in the presence of a chemical activation
agent. The technique offers several advantages over physical activation, including controlled
and improved development of surface area, porosity and yields at lower activation
temperatures and hold times [90,106—110]. Additionally, carbonisation and surface
functionalisation can occur simultaneously during chemical activation processes. However,
there are also several disadvantages associated with the method, such as the requirements
for expensive chemical agents and a washing/drying step which leads to the generation of a

secondary waste in the process.

A number of parameters must be considered for chemical activation processes. These include
chemical agent, impregnation ratio (IR), mixing method, activation temperature, hold time,
atmospheric conditions (i.e. type of gas and flow rate) and ramp rate. The selection of
chemical agents is particularly important because this strongly effects the ultimate surface
morphology, functionalities and overall crystallinity. Chemical agents are generally
categorised based on their acidity or alkalinity. The most common alkali activation agents
include potassium hydroxide (KOH), sodium hydroxide (NaOH) and potassium carbonate
(K2€C0O3), whilst acidic activation agents include phosphoric acid (H3POa), sulphuric acid (H2S04)
and zinc chloride (ZnCl) [93].

2.3.1.2.1. Acidic Activation

As mentioned above, H3POs and H.SOs are the most utilised acidic activation agents;
although, other activation agents such as H2SOs4, HNOs; and hypochlorites have also been
applied less frequently. Of the acidic activation agents, H3PO. is particularly attractive,
producing CAs with the highest surface areas up to 1550 m?/g, whilst sustaining high yields

(Table 2.6), and therefore, will be the focus of this sub-section [111].

The mechanism of H3PO4 is temperature dependent, at temperatures below 400 °C, H3POg is
dehydrated, resulting in the expulsion of water (Reaction 2.1) [112]. At temperatures
between 400 — 700 °C, H3POg is converted to P401o (Reaction 2.2). The carbon surface is then
etched via two parallel reactions between P4O10 and the carbon surface, resulting in pore

formation and widening whilst simultaneously expelling CO; and CO (Reactions 2.3 and 2.4).
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At elevated temperatures (> 700 °C), the CO; and CO produced can further physically activate

the surface via the Boudouard reaction and water gas shift reaction, discussed in Section

2.3.1.1.
2H;P0O, - H,P,0, + H,0 AHg =-418.5 kJ/mol Reaction 2.1
2H,P,0, - P,04¢ + 4H,0 AHg =+ 1304.6 kl/mol Reaction 2.2
P,019 + 2C - P,0g + CO, AHg = +477.1 kl/mol Reaction 2.3
P,04¢ or P,Ogz + CH,, —» PH5; + CO, or CO Reaction 2.4
C+C0, - 2C0 AHRg = +172.5 kl/mol Reaction 2.5

Table 2.5: Surface areas and porosity characteristics and maximum CIP adsorption capacity

of AC, AC-SBS [113].

Sample SgeT Vmic Viot COmax

(mg) (cmifg) (cm¥fg) (Me/E)

AC 1050 0.268 1.050 250

AC-SBS 738 0.159 0.925 286

Wang et al. investigated the production of ACs using H3PO4 and sodium benzenesulfonate
(SBS) for the adsorption of CIP. The precursor was combined with H3PO4 (40 wt%) in a 1:2
ratio (AC, g:H3PQs, g), in the presence or absence of SBS (8 mmol), which were denoted AC-
SBS and AC, respectively. The subsequent mixture was heated to 450 °C for 1 h, after which
the ACs were washed with hot distilled water until a neutral pH was achieved. Finally, the
samples were dried at 105 °C for 8 h. The textural characteristics were assessed using N3
adsorption isotherms. Activation without SBS resulted in higher surface areas and pore
volumes, as shown in Table 2.5. Both AC and AC-SBS achieved high CIP adsorption capacity

greater than 250 mg/g. Despite the high adsorption capacity, from an industrial scalability
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perspective, working with highly concentrated acids such as H3POs is costly and presents
health and safety hazards (e.g. corrosive, decomposition products etc.). Lower concentrations

or alternative chemical activation agents could be applied to limit these issues.
2.3.1.2.2. Alkali Activation

Alkali activation agents such as hydroxides and carbonates have proven to be attractive
candidates for the production of CAs achieving higher surface areas up to 3388 m?/g (Table
2.6), whilst being less costly and corrosive when compared to CAs produced using
aforementioned acidic agents [114]. Furthermore, studies employing alkali activation agents
have produced CAs with high mesoporosity, narrow pore size distribution and oxygen-

containing surface moieties, resulting in enhanced adsorption towards target antibiotics.

At present, there are gaps in knowledge of the mechanisms that takes place during activation.
Lillo-Rédenas et al. studied the mechanism in detail and hypothesised three possible reactions
[110]. It is widely agreed that the first step of the mechanism consists of overlapping redox
reactions between the hydroxide (Reactions 2.6 and 2.7). Next, K,COs and carbon are reduced
to K, K20, CO and CO; in accordance with Reactions 2.9 — 2.13. Subsequently, the products of
these reactions may further aid the development of porosity via enhanced etching of the
surface. Furthermore, alkali metals (Na* and K*) possess the ability to intercalate between
graphene sheets of a carbonaceous structure increasing the spacing between the sheets and
subsequently the specific surface area and pore volume, as discussed in more depth in

Chapter 4 [106,115,116].

6KOH + 2C « 2K + 3H, + 2K,C04 AHg = +248.0 kl/mol Reaction 2.6
4KOH + C < 4K + C0, + 2H,0 AHr = +733.7 kl/mol Reaction 2.7
2KOH - K,0 + H,0 AHg = +200.4 kJ/mol Reaction 2.8

K,CO05; + C — K,0 + 2CO0 AHg = +566.0 kJ/mol Reaction 2.9
C+H,0-CO+H, AHg = +175.3 kl/mol Reaction 2.10

K,0 + C - 2K + CO AHg = +252.6 kl/mol Reaction 2.11
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CO + H,0 - H, + CO, AHg = +2.9 kJ/mol Reaction 2.12

PAN-based CFs have been activated by combining the precursor with KOH and water in a 1:1
—1:3 ratio (CF:KOH). The slurry was then treated at 120 °C for 12 h under N3, to allow for the
impregnation of KOH into the CFs, after which the temperature was increased to 600 — 800
°C under N2 (1 L/min). The samples were then washed and dried at 110 °C in a vacuum oven.
It was found that higher IR and temperatures resulted in increased development of
mesoporosity (Figure 2.10). Two samples achieved promising characteristics for adsorption of
antibiotics, namely the samples activated at 700 °C and 800 °Cin a 1:3 ratio, achieving surface

areas of 3388 and 3034 m?/g and mesopore volumes of 0.547 and 1.098 cm3/g, respectively.
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Figure 2.10: Impact of temperature and impregnation ratio on meso and micropore volume

[114].

Alkathiri et al. conducted a similar procedure to activate PAN-based CF; however, prior to
activation the CFs were stabilised at 250 °C for 7 h under air, followed by carbonisation at 850
°C for 2 h under N3 (135 mL/min) [115]. The carbonised fibres were then activated by mixing
with KOH in a 1:3 ratio (CF:KOH), heating to 950 °C (10 °C/min) and held for 1 h achieving a

surface area and pore volume of 2889 m?/g and 2.39 cm3/g, respectively.

In some cases, a pre-oxidation step is recommended to optimise the surface area and porosity
(Figure 2.11c —f) [117]. For example, the chemical activation of PAN-based CFs using KOH,

was investigated with and without pre-oxidation. The pre-oxidation consisted of heating the
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sample at 500 °C in air. The samples were subsequently impregnated with KOH activation
agent using an IR of 1:2 (CF:KOH), then activated by heating to 850 °C at a ramp rate of
5 °C/min under a continuous N2 flow (50 mL/min) and maintained at the target temperature
for 1 hour. The resulting samples were then washed and dried. The pre-oxidation step
resulted in a significant improvement in surface area and pore volume from 780 m?/g and
1.16 cm3/g to 2231 m?/g and 0.39 cm?3/g, respectively, which was further confirmed using
SEM (Figure 2.11). Despite the improvement in surface area when using pre-oxidation, within
this study, other studies have achieved similar surface areas without the need for an

additional processing step [115,118]. From an industrial-scalability and economic perspective,

additional processing steps should be avoided where possible.

a P

Figure 2.11: SEM images of PAN-ACF prepared by direct carbonisation (a, b), chemical
activation using KOH (c, d) and pre-oxidation followed by chemical activation using KOH

[117].

Okman et al. conducted a study to compare the impact of two chemical activation agents
(KOH and K;COs) for the synthesis of ACs from grape seeds [119]. The biomass was
impregnated with either activation agent at IR ranging between 0.25:1 - 1:1 (chemical:AC) for

24 h, then dried at 105 °C. The impregnated material was then activated at 600 — 800 °C for 1
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h under N2 with a flow rate of 30 mL/min. After activation, the subsequent samples were
refluxed in concentrated HCI, followed by washing with deionised water until chloride ions
were not detected. Finally, the samples were dried at 105 °C for 24 h. The highest Sger was
observed when activating the samples at 800 °C with K,COs3 (IR 0.5:1, Figure 2.12). The highest
surface area for KOH activation was obtained at an activation temperature and IR of 800 °C
and 0.25:1, respectively; due to the increased etching effect of KOH which causes destruction
of the pore walls at higher IR. The 600 °C KOH activation data appear to be less robust and
potentially unreliable, as the trend observed showing 50 wt.% having the lowest Sger is
counterintuitive and inconsistent with expected behaviour. Typically, increased KOH loading
enhances activation and porosity development up to a point, before causing structural
collapse at very high ratios. The observed surface area trend does not follow this established
pattern, suggesting that the 600 °C KOH data may be influenced by experimental variability,
incomplete activation, or other uncontrolled factors. This inconsistency calls into question the

reproducibility and reliability of the 600 °C KOH results.
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Figure 2.12: BET surface areas of ACs derived from the chemical activation (either K,COs or

KOH) of grape seeds in relation to carbonisation temperature [119].
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Table 2.6: Review of chemical activation techniques for CAs, adapted from [13].

Precursor Activation Activation Activation Time  Gas/Flow SgeT Vimicro/ Vtot Ref
Agent/ !R Temp (°C) (h) rate. (m2/g) (cm?/g)
(CA:Chemical) (mL/min)
Watermelon rind-AC H2S04/1:1 150 24 - 0.357 - [120]
Acacia erioloba seed-AC H2S04/10% 600 1 - 129.83 0.05/- [121]
Macadamia nutshell-AC H,S04/1:1 650 0.75 - 426.3 0.19/0.21 [122]
K2COs3/1:1 650 1 - 459.8 0.21/0.23
£  Kesambiwood biomass-  H2504/96% 400 0.5 ; 179.05 0.00/2.17  [123]
& AC
=
©
'g Eucalyptus residue-AC H3P04/1:2.5 400 3 N2 1545.44 0.04//1.70 [124]
Sisal hemp pulp-CF H3P04/1:1.25 450 1 - 1801 -/1.02 [125]
Kenaf stem-CF H3PO4/1:3 600 0.5 N2 1570 0.54/1.82 [126]
Oil palm shell-AC H3PO4/1:2 700 (W) 0.083 - 854.42 -/0.74 [127]
Agricultural waste-AC HsP04/60% 200 (W) 0.067 N/200 - - [128]
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Precursor Activation Activation Activation Time  Gas/Flow Seet Vmicrof Vot Ref
Agent/ IR T °C h t
gent/ _ emp (°C) (h) rate (m?/g) (cm*/g)
(CA:Chemical) (mL/min)
Cherry stone NaOH dry 600 0.33 - 704 0.32/- [129]
NaOH impreg 600 0.33 - 788 0.36/-
24 h
Non-woven biomass flax KOH 800 0-3 N2 1051 0.411/0.533  [130]
fibre
K2CO3 800 0-3 N, 1007 0.399/0.516
o KOH (vac) 800 0-3 N> 1197 0.460/0.589
o
bo
<
=
8 PAN-CF KOH/8:1 750 1 - 891 -/0.39 [131]
NaOH/8:1 750 1 855 -/0.37
PAN-CF KOH/2:1 850 1 N2/50 780.17 0.35/0.39 [117]
Pre-ox: 500 1
KOH/2:1 850 N2/50 2231.24 0.76/1.16
- 850 1 N>/50 0.24 -
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Precursor Activation Activation Activation Time  Gas/Flow Seet Viicrof Vot Ref
(C::gcehn:r/nlisal) reme ) " (mlr.j:in) (m’/e) (em*/e)
PAN-CF KOH/3:1 950 1 N2/150 2889 2.39/1.87 [115]
- 950 1 C0O2/250 774 -
PAN-CF Pre-treat: 120 12 N> Vimeso [114]
KOH/3:1 700 0.5 N2/1000 3388 0.547
800 3034 1.098
Steam 800 4 N2/1000 670 0.031
PAN-CF KOH/1:3 850 1 N2 3220 0.655/1.204  [118]
Pitch based KOH/8:1 750 1 N2 2420 0.94 [90]
NaOH/8:1 750 1 N2 3033 1.02
890 22,5 C0»/100 2487
MWCNTSs KOH/1:5 800 - N2 /500 1184 0.50 [109]
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2.3.2. Modification of Carbon Fibres

Surface modification is a powerful technique that enhances the surface characteristics of a
CA by introducing or removing specific functional groups. This process can tailor the surface
to be either more hydrophilic or hydrophobic, thereby increasing the adsorbent's affinity for
target pollutants and improving its adsorption capacity. Beyond surface area and pore
volume, adsorbent modification could be considered one of the most important aspects of

adsorbent synthesis since functional groups can act as active sites for adsorption.

Similarly to activation, modification is typically categorised into physical or chemical
techniques. Physical modification involves heating a CA to expel heteroatoms from the
surface, which subsequently increases the hydrophobicity of the adsorbent surface. Whereas
chemical modification often involves the application of acidic or basic agents to introduce
heteroatoms such as oxygen, nitrogen, phosphorous and sulphur into the carbonaceous
matrix [13]. In recent decades attention has turned to more energy efficient techniques such
as microwave, plasma, or ozone treatments; however, these techniques often require large

amounts of capital investment which can be prohibitive.

Due to the aromatic characteristics of CAs, it is widely recognised that when functionalised,
their chemical properties would resemble those of their aromatic hydrocarbon equivalents
and subsequently have the ability to readily generate reactive acidic or basic surfaces due to
the presence of delocalised electrons (Figure 2.13) [132]. Acidic and basic functional groups
increase the hydrophilicity of a surface which is advantageous for applications in aqueous

media.

Despite the advantages, modification techniques also come with certain drawbacks. For
instance, the introduction of additional surface functionalities can lead to pore blockage and
subsequently a reduced surface area. Regardless of this phenomenon, it is important to
recognise that the relationship between adsorption capacity and factors such as surface area,
pore size distribution, or volume is not linear, owing to the diverse range of interactions that
occur during adsorption. In some cases, the increased surface functionalities can enhance the

adsorption capacity, due to the enhanced active sites for adsorption.
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Figure 2.13: Acidic and basic surface groups of CAs [19].

The selection of functional groups is critical, as bulkier groups can significantly contribute to
pore blocking. Moreover, if the modification agent is not carefully chosen, repulsive
interactions may arise, leading to a reduction in adsorption capacity. Therefore, it is essential
to first consider the specific characteristics of the adsorption system. For instance, pH can
greatly influence the speciation of both pollutants and the surface functionalities of the
adsorbent. The functionalities must be compatible with one another, either through physical
or chemical interactions, under the targeted experimental conditions. In aqueous-phase
applications, oxygen-containing functional groups such as carboxyl, carbonyl, phenolic,

lactone, and quinone groups are particularly effective for pollutant uptake [88,89].
2.3.2.1. Thermal Modification

Thermal modification enhances the hydrophobicity of a surface by expelling heteroatoms
(e.g. nitrogen, oxygen, phosphorous and sulphur etc) from the structure via high temperature
treatments. Lach et al. investigated the modification of commercial ACs employing two
heating techniques [133]. The first method involved heating the AC to 400 °C in a rotary kiln

under a constant flow of either steam, CO; or air. The second method employed an SEOW
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joule heating stand for the modification which utilises the ACs as a semiconductor. The same
modification conditions as the previous experiments were employed. For both techniques
modification in air led to the highest surface areas and total acidity and basicity, resulting in
the highest adsorption capacity toward OTC. Modification in the kiln and SEOW heating stand
using air exhibited comparable OTC adsorption capacities of 89.50 and 89.65 mg/g,
respectively. However, the former method was found to be much less energy intensive and

therefore, was found to be the most promising technique.

Similarly, coconut shell-based powdered ACs (PACs) have been thermally modified to
enhance the adsorption of TCs [134]. Prior to modification, the PACs were washed with 1%
HCI, then deionised water until a pH of 7 was reached. The PACs were then dried at 105 °C
overnight. The thermal modification consisted of heating the ACs in a tube furnace to
temperatures of 500 — 900 °C (rate of 5 °C/min) and held for 2 h under Ar flow (50 mL/min).
It was found that increasing the temperature by 300 °C to 800 °C resulted in a 39% increase
in the adsorption capacity toward TCs (Figure 2.14). By further increasing the temperature to
900 °C, a 25% decrease in adsorption capacity was detected which was attributed to the
destruction of pore walls, resulting in a reduction in surface area. When compared to the non-
modified sample, a 44% improvement in adsorption capacity was observed which was

attributed to the enhanced surface area and m-mt interactions.
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Figure 2.14: TC adsorption of the PACs treated at different temperature, taken from [134].
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2.3.2.2. Chemical Modification

Chemical modification can be further subdivided into acidic, basic or impregnation
treatments. Acidic treatment is utilised to oxidise the porous CA surfaces, enhancing the
acidic properties and hydrophilic nature of the adsorbent; with the most widely applied acidic
agents being HNOs and H2SOa. In contrast, basic treatments create CAs with a positively
charged surface, typically using amines. Impregnation techniques are utilised to introduce

metals such as silver, copper, aluminium and iron into the CA structure.

ACFs have been chemically modified by HNOs, comparing the effects of several heating
methods, namely, water bath heating, microwave-assisted and sonication-assisted, which
were denoted No-ACFF, Nm-ACFF and Ns-ACFF, respectively [135]. The impacts of HNOs3
concentration (22-68%), dosage (10 — 30 mL), treatment time (1 — 3 h) and temperature (30
— 60 °C) were investigated on the uptake capacity for Cu?*. The study was optimised using a
one-factor-at-a-time (OFAT) approach, identifying the optimum conditions for the oxidation
of ACFs as a HNOs concentration, dosage, treatment time and temperature of 68%, 20 mL, 2
h and 60 °C, achieving a maximum removal capacity of 23.13 mg/g for Nw-ACFF. It is not
recommended to use an OFAT approach for optimising processes with > 2 factors since this
may lead to the inaccurate identification of the optimum point (Section 2.6). Treatment using
a water bath resulted in a reduced surface area and pore volume in comparison to the ACF
precursor, whilst sonication and microwave treatment resulted in an increase in the
aforementioned characteristics (Table 2.7). However, No-ACFF resulted in the highest

percentage of heteroatoms which play an active role in the adsorption of antibiotics.

One study used a two-step process which combined impregnation and basic modification
treatments to produce functionalised ACs for the adsorption of CIP and NOR [136]. Firstly, the
AC was soaked with a solution containing FeSO4 (0.25 mol/L) and FeCls (0.50 mol/L) for 2 h
under Nz (60 mL/min). Afterward, NH3-H,O (10 mL) was added to the vessel, and the
temperature was increased to 70 °C at a rate of 5 °C/min and held for 4 h. the resulting ACs
were then washed and dried at 90 °C for 4 h. The Fe304 loaded BAC were then reacted with
epichlorohydrin (10 mL) and N,N-dimethylformamide (10 mL) at 90 °C for 2 h under stirring.

The modified ACs achieved a maximum removal capacity of 131.6 and 293.2 mg/g for CIP and
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NOR, respectively, in comparison to the activated counterpart which only achieved

adsorption capacities of 131.6 and 173.3 mg/g for CIP and NOR, respectively.

Table 2.7: Surface structure and elemental composition of ACFs before and after oxidation,

taken from [135].

Adsorbent BET Total Micropore Ultra- Super- Mesopore Elemental composition
surface pore volume micropore  micropore volume (%)
area volume (cm3/g) volume volume (cm3/g)
(m?/g)  (ecm*/g) (cm®/g) (cm?/g) C N o
ACFFo 1083.4 0.423 0.4108 0.3403 0.0705 0.0121 87.8 1.2 11.0
No-ACFF 971.63 0.3902 0.3759 0.2704 0.1055 0.0142 81.8 2.5 15.7
Ns-ACFF 1219.4 0.519 0.5014 0.3776 0.1238 0.0175 84.4 1.9 13.7
Nm-ACFF 1171.8 0.4549 0.4436 0.3954 0.0482 0.0112 81.7 1.8 16.5
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Table 2.8: Review of the modification techniques for CAs

Precursor Modification Temperatu Time Sger (M?/g) Vmicro/ Vot (cm3/g) pHpzc Functional ref
agent/ re (°C) (h) Groups
Concentration (M) CA m-CA CA m-CA CA m-CA introduced
PAN-ACF HNOs/3 50 24 1123.3 1209.3 0.55/0.7 0.50/0.6 8.2 2.2 [137]
cloth 4 9
Phenol- HNO3/0.1 20 1 1670 1550.0 0.64/0.6 0.62/0.6 Hydroxyl, [138]
based 8 5 carboxyl
ACFs
ACF felt HNOs/3.65 - 2 835.26 1104.5 0.26/- 0.32/- carboxyl, [41]
hydroxyl and
carbonyl
GAC HNOs/10 90 12 1392 48.0 -/0.93 -/0.4 5.8 [139]
AC HNOs/15 90 2 1399 738.1 0.55/0.6 0.29/0.4 3.6 2.8 lactonic, [140]
8 0 phenolic, and
carboxylic
MWCNT H2S04/18 120 0.5 Carboxylic, [141]
HNOs/14 carbonyl
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Precursor Modification Temperatu Time Seer (M?/g) Vmicrof Vot (cm3/g) pHpzc Functional ref
agent/ re (°C) (h) Groups
Concentration (M) CA m-CA CA m-CA CA m-CA introduced
3:1 vol/vol
AC H3PO4 1. 180 1. 0.7 1230.6 0.50/0.6 4.1 [142]
2. 500 > 2
2. 1
Viscose H,0> Ambient 3 1223 1202 0.45/0.5 0.45/0.5 Pyridinic, [143]
ACF 8 7 pyrrolic
quaternary-N
Raynon Thermal 500 0.55 1267 2121 0.46/0.6 0.68/0.9 [144]
ACF 0 0
PAN-ACF HF/4 50 24 1239 979 0.42/0.4 0.21/0.3 Carboxylic [145]
3 1 hydroxyl
PAN-ACF NaOCl/0.13 700 24 1910 1946 0.75/0.7 0.76/0.8 8.40 7.80 Carbonyl [146]
Thermal 1 ? 0 phenolic
Lyocell Oz plasma 300 (W) 3 2121 1615 0.82/1.2 0.63/0.8 Phenolic, [147]
fibres 2 9 carboxylic
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Precursor Modification Temperatu Time Seer (M?/g) Vmicrof Vot (cm3/g) pHpzc Functional ref
agent/ re (°C) (h) Groups
Concentration (M) CA m-CA CA m-CA CA m-CA introduced
Lyocell N, plasma 120 (W) 0.17 1003 1040  0.39/0.5 0.37/0.5 Pyridinic,  [148]
fibres 1 3 pyrrolic
quaternary-N
MWCNT HNOs/3 85 3 435 330 -/0.91 -/0.48 Acidic [149]
H.S04/1
MWCNT HNO3 85 3 435 256 -/0.91 -/0.35 Acidic [149]
MWCNT KMnOg4 85 3 435 283 -/0.91 -/0.37 Acidic [149]
MWCNT NaClO 85 3 435 297 -/0.91 -/0.38 Acidic [149]
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2.4. Adsorption of Antibiotics in Aquaculture

Traditional adsorption techniques have been widely applied to remove a range of pollutants
including antibiotics, heavy metals and dyes [28,150-153]. The method has several
advantages over other remediation techniques including being simple, industrially scalable,
environmentally friendly and efficient. CAs such as AC, ACFs and carbon nanotubes (CNTs) are
a popular choice of adsorbent due to their high SSA, abundant pore structures and tuneable

surface functionalities which increase adsorption capacities.

However, adsorption of antibiotics can be complex due to the vast range of chemical
characteristics within antibiotic classes. In general, antibiotic adsorption is particularly
dependent on adsorbate-adsorbent interactions which have been reported to be both

physical and chemical in nature, depending on environmental conditions [154].

Over recent decades, studies have applied various adsorbents such as CAs, zeolites and clays
to remediate antibiotics. This section will provide an in-depth discussion about single and
multi-component adsorption mechanisms and modelling followed by comprehensive review
of the current literature regarding the application of CAs to adsorb FQ and TC antibiotics

within aquaculture, with a particular focus on CIP and OTC.
2.4.1. Adsorption Mechanisms

Adsorption involves the mass transfer of pollutants from liquid (or gaseous) phase to a solid
adsorbent surface. The process consists of three steps namely, external diffusion, internal
diffusion and adsorption onto active sites (i.e. chemisorption), as depicted in Figure 2.15.
External diffusion involves the migration of adsorbates through the liquid film surrounding
the adsorbent; this phenomenon is influenced by the concentration gradient between the
bulk solution and the surface of the adsorbent. The second step is internal diffusion which
involves the movement of adsorbates through the porous structure. Finally, the third step

involves the adsorption of the molecule onto an active site, as described below.
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Figure 2.15: Schematic of the adsorption mass transfer steps.

Different pollutants interact with the carbon surface via different mechanisms (i.e.
physisorption or chemisorption, Figure 2.16). Physical attraction is the process of adsorption
via weak bonds such as Van der Waals forces (i.e. Keesom, Debye, London), hydrogen bonding
or hydrophobic interactions, forming in a multilayer on the surface. Chemisorption is an
irreversible process involving the formation of chemical bonds (i.e. ionic or covalent) between
functional groups on the adsorbate and adsorbent surface, in a monolayer. The process is
specific in nature and requires a certain energy level for the chemical bonds to form. The rate
of both physisorption and chemisorption increases with increasing temperatures, due to the
increased kinetic energy of adsorbate molecules and enhanced diffusion rate among other

factors.

Substrate Surface . .
Binding Site

Figure 2.16: Depiction of physisorption (A) and chemisorption (B).
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Two important phenomena to consider within adsorption are the activation and binding
energies. Activation energy (Ea, klJ/mol) refers to the minimum energy required to allow a
reaction or process to proceed (i.e. for a molecule to be adsorbed) and typically provides an
understanding on the reaction kinetics and adsorption dynamics. Whereas binding energy
describes the strength of the interaction between the adsorbent and adsorbate, giving an

indication of the stability of the system.
2.4.1.1. Physisorption

Physisorption is the weakest form of adsorption with binding energies typically ranging
between 0.01 — 0.5 eV [155]. The process is simple and cost effective as it doesn’t require
surface functionalisation of the adsorbate and involves little conformational change of the
pollutants. Additionally, the process is readily reversible which is beneficial for adsorbent
regeneration [156]. Physisorption occurs when the attractive forces between the adsorbent
and adsorbate are greater than those between the adsorbate and solute. The phenomenon
involves non-localised, weak intermolecular forces such as hydrogen bonding, Van der Waals
forces, m-m interactions and hydrophobic effects between the adsorbent and adsorbate,

forming a multilayer on the adsorbate surface [154].

Hydrogen bonding is an intermolecular force that arises from a dipole-dipole interaction
between a hydrogen covalently bonded to a highly electronegative atom (N, O or F) and

another highly electronegative atom (Figure 2.17A).

Van der Waals forces occur due to the transient polarisability of adjacent molecules creating
a weak temporary attractive or repulsive interaction. Van der Waals forces can be further
subcategorised to Keesom, Debye and London forces based upon the molecules involved in
the interaction (Figure 2.17B) [157]. Keesom forces involve the interaction of two molecules
with a permanent dipole due to the difference in charge distribution. Debye forces involve
the redistribution of charge within a molecule with no dipole moment when in close proximity
to a molecule with a permanent dipole (i.e. induction). Thirdly, London forces occur between
two molecules with no dipole moment due to fluctuations in the electron cloud which induces

a charge redistribution in neighbouring molecules. -1t interactions arise between molecules
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with m-systems (i.e. cyclic systems with conjugated carbon double bonds), resulting in strong

attractive forces between molecules [158].

Hydrophobic effects are a short-range attraction occurring between non-polar molecules in
aqueous solution due to their tendency to self-aggregate in aqueous solution, subsequently
reducing the surface area of non-polar molecules exposed to aqueous molecules (Figure

2.17D) [159].

Debye Forces
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Figure 2.17: Schematic representation of hydrogen bonding (A), the three types of Van der

Waals forces (B), -1t interactions (C) and hydrophobic interactions (D).
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2.4.1.2. Chemisorption

Conversely, chemisorption is more selective and irreversible, involving the formation of new
chemical bonds between an adsorbate and functional groups on an adsorbent surface. The
bonds are typically ionic or covalent in nature with binding energies greater than 0.5 eV per
bond [155]. The presence of functional moieties on the adsorbent surface is paramount to
allow the exchange or sharing of electrons between functional groups of the adsorbent and

adsorbate [160].

A]

Figure 2.18: Schematic representation of covalent bonding (A) and ionic bonding (B).

A number of studies have identified oxygen-containing surface groups such as carboxylic
acids, phenols and carbonyls to play a key role in the chemisorption of antibiotics. This has
been further confirmed by the number of studies were the data best fits to the Langmuir
adsorption isotherm and pseudo-second order kinetic model, indicating that adsorption is

chemical in nature (Table 2.12:).
2.4.1.3. Adsorption Isotherms

Adsorption isotherms are fundamental to describe the equilibrium within an adsorption
system and provide insights on the interactions between adsorbents and adsorbate
molecules. There are numerous adsorption isotherms cited in literature (both theoretical and
empirical) which are typically divided depending on type of surface coverage (monolayer vs
multilayer), whether adsorbates are mobile or localised, surface homogeneity and the
number of model parameters employed. The most commonly cited isotherms for liquid

adsorption are Langmuir, Freundlich and Temkin isotherms, which are discussed below.
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The Langmuir adsorption isotherm (Equation 2.1) was one of the first proposed theoretical
models and typically describes chemisorption phenomenon [161]. The isotherm is based on
several assumptions; adsorption occurs in a monolayer only, the surface of the adsorbent is
homogeneous, and all sites are energetically equivalent, adsorption is irreversible, each active
site only interacts with one adsorbent molecule and adsorbent molecules are localised,

meaning there is no lateral interactions between adsorbent molecules.

_ ImaxKiCe Equation 2.1
T =711k,

Where, ge (mg/g) is the equilibrium adsorption capacity, gmax is the maximum adsorption
capacity (mg/g), K. (L/mg) is the Langmuir constant, relating to rate of adsorption, and C.

(mg/L) is the concentration at equilibrium.

The Freundlich isotherm is an empirical adsorption model, which developed upon Langmuir’s
equation. The Freundlich model typically describes physisorption, meaning the reaction is
reversible. Freundlich’s assumptions allow for multilayer adsorption on a surface with
asymmetric energy distribution, a decreasing adsorption energy as more molecules are
adsorbed, and accounts for surface heterogeneity. The Freundlich equation can be described

using the following Equation:

1 .
G = KFCe/n Equation 2.2

Where, Kr (L/mg) is the Freundlich constant, and n is a correction factor for adsorption
intensity. One disadvantages of the Freundlich isotherm is the fact that it cannot predict the
equilibrium uptake capacity; however, researchers have often employed the parameters K¢
and 1/n to draw conclusions, where the former constant is the partition coefficient, which
provides an indication of the adsorption capacity. Whilst n is the correction factor, which
indicates whether a process is favourable. Due to the empirical nature of the Freundlich
isotherm, there is a lack of theoretical basis, meaning the constants may not reflect the
fundamental adsorption mechanisms. Furthermore, since Keis not a true equilibrium constant
and therefore does not provide meaningful information when applied to calculate

thermodynamic parameters.
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The Temkin isotherm is another empirical isotherm (Equation 2.3) which accounts for
chemisorption. The isotherm is best suited to intermediate adsorbate concentrations. Due to
adsorbate-adsorbent interactions, it is assumed that the heat of adsorption (AHa4s) of all

adsorbate molecules within a layer decrease linearly as adsorption capacity increases.

RT Equation 2.3
de = A_TanTCe a

Where, K7 is the Temkin isotherm constant (L/mg), Ar is the Temkin equilibrium binding
constant (J/mol), R is the universal gas constant (8.314 J/mol-K)and T is the temperature (K).

A number of other isotherm models have also been utilised to describe adsorption processes.

A summary of these isotherm models is presented in (Table 2.9).

Table 2.9: Summary of adsorption isotherm models, adapted from [13].

Model Equation Assumptions Ref

Toth q KrC, e Surface heterogeneity [162]
© (ar+C)e

e Non uniform adsorption
energies

e Monolayer coverage

e Adsorption site
independence
Sips KSCeBS e Surface heterogeneity [163]
de = — 3.
1+ asceﬁs e Finite adsorption capacity
e Monolayer coverage
e Adsorption site
independence
Redlich- 0 = KrC, e Surface heterogeneity [164]
Peterson 1+ agc?

e Finite adsorption capacity

¢ Monolayer coverage
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Model Equation Assumptions Ref

Flory- 0 165,1
orY 2 = Ky (1 — @) e Surface coverage by large [165,166]
Huggins Co molecules

e Lattice model of adsorption
e Non-ideal interactions

e Entropy of mixing

Hill K, Co" e Cooperative binding [167]

=
Kp + C, e Surface homogeneity

e Fractional saturation

BET e e Surface homogeneity [168]

CgerC,
= AsBET e e Uniform adsorption

- C
(Cs — CH[1+ (Cper — 1)] ( e/CS) energies for each layer

e Multi-layer coverage

e No lateral interactions

e Dynamic equilibrium
between layers

Overall, adsorption isotherms are essential for understanding the interactions between
adsorbates and adsorbents. In many cases, the adsorption of antibiotics onto CAs is well
described by the Langmuir isotherm model, indicating that chemisorption is likely the

dominant adsorption mechanism.
2.4.1.4. Kinetic Models

Adsorption kinetic models are utilised to determine the rate of adsorption and understand
adsorbent performance which is essential for the design of adsorption systems. The process
is governed by factors such as pH, adsorbate concentration, flow rate, adsorbent dose,
surface morphology, and surface functionalisation. The most common kinetic models are the
pseudo-first order (PFO), pseudo-second order (PSO), Elovich and intraparticle diffusion (IPD)

models which are described by Equation 2.4 — 2.7, respectively. The kinetic models can be
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manipulated into both linear and non-linear forms; however, many studies have reported that
linearisation of the process may cause inaccurate estimations of parameters [169]. Therefore,

non-linear forms are being more widely applied across literature.

dq Equation 2.4
— =l — a0
dq Equation 2.5
— = ka(e — ) |

% — qexp-Pi Equation 2.6

dr ~ “P

<CIt - C)Z Equation 2.7
t =
Ky

Where ge is the amount adsorbed at equilibrium (mg/g), g: is the cumulative amount
adsorbed at time t (mg/g) and k; (1/min), k2 (g/mg-min)and k, (mg/g-min®°) are the PFO, PSO
and IPD rate constants, respectively. a is the initial adsorption rate (when g: = 0, mg/g-min)

and 8 is a constant related to surface coverage and activation energy for chemisorption

(g/mg).

In addition, there are a number of other kinetic models that have been reported (although

less frequently) in the literature. These models have been summarised in Table 2.10.

Table 2.10: Summary of kinetic models, taken from [13].

Model Equation

Mixed order dq
— = k1(de — ) + ka(qe — 4)°

Ritchie’s dae
— =a(l-6)"
P ( )
Ritchie’s second order _ aqot
=1 ot
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Previous literature suggests that the PFO model tends to best fit adsorption data during the
initial stages of the process, particularly under conditions of high initial adsorbate
concentrations. In such cases, mass transfer is primarily governed by both internal and
external diffusion, and the adsorbent possesses a limited number of active sites for
adsorption [170]. While PSO models are typically more applicable during the later stages of
the adsorption process, particularly when high initial concentrations of adsorbent are used

and active sites are plentiful.
2.4.1.5. Adsorption Thermodynamics

Adsorption thermodynamics are another key analysis technique to determine whether a
process is favourable. This is determined using the Gibbs free energy of adsorption (AGags).
For an adsorption process to be considered spontaneous AGags must be negative. The simple

form of the equation can be expressed as follows:
AGaas = AGron—ciectrostatic T AGetectrostatic Equation 2.8

Where AGelectrostatic denotes to the energy of columbic interactions (i.e. attractive or repulsive
forces between two similar or dissimilar charges) and AGnon-electrostatic Signifies all other
interactions (i.e. Van der Waals forces, hydrophobic interactions and hydrogen bonding —
which are always attractive). Experimentally, the AGags can be determined using Equation 2.9

—2.12. The distribution coefficient (K4) can be calculated using Equation 2.9:

K, = Geq Equation 2.9

(D)

Where, Ky signifies a dimensionless constant (L/g). Often, isotherm constants can be
substituted for K4, for example the Langmuir constant can be expressed in L/mol units;
therefore, the value can be expressed as a dimensionless constant by multiplying it by the
number of moles of water in a litre of solution (55.5 mol/L). Subsequently, the true AG value

can be calculated using Equation 2.10.

AG® = —RTInK, Equation 2.10
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Where AG (kJ/mol) is the Gibbs free energy at standard conditions (i.e. 25 °C, 1 M, 1 atm), R

is the universal gas constant (kJ/mol-K).

Equation 2.11 expresses the relationship between AG®, enthalpy/heat of adsorption (AHC,

kJ/mol) and entropy change (AS°, kJ/mol-K) under standard conditions:
AG® = AH® — TAS® Equation 2.11
By substituting Equation 2.10 into Equation 2.11, the following linear equation is generated:

Ink. = AH° N AS° Equation 2.12
M= TR TR
Therefore, by plotting InKq against the inverse temperature, AH® and AS° can be determined

from the slope and intercept, respectively.

When expressed as AG, AH and AS, this refers to the Gibbs free energy, heat of adsorption

and entropy change under real world conditions (i.e. any condition).

In addition to adsorption isotherms, thermodynamic calculations offer an insight into an
adsorption mechanism. AH® can provide a host of information; for example, positive AHC
values indicate an endothermic process and negative values indicate exothermic processes.
Additionally, the magnitude of AH? indicates the adsorption mechanism with physisorption
typically ranging between 2.1 — 20.9 kJ/mol and chemisorption ranging between 21 — 200
kJ/mol [171]. Unfortunately, this technique is only accurate if Ky has been calculated
accurately, which is highly dependent on the adsorption system which has been discussed in

depth elsewhere [171,172].

2.4.2. Adsorption of Antibiotics

2.4.2.1. Single-component Adsorption

Batch Adsorption is a dynamic technique, utilised to identify the influence of various factors
(i.e. pH, initial concentration, adsorbent dose, temperature etc.) on the adsorption capacity
and gain an insight into adsorption mechanisms via the application of adsorption isotherms
and kinetics. Many studies have employed batch adsorption to gain an understanding of how

CAs interact with and adsorb various antibiotics including CIP and OTC.
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Hayrera et al. investigated the adsorption of OTC using hierarchical ACs via batch adsorption
processes to determine the impacts of pH [173]. ACs were contacted with an OTC solution (10
— 600 mg/L) for 4 h and shaken in a water bath at temperatures between 25 — 45 °C, using an
adsorbent dose of 0.625 g/L. After which the samples were filtered through a 0.45 um
polyvinylidene fluoride filter, and then the concentration of OTC concentration was
determined using a UV-visible spectrophotometer (Amax = 358 nm). At pH < 7, there was no
notable decrease in adsorption capacity (Figure 2.19A). However, a significant decrease in
adsorption capacity was observed at pH above 8. This phenomenon was attributed to the
interactive/repulsive effects between the AC and OTC. The point of zero charge (pHezc) of the
AC was identified as 3.9, therefore, at pH < 3.9, the AC surface is positively charged, whilst
OTC dominantly exists in its negatively charged form, resulting in interactive effects (Figure
2.19B). The data suggests that OTC adsorption is also significantly influenced by m-nt
interactions and hydrophobic effects between the pH of 3.9 — 8, because OTC exists in its most
hydrophobic state with zero charge, where it readily accepts n-electrons from the conjugated
structures within the AC. Finally at pH > 8, repulsive effects occur between the negatively
charged adsorbent surface and OTC molecules resulting in a notable decrease in adsorption
capacity. The adsorption isotherms and kinetics were also investigated, with the best fitting
models being Langmuir (R? = 0.9990) and Elovich (R? = 0.9964), respectively, suggesting that
adsorption is governed by a combination of bulk and surface diffusion and chemisorption on

energetically heterogenous surfaces.
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Figure 2.19: (A) The influence of pH on the adsorption of OTC onto ACs and (B) the zeta

potential of AC with the speciation of OTC, taken from [173].
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Lanthium modified carbon nanotubes (CNTs) have been applied for the removal of TC
antibiotics. For example, Yu et al. synthesised lanthium modified multi-walled CNTs to remove
OTC from a simulated aquaculture solution [174]. The CNTs were then contacted with the
OTC solution for 1 h and shaken at a rate of 150 rpm. The optimum conditions were found to
be an adsorbent dosage of 0.03 g/L, OTC concentration of 20 mg/L, contact time of 1.5 h, and
pH of 7, achieving a maximum equilibrium adsorption capacity of 108.46 mg/L. Within a
different article the research group conducted the same study for the adsorption of TC [175],
finding the optimum conditions to be the same as above; however, a lower maximum
equilibrium adsorption capacity of 61.09 mg/g was achieved. Both studies suggested that
adsorption was both physical and chemical in nature, identifying Van der Waals forces, n—n

interactions, and electrostatic interactions as the main mechanisms.

Carabineiro et al. employed three types of commercial CAs, specifically, ACs, polymer-based
carbon xerogel (CX) and CNTs, to determine the adsorption isotherms and kinetics for the
adsorption of CIP [176]. The CAs were modified via three techniques, namely nitric acid
modification which was denoted CA.. CA, and CA. were produced by thermally treating the
CA; samples at 350 or 900 °C, respectively, to further modify their surface chemistry. Finally,
gas phase activation was also employed on CX to generate oxygen groups on the surface by
heating to 400 °C. The CAs (CA, CA,, CAp, CAc and CAg4) were combined with a CIP solution
(initial concentration 3 —30 mg/L) using an adsorbent dose of 50 mg/L, for 72 h under shaking,
with the temperature and pH being maintained at 25 °C and 5, respectively. For the kinetics,
aliquots were removed at allotted time intervals throughout the duration of the experiment,
whereas for the isotherms, only the final concentrations were measured. The concentration
was determined using UV-vis at a wavelength of 270 nm. The data were found to fit best to
the PSO kinetic model (R? >0.9290) and Langmuir adsorption isotherm (R? > 0.9840). The high
temperature, thermally treated CAs performed the best for ACc and CXc¢, whereas the acid
modified samples (AC, and CX,) performed the worst suggesting that CIP adsorbs best on a

less acidic surfaces via m-m interactions at pH 5 (Figure 2.20).
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Figure 2.20: qmax of CA samples for the adsorption of CIP, taken from [176].

Tran et al. employed mangosteen peel-derived ACs to investigate the adsorption of CIP,
employing an OFAT approach [177]. Five experimental factors were studied, namely, pH,
contact time, adsorbent dose, initial concentration and temperature. The pH of the CIP
solution was adjusted using 1 M NaOH and 0.1 M HCI. A prescribed amount of adsorbent was
added to a 100 mL Erlenmeyer flask and combined with CIP and shaken at the required
conditions, as described in Table 2.11. Post adsorption, the CIP concentration was determined
using UV-vis, scanning wavelengths in the region of 190 — 1100 nm. The optimal conditions
were found to be a pH, contact time, CA adsorbent dose, initial concentration and
temperature of 6, 60 min, 3 g/L, 400 mg/L and 45 °C, respectively. Similarly to OTC, a decline
in pH was observed at pH > 6 due to the repulsive interactions between the negatively
charged surface of the AC and CIP~. When the pH was between 5.3 (pHpzc) and 6, the AC
surface possesses a positive charge whilst CIP exists predominantly in its negatively charge
form, resulting in attractive interactions and subsequently an enhanced adsorption capacity.
The data were also fit to adsorption isotherms (Langmuir, Freundlich, Temkin, Elovich and
Redlich-Peterson) and kinetic models (PFO and PSO), and the activation energy and
thermodynamic parameters were determined. The adsorption data best fit the Langmuir
isotherm and PSO kinetic model, with R? values of 0.9986 and 0.9999, respectively. The
activation energy was calculated to be < 0.17 eV suggesting that the adsorption of CIP was

dominated by external diffusion. Finally, the thermodynamic parameters were calculated to
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be a AG® between -0.845 and -5.329 kl/mol (temperature dependent), a AH of 66.957 kJ/mol

and a AS°® of 0.223 kJ/mol, indicating that the adsorption of CIP onto AC was spontaneous.

Table 2.11: Parameters of the experiments and experimental conditions, taken from [177].

Experimental conditions

Parameters pH Time (min) CA mass Initial CIP Temperature
(g/L) concentration (°C)
(mg/L)
Effect of pH 3-10 60 3.0 50 25
Effect of 6 15-120 3.0 50 25

contact time

Effect of 6 60 1.2-8.0 50 25
adsorbent
dose
Effect of initial 6 60 3.0 50-400 25

concentration

Effect of 6 60 3.0 50 25-45
temperature

As can be seen above, there are a range of parameters that significantly influence the
adsorption of antibiotics onto CAs, with pH, contact time, adsorbent dose, initial
concentration and temperature often having the strongest influence. Current literature
provides an insight into influence of these parameters on the adsorption of CIP and OTC and
the potential adsorption mechanisms. However, it is recommended that these parameters
are evaluated on a case-by-case basis for each material, due to the range of physiochemical
characteristics of CAs. DoE is a promising approach to optimise adsorption of antibiotics on
CAs, whilst simultaneously allowing the researcher to gain an insight into potential interaction
mechanisms between parameters and their subsequent influence on adsorption capacity, as
discussed in Section 2.6.2.2.
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Table 2.12: — Review of carbonaceous adsorbents to remediate aquaculture pollutants.

Sample SgeT Vmicrof Vot Pollutant Co Je- Optimum Adsorption Kinetic Ref
(m?/g) (cm?/g) (mg/L) (mg/g) pH isotherm/R? model/ R?

AC 852 -/0.67 Ciprofloxacin 101.7 8.5 Langmuir/0.999 PS0O/0.998 [178]

AC 852 -/0.67 Norfloxcin 99.71 4.5 Langmuir/0.999 PSO/0.998 [178]

AC 852 -/0.67 Levofloxcin 104.76 8.5 Langmuir/0.999 PSO/0.999 [178]

m-AC 1013 0.34/0.66 Ciprofloxacin 20 300 7 Langmuir/0.995 PSO/0.981 [179]
(Thermal)

m-AC (H3POa) - - Ciprofloxacin 50 49.75 8 Langmuir/0.982 PS0O/0.999 [172]

CNTs 456 0/2.13 Ciprofloxacin 20 60 7 Langmuir/0.998 PSO/0.980 [179]
(Thermal)

AC 1524 0.65/0.83 Tetracycline 500 369.4 3 Temkin/0.980 Elovich/0.990 [180]

m-AC (H20,) 117.05 -/0.10 Tetracycline 500 42.45 9 Langmuir/0.991 PSO/0.947 [181]

ACF 1007.69 0.34/0.49 Tetracycline 249.02 2 Freundlich/0.999 PS0O/0.999 [182]

ACF 1007.69 0.34/0.49  Oxytetracycline 249.00 2 Langmuir/0.998 PSO/0.999 [182]

AC - - Oxytetracycline 10 17.99 9 Freundlich/0.980 PS0O/0.990 [183]
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2.4.2.2. Competitive Adsorption

Competitive adsorption is one of the main limiting factors, when considering adsorption in
natural waters, whether between target pollutants themselves or external factors such as
salinity and dissolved organic matter (DOM). Since this thesis is focusing on low-risk freshwater
aquaculture systems, this section will largely focus on competitive adsorption between
antibiotics and the latter factor since multiple antibiotics are not commonly applied

simultaneously.

The natural prevalence of DOM originates from a wide range of sources such as leaching from
animal faeces, rocks, crops and more. For this reason, DOM has diverse chemical structures,
containing a range of functional groups and molecular sizes, with humic-like, fulvic-like and
tyrosine-like being identified as some of the most common forms of DOM in aquaculture
[184,185]. For this reason, a range of interaction mechanisms between CAs and DOM have been
identified in literature, some frequent examples being complexation, covalent bonding, mt-it
interactions, electrostatic interactions and Van der Waals forces. Numerous studies have
identified direct site competition and pore blockage as the leading interference mechanisms of

DOM, when considering the adsorption of pollutants onto carbonaceous materials [186—189].

The competitive adsorption between pharmaceutical compounds (i.e. binary, tertiary
solutions), utilising CAs has been studied in recent years [190-193]. However, there is a
significant gap in literature regarding the competitive adsorption of pharmaceuticals in the
presence of natural matter such as DOM. Some studies have suggested that there is a significant
decrease in the adsorption capacity of CAs towards target pharmaceuticals in the presence of
DOM. For example, Sousa et al. employed ACs to study the competitive adsorption behaviour
of three antibiotics, namely, sulfamethoxazole (SMX), trimethoprim (TMP) and CIP, in single,
binary or tertiary system, utilising ultra-pure water or treated wastewater effluents as the
adsorption medium [194]. Wastewater was collected from a municipal wastewater treatment
plant of Aveiro (Portugal) and characterised by measuring conductivity, pH, and DOM, where
the respective results were identified to be 6.8 mS/cm, 8.0, and 13.3 mg/L. A decrease in
adsorption capacity was observed in binary and tertiary systems when compared to single-

component systems due to the enhanced competition for active sites (Figure 2.21).

92



ultrapure water wastewater

100+ 100
—~ 80- —~ 804
c
5 60+ o 60
o] el
= =
o 40- o 40+
» 7
$ :
< 7p- 20
0- 0~
za2 Has =23 zee Fas =g s
+93_ ‘3?; +’:’;: ':"E. 'f+; ?’:E
= = = = = =
-
: ? 2 5 9 7

| SMX = TMP = CIP

Figure 2.21: Percentage of adsorption of SMX, TMP and CIP onto ACs from ultrapure (left),
and wastewater (right)), in single, binary and ternary solutions, Co: 10 umol/L, contact time:

24h, DOM: 13.3 mg/L), taken from [194].

Choi et al. investigated the adsorption of TC antibiotics onto coal and coconut based ACs in the
presence and absence of DOM [195]. The DOM water was collected from a pilot plant, treating
river water, the pH, alkalinity DOM content and turbidity were found to be 8.1, 65 mg/L, 3.12
mg/L and 15.3 NTU, respectively. Prior to adsorption, both the DOM water and DI water were
dosed with TCs to achieve an initial concentration of 10 pug/L and the pH was adjusted to 7. The
coal or coconut ACs were then contacted with the TC solutions for 24 h at temperature of 25
°C and adsorbent dose of 0.7 mg/L. The ACs were then removed via filtration and the antibiotic
concentration was determined using UV-vis. Organic interference was found to have a negative
influence on the removal capacity of the TCs, resulting in a 22 — 78% reduction depending on

antibiotic type (Figure 2.22).

Due to the significant lack of literature utilising CAs, gaining an understanding of the
competitive adsorption between antibiotics and DOM onto non-carbonaceous adsorbents and
soils can be useful to gain an insight into the major influencing factors and adsorption
mechanisms involved. Studies have investigated the competitive adsorption of TCs onto soils,
finding that factors such as cation exchange capacity and iron oxide and surface texture content

play a significant role on the adsorption of TCs in the presence of DOM [196].
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Figure 2.22: Comparison of the removal of TCs from the deionised and DOC water by ACs (Co:
10 pg/L, contact time: 24h, DOC: 0.8 mg/L), taken from [195]. Where MNC, DXC, MCC, CTC,

DMC are minocycline-HCI, doxycycline-hyclate, meclocycline-sulfosalicylate, chlortetracycline-
HCl and democycline-HCI, respectively.

Conde-Cid et al. investigated the competitive adsorption of TC antibiotics and DOM onto six
types of soil (denoted 3AL, 19 AL, 50 AL, 6S, 51S and 71S) from two agricultural areas in Spain
[197]. The DOM content of the soils was determined and ranged between 1.1 — 10.9% carbon
content. The DOM content of the soils in decreasing order was 50AL > 71S > 3AL > 6S > 51S >
19 AL. It was observed that soil samples with a higher DOM content resulted in increased
adsorption capacities of TC type antibiotics, having the largest influence on OTC, which was
attributed to the enhanced interactions between the different reactive functional groups

within the DOM and antibiotic compounds.

Furthermore, adsorbent pore size distribution plays a vital role when considering competitive
adsorption between organic pollutants and DOM. DOM consists of molecules typically ranging
from 1 — 450 nm in size [189], and therefore, microporous or smaller mesoporous carbon
materials typically showed a greater affinity to smaller organic molecule over DOM, which can
be attributed to pore size exclusion. However, DOM still could adsorb to the carbon surfaces

via m-mt stacking interactions and Van der Waals forces, resulting in the blockage of some pore
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entrances. When the pore size distribution is sufficiently increased, direct competition for sites
becomes the most important mechanism for adsorption, since DOM can enter the larger pores,

ultimately reducing the adsorption capacity for target pollutants.

The impact of common aquaculture ions on the adsorption of TC antibiotics using commercial
and lanthanum-modified zeolites have also been investigated [198]. Prior to competitive
adsorption, the impacts of La modification concentration (0 — 0.6 mol/L), adsorbent dose (0.01
—0.06 g), chlortetracycline (CTC) initial concentration (5 — 30 mg/L), reaction time (5 — 30 min)
and pH (5 — 10) were investigated, with the optimum conditions found to be 0.2 mol/L, 0.03 g,
10 mg/L, 20 min and 7, respectively. The competitive batch adsorption experiments consisted
of introducing 100 mg/L of the individual ions (Na*, NOz’, H,PO4  and NH4*) into the adsorption
system at the optimum conditions. Na*, NO2  and NH4*, were found to have little effect on the
adsorption capacity of CTC, achieving removal efficiencies above 80% (Figure 2.23). Whereas a
small decrease was observed for H,PO4", which was attributed to the ligand exchange between

lanthanum and H2PO4 to form insoluble phosphate.
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Figure 2.23: The effects of interference ions on the adsorption of CTC [198].
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As can be seen above, there is a significant lack of research utilising CAs to gain an
understanding of the competitive adsorption behaviour of antibiotics in the presence of natural
matrices. In order for CAs to become industrially viable in an aquaculture setting, significant

research is required within this area.
2.5. Adsorbent Regeneration

Adsorbent regeneration is a critical factor in improving the recyclability and long-term usability
of an adsorbent, both of which are essential for developing a high-performance, industrially
viable material. The regeneration process involves removing adsorbed pollutants from the
surface, typically through physical, chemical, or biological methods, while preserving the

integrity of the adsorbent’s porous structure. The advantages and disadvantages of the

regeneration methods are summarised in Table 2.13.

Table 2.13: Comparison between regeneration technologies, taken from [13]

Regeneration Method Advantages Disadvantages
Technique
Thermal Pyrolysis at high Simple operation. Reduction in Sger due
temperature to High RE. to decomposition.
thermally desorb or Hich ener
decompose Industrial scalability. & SV
consumption.
adsorbates. Suitable for adsorbents
RE increases with loaded with a
temperature. heterogenous mixture
of adsorbates.
Solvent Vary pH, temperature  Can be coupled with RE is dependent on the

and/or ionic strength
of solvent to desorb
adsorbates.

Can be conducted at
supercritical or
subcritical conditions.

other degradation
processes such
including Fenton
degradation.

Useful for organics
with high
concentrations and
low boiling points.
Simple operation.

High RE.

solubility of the
adsorbate within the
solvent.

Residual solvent may
cause pore blocking.

Hazardous waste
stream.

Solvents need to be
recycled.

Limited scalability.
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Regeneration Method Advantages Disadvantages

Technique

Electro- Application of an Simple operation. Lack of knowledge —

chemical e:ectrlcarl‘ cur_rerllt for Suitable for both new technology.
€ e_;trc?c eT'Ca inorganic and organic Mass transfer
03' an: ° adsorbates. limitations between
adsorbates.

Low adsorbent fouling. eIeFtrodes can cause
residual adsorbate at

Low energy the cathode.

consumption.

Quick.

High RE.

Microwave Apply MW irradiation Enhanced Expensive.

:cjo thermally cjjesoLb or I;omoggnelty of Better suited to

ecompose adsorbate. desorption. fluidised be systems.
Can increase pore size Pore-blocking from
and surface area. d .
ecomposition

Quick. products.
Low energy
consumption.
High RE.

Ultrasonic Provide sonicating Low energy Only effective for
power to cause consumption. physisorption [199].
desorption V"_J physical Simple operation. Low RE.
phenomena (i.e.
micro- No attrition of
streaming/turbulence). adsorbent.

No secondary
pollution.
Ozonation Supply adsorbent with  Readily degrades Modification of

a continuous flow of
an ozone-oxygen
mixture, to remove
adsorbates via
ozonation or
interactions with free
radicals.

organic adsorbates.

Little degradation to
SBET.

Can improve
adsorption capacity of
adsorbent.

adsorbent surface.

Doesn’t react with all
molecules.

Requires calcination of
adsorbent before
reuse.
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Regeneration Method Advantages Disadvantages
Technique

Biological Application of Converts toxic Limited scalability.
microbials for pollutants into small
biodegradation of non-toxic molecules.
adsorbates.

Fouling due to
regeneration by-
products.

More effective for
chemically activated
adsorbents than
thermally activated
[200].

The efficiency of a regeneration technique is commonly determined using desorption efficiency
(DE, %) and regeneration efficiency (RE, %). DE — otherwise known as cumulative heel — is
described as the percentage of adsorbate desorbed with respect to total amount adsorbed
within an exhausted structure. DE is generally measured by comparing differences in weight of
a CA, between the adsorption cycles (Equation 2.13) [201,202]. RE involves evaluating the
adsorption capacities of the original CA with the regenerated CA and can be determined using

Equation 2.14 [67].

Myy — M .
DE(%) = AAM BA 100 Equation 2.13

VA

Where, Mga and Maa (g) are the masses of the adsorbent before and after an adsorption cycle,

respectively. Mya is the mass of the virgin adsorbent.

RE (%) = Greg x 100 Equation 2.14

qorig

Where, greg and gorig (Mmg/L), are the adsorption capacities of the regenerated and original CA,

respectively.
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2.5.1. Thermal Regeneration

Thermal regeneration involves heating the exhausted CAs to supply a sufficient amount of
thermal energy to break adsorbent-adsorbate interactions. This typically involves heating to

temperatures up to 600 °C, in order to remove the retained adsorbate.

De Carvalho Costa et al. investigated the influence of temperature on the regeneration of TC
saturated ACs [77]. ACs were heated to temperatures of 200 °C (TTM1) or 400 °C (TTM2) at a
rate of 10 °C/min and held for 2 h under atmospheric conditions[77]. After one cycle a RE of
100% and 87% was reported for TTM1 and TTM2, respectively. The study then assessed the
adsorbent regeneration for 13 cycles, applying method TTM1, finding that a high RE (> 90%)
was maintained until the sixth cycle before a more impactful decline was observed (Figure
2.24). This decline in RE was attributed to the deposition of pollutants as impurities on the

adsorbent surface, resulting in pore blocking.

ACs saturated with CIP were subjected to thermal treatment at 600 °C for 1 h in an oxygen
depleted atmosphere which resulted in poor a RE of 54% after one cycle [203]. The results
correlated with a reduction in surface area by almost half, from 332 to 170 m?/g, when

comparting the fresh AC to the thermally regenerated.

Alkathiri et al. regenerated PAN-ACFs using both thermal (heating to 400 — 600 °C for 1 h under
N; flow) and chemical techniques (20 mL of n-hexane or ethanol for 10 min inside sealed flasks)
[115]. The study concluded that thermal regeneration was the most effective with an efficiency

of 83.9% after the first cycle, and 77.5% after the second.
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Figure 2.24: TC saturated CAG adsorption/desorption cycles and adsorption capacity for TTM1

treatment, taken from [77].
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2.5.2. Chemical Regeneration

Chemical regeneration employs a chemical agent which alters the speciation of an adsorbed
compound via acid-base or redox reactions, subsequently disturbing the equilibrium of the
adsorption process. Regenerants can be divided into inorganic and organic solvents, from which
they can be further subdivided based on properties such as pH, polarity, molecular weight and

toxicity [204].

pH plays a particularly important role in the chemical regeneration of adsorbents, impacting
the speciation of both the adsorbent surface and the adsorbed contaminant, resulting in
interactive or repulsive effects. The influence of pH is highly dependent on several factors such
as the pHpzc of the CA and the pKa of the adsorbate. Solvent polarity also has a crucial influence
on adsorbent regeneration, since polar solvents aid the desorption of polar contaminants via
dipole-dipole interactions and hydrogen bonding. Whereas non-polar solvents rely on physical
interactions such as hydrophobic effects and London dispersion forces. Since CAs often possess
a degree of non-polarity, polar solvents are often considered to be advantageous for
regeneration since they are unlikely to be adsorbed significantly onto the CA surface and are
readily removed after the regeneration process by washing with deionised water. Low
molecular weight solvents are favoured since it allows for enhanced diffusion into the porous
network of the CA, facilitating the displacement of the adsorbed molecules. Finally, toxicity of
the solvent must be constrained to limit adsorbent contamination and hazardous waste
streams. Chemical regeneration presents a number of advantages over physical regeneration,
particularly for agueous phase applications, for example simple operation, energy efficiency

and the lack of requirement for high temperature apparatus.

Various regeneration solvents have been applied in the regeneration of CAs, exhausted with
FQ or TC type antibiotics. As discussed in Section 2.4.1, adsorption of these antibiotic classes is
often favoured at acidic pH (< 5). Therefore, hydroxides such as NaOH or KOH, make attractive
candidates as regeneration solvents, due to the significant shift in pH which alters the
speciation of the antibiotics and the CA surface charge resulting in repulsive forces and

subsequently desorption [89,205].

For example, Chandrasekaran et al. utilised NaOH to regenerate pre-adsorbed CIP from ACs.

The ACs were contacted with 0.1 M NaOH for 24 h, after which the recovered solid was washed
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thoroughly with deionised water before being used in subsequent adsorption-desorption cycles
[89]. The RE after the first cycle was 99%; however, after the fourth cycle, the RE had dropped
to 48%. The reduced efficiency was attributed to morphological disruption of active sites and
pore blocking due to the formation of sodium salts. Similar studies have investigated the
regeneration of ACs exhausted with ciprofloxacin using higher concentration NaOH (0.25 M),
achieving regeneration rates of up to 90% after one cycle [206]. The reduction in RE when
utilising higher concentration solvents could be attributed to increased pore blocking due to
the formation of salts, as discussed above. Additionally, a higher hydroxide concentration

results in a higher number of OH groups being retained on the surface.

TC-loaded ferromagnetic ACs were regenerated using 0.1 M NaOH and shaking for 3 h, as
above, the adsorbents were washed prior to reuse [205]. A high RE (<70%) was retained after

4 regeneration cycles (Figure 2.25).
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Figure 2.25: Effect of the number of regeneration cycles on TC adsorption by FAC [205].

Li et al. utilised electro-assisted desorption techniques [207], applying several regeneration
agents, namely 20% HNO3 20% HCl and deionised water, to determine which solvent had the
performed the best for the regeneration of norfloxacin-laden ACF felts, finding that HNO3
significantly outperformed the other solvents, achieving an RE of 96%, after six cycles, in

comparison to HCl and deionised water which had RE of 89% and 71%, respectively.
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2.6. Design of Experiment & Statistical Analysis

2.6.1. Design of Experiment Techniques

In order to gain an understanding of the relationships between key process variables, it is
important to explore a range of conditions. A common but inefficient approach is one-factor-
at-a-time (OFAT) testing, where, as the name implies, one factor is varied, whilst all other
factors are kept constant. Whilst this technique may provide some valuable information about
a process, it is widely agreed that it is largely dependent on guesswork, experience, and
intuition for success, since a large area of the design space is left unexplored which could lead
to the inaccurate identification of the optimum point (Figure 2.26). Furthermore, OFAT designs
are unable to evaluate the interaction effects between factors which may have a considerable

impact on the optimum conditions.
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Figure 2.26: Examples of different experimental designs.

Design of experiment (DoE) is a powerful statistical tool to identify relationships between
multiple input variable (i.e. factors) and the subsequent output variable(s) (i.e. response). DoE
is commonly divided into three categories, namely, space filling, factorial and response surface
methodology (RSM) designs. Space filling designs are useful in the early stages of research

where there is little knowledge around the system. Since the processes in this thesis are well-
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established with a range of literature to refer to, these designs are scarce. Factorial designs are
typically applied for screening and refinement of a process. Finally, RSM is used for the

optimisation of a process and to determine interaction effects between factors.

Factorial designs can be divided into full factorial or fractional factorial designs (Figure 2.26).
Full factorial designs consist of testing all possible combinations of all factors and levels and are
useful in the early stages of research, particularly when working with a small number of factors
(2 4) and a limited number of levels per factor. Full factorial designs present several advantages
over OFAT designs, such as increased efficiency since they can test multiple factors and
interactions in fewer experimental runs. However, when compared to other DoE techniques
they are considered to be inefficient and costly, since the number of runs increases
exponentially with increasing numbers of factors. For example, considering a full factorial
design, a 3 level, 3 factor design requires 27 (33) experimental runs, while a three level, five

factor design requires 243 (3°) experimental runs.

A more time and resource efficient method is fractional factorial design which is a type of
orthogonal array design used to study the main effects and interaction effects in the minimum
number of experimental runs; however, there is a trade-off between resolution and efficiency
within these designs. Fractional factorial designs are commonly presented in the form 2(k-p)

where k is the number of factors and 1/2p represents the fraction of the full factorial (2k).

RSM is useful for the optimisation of processes and the identification of interaction effects
between factors. Common RSM techniques include central composite design (CCD) and Box-
Behnken design (BBD). These techniques are especially attractive because they allow for the
estimation of curvature within a design space, which cannot be portrayed by a simple linear

model. This is achieved by fitting a second order (or above) polynomial model.

CCD can be described as a form of factorial design with centre points and axial points (Figure
2.26). The technique is particularly attractive for sequential experiments since they can build
upon previous factorial experiments by introducing axial and centre points. However, CCD
requires a higher number of experiments when compared to BBD, increasing the time,
resources and expenses of an experimental campaign. Furthermore, CCD results in extreme
operating conditions, in the case if circumscribed (CCC) designs, which may result in loss of data

points or be hazardous to the operator (i.e. when utilising at high temperature, pressure or
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concentrations). Whereas the application of face centred (CCF), and inscribed designs (CCl)

result in a reduction in the area of the design space, which may be unfavourable (Figure 2.27).

In contrast, BBD does not contain embedded factorial designs meaning they are not readily
built upon previous factorial experiments. Instead, BBD operates at the midpoints on the edges
of an experimental design space (Figure 2.26), which is advantageous because it avoids extreme
and potentially hazardous experimental conditions. Furthermore, they are more cost-effective

and time-efficient than CCD, since they require fewer experimental runs.

After the completion of a designed experimental campaign, the gathered data needs to be
evaluated statistically to understand the significance and/or interactions of the factors
investigated. The most prominent analysis techniques include analysis of variance (ANOVA) and

RSM.
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Figure 2.27: The three types of CCD.
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ANOVA is a popular technique allowing for the simultaneous evaluation of multiple factors (> 3
factors) at several levels (> 3 levels) to determine their statistical significance. This is achieved
by evaluating and separating the variation associated with the main effects in the design space
by applying a least squares method [95,208]. A couple of assumptions must be fulfilled for
ANOVA to be applicable, namely: all replicates must be independent of each other, and
experimental runs must be randomised. Furthermore, a normality test should be conducted
prior to ANOVA to determine whether the results follow a normal distribution [209]. ANOVA
outputs include a range of data with the most important information being the p-value and F-
value. The p-value measures the probability that any observed difference could have arisen by
random chance. It could also be viewed as the probability of achieving results close to the
actual/representative of the experimental data. In order for an input variable to be considered
statistically significant, the p-value must be sufficiently small (typically < 0.05), meaning the null
hypothesis can be rejected with a 95% confidence level. F-values determine the variation
between or within the samples in a data set, where larger values indicate higher variation

between sample means.

RSM is utilised with CCD or BBD to establish an empirical statistical model which can
approximate the relationship between a set of input variables (x;) and a response variable (yi)
[210]. RSM is particularly useful to graphically visualise the impacts various parameters may
have on a given response. In order to generate a 3D response surface plot or 2D contour plot,
each factor must be measured on a minimum of three levels, since this accounts for the
presence of curvature within a design space. Typically, ANOVA is applied prior to RSM, to
identify the statistically significant factors and therefore, only produce contour plots of these

factors.

2.6.2. Design of Experiments for the Synthesis and Application of Carbonaceous

Adsorbents

A number of DoE techniques have been applied in literature for the activation, modification
and adsorption processes of CAs. The following sub-sections summarise where DoE techniques

have been applied to optimise the synthesis and adsorption of aqueous phase CAs.

105



2.6.2.1. Optimisation of Adsorbent Synthesis

Screening techniques such as full factorial designs have occasionally been applied as a screening
process for the activation of CAs [211,212]. For example, Lim et al. applied a three-factor, three-
level design, investigating the effects of activation time (5.68 — 69.32 min), activation
temperature (379.29 — 520.71 °C) and IR (1:0.28 — 1:3.47, AC:H3PO4) on the responses, iodine
number and yield of ACs derived from oil palm trunk [211]. The optimum synthesis parameters
were found to be an activation time, activation temperature and IR of 6 minutes, 450 °C and

1:2.29, respectively.

More commonly RSM approaches have been applied to optimise the synthesis procedure such
as CCD [213,214], and BBD [215,216]. The production of ACs from waste tyres has been
optimised by employing a four-factor, three-level CCD [214]. The impacts of activation
temperature (550 — 750 °C), activation time (15 — 75 min), CO> flow rate (200 — 400 mL/min)
and impregnation ratio (1:0.75 — 1:3.75 KOH:AC), on yield and specific surface area were
investigated. Activation temperature was found to have the largest influence on the yield which
can be attributed to the increased carbon burn-off, in the form of VOCs. All parameters were
found to be statistically significant on the specific surface area, with activation temperature
having the largest impact. The study identified an optimum point for each response, which for
Seer was found to be an activation temperature, activation time, CO; flow rate and
impregnation ratio of 745.15 °C, 45.09 min, 221.40 mL/min and 1.66 achieving a maximum Sger
of 928.86 m?/g; however, a low yield of 13.06% was observed. Whereas to optimise yield, lower
activation temperatures (554.06 °C) and times (33.80 min), and increased CO; flow rates
(318.91 mL/min) and IR (1:3.44) were favourable achieving a maximum yield and Sgerof 47.15%
and 378.08 m?/g, respectively. This study could be improved by optimising both responses

simultaneously and therefore, identifying one optimum point with sufficient Sgerand yield.

The synthesis of AC/iron oxide composites for the adsorption of Acetylsalicylic acid has been
optimised using BBD [215]. The impacts of impregnation ratio (1:1 — 1:3, precursor:FeCls),
activation temperature (600 — 800 °C), and activation time (60 — 180 min) on yield and
adsorption capacity were investigated. As each independent variable was increased, a decrease
in yield was observed due to the expulsion on carbon and VOCs during pore formation. The
reverse trend was observed for adsorption capacity since increased burn-off results in higher

surface area and pore volume. The optimum conditions were identified as an IR of 2.62:1,
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activation temperature of 727.09 °C, and activation time of 129.26 min to simultaneously

achieve an overall yield of 60.44% and adsorption capacity of 69.09 mg/g.
2.6.2.2. Optimisation of Adsorption Process

DoE has also been applied to optimise the adsorption of various antibiotics. Most commonly,
an RSM approach has been applied, investigating the impacts of parameters such as pH, contact

time, initial concentration, adsorbent dose, temperature and more.

The adsorption of CIP using rice husk-derived ACs has been optimised, employing a four-factor
CCD-RSM design [217]. The impacts of contact time (20 — 420 min), adsorbent dose (0.4 — 0.8
g/L), CIP concentration (150 — 350 mg/L) and pH (3 — 9), on the adsorption capacity were
investigated. All factors were found to be statistically significant with p values < 0.0001. The
optimum values for the variables contact time, adsorbent dosage, CPX concentration and
solution pH were defined as 306.86 min, 0.40 g/L, 314.79 mg/L and 7.92, respectively, achieving

a maximum removal efficiency of 454.68 mg/g.

Similarly, CCD-RSM has been applied to optimise the biosorption of OTC and Cd?* [218]
Adsorbent dosage (2 —4 g/L), OTC concentration (175 — 275 umol/L), Cd(Il) concentration (400—
800 umol/L), pH (4-8), and contact time (12—24 h) were evaluated to determine the optimum
sorption conditions (removal %). A number of factors were identified as statistically significant
for the adsorption of OTC, including the independent effects of adsorbent dose, OTC
concentration and contact time were, the squared effects of adsorbent dose, OTC
concentration and the interaction effects of OTC concentration and pH. The optimal conditions
were found to be an adsorbent dose of 4.19 g/L, OTC concentration of 165.54 pmol/L, Cd**
concentration of 362.16 umol/L, pH of 6, and contact time of 25.14 h, achieving a maximum
OTC removal % of 63.66%. A higher removal % for OTC was observed at pH 6 (Figure 2.28),
when OTC exists in its zwitterionic form, therefore, the adsorption mechanisms were attributed
to the attraction of OTC cationic groups (R-N+) onto the negative surface of BBR, and/or m-rt

stacking interactions.
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Figure 2.28: Response surface plots for combined effect of (al) pH and reaction time(F1 =
4.1892 g L-1; F2 = 165.54 uM; F3 = 362.16 uM; T =20 + 1 °C); (a2) adsorbent mass and
reaction time (F2 = 165.54 uM; F3 =362.16 uM; F4 =6; T =20 + 1 °C); (a3) OTC and Cd(ll)
concentrations, on biosorption efficiency of OTC and Cd(Il) (F1=4.1892 g L-1; F4=6; F5 =
25.135h; T=201 1 °C) [218].

Tran et al. applied an OFAT approach to investigate the adsorption of CIP onto ACs [177]. Five
factors were studied, namely pH (3 — 10), contact time (15 — 120 min), adsorbent dose (0.3 —
0.2 g/L), initial concentration (50 — 400 mg/L) and temperature (30 — 50 °C). The optimum
conditions were found to be a pH, contact time, adsorbent dose, initial concentration and
temperature of 6, 60 min, 3 g/L, 400 mg/L and 50 °C, achieving a maximum adsorption capacity
of 29.76 mg/g. Despite identifying an optimum point, employing an OFAT design presents major
drawbacks, since a large portion of the design space is left unexplored and the interaction
effects cannot be determined, resulting in a low adsorption capacity when compared to other

studies.
2.7. Characterisation Techniques

The following section provides an overview of the theoretical principles and practical
applications of the analytical techniques used to characterise the physical and chemical

properties of the carbon fibres (CFs) and adsorbate solutions throughout this thesis.

2.7.1. Surface Area Analysis

2.7.1.1. Physical Surface Analysis Techniques

Surface analysis via physical gas adsorption is arguably the most important and widely applied
characterisation technique for CAs, providing valuable information on the surface area and

pore size distribution. This section will discuss the most common methods to characterise the
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texture of porous adsorbents via physisorption processes, the most common technique being

cryogenic N3 adsorption/desorption isotherms at 77 K [219,220].

Nitrogen possesses several characteristics making it ideal for physical surface analysis, being a
linear, diatomic molecule, with a quadrupole moment. This typically results in localised,
monolayer adsorption; however, the phenomenon is highly dependent on the surface
chemistry of an adsorbent and is particularly applicable for polar surfaces [221]. Adsorption
isotherms (aimed for surface area analysis) are acquired at the normal boiling temperature (i.e.
1 atm), which for nitrogen is 77 K. However, at this low temperature, the diffusion into
ultramicropores (< 0.7 nm) is restricted due to the quadrupole moment of N, which can interact
with surface functional groups, changing the orientation of the N2 molecule and subsequently
the micropore filling pressure. Therefore, other adsorbates such as Argon or carbon dioxide
may be required. Prior to analysis the samples are degassed at elevated temperatures to expel
any adsorbed species (e.g. CO,, water vapour etc.) from the adsorbent surface. The degassing

temperature is dictated by the adsorbent type.

Adsorption isotherms are used to determine the amount of adsorbate present on the
adsorbent surface at a given pressure or concentration, when subjected to a fixed temperature.
Traditionally the IUPAC recommends that physisorption isotherms are grouped into six

categories (Figure 2.29).

-
—

Amount adsorbed (n)

Relative Pressure (p/p°)

Figure 2.29: Types of physisorption isotherm, adapted from [222].

109



Each of the six isotherm categories provide valuable information on surface structure,
adsorbent type and adsorbate-adsorbent interactions (Table 2.14) [222]. However, in reality,

many materials may fit into several categories.

Table 2.14: Summary of the information provided by physisorption isotherms.

Isotherm Surface Characteristics Surface Interactions

Typell Microporous with small external Monolayer adsorption, pores fill at low
surfaces. Common for CAs, porous relative pressure due to considerable
oxides, molecular sieve zeolites. adsorbent adsorbate interactions

Type ll Macroporous or non-porous Reversible mono-and-multilayer

adsorption, where multilayer adsorption
begins at point B

Type lll Macroporous or non-porous Weak adsorbent-adsorbate interactions,
no monolayer formation

TypelV  Mesoporous monolayer-and-multilayer  adsorption,
capillary condensation

Type V Hydrophobic surface, microporous  Water adsorption

and mesoporous.

Type VI Uniform nonporous surface, typical characteristic of stepwise multilayer
of graphitised carbon blacks. adsorption

Hysteresis is a common phenomenon observed in Type IV and V adsorption isotherms, arising
from the pore size distribution, geometry and connectivity of a porous material. The
phenomenon is commonly observed in mesoporous materials, as a result of capillary
condensation due to adsorption metastability and/or network effects [223]. The shape of
hysteresis loops varies due to differences in pore structure and can be classified as Hi — Hs, as
per the IUPAC definition (Figure 2.30). H1 hysteresis loops are typical of porous materials with
distinct, cylindrical pore channels or agglomerates with uniform spheres. Disordered materials,
with a complex, interconnected network of narrow pores exhibit H, hysteresis. Hs hysteresis

loops arise from the desorption of non-polar gases at low P/Po values (in the relative pressure
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range from 0.4 to 0.45) and are common of aggregated, pliable, plate-like particles such as

clays. Ha hysteresis loops are associated with narrow slit pores.

H1 H2

H3 H4

Amount adsorbed, n

Relative Pressure, P/P,

Figure 2.30: The four types of hysteresis loops identified by IUPAC, adapted from [222].

The most widely applied method for the determination of surface area is the Brunauer-Emmet-
Teller surface area (Sger), which aims to describe the physisorption of gas molecules on a solid
surface. BET theory relies on several assumptions, namely, multilayer adsorption, interactions
between adjacent layers only (i.e. lateral interactions are negligible), and a decrease in enthalpy
of adsorption as layers are formed further from the adsorbent surface. The BET equation is
derived from the Langmuir theory (Equation 2.15) however, the equation is commonly

employed in a linear form, as shown in Equation 2.16.

Cp Equation 2.15
(1-P/p)po+p(C-1)

P/ 0 1 C

-1
= + (r/p°) Equation 2.16
na(l _ p/po) nmC nmC quation Z.
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Where & is ne/nm, nq is the specific amount adsorbed (cm3/g) at the relative pressure, p/p° and
nm is the specific monolayer capacity (cm3/g) [222]. C is the BET constant which provides
information on the energy of adsorption in the first adsorbed layer. C is calculated from the

intercept and gradient of the linear BET plot.

Traditionally, the Barrett-Joyner-Halenda (BJH) method has been applied to determine the pore
size distribution and pore volume of a porous material, particularly within the larger mesopore
and smaller macropore (1.7-300 nm) range. BJH theory is based upon two assumptions; pores
are cylindrical in shape and the amount adsorbed is a result of a combination of physisorption
on pore walls and capillary condensation within mesopores. The method is derived from the
Kelvin equation (Equation 2.17) and relates the volume of adsorbed/desorbed species at a
given pressure to the pore radius that becomes occupied/unoccupied at the same pressure
[224]. This is achieved by calculating the change in the thickness of an adsorbed film as a result
of decreasing relative pressure, by determination of the ascending and descending boundary
curves of sorption isotherms [224]. Each reduction in pressure results in the evacuation of
adsorbed species from the capillary condensate and subsequently a decrease in depth of the

physically adsorbed layer.

P 2YVm Equation 2.17

npo ~ TRT

Where, y is the surface tension (J/m?), Vmis the molar volume (m3/mol), r is the radius of the
meniscus formed within a mesopore (m), R is the universal gas constant (J/mol-K) and T is the

temperature (K).

A major drawback of the BJH method is the inaccuracies when measuring micropores and
smaller mesopores due to the physical effects during practical adsorption such as pore network
effects and tensile strength. Despite widespread agreement regarding the inaccuracy of the

BJH theory it is still the most widely applied method in literature.

Another consideration for the analysis of pore size and volume is the presence of hysteresis
loops, which arise from mesoporous, narrow slit or bottle necked pores, resulting in differences
between the adsorption and desorption branches. Typically, the desorption branch is analysed
for H; materials with uniform, cylindrical pores [225]. Whereas, for materials with an

interconnected network and/or broad pore size distribution, displaying Hx hysteresis, the
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adsorption branch is commonly analysed since the shape of the desorption branch is

determined by network effects.
2.7.1.2. Chemical Surface Analysis Techniques

This section will discuss the chemical surface analysis techniques for CAs, with a focus on the
determination of mesoporosity, net surface charge and surface acidity and basicity. The latter

two techniques were determined using an automated titrator (Sl analytics TitroLine 5000).
2.7.1.2.1. Methylene Blue Number

Methylene blue number (MBn) is a tool that is commonly applied to determine the
mesoporosity of porous materials, which is a fundamental characteristic of aqueous-phase
adsorbents. This method is attributed to the molecular dimensions of methylene blue (MB).
Adsorption becomes favourable when the pore size is approximately 1.7 times larger than the
2" largest dimension of the molecule. Since MB has dimensions of 1.7, 0.76 and 0.33 nm (Figure
2.31), a significant amount of MB would be adsorbed by mesopores, whilst a small amount may

be adsorbed by larger micropores or smaller macropores [226,227].

0.76 nm

1.70 nm X

Figure 2.31: Dimensions of MB [34].
2.7.1.2.2. Point of Zero Charge

pHpzc is defined as the pH where the net surface charge of a material is zero. Aside from surface
area analysis, pHpzc is one of the most important characterisation techniques for aqueous-
phase CAs, since an acidic, basic or neutral surface can impact the adsorption behaviour. When

the pH is equal to pHpezc the surface charge of a CA is neutral, the surface becomes negatively
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charged when the pH is above (i.e. more basic) the pHpzc, and a positively charged surface is
observed when the pH is below (i.e. more acidic) than the pHpzc. Therefore, determination of
pHpzc allows the researcher to hypothesise the interactions that may occur at various pH within
an adsorbent-adsorbate system, such as electrostatic attraction or repulsion, cation bridging,

ligand exchange and covalent bonding [228].
2.7.1.2.3. Boehm Titrations

Boehm titrations are a useful technique to identify and quantify the types of oxygen-containing
groups (e.g. carboxylic acids, lactones, phenols and basic groups) on the surface of a CA. The
method relies upon the well-known acid-base reactions of carboxylic acids, lactones and
phenols, and is achieved by applying three reaction bases: NaOH, Na,CO3 and NaHCOs. The first
base has the ability to react with all oxygen-containing functional groups, whilst Na,COs3 reacts

with carboxylic acids and lactones, whereas NaHCOs3 only reacts with carboxylic acids (Figure

2.32).

R COOH + NaOH > R-COO-Na*+H,0 2R-COOH+NazCOz;> 2R-COO-Na*+H,0+CO;

o

o
Na,CO,
O Ho\/\)l\ +HO oy —> Ho\/\)]\ +HO +CO;

i NaHCO,

R-COOH+NaHCO,> R-COO-Na*+H,0+CO,

Figure 2.32: Reactions of NaOH, Na,CO3 and NaHCOs3 with carboxylic acids, lactones and

phenols.

The method was first proposed by Bohem in 1966; however, a major drawback was the lack of
standardisation, meaning that a range of techniques were applied over time, leading to
inconsistencies in results. More recently, Goertzen and Oickle et al. have published several
articles aiming to standardise the methodology by assessing various experimental factors such
as the expulsion of CO; from solutions, the end-point determination during titration, the
method of agitation, the effect of filtering and the application of lower concentration titrants

[229,230].
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The studies found that dissolved CO; has a significant impact on the quantification of surface
groups by Boehm titration [229,230], and therefore, it was suggested that CO;is expelled from
the reaction bases by bubbling N2 or Ar for 2 h through the solution, prior to titration. With
regards to end point determination, there was no significant difference between using
potentiometric or colour indication methods. The best method of agitation was found to be
shaking, when compared to stirring or sonication, since the later methods cause a change in
the macroscopic surface of carbon particles. However, the agitation time needs to be
determined on a case-by-case basis and the surface structure of CAs must be considered.
Where possible, shorter agitation times should be used since longer durations could alter or
damage the carbon surface; however, shorter times may result in incomplete reactions with
the bases. Typically, higher surface area, microporous adsorbents require longer agitation times
to allow diffusion into the porous network and therefore, complete reaction to take place.
Similar results were observed for all titrant concentrations; however, a larger standard
deviation was observed at lower concentration, which was attributed to the influence of

dissolved COa.

2.7.2. Scanning Electron Microscopy (SEM) & Energy Dispersive X-ray Spectroscopy
(EDS)

SEM-EDS is a valuable tool used to study surface morphology and determine the average
elemental composition of a surface. The technique relies upon several key components,
namely, the electron source, anode, electromagnetic lenses, scanning coils and electron
detectors (Figure 2.33). The electron source is responsible for producing a small electron beam
with a large, stable current; however, the stability of the beam is highly dependent on the type
of electron gun, with the newer field-emission or LaBs guns out-performing the traditional
thermionic or tungsten type guns. The SEM-EDS applied in this research utilised a field emission
gun, which provides improved spatial resolution images when compared to other electron guns
[231,232]. The anode consists of a positively charged metal plate which attracts the electrons
from the beam and guides the flow towards the lenses. The electromagnetic lenses and
apertures reduce the beam diameter, with the final lens focusing the beam on the sample. The
beam diameters in SEM typically range between <1 to 20 nm. The scanning coils control the
position of the electron beam on the sample. The sample is mounted on a stage within a

chamber, under vacuum (5 — 10 Pa absolute). The vacuum is used to produce a consistent
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electron beam since scattering occurs in the presence of gases. Additionally, a vacuum prevents

electrical discharge within the electron gun.

Electron
—  Beam
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Electromagnetic

—

Lenses
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detector \ i/, , detector

Stage
Figure 2.33: Schematic of SEM-EDS apparatus.

Several detectors exist within the SEM apparatus to detect the range of electron signals that
are generated when the electron beam interacts with a sample. The extent in which the beam
penetrates the sample is highly dependent on the accelerating voltage and the density of the
material, with lower density samples typically having a tear-drop shaped interaction volume.
The most commonly generated electron signals within SEM are secondary electrons (SE),
backscattered electrons (BSE) and characteristic x-rays (Figure 2.34) [233]. Accelerating voltage
has a large impact on the types of electrons emitted and therefore the resolution. Lower
acceleration voltages (<10 ekV) result in the emissions of SE allowing for the observation of
clear surface structures, however a reduction in resolution. Whereas high acceleration voltages
(>10 ekV) result in a greater number of BSE resulting in better resolution, but loss in clarity of

surface structures.
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SE are low energy electrons (<50 eV), emitted from the k-orbital of an atom as a result of
inelastic scattering. SE are generated from the surface of a sample and are typically used for
producing topographical images. SE emission is mostly impacted by surface curvature with a
larger number of SEs emitting from prominent surfaces when compared to pores or sunken
areas . BSE are high energy electrons, which are generated via elastic scattering. The quantity
of BSE detected is directly proportional to the average atomic number, and therefore, BSE can
provide information on surface composition. Finally, characteristic X-rays are emitted when an
excited electron relaxes to ground state, emitting X-ray energy which Is characteristic of a

specific element.
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Figure 2.34: Electron signal types generated during SEM-EDS.
2.7.3. Spectroscopic Analysis

This section will discuss the spectroscopic techniques applied throughout the experimental
campaigns. Many characterisation techniques utilise electromagnetic radiation to determine
how it interacts with, or emits from, different matter. Electromagnetic radiation can interact
with samples in a variety of ways including reflection, scattering, absorbance, fluorescence,
phosphorescence and photochemical reactions. The type of characterisation technique and
type of interaction is dependent on the wavelength of the electromagnetic radiation applied,

such as infrared (IR), visible light or ultraviolet (UV).
2.7.3.1. Fourier-Transform Infrared Spectroscopy (FTIR)

Infrared spectroscopy is a characterisation technique which is used for identifying (surface)
functional groups of a solid, liquid or gas. The technique relies upon the molecular vibrations
which occur as a result of transitions between quantised vibrational energy states, when a

molecule is subjected to IR radiation. These vibrational modes can vary being either an
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(a)symmetrical, bend or stretch (Figure 2.35). Each molecule has unique vibrational modes
since different atoms possess characteristic vibrational frequencies (0i). Molecules with N
atoms possess 3N degrees of freedom (i.e. the number of vibrational modes of a molecule),
therefore, there can be a significant range in the complexity of the spectra produced, ranging
from the simple vibrational modes of a diatomic molecule to the much more complex motion

of a polyfunctional molecule [234].

Stretching Vibrations

Y

Symmetrical Asymmetrical

In-plane Bending Vibrations

Symmetrical (scissoring)  Asymmetrical (rocking)

Out-of-plane Bending Vibrations

Symmetrical (wagging)  Asymmetrical (twisting)

Figure 2.35: Common molecular vibrations of FTIR, where (-) and (+) signify in-plane and out-

of-plane bending, respectively [34].

IR spectroscopy was revolutionised when FTIR was introduced allowing a wide range of
wavelengths to be assessed rapidly via the application of interferometry, by taking advantage
of the interactions of electromagnetic waves, which can either result in constructive or

destructive interference (Figure 2.36).
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Figure 2.36: lllistration of constructive and destructive interference.

The FTIR design is important to the above phenomenon, consisting of an IR source,
beamsplitter, fixed and moving mirrors and a detector (Figure 2.37). The beamsplitter splits and
directs the IR source to the two mirrors, where they are reflected, recombined and directed
through the sample to the detector. The moving mirror causes the IR beams to travel different
distances causing variation in the phases of the waves when they recombine, resulting in the
constructive or destructive interference, as discussed above. Each interference pattern
produces a different wavelength of IR to be present within the beam, allowing for the quick

analysis of a range of wavelengths, which typically range between 400-4000 cm™.
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Figure 2.37: Diagram of FTIR apparatus.
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Traditionally, transmission methodologies such as the KBr method have been employed for
FTIR analysis, which consists of applying a “carrier” for a given sample, by creating a mixture
and compressing it into a self-sustaining disk. KBr is particularly attractive carrier since it does
not exhibit any absorption bands above 400 cm™. However, the technique is known to induce
changes in crystallinity, hydration state or polymorphism in some samples. Additionally, KBr is
extremely hygroscopic and therefore, is prone to introducing large O-H bands if not treated

properly prior to analysis (i.e. by heating to temperatures above 100 °C).

In recent decades the attenuated total reflectance (ATR) method has become increasingly
popular, owing to the lack of need for pre-preparation of a sample. The technique employs an
ATR crystal which allows for the total internal reflection to generate an evanescent wave at the
reflection points (or nodes), which penetrates and interacts with the sample, providing
information about the functional groups present within a structure [235]. The most common
ATR crystals are diamond and germanium, since they possess two important characteristics
required for ATR, the first being optical transparency to the energy frequency (i.e. the material
absorbs little or no IR radiation). Secondly the material must have a refraction index which is
higher than the surrounding media, hence, acting as a wave guide by reflecting the light energy

internally.

Penetration depth is a highly important consideration for ATR methods since penetration depth
acts as the path length. A greater path length (i.e. increased penetration) results in more
prominent peaks during data acquisition. The depth of penetration is dependent on two
factors, the wavenumber and the refractive index of the crystal and the sample [235]. An
increased penetration depth is observed as wavenumber is decreased (Figure 2.38). Whereas
the refractive index is dependent on the type of crystal used. For example, a geranium crystal
with a refractive index of approximately 4 would have a lower sample penetration than

diamond which has a refractive index of approximately 2.4.
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Figure 2.38: Impact of wavenumber on sample penetration depth.

ATR has a range of advantages over traditional transmission techniques, such as increased
detail in the fingerprint region, real-time measurement and being non-destructive. Highly pure
or graphitised CAs exhibit strong absorption of infrared radiation due to their dark colour and
extended conjugated carbon structures. This results in reduced reflectance or transmittance of
the infrared source and shortened effective path lengths, often leading to poor-quality spectra
in conventional FTIR analysis. Therefore, many CAs may still require traditional transmission
techniques in order to gain insightful spectra, since KBr “dilutes” the black CA allowing more IR

radiation to reach the detector.

FTIR is particularly useful for the analysis of carbonaceous adsorbents such as activated carbon
fibres, having been widely applied in literature [172,207,236,237]. The technique is particularly
useful for detecting surface functional groups which commonly play an active role in
adsorption, as well as being able to gain insights into adsorption mechanisms, particularly for
chemisorption processes, involving the formation of new bonds. The most commonly assigned

peaks for CAs have been summarised previously by Taylor and Masoudi Soltani[13].
2.7.3.2. Raman Spectroscopy

Raman spectroscopy is a widely applied technique for the characterisation of carbonaceous
adsorbents. Similarly to FTIR, Raman is utilised to determine vibrational modes of a molecule
and gain insights into the molecular structure but in contrast to FTIR, Raman identifies the

changes in the polarisability of a molecular bond.
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The Raman effect is a result of the inelastic scattering of light and was first identified in the
work of Raman and Krishnan in 1928. However, Raman spectroscopy did not become an
established technique until monochromatic light sources (i.e. lasers) were implemented in 1966
[238]. The technique has since become an important, non-destructive procedure for the

analysis of carbonaceous materials.

Fundamentally, Raman techniques rely upon light scattering phenomenon. When a material is
subjected to a monochromatic light source (i.e. incident beam), the electron cloud becomes
polarised, causing excitation to a higher energy level state; most commonly a virtual energy
state. The molecular energy then decays back to ground state, resulting in the scattering of

radiation.

Figure 2.39 shows the types of radiation that may be scattered when a molecule is subjected
to a monochromatic light source. When the scattered radiation is of the same frequency as the
incident beam, elastic scattering occurs (Rayleigh scattering). Whereas, if the radiation is of a
different frequency, inelastic scattering occurs (Raman scattering). When sufficient energy is
supplied by an incident beam, the electron may be promoted to a real electronic state; this

phenomenon is known as resonance and can significantly improve signal intensity [239].

Raman spectroscopy is particularly useful for identifying non-polar bonds such as C-C and C=C,
since symmetrical vibrations have a large change in polarisability during vibration, whereas
polar molecules with asymmetrical vibrations exhibit a small change in polarisability during

vibration leading to weaker signals.
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Figure 2.39: Jablonski energy diagram showing the transitions involved during infrared

absorption, Rayleigh, Raman Stokes,anti-Stokes, and resonance Raman scattering.

Raman spectroscopy is the one of few analytical techniques that can distinguish between the
types of carbon present within a structure due to the shapes and position of bands within the
spectrum, making the technique particularly attractive for CAs with some degree of disorder
(i.e. amorphous carbons) since it is sensitive to both crystalline and amorphous structures,
unlike other techniques such as X-ray diffraction [240]. This is because Raman spectroscopy has
the ability to excite both the m and o states, leading to the generation of several characteristic
bands. The most important and usually the most intense bands being the D and G bands which
are observed at 1350 and 1597 cm™. The D band, also known as the disorder induced band, is
representative of amorphous, sp3 hybridised carbon, whist the G band represents crystalline
sp? hybridised carbon. The disorder of a carbonaceous material can then be quantified by

determining the ratio between the D and G band intensities (Ip/lg).

Another key band is the 2D band (also known as the G’ band) which is observed at 2600 cm™?;
however, this is usually present in the Raman spectra of graphene. The 2D band is the second
order of the D band as a result of two phonon vibrations [241]. Unlike the D band, the 2D band

doesn’t signify defects. The band is particularly useful for determining the thickness of
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graphene layers since there are noticeable changes in size and shape as the number of layers

are increased.

Another advantage of Raman over FTIR is the fact that water is a weak Raman scatterer due to
its polarity meaning that adsorbed moisture is absent from the produced spectra, unlike FTIR

which can produce broad O-H peaks when moisture is present.
2.7.3.3. UV-Vis Spectrophotometry

UV-vis is a versatile, non-destructive and inexpensive technique used for the analysis of
solutions. The technique utilises the ultraviolet (UV) and visible radiation of the
electromagnetic spectrum to measure the absorbance of energy by various compounds. This is
achieved by illuminating the sample with a light source within the wavelengths of 190-900 nm,
from which the instrument measures the light absorbed, transmitted or reflected by the sample
at a given wavelength. The instrument is calibrated with a reference/ blank sample (i.e. the

solvent) to provide a baseline measurement.

Monochromator
Light 7 A N
Source = a
Detector
Entrance Dispersion Exit
Slit Device Slit

Figure 2.40: Diagram of UV-vis spectrophotometer apparatus.

In this thesis, UV-vis was used to quantify the concentration of various pollutants.
Quantification of known pollutants relies upon the Beer-Lambert law (Equation 2.18) since the
amount of light absorbed is directly proportional to the quantity of absorbing molecules in

which the light passes through.

A= ¢lc Equation 2.18

Where, A is the absorbance, € is the molar absorption coefficient (M*cm™), / is the optical path
length (cm) and c is the molar concentration (M). The standard path length for an optical cell is

1cm.
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In order to quantify concentrations effectively, the wavelength of maximum absorption must
be identified, which is known as the lambda max (Amax) and is dependent on the chromophore(s)

present within a molecule.
2.7.4. Compositional Analysis

Ultimate analysis, also known as CHN analysis, is a tool for the rapid, indirect determination of
bulk carbon, nitrogen and hydrogen compositions via the quantification of their combustion
products of CO,, H,0 and N, respectively. It is particularly useful when combined with other
guantitative analysis techniques such as EDS (Section 2.7.2) and proximate analysis. CHN
analysis is a destructive technique involving the heating of a sample to high temperatures (>900
°C) in an oxygen atmosphere, which results in combustion of the sample. The gaseous mixture
is then swept out of the combustion chamber by an inert carrier gas such as helium and
subjected to several purification steps. Firstly, the gaseous mixture is passed over high purity,
heated copper (~600 °C) to eliminate excess oxygen and reduce nitrogen oxides, followed by
passing through absorbent traps, to ensure only CO2, H,0 and N2 remain [242]. The subsequent
gaseous mixture is then separated and quantified using gas chromatography (GC) coupled with
thermal conductivity detection, or a series of IR and thermal conductivity cells for the detection

of individual components.

Ultimate analysis applies high purity standards (>99.9%) to establish single calibration factors
for each element (C, H and N), by analysing weighed portions of the calibration standard and
comparing the results to the theoretical elemental composition, which is derived from the

molecular formula and expressed as mass fractions.

Proximate analysis is a destructive, bulk analysis technique, used to quantify the amount of
fixed carbon, VOC, moisture and ash content within a given sample. The process involves
several stages of heating in various atmospheric conditions to evolve gases and/or combust the

sample, emitting the former three components, whist the remnant mass is the ash content.

The VOC and moisture content are determined by the change in mass. The ash is determined
using the residual mass and the fixed carbon is determined by subtracting the mass of all other

constituents from the initial sample mass, as described in section 3.6.7.
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2.8. Research Gap

The research gap addressed in this thesis centres on two key areas, namely, the precursor
material of rCFs and the competitive adsorption between antibiotics and DOM. The production
of rCFs is rising with the ever-increasing waste stream of CFRP bases products, however, at
present there is a lack of uses for the recycled products. rCFs are a promising precursor to
produce CAs owing to their high carbon content, low weight, temperature and chemical
tolerance, and more. Furthermore, vCFs have already proven to be attractive candidates to
produce CAs for aqueous phase applications. Despite this, currently there are very few studies
that investigate the production of CAs from rCF precursors. Therefore, this thesis sought to
determine whether rCFs were feasible candidates for the production of CAs via preliminary
investigations. The author then sought to optimise each processing step for the synthesis and
application (i.e. activation, modification and adsorption) of rCF-based CAs, to achieve the
desired adsorbent characteristics and maximise the removal efficiency of target pollutants (CIP

and OTC).

Another research gap lies in the application of the application of the adsorbent within the
aquaculture industry. Several current review articles have identified aquaculture as one of the
leading causes for antibiotics being found within natural waters. Furthermore, they have
highlighted adsorption as a promising separation technology for the removal of aquaculture

contaminants.
2.9. Research Aims and Objectives

This research aims to find a novel, sustainable and renewable solution to remediate pollutants
generated by the aquaculture industry, using rCFs as the adsorbent precursor. The objectives

to achieve the stated aim comprise:

1. To optimise the activation and modification of rCFs in order to improve porous structure

and uptake capacity;

2. To characterise industrial-grade precursor, activated and modified rCF and vCF via a range

of analytical techniques;
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3. To conduct single-component batch adsorption/desorption experiments, applying DoE to
gain an understanding of the impacts of various experimental conditions on the removal

capacity of specific pollutants;

4. To investigate equilibrium isotherms and kinetic models of antibiotic adsorption on

optimum samples.

2.10. Thesis Outline

The following chapter provides an overview regarding current aquaculture practices with
particular focus on antibiotic use and its subsequent environmental fate. This is followed by a
comprehensive review of the literature regarding water purification techniques with a
particular focus on adsorbent synthesis and applications in agueous media. Chapter 3 describes
the methodologies applied throughout this thesis. Chapters 4 and 5 discuss the optimisation of
the synthesis of rCF-based adsorbents using activation and modification techniques,
respectively. Chapter 6 features the single-component adsorption of the antibiotics, CIP and
OTC, applying optimisation techniques. Chapter 7 addresses the chemical regeneration of the
spent adsorbents. Chapter 8 provides a summary and detailed comparison of the results and
their significance within an aquaculture setting. Finally, Chapter 9 presents the conclusions and

future work for this project.
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3. Experimental Methodology and Analytical Techniques

This chapter provides detailed information on the chemicals and reagents used throughout the
course of this study. It also presents comprehensive descriptions of the experimental
methodologies employed for the synthesis and application of CF-based adsorbents for the
removal of antibiotics from aqueous media. Furthermore, the chapter outlines the analytical
techniques utilised to characterise the physical, chemical, and morphological properties of the

CFs, as well as the methods used to determine the concentrations of adsorbates in solution.
3.1. Materials and Reagents

The precursor rCFs in this study were G-TEX M (200 gsm), obtained from Gen2Carbon Ltd. (West

Midlands, UK), which was recovered from CFRPs using a modified pyrolysis process.

The vCFs were purchased to have similar characteristics to the rCFs for comparative purposes,
therefore PAN-based Toray T300 1k CFs with a fibre diameter of 7 um were purchased form
easy composites. The diameter was selected based on the diameters of the rCFs observed using

SEM in Chapter 4.

All other chemical reagents were purchased from Fisher Scientific (UK), (Table 3.1). The

precursors and chemicals were used as received, without further purification.

Table 3.1: Chemical reagents.

Chemical Formula Mole.cular Purity (%)
Weight

Sodium hydroxide NaOH 40.00 >98.0
Potassium hydroxide KOH 56.11 >85.0
Nitric Acid HNO3 63.01 >70.0
Ciprofloxacin C17H18FN303 331.35 >98.0
Oxytetracycline dihydrate  C;;H24N209:2H,0 496.46 >95.0
Hydrochloric acid HCI 36.46 <37.0
Sodium carbonate Na2COs 105.99 98.0
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Molecular

Chemical Formula Weight Purity (%)
Sodium bicarbonate NaHCOs 84.01 99.7
Sodium nitrate NaNOs 84.99 98.0
Potassium bromide KBr 119.02 99.9

Potassium hydrogen

phthalate KHP 204.22 100.0

Oakton buffer solution

(pH 4.01, 7.00 and 10.01)

3.2. Preparation of Activated Carbon Fibre

ArCFs were prepared by combining rCFs (100 mg) with a specified quantity of two different
hydroxides (used as the activating agent) to produce a wet mixture. The subsequent amalgam
was transferred into an aluminosilicate crucible, which in turn was placed into the centre of an
Inconel tube (Figure 3.1). The furnace was supplied with N2 gas (100 mL/min). All other
parameters, such as activation temperature, hold time, and IR, were determined by either the
BBD design (Table 3.2) or the preliminary experiments which are described in Section 4.2.2.
After activation, the furnace was allowed to cool to temperatures below 200 °C, at which point
the N flow was reduced to 10 mL/min. The samples were recovered from the tube when the
temperature was below 50 °C and washed with DI 80 °C water until a neutral pH was achieved.
The ACFs were then dried overnight at 60 °C in an oven. ACFs activated using NaOH and KOH
were denoted as Na-ArCF (or Na-AvCF) and K-ArCF (or K-AvCF), respectively. Whilst r and v

denote the recycled and virgin-based materials, respectively.

- N

Flow Meter Crucible
Inlet Outlet

N
flow rate 100 Tube Furnace
ml/min \ /

Figure 3.1: Schematic of chemical activation apparatus, taken from [34].
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3.2.1.1. Preliminary Experiments

Due to the lack of research regarding the chemical activation of rCFs, preliminary investigations
were conducted to determine whether hydroxide activation was a suitable technique to

employ for further optimisation.

The initial experiment consisted of combining rCFs (100 mg) with NaOH in a 1:1 ratio and
heating to 700 °C (5 °C/min) for one hour [34], after which the ArCFs were washed and dried
using the method described above. The resulting Na-ArCF were applied to the adsorption of
MB. The Na-ArCFs were combined with MB (20 mg/L) in a sealed container and placed on a
Fisherbrand multi-platform shaker plate (200 rpm) for 24 h. After which the MB concentration
was determined using the method described in Section 3.6.5.3. The rCF precursor and ArCFs

were also analysed using SEM-EDS.

Based upon the results of the preliminary investigation (Section 4.2.1), it was decided to
proceed with hydroxide activation; however, the stronger KOH activation agent was selected,
due to the superior surface areas achieved with these methods (Table 2.6). Further
investigations were then employed at the harshest experimental conditions to determine the

maximum limits before total burn-off/loss of the sample was observed.
3.2.1.2. Optimisation of Chemical Activation Process

After the preliminary investigations, RSM was employed to optimise the activation process;
opting for BBD, thereby avoiding the most extreme conditions and subsequently preventing
the complete burn-off of the K-ACFs, as discussed in the previous section. Additionally, BBD is
more cost-effective, requiring fewer experimental runs when compared to CCD, while still

providing valuable data for effective optimisation of the process.

Experiments were conducted to investigate the effects of three parameters (Table 3.2):
activation temperature (xz, 670 — 830 °C), activation time (x2, 0.5 — 3 h) and IR (x3, 1:1 — 1:10)
on the response variables of yield (y1, %) and MB adsorption capacity (y2, ge, mg/L), which were
calculated using Equation 3.1 and Equation 3.2, respectively. The selection of parameters and
their ranges were based upon current literature (Table 2.6), where activation temperature, hold
time and IR are regularly identified as the most significant factors for the activation of CAs using

KOH [215-217].

130



Table 3.2: Parameters, codes and ranges of the BBD design [34].

Parameter Code Range

Activation Temperature (°C) X1 670 - 830

IR (CF:KOH) X2 1:1-1:10
Hold Time (h) X3 0.5-3
Mg, Equation 3.1
Yield (y) = —22% % 100 anation
initial

Where, Minitia and Mingiare the mass of the CF (g) before and after activation, respectively.

(Co—CHV Equation 3.2

q.(y2) = v

Where, Vis the volume of MB solution (L), M is the mass of adsorbent (g) and Cp and Ceare the

initial concentrations and the equilibrium concentration of MB (mg/L), respectively.

After completing the experimental campaign, the data set was analysed with ANOVA to
determine statistically significant parameters and their combined effects. RSM was then
utilised to identify the optimum conditions and visualise the interaction effects between factors

and their impacts on the responses.

The optimum samples (K-ArCF-Opt) were subsequently subjected to comprehensive
characterisation to evaluate their physical and chemical properties, following the
methodologies outlined in Section 3.6. The Sger and pore size distribution of the K-ACFs were
determined through N; adsorption—desorption isotherms. MBy was additionally employed as a
complementary method to further estimate the mesoporosity [53,54]. The morphological and
compositional properties of the precursor, activated, and spent materials were further

characterised using SEM/EDS, FTIR, and Raman spectroscopy.
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3.3. Preparation of Modified Carbon Fibre

3.3.1. Preparation of Modified Carbon Fibre via Experimental Design

The precursor material used in this study was the optimum activated sample (K-ArCF-Opt),
synthesised following the procedure outlined in Section 3.2. Prior to modification, HNO3 was
heated to the desired temperature using a heating mantle and air-cooled condenser (findenser,
400 mm) reflux system, where the temperature was monitored using an internal thermometer
(Figure 3.2). Once the desired temperature was achieved, ArCFs were modified by introducing
the required amount of precursor (0.001 w/v%) into the reflux system under magnetic stirring
(200 rpm). The HNO3s concentration, hold time and reaction temperature were specified as, per
the screening (i.e. Taguchi) and DoE designs shown in Table 3.3 and Table 3.4, respectively.
After modification, the mrCFs were separated via vacuum filtration, washed with deionised
water until a neutral pH (~7) was achieved and dried in an oven (60 °C) overnight. Once dried,
the mrCFs were applied to adsorb antibiotics CIP and OTC using the method described in
Section 3.3.2.

Findenser

—

Thermometer . 13

Round
bottom flask

Magnetic
HNO, ' Stirrer

HEAT

Figure 3.2: Schematic of apparatus used during chemical modification.
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3.3.1.1. Screening of Modification Procedure via Taguchi

Taguchi orthogonal arrays were employed to screen the effects of three parameters (Table 3.3),
on the response variables of CIP and OTC adsorption capacity (yi, ge, mg/L), which were
calculated using Equation 3.2. Current literature for the modification of other CAs for aqueous
phase applications was assessed (Table 2.8) to select the parameters and determine the

boundaries of the design space which are summarised in Table 3.3.

Table 3.3: Parameters, codes and ranges of the Taguchi modification design.

Parameter Code Range

HNOs Concentration (M) X1 1-10
Hold Time (h) X2 1-10
Temperature (°C) X3 20-90

3.3.1.2. Optimisation of Modification Procedure via RSM

After initial screening, it was sought to optimise the modification procedure via RSM. BBD was
selected as the experimental design method because it is more economical, requiring lower
number of experimental runs when compared to other RSM techniques (i.e. CCD) and avoiding
the harshest and most hazardous operating conditions (i.e. high concentration HNOs or

temperatures), while making little compromise on the quality of the data generated.

Based upon the results of the Taguchi screening design (Section 3.3.1.1), the same three factors
were optimised; however, the design space was changed with the upper limits (+1) for HNO3
concentration and temperature being reduced to 6 M and 60 °C, respectively. The hold time

was extended to 16 — 24 h.

Experiments were organised to investigate the effects of three parameters (Table 3.2), namely,
HNOs Concentration (x1, 1 — 6 M), hold time (x2, 16 — 24 h) and temperature, (x3, 20 — 40 °C) on

the response variables of CIP and OTC adsorption capacity (i, ge, mg/L).
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Table 3.4: Parameters, codes and ranges of the BBD modification design.

Parameter Code Range

HNOs Concentration (M) X1 1-6
Hold Time (h) X2 16 -24
Temperature (°C) X3 20-60

Upon the completion of the experimental campaign, the data set was analysed using ANOVA,
to identify the statistically significant parameters and their combined effects. RSM was
employed to optimise the activation process and visualise the interaction effects between

factors, on a given response.
3.3.2. Antibiotic Adsorption

Batch adsorption experiments were conducted to determine the uptake capacity of CIP and
OTC. The mrCFs were contacted with the antibiotic solution (2 mg/L) on a shaker plate (200
rpm) for 24 h using an adsorbent dose of 0.1 g/L. The pH of the solution was not adjusted and
was measured to be ~5.5 and the temperature was kept at 20 °C. Once the adsorption
experiments were completed, the mrCFs were separated via decantation and the solutions
were analysed using UV-vis with a wavelength of 273 nm for CIP and 354 nm for OTC. The
equilibrium adsorption capacity was then calculated using Equation 3.2. The antibiotic batch
adsorption experiments were also conducted using the K-ACF-Opt produced in Chapter 4, for

comparative purposes.

Modified and spent materials were characterised (Section 3.6) for surface, structural, and

compositional properties using N, isotherms, MBn, SEM/EDS, FTIR, and Raman spectroscopy.
3.4. Optimisation of Adsorption Process

Antibiotic solutions were prepared volumetrically and adjusted to the required pH, using 0.1 M
HCI or NaOH. The pH was measured using a pH probe (Oakton 700) which was calibrated using
three Oakton pH buffer solutions (4.01, 7.00 and 10.01). Solutions were stored in a cool dark
cupboard and unused solutions discarded after one week to avoid degradation of the antibiotic

solutions. A one-week period was considered acceptable based on UV-vis measurements, with
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degradation deemed significant when the concentration reached 97% of the original stock

solution.

Batch adsorption experiments were conducted to determine the uptake capacity of CIP and
OTC. A known amount of mCF-Opt was combined with a solution of each antibiotic at
concentrations ranging between 0.5 — 2 mg/L and shaken for 24 h at 200 rpm, as determined
by the BBD design (Table 3.5). After adsorption, the mCFs were separated via decantation and
the solutions were analysed using UV-vis with a wavelength of 273 nm for CIP and 354 nm for
OTC. The equilibrium adsorption capacity was then calculated using Equation 3.2, whilst the
removal percentage was calculated using Equation 3.3.
(Cy—C,) Equation 3.3

Removal (%) = — X 100
0

3.4.1.1. Optimisation of Adsorption Procedure employing RSM

Experiments were organised to investigate the effects of three parameters (Table 3.5), namely,
adsorbent dose (xz, 0.1 —0.9 g/L), pH (x2, 2 — 8) and initial concentration, (x3, 0.5—-2 mg/L). Two
pairs of response variables were studied, namely the removal percentage of CIP and OTC (y;,
%), with the aim to maximise the amount of antibiotics removed for the solution. Additionally,
CIP and OTC adsorption capacities (yi, ge, mg/L) were investigated, to maximise the loading

capacity of the adsorbent.

Table 3.5: Parameters, codes and ranges of the BBD adsorption design.

Parameter Code Range
Adsorbent Dose (g/L) X1 0.1-0.9
pH X2 2-8
Initial Concentration (mg/L) X3 05-2

Upon the completion of the experimental campaign, the data set was analysed using ANOVA,
to identify the statistically significant parameters and their combined effects. RSM was
employed to optimise the adsorption process and visualise the interaction effects between

factors, on a given response.
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3.4.1.2. Adsorption Isotherms and Kinetics

Data was also acquired to fit adsorption isotherms and kinetics models. An adsorbent dose of
0.8 g/L and pH of 2 was employed based upon the optimum point of the BBD design. The
adsorption isotherms were conducted at initial concentrations of 1, 2, 5, 10, 15, 25, 37 and 50
mg/L and temperatures of 20, 30 and 40 °C which was achieved by placing the shaker plate in

an oven and allowing the temperature to equilibrate prior to introducing the adsorbents.

The kinetic data was collected at initial concentrations of 2 and 5 mg/L. Aliquots were taken at
specific time intervals (5, 10, 15, 30, 45, 60, 120, 240, 480, 1440, 2880 and 4320 min)
throughout the adsorption process and the absorbance. Post adsorption, the solution was
separated and analysed using the method described above.Properties of the spent materials

were investigated using FTIR using the methods described in Section 3.6.

3.5. Regeneration

3.5.1. Antibiotic Adsorption and Desorption

Antibiotic solutions were prepared, and the pH adjusted according to the procedure outlined
in Section 6.2.2. Adsorption experiments were performed under the optimal conditions for %-

mrCF-Opt as established in the previous chapter.

Following adsorption, the antibiotic-laden samples were washed with deionised water until a
neutral pH was reached and then dried overnight in an oven at 60 °C. To account for sample
loss during the washing and drying processes, the samples were reweighed before each
adsorption cycle, and the volume of antibiotic solution was adjusted to maintain an adsorbent

dose of 0.8 mg/L.

After drying, the antibiotic laden mrCFs were placed in the regenerant solutions (0.1 M NaOH,
0.1 M KOH, 0.25 M NaOH, 0.25 M KOH) for 4 h and shaken at 200 rpm. After regeneration, the
samples were washed and dried using the method described above. The RE was then

determined using Equation 2.14.

3.6. Characterisation

3.6.1. Surface Area Analysis

The surface area of the materials was evaluated using both physical and chemical methods. N;

adsorption isotherms were performed at 77 K using a Micromeritics ASAP 2020 analyser, over
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a relative pressure range of 3x10® — 1.00 to determine the specific surface area and pore

volume.

To further investigate the mesoporosity of the material MBn analysis was conducted. MBy is
defined as the maximum amount of dye adsorbed per gram of adsorbent and was determined
by contacting 5 mg of ACFs with MB at a range of concentrations (25, 50, 100, 150, 200, 500
and 1000 mg/L) and shaking for 24 h (200 rpm). The initial and equilibrium concentrations were
determined using UV-vis spectroscopy via the method described in Section 3.6.5.3. The
equilibrium adsorption capacity was calculated using Equation 3.2. From this information, MBn
(mg/L) was then determined using a linearised form of the Langmuir isotherm (Equation 3.4)

[227]. MBy is equivalent to gmax and is determined by dividing 1/slope of the graph.

Ce 1 N Ce Equation 3.4

de D Qmax Gmax

Where g. is the equilibrium adsorption capacity (mg/g), Co and Ce are the equilibrium capacity
(mg/L), V represents the total volume of solution contacted with the adsorbent (L), M is the
mass of the adsorbent (g) and gmax is the maximum adsorption capacity (mg/g). b is the

Langmuir constant related to the affinity of the binding sites (L/mg).
3.6.2. Point of Zero Charge

For CAs, pHpzc is most commonly determined using either mass titrations or potentiometric
titrations. The most frequently cited method for mass titrations was proposed by Noh and
Schwartz [243]. This method involves combining CAs (0.05, 0.1, 0.5, 1, 5 and 10 wt.%) with three
solutions of varied pH, which are commonly adjusted by adding HCl or NaOH, dropwise. The
solutions are then agitated for 24 h to allow equilibration, after which the final pH is measured.
The pHpzcis determined by plotting the mass fraction (wt.%) against the measured pH. As the
mass fraction (wt.%) increases, the points should begin to converge. The point where all points
converge is considered to be the pHpzc (Figure 3.3a). Mass titrations benefit from being simple
and inexpensive, leading to their widespread application in literature; however, the method is

very sensitive to traces of acids or bases, leading to inaccuracies [244].

Due to the inaccuracies of mass titrations, potentiometric titrations were applied within this
thesis since they offer higher accuracy for the determination of pHpzc. The method consisted of

combining CAs with NaNOs and allowing the solution to equilibrate for 24 h under agitation
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(200 rpm). NaOH was then titrated with the CA-containing solution, measuring the pH after
each addition. The equivalence point represents the pHpzc, which is determined by plotting the
volume of titrant vs pH (Figure 3.3b).

(a) (b)
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Figure 3.3: lllustrations of PZC determination via mass titration (a), potentiometric titration
(b).

3.6.3. Boehm Titrations

Prior to conducting the Boehm titrations, both sodium hydroxide (NaOH) and hydrochloric acid
(HCI) solutions were standardised. Sodium hydroxide was standardised by titrating a known
concentration of potassium hydrogen phthalate (KHP) solution, with the endpoint determined
potentiometrically. Subsequently, the standardised NaOH solution was used to standardise the

HCl solution by reverse titration.

For the Boehm titration, 20 mg of either ACF or mCF was combined with 50 mL of one of four
0.05 M solutions: HCI, NaOH, Na,COs, or NaHCOs. The mixtures were agitated for 24 hours to
allow sufficient interaction between the carbon material and the titrants. After agitation, 10 mL
aliqguots were withdrawn for titration. Aliquots containing basic reagents (NaOH, Na,COs,
NaHCOs) were titrated spiked with 10 mL of 0.05 M HCl and back titrated with NaOH. Whereas
the acidic aliquot (HCI) was titrated directly with 0.05 M NaOH. Titrations were performed using
an automated titrator, with endpoints determined potentiometrically. The number of moles of
surface functional groups neutralised by the titrant, ncse (mol), was calculated using either

Equation 3.5 or Equation 3.6 for acidified and non-acidified equations, respectively. Finally, the
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number of moles of surface groups per gram of adsorbent, ncsr (mol/g), can be calculated using

Equation 3.7.
Nycl Vg Equation 3.5
Nesp = [BIVg — ([HCU]Vyc, — [NaOH | Vyaon) 7 a
Npg a

Vg Equation 3.6

Nesp = [B]Vp — [HCZ]VHCIV

a
Ncsk Equation 3.7

Nesr = M—c

Where, nuc and ng, represent the number of moles of HCI and base, respectively (mol). [B],
[HCI] and [NaOH] denote the concentrations of the base, HCI, and NaOH solutions, respectively
(mol/L). Vs, Viaand Vieor correspond to the volumes of the respective solutions (L). Finally Mc

represents the mass of carbon used (g).

3.6.4. Scanning Electron Microscopy (SEM) & Energy Dispersive X-ray Spectroscopy
(EDS)

In this thesis, a Supra 35VP with a field emission gun was applied for SEM-EDS analysis. Due to
the high conductivity of CFs, the materials did not require sputter coating prior to analysis. Low-
magnification images were obtained using a secondary electron detector at a working distance
of 4.5 mm and an accelerating voltage of 10 ekV. For high-magnification imaging an inlense
detector was used with a decreased working distance of 3.5 and an increased accelerating
voltage of 20 ekV. Backscattered electron detectors were employed for EDS analysis with an
accelerating voltage of 20 ekV. Copper tape was applied as the adhesive, rather than the more
common carbon adhesive to avoid misinterpretation of the sample elements, particularly

carbon, and the background.

3.6.5. Spectroscopic Analysis

3.6.5.1. Fourier-Transform Infrared Spectroscopy (FTIR)

In this thesis transmission FTIR was applied using KBr, due to the high absorbance of CFs. Prior
to preparation, KBr was dried for a minimum of 48 h in an oven at 100 °C. The CF samples were
then combined with KBr in a 1:300 ratio (CF:KBr) and ground with a pestle and mortar until a

homogenous mixture was achieved. The ratio of 1:300 (CF:KBr) was determined by

detrimentally reducing the amount of CF, whilst maintaining the quantity of KBr until a clear
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spectrum was obtained. The mixture was then transferred into a pellet-forming die, to which a
10-tonne force was applied for 5 minutes. The resultant pellet was used for FTIR analysis in the

region of 4000-500 cm™ for 20 scans at a resolution of 4 cm™.
3.6.5.2. Raman Spectroscopy

In this thesis, analysis was conducted using a Reinshaw inVia Raman microscope with a 532 nm
laser. Crystalline silicon was used as an x-axis calibration standard, to enable the conversion of
wavelength to Raman shift, since a sharp peak is produced at 520 cm™. The CFs were ground
to a fine powder with a pestle and mortar prior to analysis. Raman analysis was conducted in

the region of 600-2400 cm for 20 scans.
3.6.5.3. UV-Vis Spectrophotometry

In order to quantify concentrations effectively, the wavelength of maximum absorption must
be identified, which is known as the lambda max (Amax) and is dependent on the chromophore(s)
present within a molecule. The Amax in this work, and for each pollutant studied in this thesis
was determined using a Shimadzu UV-1800, UV-vis spectrophotometer, scanning between the
wavelengths of 250 — 700 nm. The Amaxfor CIP, OTC and MB were identified to be 273, 357 and
664 nm, respectively; these values were cross-checked with existing literature for further

confirmation of Amax.

Calibration curves are required in UV-vis to quantify solutions of unknown concentration. In
this thesis the calibration curves were produced by preparing a minimum of 5solutions of
known concentration, measuring the absorbance at the Amax and creating a plot of
concentration vs absorbance. The resulting plot creates a linear graph and should have an R?
value greater than 0.97, as shown in Figure 3.4. Unknown concentrations can then be calculated
from the linear equation, y=mx+C.

A

2
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y= 0-:1/?’:9—0(;2049 . y=0.1238x - 0.0362 Ry 1 y=0.0229x - 0.008
=0. & R2=0.9934 R2=0.9999

Absorbance (AU)
Absorbance (AU)
Absorbance (AU)

1

MB Concentration (mg/L) CIP concentration (mg/L) OTC Concentation (mg/L)

Figure 3.4: Calibration curves for MB (A), CIP (B) and OTC (C).
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When analysing MBn with UV-vis, all solutions were diluted with water at a 1:5 ratio (MB:H;0)
in order to maintain an absorbance value of less than 2 AU, since values above this result in less
than 1% of the light source reaching the detector. Due to the logarithmic nature of UV-vis, once
absorbance reaches 3 AU, less than 0.1% of light would reach the detector, leading to
inaccurate readings. For the antibiotics, CIP and OTC, individual calibration curves were

produced for the various solution pH (e.g. non-adjusted, pH 2, 5 and 8).
3.6.6. Ultimate Analysis

The most commonly applied standard for CHN analysis is acetanilide which has a theoretical

mass fraction of 71.088, 6.712, 10.363 and 11.837% for C, H, N and O, respectively.

The analyses method for CAs are often specified by governmental standard procedures such as
ATSM D3176-15, where the results are presented as percent mass fractions [245]. In this thesis,
all ultimate analysis was conducted using a Thermo Scientific Flash 2000 Organic Elemental

Analyser.
3.6.7. Proximate Analysis

The method employed in this thesis follows the ASTM D7582, using a Mettler Toledo TGA 2,
thermogravimetric analyser. The method involves firstly heating the sample to 107 °C under N
with a gas flow rate of 22 mL/min and holding these conditions for 1 h, to determine the
moisture content. The VOC content was then determined by ramping the temperature to 950
°C at a rate of 30 °C/min; these conditions were held for 7 min. The sample was then cooled to
600 °C to enable the atmosphere to be changed to an oxidising gas (in this study, air). Finally,
the material was heated to 950 °C with a ramp rate of 6 °C/min and maintained for 3 h to expel

the fixed carbon under ambient air.

141



1000

900

800

700

600

500

Temperature (°C)

400

300

200

—Under Nitrogen

100 —Under Air

0 50 100 150 200 250 300 350 400

Time (min)

Figure 3.5: Temperature profile of proximate analysis, adapted from [31].

The moisture and VOC content are determined by the change in mass (Equation 3.8 and
Equation 3.9). The ash is determined using the residual mass (Mash, Equation 3.11) and the fixed
carbon is determined by subtracting the mass of all other constituents from the initial sample

mass (Equation 3.10).

My, — M E . .
Moisture Content (%) = (%) x 100 quation 3.8
0

My — M .
VOC content (%) = (%) % 100 Equation 3.9
0

Mo — (My + M; + M Equation 3.10
Carbon Content (%) = ( o~ (M T 2 ash )) % 100 quation
0
My, —M .
Ash Content (%) = <0M—ash> Equation 3.11
0

Where, Mpis the initial sample mass (mg), M1 — M3 are the sample masses (mg) after the heating

phases 1 — 3 shown in Figure 3.5.
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4. Activation of Carbonaceous Adsorbents for Aqueous-phase Applications

4.1. Introduction

The increasing application of CFRP-based products is presenting a major environmental
challenge when products reach their EoL. Despite the range of available recycling technologies
for CFRPs, a review article on the recycling of CFs, published by Verma et al. concluded that
rCFs are not currently economically viable and in some cases may be more expensive to

produce than vCFs, highlighting the need for new, high-value applications for rCFs [247].

As of 2021, global CF production reached approximately 181 kt [248]. Assuming that scrap,
waste or EoL material accounts for 10% of annual CF production, up to 18.1 kt tonnes of surplus
waste could be generated annually. Studies have valued the average price of rCFs as £9/kg
[249,250]. Therefore, up to £163 million worth of rCFs could be introduced into the market, by
transitioning to recycling CFs over traditional disposal techniques such as landfill or
incineration. Additionally, further research into new applications of rCFs, such as adsorption,

could create value added products.

From an environmental standpoint, rCFs production has a significantly lower energy demand
(2-30 MJ/kg) and reduced CO, emissions of 5.4-11 kg/kg of CO,, when compared to the
production of PAN-vCFs which produce up to 31 kg/kg CO; [251-253]. While traditional
disposal practises such as incineration offer lower CO; emissions (2.2-3 kg/kg) when compared
to recycling process, their energy demand is much greater (32-34 MJ/kg) and result in the

destruction of a potentially high value product [254,255].

Currently, articles investigating the conversion of rCFs to adsorbents using activation processes
are scarce, particularly those derived via chemical activation methods [31]. Despite the limited
publications in this area, current research is promising to produce ACFs from rCFs, which can
be attributed to the structural changes that occur during the recycling process. It has been
reported that thermal treatment results in increased interlayer spacing of the internal graphene

layers, subsequently leading to a larger surface area prior to activation (Figure 4.1) [256].
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Figure 4.1: Comparison between the interlayer distance of vCFs vs rCFs [34].

Furthermore, thermal recycling processes can introduce surface oxygen-containing surface
groups, such as carboxyl, hydroxyl, and ketones that act as active sites for adsorption [13].
Consequently, rCFs already have the essential physiochemical properties that make them
promising candidates for use as aqueous-phase adsorbents. However, as a novel adsorbent
precursor, extensive research and process optimisation is essential to improve the material's

characteristics.

MB was employed in this study as a cost-effective, conventional, and reliable method to
estimate the mesoporosity of a large number of samples through the determination of the
methylene blue number (MBy), as outlined in Section 3.6.1. MB was chosen due to its well-
defined molecular size and strong affinity for porous surfaces, enabling a straightforward and

accurate estimation of the accessible surface area, particularly within mesoporous structures.

While dye adsorption is often employed as a model for surface area analysis, large-scale dye
removal remains critically important due to significant human and environmental health risks.

Globally, an estimated 10,000 tonnes of dyes are used annually, primarily in the textile industry,
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with MB among the most widely applied [257]. However, the extensive use of MB raises serious
concerns, as it is toxic, carcinogenic, and non-biodegradable owing to the stability of its
aromatic ring structure (Figure 4.2). Exposure to MB has been linked to various adverse health
effects, including respiratory distress, hypertension, neurological disorders, anaemia,
gastrointestinal pain, and nausea [258-260]. Furthermore, its degradation products contain

aromatic components which are carcinogenic and mutagenic.

N
| ]
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CH, Cl CH,

Figure 4.2: Structure of MB.

MB is highly water-soluble and can be released into the environment in substantial quantities
through industrial discharges and effluents, posing an environmental concern [257].
Furthermore, the intense colour and high molar absorption coefficient (8.4 x 10*L/mol) of MB,
even at low concentrations, results in reduced sunlight transmittance in natural waterbodies,
diminishing the photosynthetic activity of aquatic plants and subsequently lowering the
chemical and biological oxygen demand, thereby creating anoxic conditions that limit aquatic

biodiversity.

Similarly to antibiotic adsorption, MB can be adsorbed via physical (i.e. hydrogen bonding,
hydrophobic effects etc.) or chemical mechanisms where oxygen-containing groups have been
shown to aid the electrostatic attraction of cationic MB dyes. Meaning ArCFs could have

promising value for the adsorption of alternative aqueous phase pollutants.

The focus of this chapter is to firstly determine whether rCFs are suitable precursors for the
production of agueous-phase adsorbents. Thereafter, the author strived to optimise the
physiochemical characteristics of the adsorbent by employing DoE techniques, specifically BBD,
to study the activation process. The effects of several factors were investigated, namely,
activation temperature, activation time and IR on the responses yield and MB adsorption
capacity. Furthermore, the precursor, activated and spent materials are thoroughly

characterised to assess the physical and chemical properties.
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4.2. Results and Discussion
4.2.1. Preliminary Studies

4.2.1.1. Sodium Hydroxide Activation

Both Na-ACFs demonstrated similar maximum experimental adsorption capacities exceeding
5.75 mg/L, which is consistent with values reported in the literature [261], highlighting the
potential of rCFs as effective adsorbent materials. However, these values are lower than those
observed when using DoE methods [258], suggesting that further optimisation of experimental
parameters is needed in the next phase of the study. Notably, both ArCF and AvCF exhibited
comparable MB adsorption capacities, reinforcing the promising potential of rCFs as efficient

adsorbents.

Table 4.1: UV-vis absorbance of Na-AvCF and Na-ArCF at 664 nm.

Sample Absorbance Ce Qe Removal Ref

(mg/1) (mg/g) (%)

MB 2.70 - - ; ]
ArCF 2.36 16.84 576  21.80 -
AVCF 2.36 16.83 577  21.83 -
ACF - - 23.75 - [258]

AC - - 45420 - [262]

AC - - 4.80 - [261]

Figure 4.3A and B depict the surface morphology of Na-AvCF and Na-ArCF, respectively. Both
Na-ACFs presented a smooth fibrous structure with no visible surface defects (Figure 4.3).
aligning with the appearance of chemically activated PAN-based CFs reported in current
literature [258]. However, Na-ArCFs had more visible impurities on the surface in contrast to

its virgin counterpart which had a largely clean surface. EDS was employed to confirm the
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increased impurities, where higher levels of Na, Mg, and other impurities such as Si, K, and Ca

were identified with in the rCF-based sample (Table 4.2).

Figure 4.3: SEM images of Na-AvCF (A) and Na-ArCF (B), adapted from [43].

Notably, Na-ArCFs had a higher average fibre diameter of 7.75 + 0.14 um when compared to
Na-AvCF (7.26 £ 0.06 um) which can be explained via a couple of interconnected phenomena.
Firstly, the CF thermal recycling process results in an increased interlayer distance between the
graphene sheets, therefore, rCFs already possessed a marginally higher surface diameter prior
to activation, which is consistent with the EDS data. Furthermore, Na-ArCF possesses
significantly higher quantities of Na* (Table 4.2), which are able to intercalate between

graphene sheets resulting in an increased fibre diameter.

Table 4.2: Percentage composition of Na-AvCF and Na-ArCF, adapted from [43].

Composition (wt%)

Element
Na-AvCF Na-ArCF
C 24.13 22.72
o 69.76 65.78
Na 0.14 2.35
Mg 0.03 0.15
Others 5.94 9.00
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4.2.1.2. Selection of DoE Parameters and Ranges

Oxygen-containing moieties play a crucial role in the adsorption of many aqueous-phase
adsorbents including MB and the target aquaculture antibiotics, CIP and OTC. Current literature
has reported that higher IR results in enhanced oxidation of CA surfaces. Furthermore, a low
and slow activation approach (i.e. low temperature and long hold times) has been reported to
enhance the development of mesoporosity [126]. Consequently, investigating high IR and long
hold times were of interest resulting in the selection of a maximum IR of 1:10 and hold time of

3 h. Whilst the lower limits were based on current literature (Table 2.6).

Since all experimental runs within a DoE design require a sample to be produced in order to
assess a given response, the minimum temperature at which complete carbon burn-off occurs
was investigated. This was achieved by progressively decreasing the temperature from 900 °C,
whilst IR and hold time were set at their maximum values until a minimum vyield of 25% was
achieved. This yield was necessary to ensure there was sufficient adsorbent material for
subsequent adsorption experiments and material characterisation. The threshold temperature
was found to be 830 °C (Figure 4.4). Consequently, the final DoE ranges were set as follows:

activation temperature of 670 — 830 °C, IR of 1:1 —1:10, and hold time of 0.5 — 3 hours.

30
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Figure 4.4: Impact of temperature on yield when IR and hold time were set to 1:10 and 3 h,

respectively.
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4.2.2. Optimisation of Chemical Activation Process

To optimise the production conditions of ACFs from rCF precursors, a three-factor BBD was
employed. The experimental conditions assayed are detailed in Table 4.3 and the run order was
randomised to minimise systematic error. Regression coefficients were derived from data
obtained in experiments 1-12, while experiments 13-15 were replicates at the central point to

ensure repeatability [263].

The highest yield (104.80%) was observed for Run 5, which was attributed to the intercalation
of K* ions, introduction oxygen-containing moieties on the CA surface and the presence of
aluminosilicates due to slight corrosion of the combustion boat, as discussed further in Section
4.2.3.2. In this run, the activation temperature and time were set to their minimum values of
670 °C and 0.5 hours, respectively, with the IR was set at the centre point (1:5.5), resulting in a
reduction in the burn-off of carbon, when compared to other runs with harsher experimental

conditions.

Table 4.3: BBD matrix with real and coded values of three factors studied, and responses yield

and ge of each run performed, taken from [34].

Activation i
IR . Yield Je
Temperature CF:KOH Hold Time (h) "
Run °0) (CF:KOH) (%) (mg/g)
X1 Code x2 Code x3 Code Y1 Y2
1 670 -1 1.75 0 1:1 -1 99.40 5.97
2 830 +1 1.75 0 1:1 -1 52.35 6.07

3 670 -1 1.75 0 1:10 +1 46.35 55.19

4 830 +1 1.75 0 1:10 +1 3.79 58.74

5 670 -1 0.5 -1 1:5.5 0 104.80 18.96

6 830 +1 0.5 -1 1:5.5 0 58.18 11.49

7 670 -1 3 +1 1:5.5 0 87.51 11.88

8 830 +1 3 +1 1:55 0 24.65 7.86
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Activation

IR ] Yield Qe
Temperature CF:KOH Hold Time (h) %
R () (CF:KOH) (%) (mg/e)
X1 Code x2 Code x3 Code Y1 y2
9 750 0 0.5 -1 1:1 -1 86.13 0.91

10 750 0 0.5 -1 1:10 +1 38.19 49.40

11 750 0 3 +1 1:1 -1 72.29 4.56

12 750 0 3 +1 1:10 +1 23.43 55.13

13 750 0 1.75 0 1:5.5 0 55.36 16.42

14 750 0 1.75 0 1:5.5 0 69.30 45.22

15 750 0 1.75 0 1:5.5 0 4391 57.72

ANOVA was conducted to evaluate the statistical significance of the overall model and to
determine the impact of individual factors on both yield and MB adsorption capacity responses.
The comprehensive ANOVA results are presented in Appendix A. The model's predictive
capability was assessed through regression coefficients (R?), adjusted regression coefficients

(R%4j) and predictive regression coefficients (R%preq), as summarised in Table 4.4.

Initial analysis revealed high R? values (>95%) for both responses, though the lower R?preq values
suggested potential limitations in the model's predictive accuracy. Through systematic
elimination of statistically insignificant terms based on the ANOVA results, the model was
refined. While this optimisation led to a marginal decrease in R? values, the overall statistical
significance remained robust. Notably, the refined model demonstrated improved R2,4 values
from 89.72% to 92.57% for yield, and from 97.27% to 98.08% for adsorption capacity, indicating
better overall model fit. Most significantly, the R%preq values showed substantial improvement,
increasing from 78.57% to 89.03% for yield and from 84.41% to 96.08% for adsorption capacity,

indicating markedly enhanced predictive accuracy for new observations.
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Table 4.4: Refined regression coefficient and adjusted and predicted regression coefficients

for the responses in this study i.e. yield and adsorption capacity.

R2 Rzadj Rzpred

Yield 95.23 92.57 89.03

Adsorption capacity 98.76 98.08 96.08

The ANOVA results for yield and MB adsorption capacity are shown in Table 4.5. The p-value
was used to assess the significance of the factors and their interaction effects at a 95%

confidence level (p-value < 0.05).

For yield, all three primary process variables were statistically significant, with p-values of
0.000, 0.000, and 0.006, for temperature, IR and hold time, respectively. These results suggest
a largely linear relationship between the variables and yield across the design space.
Additionally, the squared effects of IR (p = 0.037) were also significant, indicating some

curvature in the model.

In contrast, for MB adsorption capacity, only IR and its squared term were statistically
significant both having p values of 0.000, suggesting that MB adsorption is predominantly
influenced by changes in IR, including non-linear effects. Neither temperature nor hold time
had significant impacts on this response. Nevertheless, the linear terms for temperature and
hold time were retained in the model to maintain hierarchy and ensure the statistical validity
of the quadratic and interaction terms. These findings are visually supported by the Pareto
charts in Figure 4.5, which highlight the standardised effects of each factor and their relative

contributions to both responses.

It is important to note that the ANOVA results presented in Table 4.5 reflect a reduced model,
where non-significant terms were removed for clarity and model refinement. The complete
ANOVA including all interaction terms and non-significant variables is provided in Appendix A

for reference.
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Table 4.5: ANOVA results for the refined model of the chemical activation campaign, when

considering the responses yield and MB adsorption capacity.

MB adsorption
Yield (%) .
Source Code capacity (mg/g)

F-Value P-Value F-Value P-Value

Model - 35.90 0.000 143.87 0.000

Linear - 56.26 0.000 209.64 0.000
Temperature X1 78.42 0.000 1.61 0.236

IR X2 77.89 0.000 627.08 0.000

Hold Time X3 12.48 0.006 0.23 0.643
Square - 5.35 0.029 45.21 0.000

IR*IR X2? 5.95 0.037 78.16 0.000

Hold Time*Hold Time x32 4.01 0.076 8.19 0.019

The 3D contour plots (Figure 4.5) illustrate the impacts of the three factors on the responses.
As expected, an inverse relationship exists between yield and MB number. When increasing
parameters to their maximum value (+1), there is a distinct antagonistic effect on the yield with
activation temperature and IR having the largest impacts (Figure 4.5A — C). Whereas a
synergistic effect was observed for MB adsorption capacity with IR and the squared effect of IR
being most impactful (Figure 4.5D — F). Figure 4.5D and 4.5F depict the dramatic impact of IR,

with higher adsorption capacities being observed when IR is set to the maximum value.
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Figure 4.5: 3D response surface plots for combined effects of temperature and IR (A, D),
temperature and hold time, (B, E) IR and hold time (C, F), on the responses yield (A —C) and

MB adsorption capacity (D — F).

The significant impact of activation temperature on the yield can be credited to the enhanced
etching of the carbon surface at temperatures above 600 °C, resulting in the expulsion of carbon
in the form of COz and CO, and tar in the form of VOCs, thus increasing the surface area and
porous network but decreasing yield [13]. The evolved gases can then physically activate the

surface via the mechanisms discussed in Chapter 2 (Figure 2.7).

The impact of IR on MB adsorption capacity can be described via several phenomena. Firstly,
higher IR results in enhanced development of porosity at due to increased etching of the carbon

surface, by the chemical activation agent. Additionally, intercalation of alkali metals such as K*
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results in increased spacing between graphene sheets, subsequently enhancing specific surface
area and pore volume (Figure 4.6). Finally, a higher hydroxide ratio leads to an increased
abundance of oxygen-containing moieties on the carbon-surface which act as active sites for
adsorption, which have the capability to interact with aqueous phase pollutants such as
methylene blue via physical interactions such as hydrogen bonding, or chemical interactions

(i.e. ionic or covalent bonding).

Interlayer
Spacing

Figure 4.6: Intercalation of K* between graphene sheets, taken from [34].
4.2.2.1. Optimum Point Validation and Comparison with Virgin Carbon Fibres

Yield and MB adsorption were optimised via an equally weighted dual-response optimisation
in order to validate the model. The optimum point was identified at an activation temperature,
IR and hold time of 670 °C, 1:10 and 0.5 h, respectively. The optimum samples were denoted
as K-ACF-Opt, where r and v correspond to the recycled and virgin samples. K-ArCF-Opt was
found to have a yield of 70.14% and MB adsorption capacity of 19.04 mg/L. However, the
response surface graphs suggest that further increasing the IR could result in improved MB
adsorption, whilst yield could be enhanced by reducing each factor beyond the design space of
this study. Therefore, a compromise was necessary when selecting the optimal conditions to

maximise both yield and adsorption capacity.

The second order polynomial equations for yield and MB adsorption capacity are presented in
Equation 4.1 and Equation 4.2, respectively, where x; represent the influence of the
independent variables on a response y; (i.e. yield or MB adsorption capacity) and (x;)? represent

the quadratic terms indicating that there is curvature present within the design space.
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y1 = 337.3 —0.311x; — 0.050x, — 26.440x3 — 0.497(x,)? + 5.280(x3)? Equation 4.1
y, = 10.5 —0.016x; — 1.511x, + 1.190x5 + 0.653(x,)? — 2.738(x3)? Equation 4.2

From Equation 4.1, it is evident that hold time (x3)has the most substantial influence on yield,
with a pronounced negative linear coefficient of —26.440, , though its positive quadratic term
suggests some recovery at longer durations as observed in Figure 4.5B and C. Temperature and
IR show smaller negative impacts. In contrast, Equation 4.2 shows weaker overall effects on
adsorption capacity, with all coefficients below + 3. Here, hold time has a small positive linear
impact, while its negative quadratic term suggests reduced capacity at extended durations,
consistent with the trend observed Figure 4.5E. IR has a mixed influence, with a negative linear
and a positive quadratic effect, indicating a potential optimal range, however this was not

identified within the investigated design space.

Overall, the regression models highlight that yield is more sensitive to variations in the process
parameters, particularly hold time, while MB adsorption capacity is influenced to a lesser
extent, with more balanced effects from the input variables. These findings can guide
optimisation strategies by identifying parameter ranges that maximise both yield and

adsorption performance.
4.2.2.1.1. Yield and Impact of Scale-up

The parity plot depicting the actual yield vs the predicted yield based on Equation 4.1 is shown
in Figure 4.7. The reasonable R? value of 0.89 indicates that Equation 4.1 is a suitable model for
predicting and comparing experimental and modelled values. A lower yield was observed for
K-ArCF-Opt, when comparedtoRuns 1, 5, 7, 9 and 11; however, this is expected , as the selected
conditions reflect a deliberate compromise between maximising yield and enhancing MB

adsorption capacity.
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Figure 4.7: Parity plot of the actual yield vs predicted yield, where (+) is the optimum point,

and (-) are the replicates at the centre point, adapted from [34].

The effect of scale-up on the yield was also investigated for both K-ArCF-Opt and K-AvCF-Opt,
by increasing the quantity of precursor by up to 8 times (Figure 4.8). Despite some variation,
scale up had little to no effect on the yield of K-AvCF-Opt, maintaining values greater than 70%
up to a precursor mass of 0.8 g. Conversely, scale-up had a negative impact on the yield of K-
ArCF-Opt, with a decrease in yield of 27.7% when scaling up from 0.1 g — 0.8 g of rCF. Despite
the initial decrease, the trend appears to plateau just above 40% when the precursor mass is
greater than 0.6 g, which is promising for industrial scalability. Nevertheless, to truly determine

industrial scalability, future studies should investigate larger precursor masses.
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Figure 4.8: Impact of scale up on yield, taken from [34].
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4.2.2.1.2. Methylene Blue Adsorption

Figure 4.9 depicts the parity plot for actual vs predicted MB adsorption capacity. A strong
correlation is evident between the values, with an R? value of 0.99, indicating that the model

(Equation 4.2) can accurately predict the experimental results.
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Figure 4.9: Parity plot of the actual vs predicted adsorption capacity, where (*) is the optimum

point, and (-) are the replicates at the centre point, adapted from [34].

The surface characteristics of the adsorbent were then assessed by employing N> adsorption
isotherms to determine the Sgerand pore volume (Section 4.2.3.1) and MBy to determine the
mesoporosity of the adsorbent via the methods described in Chapter 3. Comparable Sgerof 428
and 415 m?/g were observed for K-ArCF-Opt and AvCF-Opt, respectively. Despite this, the MBy
of K-ArCF-Opt was notably higher when compared to K-AvCF-Opt (Table 4.7), which was
attributed to higher content of oxygen-containing functional groups on the K-ArCF-Opt surface.
These functional groups are known to facilitate chemisorption, thereby enhancing the
adsorbent’s interaction with MB molecules and contributing to the improved adsorption

performance observed for K-ArCF-Opt.

To contextualise these results, the adsorption performance of the optimum samples were
compared with data reported in the literature. Although several previously reported ACFs
exhibit significantly higher Sger values of 1975 m?/g and 1801 m?2/g with corresponding Qmax
values of 729.00 and 478.50 mg/g, respectively [125,264]. K-ArCF-Opt sample achieved a gmax

of 454.55 mg/g, demonstrating competitive performance despite its lower surface area.
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Moreover, this sample surpassed the adsorption capacity of an ACF with 1614 m?/g, which

reported an uptake of 325.83 mg/g [265].

Both samples developed in this study also outperformed various ACs reported in the literature,
such as those with Sger values of 1172, 708, and 594 m?/g, which exhibited significantly lower
adsorption capacities of 162.54, 241.30, and 180.00 mg/g, respectively [258,266,267]. These
comparisons underscore the efficiency of the activation method employed, suggesting that
surface chemistry and pore structure, particularly mesoporosity and the presence of functional
groups, play a more critical role than surface area alone in governing MB adsorption.
Consequently, the materials developed in this work show strong potential for application in

advanced water treatment technologies.

A key advantage of the rCFs used in this study is that they bypass the need for a separate
carbonisation step prior to activation. Due to their high carbon content and pre-existing
graphitic structure, meaning they are already thermally stable and structurally suited for direct
chemical activation. This not only simplifies the synthesis process but also lowers energy

demands and enhances the overall efficiency and scalability of the material preparation.

In contrast, many activation methods reported in the literature involve more complex and
resource-intensive procedures. Additionally, many reported methods rely on aggressive
chemical agents such as concentrated phosphoric acid or ammonium phosphate salts, which

are both corrosive and environmentally hazardous (Table 4.6).

For instance, the preparation of ACFs in [264] required a prolonged 12-hour impregnation with
phosphoric acid followed by sequential thermal treatments up to 500 °C. Similarly, the protocol
described in [265] employed high-temperature water activation at 900 °C with a substantial gas

flow rate (125 m3/h), presenting scalability and operational safety challenges.

The approach developed in this work, by contrast, is significantly faster, more straightforward,
and avoids the use of such hazardous reagents. The brief KOH impregnation (only 5 minutes)
and short activation time at moderate temperature (670 °C for 30 minutes) under nitrogen
represent a minimalist yet highly effective methodology. This results in reduced thermal and

chemical loads, making the process more sustainable and industrially attractive.
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Table 4.6: Comparison of Sger and gmax for K-ArCF-Opt, K-AvCF-Opt and other CAs.

S
CA Activation Method zET Amax Ref
(m?/g) (mg/g)
Impregnate: 85% KOH (1:10), 0.08 h This
ACF 428 454.55
Activate: N2 100 ml/min, 670 °C, 0.5 h work
Impregnate: 85% KOH (1:10), 0.08 h This
ACF 415 344.83
Activate: N2 100 ml/min, 670 °C, 0.5 h work
Carbonise: 200 °C, 4 h
Impregnate: 85% H3PO4, 60 °C, 12 h
ACF 1975 729.00 [264]
Activate: N 100 ml/min, 300 °C, 2 h, 500 °C,
1h
Impregnate: 7.5% (NHa4)2HPO4, 1 h, dry 110 °C
ACF Carbonise: 300 °C, 30 min, 800 °C, 5 min 1614 325.83 [265]
Activate: H,0 125 m3/h, 900 °C, 7 min
Impregnate: 15% H3PO4, 12 h
ACF 1801 478.50 [125]
Activate: 450 °C, 1 h
Impregnate: NaOH 80 g/L, dry 100 °C, 24 h
AC 1172 162.54 [258]
Activate: Ar 100 ml/min, 400 °C, 3 h
Impregnate: H3PO4 (1:1)
AC 2132 333.30 [259]
Activate: N, 120 ml/min, 400 °C, 3 h
Impregnate: H3PO4 (1:2), dry 100 °C overnight
AC 708 241.30 [266]
Activate: N2, 700 °C, 1 h
Impregnate: 45% H3PO4 (1:2), 10 h
AC 594 180.00 [267]

Activate: 550 °C, 0.83 h
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4.2.3. Material Characterisation

This section will discuss the physicochemical characteristics of the precursor, optimum and

spent ACF samples.

4.2.3.1. Surface Analysis

4.2.3.1.1. Physical Surface Analysis

The Sger, pore volume and pore size were measured and calculated for both K-ArCF-Opt and K-

AvCF-Opt (

Table 4.7). Similar Sger were observed for both ACFs and precursor materials. The precursors
were shown to have a low surface area (<50 m?/g), whereas a significant improvement was

observed after activation with surface areas exceeding 410 m?/g.

To evaluate the statistical significance of the differences between recycled and virgin fibres,
both before and after activation, t-tests were conducted. For the precursor materials, a t-
statistic of 2.13 and a P-value of 0.0001 indicated a highly significant difference between
recycled and virgin CFs. Similarly, for the activated materials, a t-statistic of 2.44 and P-value of
0.04 confirmed a significant difference, with the recycled variant (K-ArCF-Opt) showing superior

physical surface properties.

The higher surface area of K-ArCF-Opt was attributed to the reduced mechanical strength after
recycling, as a result, the carbonaceous framework is more readily etched away by the
activation agent, leading to an increase in surface area. Furthermore, K-ArCF-Opt had a higher
total pore volume, despite having a smaller micropore volume, indicating a higher volume of

meso-and-macropores, which are attractive for aqueous-phase adsorbents.
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Table 4.7: Textural properties of ArCF and AvCF based upon the N; adsorption isotherms and

MB adsorption, taken from [34].

Sample SgeT Vhicro Viotal Average Pore MBn
(m?/g) (cm?/g) size (nm) (me/e)
(cm3/g)
rCF 48.95 +5.34 - 0.07 - -
vCF 27.62 +3.86 - 0.04 - -
K-ArCF-Opt  427.63 £15.12 0.02 0.35 4.08 714.29
K-AvCF-Opt  414.88 + 6.30 0.04 0.33 4.20 400.00

The Sger physisorption isotherms for both K-ArCF-Opt and K-AvCF-Opt are presented in Figure

4.10. Both K-ACFs exhibit a Type IV isotherms, which are characteristic of mesoporous

materials. The initial steep increase in the quantity of N, adsorbed at lower relative pressures

is indicative of monolayer surface adsorption. Whilst the gradual rise at higher relative

pressures represents multilayer adsorption. Additionally, both isotherms display a Ha type

hysteresis loop, which is commonly associated micro-and-mesoporous materials with narrow

slit pores; this phenomenon is attributed to capillary condensation within the mesopores.
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Figure 4.10: BET physisorption isotherm of (A) K-ArCF-Opt and (B) K-AvCF-Opt.

The BJH data in Figure 4.11 further supports this interpretation, revealing that a significant
portion of the cumulative pore volume is concentrated within the smaller mesopore and
micropore range, between 1.8 and 5.7 nm. Moreover, it is evident that K-ArCF-Opt possesses a
notably higher pore volume in the micropore to small mesopore region, contributing to its

higher Sger, when compared to K-AvCF-Opt.
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4.2.3.1.2. Chemical Surface analysis

Boehm titrations were applied to determine the total acidity and basicity of the samples using
the method described in Chapter 3. K-ArCF-Opt samples were found to possess substantially
higher levels of all oxygen-containing surface groups when compared to K-AvCF-Opt,

particularly for carboxyl and basic groups (Table 4.8).

Table 4.8: Chemical surface analysis of K-ArCF-Opt and K-AvCF-Opt based on Boehm titrations

[34].
Sample Quantity of surface groups mmol/g
Carboxyl Phenol Lactone Basic
K-ArCF-Opt 2.41 0.29 0.31 2.32
K-AvCF-Opt 0.07 0.07 0.11 0.03

4.2.3.2. SEM-EDS

SEM images of the recycled and virgin carbon fibre precursors are presented in Figure 4.12,
whilst the activated samples are shown in Figure 4.13. Figure 4.12A and B show the non-
activated CFs at a magnification or 20,000x, displaying a smooth fibrous form with some
striations on the surface. A comparable image was depicted for the activated samples in Figure

4.13A and B, with some evident surface defects.

Figure 4.12: SEM imaging of rCF (A), vCF (B) at 20,000x magnification, working distance 3.4,

accelerating voltage 5 ekV [34].

When increasing the magnification to 150,000x, the external porous structure becomes

apparent (Figure 4.13B and D). Both K-ACFs displayed a heterogeneous surface structure
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characterised by a combination of meso- and macropores, with average pore sizes ranging from
11.88 to 59.40 nm, as determined using the SEM's built-in measurement tool. These
observations align with the Sger data, which further confirmed a substantial meso- and
macropore volume exceeding 0.31 cm3/g. Notably, the porous structure appeared to be angular
in shape for K-ArCF-Opt, whereas the K-AvCF-Opt displayed an orbicular porous network. Due
to limited resolution the microporous structure couldn’t be imaged, therefore, further research
could include alternative techniques such as TEM to view the microporous network. However,
the applicability of this technique is highly dependent on the crystallinity of the material and

would not be useful for highly amorphous samples.

Figure 4.13: SEM imaging of K-ArCF-Opt (A), K-AvCF-Opt (C) at 20,000x magnification working
distance 3.4, accelerating voltage 5 ekV and K-ArCF-Opt (B), K-AvCF-Opt (D) at 150,000x

magnification working distance 3.5, accelerating voltage 3 ekV [34].

The EDS results indicated a high carbon content up to 100% for the precursor materials Figure
4.14A); however, this is likely an overestimation since EDS is not a sensitive technique,

particularly for very light, or trace elements. Furthermore, some known elements within the CF

164



structure (i.e. nitrogen and hydrogen) cannot inherently be identified using EDS. Nitrogen
cannot be detected due to its low Z number which overlaps with the carbon and oxygen K-
alpha. Meanwhile, hydrogen, having only a 1s! electron configuration, does not emit x-rays
since core electrons can’t be removed. In some areas, small amounts of oxygen and potassium
were identified which was ascribed as oxygen-containing moieties and impurities introduced

during the CF recycling process.
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Figure 4.14: EDS spectra of rCF (A) and ArCF (B), [34].

Following activation, there was a distinct reduction in the carbon content of both K-ACF-Opt
due to the expulsion of carbon in the form of VOCs during activation, combined with the
incorporation of oxygen containing functional groups and potassium into the K-ArCF-Opt
structure, which in turn may have decreased the amount of carbon in percentage terms (Figure
4.14B). The reduction in carbon content was more pronounced for K-ArCF-Opt to which had a
carbon content below 73%, whilst K-AvCF maintained a carbon content above 84%. This can be
attributed to the reduced mechanical strength of rCFs which allow the surface to be more

readily etched during activation, therefore expelling greater quantities of carbon.
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The elevated K content was attributed to the intercalation of K* ions between the graphene
sheets of the carbonaceous structure; a recognised activation mechanism when applying alkali
activation agents [13]. The intercalation of K* was further evidenced by the notable increase in
fibre diameter, with the average diameter of rCF and vCF increasing by 13.95% and 0.67%,

respectively (Table 4.9).

Table 4.9: Mean fibre diameters of recycled and virgin CFs determined by SEM Analysis

Sample Diameter (um)
rCF 7.22 £0.09
vCF 7.02 £0.05

K-ArCF-Opt 8.23+0.41
K-AvCF-Opt 7.07 £0.10

Post-activation, several crystalline impurities were observed on the surface, which was
attributed to corrosion of the aluminosilicate crucible by the KOH activation agent, leaving
residues on the CF surface. This was confirmed using EDS analysis of the crystalline deposits
which revealed small amounts of Al and Si of 1.51% and 1.77%, respectively (Figure 4.14B).
Additionally, traces of copper were found, which were linked to the use of copper adhesive

tape during the SEM-EDS analysis and thus excluded from the weight percentage calculations.
4.2.3.3. Elemental Analysis

Table 4.10 shows the elemental (ultimate) analysis results of the rCF and vCF before and after
activation. Both precursor materials exhibited a high carbon content above 90%, in accordance
with the IUPAC definition for CF. Additionally, a nitrogen content above 3% was observed for
both CFs, typical of PAN-based CFs. Furthermore, rCFs possessed an oxygen content of almost

double that of vCFs due to oxidation during recycling processes.

Post-activation there was a considerable reduction in carbon content to less than 80% which
can be attributed to the burn-off of fixed carbon and expulsion of VOCs and other

decomposition products during activation, which is in agreement with the EDS data.
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Additionally, the nitrogen content of both ACFs almost halved following the activation process
due to the cleaving of C-N bonds at elevated temperatures. As anticipated, there is a significant
increase in oxygen content after the activation, due to the application of alkali activation agents
which introduce oxygen-containing groups such as lactone, carboxyl, phenol, lactol, pyrone,
ketone and chromene groups (Figure 2.13), into the carbonaceous framework via overlapping

redox reactions (Reactions 2.6 and 2.7).

Table 4.10: Elemental analysis of precursor and activated carbon fibres [34].

Sample C (%) H (%) N (%) 0 (%)
rCF 93.87 0.28 4.07 1.78
vCF 95.32 0.43 3.32 0.93
K-ArCF-Opt 78.19 0.53 2.34 18.94
K-AvCF-Opt 78.20 0.53 1.88 19.39

4.2.3.4. Proximate analysis

The amount of fixed carbon, VOCs, water and ash were quantified using proximate analysis
(Table 4.11). Similarly to the above, a significant decrease in fixed carbon content was observed
after activation. Moreover, there was a noteworthy increase in VOC, water and ash content.
The rise in VOC content after activation is uncharacteristic for carbonaceous adsorbents, since
VOCs are typically released during activation. However, the observed increase in VOC
percentage may be inflated due to the considerable reduction in carbon content (due to
decomposition), which consequently doubled the percentage of ash content. The ash content
might have also risen due to the presence of intercalated potassium species used during
activation as well as the corrosion of the aluminosilicate crucible discussed above. Finally, the
increased water content was likely due to the adsorption of atmospheric moisture due to the

increased hydrophilicity of the adsorbent surface after activation.

Table 4.11: Proximate analysis of rCF, vCF, ArCF and AvCF [34].

Sample C (%) VOC (%) Water (%) Ash (%)
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rCF 93.21 2.84 0.00 3.95
vCF 92.80 4.82 0.00 2.38
ArCF 75.30 15.27 1.88 7.55
AvCF 73.66 13.67 4.70 7.97

4.2.3.5. Fourier-Transform Infrared Spectroscopy (FTIR)

Both precursors showed characteristic spectra of PAN-based CFs (Figure 4.15). The broad peaks
at 3696 and 3650 cm™ were ascribed as O-H stretching vibrations due to the hygroscopic nature
of KBr. The peak at 3580 cm™ was credited to N-H stretching vibrations [268]. The peaks arising
in the range of 2947 — 2844 cm™ are characteristic of C-H bonds (CH, CH; and CH3) [268]. Nitrile
groups (C=N) within the PAN chain led to the peak at 2310 cm™ [268,269]. The presence of

aromatic benzene rings give rise to the peak at 1532 cm™. Finally, the peaks at 1242 — 1191 cm"

! are representative of C-N bending vibrations [270].
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Figure 4.15: Infrared spectra of rCF (top) and vCF (bottom).
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After activation, there were some noteworthy changes to the functional groups present (Figure
4.17). Specifically, the introduction of peaks in 1725, 1351 and 1223 cm’, which were
associated with the introduction of C=0, O-H and C-O groups, respectively [269]. Furthermore,
the absence of the C=N peak at 2310 cm?, suggesting the cleavage of bonds during the high

temperature activation process.
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Figure 4.16: Infrared spectra of K-ArCF-Opt and K-AvCF-Opt, taken from [34].

FTIR is a particularly valuable technique for detecting changes in chemical bonds following
adsorption, offering insights into the formation of chemisorptive interactions during the
process. In this study, significant alterations in the bonding environments of both ACF samples
were observed after adsorption, further supporting the occurrence of chemisorption
mechanisms (Figure 4.17). The peaks in the range of 3664 — 3380 cm™ are associated with O-H
stretching vibrations [271]. The peak at 2913 cm™ corresponds to intramolecular stretching
vibrations of C-H and N-H. Notably, a new peak was introduced at 2433 cm™, indicative of S-H
stretching vibrations typical of thiols, suggesting that the sulphur group in MB may play a role
in adsorption via interactions with oxygen-containing surface groups. As observed in non-

activated samples, peaks at 1558 cm™, characteristic of aromatic benzene structures, are
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present. Additionally, peaks at 1381 and 1236 cm™ are linked to O-H and N-H bending
vibrations [271]. Peaks at 1000 —989 cm™ correspond to C=C bending vibrations, while the peak
at 773 cm™ represents the C-H bending vibration of monosubstituted benzene derivatives

[235].
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Figure 4.17: Infrared spectra of K-ArCF-Opt (top) and K-AvCF-Opt (bottom) after adsorption of
MB, taken from [34].

4.2.3.6. Raman Spectroscopy

Raman spectroscopy is a powerful technique for analysing CAs due the ability to distinguish
between ordered and disordered carbonaceous structures via the D and G bands, both of which
are present in the Raman spectra for the precursor and activated samples, at approximately
1370 cm™ and 1590 cm?, respectively (Figure 4.18). The D band is an Aig breathing mode
symmetry, representative of disordered sp3 hybridised carbon bond stretching [272]. While the
G band is of Ezx mode symmetry which is characteristic of the C-C in-plane stretch of sp?

hybridised carbon, found in graphitic materials [272].
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In addition to the D and G bands, both samples exhibit several other peaks. The peaks at around
815 and 905 cm™ were ascribed to the ring breathing of piperidine and C-N-C stretch of
secondary amines, respectively [273]. While the sharp peak at 2350 cm™ was attributed to

N=C=0 pseudo-antisymmetric stretching [273].

For the activated samples, some additional peaks were present, with the most interesting being
the Da band at 1246 cm™ which is characteristic of both A1z symmetry and the presence of ionic
impurities; a further indication of the intercalation of K* into the CF structure [274]. Finally, the
peaks at 1052, 1114, 1286 and 1552 cm™ were attributed to ortho-disubstituted benzene

stretch, N=N stretch, NO; stretch and antisymmetric NO; stretch, respectively [273].
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Figure 4.18: Raman spectra of rCF (top) and K-ArCF-Opt (bottom), taken from [34].

Interestingly, the peak intensity for the ACFs is significantly higher when compared to the
precursor. An increase in intensity of the D band can be an indication of successful
functionalisation, since there is a positive linear correlation between D band intensity and
surface functionalisation, up to approximately 6 groups attached per 1000 carbon atoms,
providing further evidence with regards to the oxidation of the ACFs [275,276]. This can be

calculated by integrating the area of the peak.

171



4.3. Conclusion

This chapter investigated the chemical activation of rCFs using hydroxides. Preliminary
investigations revealed that hydroxides were a promising activation agent for the production
of CAs, however, the activation conditions were not harsh enough, hindering the development
of the porous network and subsequently resulting in low MB adsorption capacities of 5.75

mg/g.

Based on the preliminary investigations the author then sought to optimise the activation
procedure by employing BBD-RSM to evaluate the effects of various factors on the response
variables, namely yield and MB adsorption capacity. The optimal conditions were determined
to be an activation temperature of 670 °C, an IR of 1:10 and a hold time of 0.5 hours. All factors
had a statistically significant effect on the yield, with activation temperature and IR having the
most considerable impact. In contrast, for MB adsorption capacity, only the linear and squared
effects of IR were statistically significant, with higher ratios being more advantageous due to

increased surface etching and oxidation, enhancing the active site for adsorption.

K-ArCF-Opt achieved a maximum MB equilibrium adsorption capacity of 454.55 mg/g,
surpassing the 344.83 mg/g capacity K-AvCF-Opt. This phenomenon was attributed to the
reduced mechanical strength of the rCF precursor, allowing for more extensive surface etching
to occur during activation, resulting in an increased surface area. Additionally, K-ArCF-Opt had

a higher quantity of oxygen-containing groups, enhancing their adsorption capabilities.

The activation method developed in this study is notable for its simplicity and efficiency. Unlike
more complex procedures reported in the literature, many of which involve multi-step
treatments, extended soaking times, or corrosive chemical agents, this method relies on brief
KOH impregnation (only 5 minutes) and a short activation time at moderate temperature
(670 °C for 30 minutes). This minimalist yet highly effective approach reduces both thermal and

chemical loads, making the process more sustainable, scalable, and industrially attractive.

However, further research is required to assess the commercial viability of rCFs as aqueous-
phase adsorbents. Moving forward studies should focus optimisation of the modification and
adsorption processes to further enhance the adsorption capacity ArCFs toward the target

antibiotics CIP and OTC as discussed in Chapters 5 and 6.
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5. Modification of Carbonaceous Adsorbents for Aqueous-phase Applications

5.1. Introduction

A number of studies have highlighted that the adsorption of CIP and OTC can be physical (i.e.
physisorption) or chemical (i.e. chemisorption) in nature depending on the environmental
conditions (i.e. pH, salinity etc.) [277]. Physisorption of antibiotics often occurs when antibiotics
exist in their zwitterionic form and may arise due to Van der Waals forces or hydrogen bonding,
although hydrophobic effects and n-m interactions are more commonly reported. Whereas
chemisorption occurs when there are opposing charges between the adsorbent surface and
antibiotics leading to interactive effects (i.e. ionic or covalent bonding). A number of studies
have identified that oxygen-containing functionalities on adsorbent surfaces play a key role in
the adsorption of antibiotics such as CIP and OTC, and therefore, developing adsorbents with

these characteristics is promising [88,89].

Post-synthesis adsorbent modification is a promising technique to alter the surface functional
groups, enhancing the selectivity toward target pollutants, subsequently improving the
adsorption capacity. However, adsorbent modification presents some drawbacks such as
reduced surface area due to pore blocking. Additionally, the characteristics of the adsorbent
system must be considered prior to selection of the modification agents to prevent or limit

repulsive interactions.

Acidic modification has commonly been employed to oxidise CA surfaces, with the most
common acidic agents being HNO3 and H,S04 [41,137-139]. The former method is particularly
attractive for agueous phase applications, having been shown to enhance the oxygen-
containing surface moieties and promote the formation of mesoporous structures [15]. Due to
the aromatic nature of CAs, it is widely accepted that when functionalised, their chemical
properties would be alike that of their aromatic hydrocarbon counterparts and subsequently
have the ability to readily generate reactive acidic or basic surfaces due to the presence of

delocalised electrons [132].

The focus of this chapter is to optimise the modification of recycled carbon fibre-based
adsorbents with the aim to improve their adsorption capacity towards target antibiotics in this

research, i.e. CIP and OTC. This was achieved via the initial screening of the process using a
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Taguchi orthogonal array design of experiments. Based upon the results, the procedure was
then optimised using BBD-RSM.

5.2. Results and Discussion

5.2.1. Optimisation of Modification Process

5.2.1.1. Screening of Modification Process

Prior to optimisation, the modification process was screened using a randomised, three factor,
three level, L° Taguchi orthogonal array matrix to investigate the impacts of HNO3
concentration, hold time and temperature on the adsorption of antibiotics (CIP and OTC), as

shown in Table 5.1.

Table 5.1: Taguchi matrix with real and coded values of three factors studied, and responses

yield and ge of each run performed.

Run HNO3 Hold Time (h) Temperature (°C) qe, CIP  qe, OTC
Concentration (M) (mg/g) (mg/g)
X1 Code X2 Code X3 Code y1 Y2
1 1 -1 1 -1 20 -1 9.80 4.55
2 1 -1 5.5 0 55 0 10.42 4.38
3 1 -1 10 +1 90 +1 8.94 5.09
4 55 0 1 -1 55 0 9.11 5.19
5 55 0 5.5 0 90 +1 9.33 4.40
6 5.5 0 10 +1 20 -1 10.69 8.36
7 10 +1 1 -1 90 +1 7.42 2.06
8 10 +1 5.5 0 20 -1 7.62 9.35
9 10 +1 10 +1 55 0 10.67 6.31
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ANOVA was employed to assess the impact of the factors on the responses i.e. CIP and OTC
adsorption capacity, achieving R? values of 89.26% and 94.32%, respectively (Table 5.2). These
values are below the commonly sought-after threshold 95%; however, it is essential to realise
the complexity of the system under study and the limitations of the Taguchi design in capturing
all possible interactions and non-linear effects. Furthermore, the R%yeq Was found to be zero

indicating that the predictive performance of the regression model is poor.

Table 5.2: Regression coefficient and predicted regression coefficients of the refined model

for the responses in this study, i.e. CIP and OTC adsorption capacity.

R? Rzadj Rzpred
ge, CIP (mg/g) 89.26  57.03 0.00
ge, OTC (mg/g) 9432  77.26  0.00

Due to the low R? values, residual analysis was conducted to determine whether the data is
normally distributed (Figure 5.1). Overall, the residual analysis suggested that the model
provides a reasonable fit; however, there are some indications of non-linearity and non-
normality within the residuals. The deviations observed in the normal probability plot and the
uniform distribution in the Histogram suggest that the model may benefit by investigating
guadratic or interaction terms. Consequently, BBD-RSM was conducted to explore these
additional terms and address potential non-linear effects, thereby, aiming to improve the

robustness and accuracy of the model.
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Figure 5.1: Residual analysis for model fit: (A) probability plot (Q-Q Plot) for normality, (B) residuals vs. fitted values plot, (C) histogram of

residuals, (D) residuals vs. observation.
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ANOVA was also employed to assess the statistical significance of the regression model and
factors. In the case of CIP adsorption capacity, neither the model nor the factors were found to
be statistically significant. Whereas, for OTC the regression model and the impacts of hold time
and temperature were found to be statistically significant with p-values of 0.027, 0.042 and

0.015, respectively.

Table 5.3: ANOVA results for the Taguchi screening modification campaign, for the responses

CIP and OTC adsorption capacity.

Qe, CIP (mg/g) ge, OTC (mg/g)
Factors F-value p-value F-value p-value
Regression 1.50 0.322 7.41 0.027
HNO3s Concentration (M) 1.60 0.262 1.59 0.263
Hold Time (h) 2.11 0.206 7.34 0.042
Temperature (°C) 0.79 0.416 13.30 0.015

The S/N ratio serves as an indicator of process robustness, measuring how resistant the model
is to variations in input parameters. Since the objective of this experimental campaign was to
maximise the adsorption capacity towards target antibiotics, the "larger is better" approach

was selected for analysing the S/N ratios, as expressed in Equation 5.1.

S 1 Equation 5.1
- (5(2)7)

Where, y represents the response variable derived from a particular parameter-level
combination, and n denotes the number of such responses for that specific parameter-level

combination.
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Figure 5.2: The S/N ratio for the evaluated L9 array when considering CIP (A) and OTC (B)

adsorption capacity as the response.

Based on Figure 5.2, it is evident that all three factors exert a significant influence on the S/N
ratio for OTC adsorption capacity, while their effects on CIP adsorption capacity are
comparatively less pronounced, with HNOs concentration exhibiting the most notable impact.
Increasing the hold time was found to have a strong positive effect on the adsorption capacity
for both antibiotics. Moreover, the data suggest that the true maxima of the responses may

occur at hold times beyond the upper limit of the design space explored in this study.

Differing trends are observed for the effects of HNO3 and temperature on the S/N ratio of the
responses. In the case of CIP adsorption capacity, low to moderate HNO3 concentrations of 1 —
5.5 M are favoured. Above this, a notable decline in the S/N ratio occurs, likely due to over-
oxidation inhibiting the interaction between CIP and the CA surface. In contrast the highest S/N
ratio for OTC is observed at the centre point, suggesting that there is non-linearity within the
design space. Finally, the figure indicates that OTC adsorption is favoured at lower
temperatures, whereas the maximum S/N ratio for CIP is at the centre point, again indicating

that there is non-linearity within the design space.
5.2.1.2. Optimisation of Modification Procedure via Box Behnken Design

Based upon the results of the Taguchi screening design, a three-factor BBD was undertaken to
optimise the modification of ACFs in order to improve the adsorption of antibiotics. The set of
experimental conditions assessed are shown in Table 5.4. In order to interpret the results
without the influence of systematic errors, the sequence for the experimental work was

randomised. Experimental data from Runs 1 to 12 were used to calculate the regression
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coefficients, while Runs 13 to 15, which were replicates at the central point, served to evaluate
experimental repeatability [263]. From the data, it can be observed that the highest adsorption

capacities for CIP and OTC were achieved during Runs 9 and 11, respectively.

Table 5.4: BBD matrix with real and coded values of three factors studied, and responses, CIP

and OTC adsorption capacity, of each run performed.

Run HNO3 Hold Time (h) Temperature (°C) qe, CIP  qe, OTC
Concentration (M) (mg/g) (mg/g)
X1 Code X2 Code X3 Code Y1 Y2

1 1 -1 16 0 40 -1 6.17 4.89
2 6 +1 16 0 40 -1 6.88 4.02
3 1 -1 24 0 40 +1 6.05 3.25
4 6 +1 24 0 40 +1 6.69 4.19
5 1 -1 20 -1 20 0 5.93 3.69
6 6 +1 20 -1 20 0 6.20 3.95
7 1 -1 20 +1 60 0 6.36 4.63
8 6 +1 20 +1 60 0 6.62 4.28
9 3.5 0 16 -1 20 -1 15.12 2.28
10 3.5 0 24 -1 20 +1 4.68 3.66
11 3.5 0 16 +1 60 -1 7.73 5.39
12 3.5 0 24 +1 60 +1 9.04 3.33
13 3.5 0 20 0 40 0 5.95 3.10
14 3.5 0 20 0 40 0 6.28 411
15 3.5 0 20 0 40 0 6.87 3.81
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The model was analysed using ANOVA to determine the statistically significant factors and/or
interaction effects and their subsequent effect on the responses CIP and OTC adsorption
capacity. Full statistical outputs, including insignificant terms, are provided in Appendix B, while
the regression coefficients for the refined model are summarised in Table 5.5. The R? values for
CIP and OTC adsorption capacity were found to be 83.86% and 87.70%, respectively, indicating

good overall fit.

Notably the model for OTC demonstrated stronger predictive capability (R%pred = 62.08%) than
that for CIP (R%pred = 19.11%). Nevertheless, both models were statistically significant (p < 0.01,
Table 5.7), and key factors and interactions were found to influence adsorption performance.
While these models are consistent with literature benchmarks for similar RSM studies and are
suitable for identifying trends and guiding further experimentation [278], the low RZ,q; and
particularly low R2preq for CIP (19.11%) suggest limited reliability for predictive purposes.

Therefore, caution is advised when applying the CIP model for predicting new data points.

Table 5.5: Refined regression coefficient and adjusted and predicted regression coefficients

for the responses in this study i.e. CIP and OTC adsorption capacity .

R2 Rzadj Rzpred
ge CIP (mg/g) 83.86 74.90 19.11
ge OTC (mg/g) 87.70 78.47 62.08

The statistical analysis revealed distinct patterns in the adsorption behaviour of CIP and OTC.
Hold time demonstrated a significant linear effect on CIP adsorption (p = 0.022), while
temperature emerged as the dominant linear factor influencing OTC adsorption (p = 0.004).
Additionally, OTC adsorption exhibited significant quadratic effects with respect to hold time
(p = 0.041). Additionally, the interaction between HNOs concentration and hold time
significantly impacted OTC adsorption (p = 0.034). Most notably, the interaction between hold
time and temperature proved to be a critical factor, strongly influencing the adsorption of both
antibiotics with highly significant p-values (p < 0.0002, Table 5.7). The relative importance of

these effects are illustrated through Pareto charts in Figure 5.3.
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Table 5.6: ANOVA results for the refined model of the chemical modification campaign, when

considering the responses CIP and OTC adsorption capacity.

Code e, CIP (y1) Qe, OTC (y2)
Source - F-Value P-Value F-Value P-Value

Model - 7.32 0.006 9.51 0.003

Linear 3.73 0.072 7.00 0.013

HNO3 X1 0.13 0.730 0.00 0.983

Hold time X2 7.61 0.022 4.59 0.064

Temp X3 0.38 0.555 16.40 0.004

Square - 4.81 0.034 5.90 0.041
HNO3*HNOs X1? 4.55 0.065 - -

Hold time*Hold time x2? 5.10 0.054 5.90 0.041
Temp*Temp X32 3.98 0.081 - -

2-Way Interaction - 22.02 0.002 15.07 0.002

HNOs*Hold time X1X2 - - 6.50 0.034

Hold time*Temp X2X3 22.02 0.002 23.65 0.001

0 1 2 3 4 5 6 7 8 ° 1 2 : : s ’
Standardized Effect Standardized Effect

Figure 5.3: Pareto charts showing the standardised effects of variables and interactions on (A)

CIP and (B) OTC adsorption capacity.
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The impacts of the hold time and temperature are shown in the 3D contour plots (Figure 5.4A
and B). Interestingly, inverse trends are observed when considering the adsorption capacity of
CIP and OTC. At low temperatures, lower hold times favour higher adsorption capacity toward
CIP, whilst at higher temperatures, longer hold times are favoured. Whereas, to increase OTC
adsorption capacities longer hold times are favoured at lower temperatures. Meanwhile the
impact of hold time at higher temperatures is significantly more pronounced with lower hold
times being favoured. This phenomenon could be attributed to the types of functional groups
introduced at various temperatures and their subsequent interactions with CIP and OTC, as

discussed in Section 5.2.1.3.

The effect of HNO3 concentration and hold time on OTC adsorption capacity is depicted in
Figure 5.4C. A non-linear trend is evident, where intermediate values of HNOs concentration
and hold time result in the lowest adsorption capacity. In contrast, higher adsorption of OTC is
observed at both low and high HNOs concentrations when combined with extended hold times.
This curvature suggests a complex interaction between acid strength and exposure duration,
potentially influencing the surface chemistry of the adsorbent and the types or density of

oxygen-containing functional groups.

At low temperatures and hold times, the degree of oxidation would be significantly lower than
when factors are set to their maximum values. The trends for the adsorption capacity of CIP
suggest the adsorption process can be driven by both physisorption and chemisorption, since
the adsorption capacity remains high at both the lowest and harshest conditions. Whereas the
trends observed for OTC suggest the adsorption process is largely driven by chemisorption since
a higher degree of oxidation is favoured. The decline in OTC adsorption capacity at the harshest
conditions can be attributed to over-oxidation which results in pore blocking and subsequently
reduced surface areas. Since OTC is a larger molecule than CIP it is more susceptible to pore

size exclusion due to reduced pore sizes.
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Figure 5.4: 3D response surface plots showing the combined effects of process parameters on
adsorption capacity: (A) hold time and temperature on CIP; (B) hold time and temperature on

OTC; and (C) HNOs concentration and hold time on OTC..

Equation 5.2 represents the refined model for CIP adsorption. HNOs; concentration has a
negative linear and quadratic effect, while hold time shows a positive quadratic effect.

Temperature has a mild positive impact, whilst the only significant interaction, between hold

time and temperature, positively influences adsorption.

In contrast, Equation 5.3 shows that OTC adsorption is mainly influenced by a strong negative
linear effect of HNOs concentration. Other terms, including interactions, have minimal effects,
indicating that acid strength is the dominant factor in OTC uptake. Although model robustness
improved following refinement, both models still exhibit limited predictive strength (R?pred <

0.90), indicating the need for further studies to enhance understanding of the system.
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Y1 = 6367 — 1.179(x;) — (x3) + 1.179(x3) — 1.391(x;)?

Equation 5.2
+ 1.473 (x3)? + 1.301(x3)? + 2.940 (x,X3)

y, = 3.668 — 1.401(x;) + 0.205(x;) + 0.240(x3) + 0.071(x;)?

Equation 5.3
+ 0.045(x1x3) — 0.012(x,x3)

5.2.1.3. Optimum Point Validation and Comparison with Activated Carbon Fibres

The model was validated using a combination of optimisation and experimental confirmation
strategies. Initially, an equally weighted dual-response optimisation was conducted to
maximise the adsorption capacities for both antibiotics, resulting in the optimised sample
referred to as mrCF-Opt. To further verify the accuracy of the predictive model, individual
optimisations were also carried out for CIP and OTC, yielding the samples C-mrCF-Opt and
O-mrCF-Opt, respectively. The optimised synthesis conditions and corresponding adsorption

capacities are presented in Table 5.7.

Among all tested configurations, the dual-response optimisation yielded the highest adsorption
capacities for both antibiotics. Statistical analysis confirmed that the performance of mrCF-Opt
was significantly superior to that of the individually optimised counterparts, C-mrCF-Opt
(t=2.76, p=0.01) and O-mrCF-Opt (t = 4.01, p = 0.002). Based on these results, mrCF-Opt was

selected for all subsequent analyses.

From a practical perspective, the synthesis of a single adsorbent with high performance across
multiple contaminants is advantageous for large-scale or industrial applications. Therefore, the
use of mrCF-Opt not only reflects the optimal balance of adsorption efficiency for CIP and OTC
but also aligns with the overarching aim of developing a versatile and scalable adsorbent.
Accordingly, mrCF-Opt was employed in all further characterisation and application-based

studies presented throughout this thesis.

Following surface modification, the adsorption capacity for OTC increased by 20.75%, a
difference that was found to be statistically significant when compared to K-ArCF-Opt (t =-2.83,
p = 0.01), thereby confirming the beneficial effect of modification on OTC uptake. In contrast,
a 6.79% decrease in adsorption capacity was observed for CIP; however, statistical analysis
revealed that this difference was not significant (t = 0.80, p = 0.48). These findings suggest that,
under the current experimental conditions, surface modification had no appreciable impact on

the adsorption capacity of CIP.
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Nonetheless, the absence of statistical significance does not negate the potential value of
surface modification, particularly given the complex and dynamic nature of aqueous-phase
adsorption systems. Therefore, to more accurately assess the effect of HNO; treatment on CIP
removal, further optimisation of the adsorption process is required, as discussed in detail in

Chapter 6.

Table 5.7: Dual and independent response optimisation for the modification of K-ArCF-Opt,

and the subsequent adsorption capacities toward CIP and OTC.

Sample Optimum conditions ge (CIP, mg/g) ge (OTC, mg/g)

[HNOs] Hold time Temp (°C)

(M) (h)
mrCF-Opt 10 16 28 9.633+1.101 7.716 £ 1.180
mvCF-Opt 10 16 28 8.108 + 1.447 6.597 + 0.862
C-mrCF-Opt 3.73 16 20 7.632 +1.491 -
O-mrCF- 1 16 60 - 6.184 + 0.531
Opt
mrCF-Opt 5.5 10 20 7.605 + 1.296 6.782 + 1.058
(Taguchi)
mvCF-Opt 5.5 10 20 8.995 +1.242 6.836 + 0.681
(Taguchi)
K-ArCF-Opt - - - 10.013+£1.634 6.390 £ 0.792
K-AvCF-Opt - - - 9.267 £ 1.609 5.910+0.439

To better understand the efficiency of mrCF-Opt, its adsorption capacity was compared with
values reported in the literature (Table 5.8). While some materials, such as m-ACs and m-CNTs,
report higher gmax values, often exceeding 300 mg/g [176,180], these were typically obtained
using much higher initial concentrations (up to 500 mg/L) and more intensive thermal or multi-
step treatments. In contrast, mrCF-Opt was prepared using a single-step nitric acid modification

process (10 M HNQOs, 28 °C, 16 h), achieving competitive uptake capacities for both CIP
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(9.63 mg/g) and OTC (7.72 mg/g), using an initial concentration of 2 mg/L. Although the method
involves a strong acid, it avoids high-temperature treatment or multi-reagent systems, offering
a more streamlined and potentially scalable route to produce efficient adsorbents for water
treatment. However, for a true comparison with literature values, gmax must be determined

through isotherm modelling, which is addressed in the following chapter.

Table 5.8: Comparison of modification methods and subsequent antibiotic adsorption

capacities of optimised rCF samples and various CAs reported in the literature.

Je- Optimum

Sample Modification Method Pollutant ° Ref
(mg/L) (mg/g) pH

mrCF- This
10 M HNOs, 16 h, 28 °C Cip 2 9.633 -

Opt work

mvCF- This
10 M HNOs, 16 h, 28 °C CIp 2 8.108 -

Opt work

ArCF- This
10 M HNOs, 16 h, 28 °C CIP 2 10.013 -

Opt work

AvCF- This
10 M HNOs, 16 h, 28 °C Cip 2 9.267 -

Opt work

mrCF- This
10 M HNOs, 16 h, 28 °C oTC 2 7.716 -

Opt work

mvCF- This
10 M HNOs, 16 h, 28 °C oTC 2 6.597 -

Opt work

ArCF- This
10 M HNOs, 16 h, 28 °C oTC 2 6.390 -

Opt work

AvCF- This
10 M HNOs3, 16 h, 28 °C oTC 2 5.910 -

Opt work

0.8 K2CO3, MW 540 W,
AC 8/g KaCOs , cIp 101.7 8.5 [178]
8 min

m-AC N2 100 ml/min, 900 °C, 1h Cip 20 300 7 [176]

m-AC 5 M HNOs, 3 h, 130 °C CIp 20 200 7 [176]

CNTs N2 100 ml/min, 350 °C, 1h Cip 20 150 7 [176]

m-CNT 7 M HNO3s, 3 h,130 °C CIP 20 150 7 [176]
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Je- Optimum

Sample Modification Method Pollutant ° Ref
(mg/L) (mg/g) pH

m-AC 0.3 M H3POg4, 3 h, 250 °C CIp 50 49.75 8 [172]

AC NaOH (3:1),4 h, 130 °C TC 500 369.4 3 [180]

m-AC 30% H20,, 24 h, 25 °C TC 500 42.45 9 [181]

ACF MW, 600 °C, 0.25 h OTC 249.00 2 [182]

AC 85% H3P0Og4, 4 h, 150 °C oTC 10 17.99 9 [183]

5.2.2. Material Characterisation

This section will discuss the physicochemical characteristics of mCF-Opt and the antibiotic laden
samples. Additionally, comparisons will be undertaken between the precursor, ACF-Opt, mrCF-

Opt and the antibiotic laden materials.

5.2.2.1. Surface Analysis

5.2.2.1.1. Physical Surface Analysis

The Sget, pore volume and pore size were measured and calculated for both mrCF-Opt and
mvCF-Opt (Table 5.9). To determine the statistical relevance of the observed differences, t-
tests were conducted. A comparison between the activated and modified samples revealed a
statistically significant difference in surface area, (t = 5.63, P = 0.004), confirming the

enhanced porosity of the recycled sample.

Although a slight reduction in Sger and pore volume was observed for mvCF-Opt, compared to
its activated counterpart, this difference was not statistically significant (t = 0.68, P = 0.55).
These marginal changes are likely attributable to pore-blocking effects introduced by newly

formed surface functional groups—a well-documented phenomenon in surface chemistry.

Interestingly mrCF-Opt exhibited a notable increase in both Sgerand Vnmicro relative to K-ArCF-
Opt, which was statistically validated (t = —3.55, P = 0.02). While such enhancement post-
modification is less frequently reported, similar outcomes have been documented in the
literature and are typically attributed to the leaching of impurities and intercalated K* ions
through a combination of synergistic mechanisms [41,140]. For instance, NO3™ ions can react

with K* to form soluble KNOs (Reaction 5.3), while HNO3 can dissolve metal oxides or
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hydroxides (e.g., Al, Ca, Fe) via acid-metal reactions (Reaction 5.2). These resulting salts are
often removed during the post-treatment washing process. Additionally, HNOs is known to
etch the carbon matrix and remove residual tar that clogs pores, further contributing to an

increase in accessible surface area.

K* (g + NO3™ 0y © KNO3 Reaction 5.1

M,05 + 6HNO5 & 2M(NO3)3 + 3H,0 Reaction 5.2

Table 5.9: Textural properties of mrCF-Opt and mvCF-Opt based upon the N, adsorption

isotherms.
Sample SgeT Vmicro Viotai  Pore
3 -
(m?/g) (cm*/e) (cm3zg) Size
(nm)
mrCF-Opt 448.10 £ 16.24 0.19 0.36 3.07
mvCF-Opt 410.69 £ 7.83 0.03 0.31 3.39

K-ArCF-Opt 427.63 +15.12 0.02 0.35 4.08

K-AvCF-Opt 414.88 £ 6.30 0.04 033 4.20

Figure 5.5 shows the Sger physisorption isotherms for mrCF-Opt and mvCF-Opt. Similarly to the
K-ACFs, both mCFs exhibit IUPAC’'s Type IV isotherms which are typical of mesoporous
materials. The monolayer adsorption is indicated by the initial steep increase in the quantity of
N; adsorbed at low relative pressures up to 0.05 — 0.3, since in this range the adsorbent surface
has not reached saturation, so adsorption is mostly governed by surface interactions. Whereas
multilayer adsorption is indicated by the gradual rise in N2 adsorption at higher relative
pressures (0.3 — 0.95), where the monolayer is fully formed, and adsorption occurs due to
intermolecular forces between adsorbed molecules. The sudden steep rise on the adsorption
isotherm at relative pressures > 0.95 is driven by capillary condensation within meso-and

macropores.

mvCF-Opt displays H4 hysteresis, similar to its AvCF-Opt counterpart, which is representative

of mesoporous materials with narrow slit pores (Figure 4.10). Intriguingly, mrCF-Opt now
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displays H1 hysteresis, suggesting changes in the pore structure from narrow slit pores to
cylindrical pore channels. This could be attributed to etching and restructuring of the carbon
surface by nitric acid, resulting in the formation of new pores and the conversion of narrow slit
pores to cylindrical channels.
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Figure 5.5: BET physisorption isotherm of (A) mrCF-Opt and (B) mvCF-Opt.

Figure 5.6A and B depict the BJH data for for the activated and modified samples, respectively.
Both modifed samples display a similar pore size distribution to their activated counterparts
(Figure 4.11) showing that a significant portion of the cumulative pore volume is concentrated

in the smaller mesopore and micropore range, specifically between 1.8 and 5.7 nm.

However, subtle differences are evident, for example mrCF-Opt displays a narrower, more
intense peak centred near 3.1 nm, compared to the broader distribution of K-ArCF-Opt peaking
closer to 4.1 nm. This shift suggests acid modification promoted pore refinement through the
removal of ash or residual inorganics. Similarly, mvCF-Opt exhibits a slightly narrower and more
sharply defined distribution than K-AvCF-Opt, with a lower total pore volume and less

pronounced tailing into the macropore region.

These observations suggest that acid modification primarily alters surface chemistry and
partially refines pore geometry, particularly for rCF-based adsorbents, without fundamentally
disrupting the mesoporous framework. The enhancement in microporosity for mrCF-Opt,
reflected by the sharper peak and higher intensity at lower diameters, also corresponds with

the increase in Vmicro reported in Table 5.9.
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Figure 5.6: BJH Pore size distribution plot of mrCF-Opt and mvCF-Opt.

5.2.2.1.2. Chemical Surface Analysis

30 40 50 75 100

Boehm titrations were applied to determine the total acidity and basicity of the samples using

the method described in Chapter 3. mrCF-Opt samples were found to possess substantially

higher levels of all oxygen-containing surface groups, except phenols, when compared to mvCF-

Opt, this is particularly apparent for lactone and basic groups (Table 5.10).

Table 5.10: Chemical surface analysis of mrCF-Opt and mvCF-Opt based on Boehm titrations.

Sample Quantity of surface groups mmol/g pHpzc
Carboxyl Phenol Lactone Basic

mrCF-Opt 2.69 0.24 2.04 2.31 3.25

mvCF-Opt 2.61 0.27 0.14 0.33 3.17

At present there is a lack of understanding around the mechanisms for the oxidation of CA

surfaces using HNOs. However, the reactions of CA surfaces have often been likened to those

of benzene derivatives. Therefore, likely reactions that could occur are the nitration of phenols

(Reaction 5.3 and 5.4), the esterification of benzoic acid (Reaction 5.5), the hydrolysis of

quinones (Reaction 5.6), oxidation of polyaromatic hydrocarbons (Reaction 5.7) or the

oxidation of aniline (Reaction 5.8), all of which result in significant oxidation of the carbon
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surface. The surface modification reactions depicted in Reactions 5.3-5.8 involve the use of
concentrated and dilute nitric acid and acidic alcohols, all of which present significant hazards
including strong oxidising potential, corrosivity, and the risk of exothermic reactions,

necessitating careful control of reaction conditions and appropriate safety measures.
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The pHpzc mrCF-Opt was also determined potentiometrically. Post-modification, the pHpzc was

found to be 3.25, this is slightly below the value of 3.95 observed for K-ArCF-Opt, which can be
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attributed to the enhanced acidity of the modified sample due to the significant increase in

lactone groups.
5.2.2.2. SEM-EDS

SEM images of the mCF samples are presented in Figure 5.7. Similarly to the ACFs in Chapter 4
(Figure 4.13), at low magnification the mCFs display a smooth fibrous form with some surface
defects and striations (Figure 5.7A and B). However, when increasing the magnification to
150,000x, some post-modification morphological differences can be observed (Figure 5.7C and
D). mrCF presents a heterogenous surface consisting of cylindrical meso- and macropores which
supports the H1 hysteresis displayed in Figure 5.5A. Contrastingly, mvCF-opt exhibits a flaky

surface with narrow pore structures, consistent with the H4 hysteresis presented in Figure 5.5B.

Figure 5.7: SEM imaging of mrCF-Opt (A), mvCF-Opt (C) at 20,000x magnification and mCF-Opt
(B), mvCF-Opt (D) at 150,000x magnification.

The EDS results are shown in Figure 5.8. Due to equipment failures a different electron

microscope was used for EDS analysis. Therefore, new spectra were acquired for K-ArCF-Opt
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for comparative purposes. Post-modification, a decline in carbon, potassium, chlorine, and
other species was observed, whilst an increase in oxygen and nitrogen content was observed,
although these effects are more pronounced for mrCF when compared to mvCF. The decrease
in metal ions and chlorine confirms the suggestion that impurities were leached from the CA
structure during chemical modification, resulting in the increased surface areas. Furthermore,
the increased oxygen and nitrogen content suggest successful oxidation and/or nitration of the

surface.
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5.2.2.3. Elemental Analysis

The elemental analysis of mrCF-Opt and mvCF-Opt is shown in Table 5.11. Interestingly both
samples show an increase in carbon content and a corresponding decrease in oxygen content
relative to their activated counterparts. This apparent trend can be attributed to changes in
mass proportion rather than an absolute loss of oxygen functionalities. During modification,
some oxygen-containing moieties may decompose or be replaced by more stable carbon-rich
structures, which could increase the relative percentage of carbon. However, this does not
necessarily indicate a reduction in surface oxygen functionality. It is important to note that
elemental analysis is a bulk technique, whereas methods such as Boehm titration and EDS
specifically probe surface chemistry. The higher surface acidity observed by those methods
confirms the successful introduction of oxygen-containing functional groups, despite the

relative decrease in oxygen observed in the bulk composition.

Table 5.11: Elemental analysis of precursor and activated carbon fibres.

Sample C (%) H (%) N (%) 0 (%)
mrCF-Opt 81.56 0.97 2.47 15.00
mvCF-Opt 81.39 0.28 2.92 15.41
K-ArCF-Opt 78.19 0.53 2.34 18.94

K-AvCF-Opt 78.20 0.53 1.88 19.39

5.2.2.4. Proximate Analysis

The amount of fixed carbon, volatile organic compounds (VOCs), water and ash were quantified
using proximate analysis (Table 5.12). After modification, an increase in carbon and water
content was observed for both samples, although this was more pronounced for mvCF-Opt,
whilst a decrease in VOC and ash content was observed. The increased carbon content may be
inflated (in percentage terms) due to the considerable reduction in ash and VOC content post-
modification. The reduction in ash content can be attributed to the leaching of ash-based

impurities during the modification process, whilst VOCs are removed from the structure via
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oxidation processes. Finally, the increased water content was likely due to the enhanced
adsorption of atmospheric moisture due to the increased hydrophilicity of the material, as

confirmed by the Bohem titrations.

Table 5.12: Proximate analysis of mrCF-Opt and mvCF-Opt.

Sample C (%) VOC (%) Water(%) Ash (%)
mrCF-Opt 81.62 10.67 4.17 3.54
mvCF-Opt 78.57 10.49 7.03 3.88
K-ArCF-Opt 75.30 15.27 1.88 7.55
K-AvCF-Opt 73.66 13.67 4.70 7.97

5.2.2.5. Fourier-Transform Infrared Spectroscopy (FTIR)

Both mCFs showed similar peaks which are representative of HNOs modified CFs (Figure 5.9).
The spectra show some similarities to the precursor materials and ACF samples discussed in
Chapter 4 (Figure 4.15 Figure 4.16), such as the peaks present at 2919 and 2841 cm™ which can
be attributed to the aliphatic stretching vibrations of C-H bonds (CH, CH, and CHs) [268].
Furthermore, the characteristic C=C stretching vibrations of benzene and the broad O-H

stretching peaks remain present at 1532 cm™ and 3200 — 3600 cm™ respectively [268,269].

However, some new peaks have also been introduced, such as the peaks at 1113 and 1207
cm™ which are representative of the C-O stretching vibrations carboxylic acids and phenols
[279]. The peak at 1384 cm™ can be attributed to NO2 symmetric stretching vibrations
indicating the introduction of nitro groups during HNO3; modification. Finally, the peak at 3117
cm can be attributed to the C-H stretching vibrations, characteristic of aromatic structures

[279].
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Figure 5.9: Infrared spectra of mrCF-Opt (top) and mvCF-Opt (bottom).
5.2.2.6. Raman Spectroscopy

Raman spectroscopy is a powerful tool for characterising CAs due to its ability to distinguish
between ordered and disordered carbon structures, as discussed in Chapter 4. Similarly to the
precursor and activated samples, the mrCF-Opt sample exhibits characteristic D and G bands at
approximately 1370 cm™ and 1560 cm™, respectively (Figure 5.10) [272]. Notably, the G band
in mrCF-Opt is slightly shifted to a lower wavenumber, with an increased D/G intensity ratio
indicating a higher degree of structural disorder, consistent with the increase in oxygen-
containing functional groups such as carbonyl and carboxyl groups. This supports previous
reports showing a positive correlation between D band intensity and surface functionalisation

up to approximately six groups per 1000 carbon atoms [275,276,280,281].

In contrast to the precursor and K-ArCF-Opt samples, mrCF-Opt also displays a distinct D’ band
with a prominent shoulder, typically associated with amorphous or highly disordered carbon
structures. This feature further supports the conclusion of extensive surface oxidation, which

disrupts the graphitic lattice. Broad peaks observed between 700 and 1100 cm™ are attributed
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to vibrational modes of oxygen-containing functionalities such as C-0, C=0, and C-O-C.
Additionally, peaks around 815 and 905 cm™ correspond to the ring breathing of piperidine and
the C—N-C stretch of secondary amines, respectively. The sharp band near 2350 cm™ remains

visible, attributed to N=C=0 pseudo-antisymmetric stretching.

Although these features confirm extensive functionalisation, the overall Raman signal intensity
for mrCF-Opt appears lower than that of the precursor and activated samples. This may result
from increased surface disorder, reduced m-conjugation, or non-resonant scattering effects

caused by extensive oxidation, all of which diminish Raman signal enhancement

[275,276,280,281].
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Figure 5.10: Raman spectra of rCF (top), K-ArCF-Opt (middle) and mrCF-Opt (bottom).
5.3. Conclusion

This chapter investigated the HNOs surface modification of ACFs by employing screening and
optimisation processes. The Taguchi screening design yielded low R? factors (<90%) and lack of
significant factors for the adsorption of CIP suggesting that non-linear relationships may exist
between factors, suggesting a more complex design such as RSM design may be more

appropriate to model the system effectively.
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Based on the outcomes of the Taguchi screening design, BBD-RSM was subsequently applied
to further investigate and optimise the surface modification process, evaluating the influence
of various factors on CIP and OTC adsorption capacities. The optimal conditions identified were
a HNOs concentration of 10 M, a hold time of 16 hours, and a temperature of 28 °C. However,
due to relatively low model strength, with R? values below 90%, additional studies are

recommended to achieve more robust optimisation of the modification process.

Under optimum conditions, a 21% increase in adsorption capacity was observed for OTC
achieving a maximum adsorption capacity of 7.71 mg/L. This increase was statistically
significant compared to the unmodified K-ArCF-Opt (t =-2.83, p =0.01), confirming the positive
effect of surface modification on OTC uptake. However, a 7% decrease in adsorption capacity
toward CIP was observed achieving an equilibrium adsorption capacity of 9.63 mg/g. However,
this difference was not statistically significant (t = 0.80, p = 0.48), indicating that modification
had no appreciable effect on CIP adsorption under the tested conditions. Despite this, agueous
phase adsorption systems are complex, and therefore, to determine whether adsorbent
modification is beneficial for the adsorption of CIP, the adsorption system must be studied and

optimised, as discussed in the following chapter.

Additionally, statistical comparison of optimised samples demonstrated that dual-response
optimisation vyielded the highest overall performance, with mrCF-Opt significantly
outperforming individually optimised samples C-mrCF-Opt (t = 2.76, p = 0.01) and O-mrCF-Opt
(t = 4.01, p = 0.002). Accordingly, mrCF-Opt was selected for all subsequent material

characterisation and application-based studies in this thesis.

After modification both mCF-Opt exhibited an increase in oxygen and nitrogen functionalities,
suggesting successful oxidation of the CA surface. Notably an increase in surface area was
observed for mrCF-Opt, post-modification, which was attributed to the leaching of impurities

and tar during the modification process.

Further research is required to assess the commercial viability of rCF-based adsorbents for
aqueous-phase applications. Moving forward studies should focus optimisation adsorption
processes to further enhance the adsorption capacity of mrCF-Opt toward the target antibiotics

CIP and OTC as discussed in Chapters 6.

200



6. Single-Component Adsorption of Antibiotics onto Carbonaceous Adsorbents

6.1. Introduction

Agueous phase adsorption systems are complex, involving a range of physical and chemical
interactions such as Van der Waals forces or hydrogen bonding, hydrophobic effects, m-nt
interactions, electrostatic interactions and more [88,277,282,283]. In the previous chapter, it
was noted that oxygen-containing functionalities play a key role in the adsorption of CIP and
OTC; however, this is highly dependent on the environmental conditions (i.e. temperature, pH
and concentration) which have a great influence on the speciation (i.e. overall charge) of the

antibiotics and adsorbent surface, subsequently impacting the adsorption mechanisms.

At present the mechanisms governing antibiotic adsorption are not well understood and many
past studies have employed an OFAT approach to investigate the impacts of pH, temperature,
adsorbent dose and initial concentration [173,176,179,284]. This approach has led to a
significant lack of understanding around the adsorption system, particularly regarding the

interaction effects between the factors.

The focus of this chapter was to optimise the adsorption process of mrCF-Opt with the aim to
enhance their adsorption capacity toward target antibiotics, CIP and OTC, whilst gaining
valuable insights into the adsorption mechanisms. This was achieved by employing BBD-RSM
to investigate the effects of several factors, namely, adsorbent dose, pH and initial antibiotic
concentration on the responses: CIP and OTC removal percentage (or adsorption capacity). The
optimum conditions were then applied to investigate the adsorption isotherms and kinetics to

determine the maximum adsorption capacity and better understand the adsorption behaviour.

6.2. Results and Discussion

6.2.1. Optimisation of Antibiotic Adsorption Process

In this work, a three-factor BBD was applied to investigate and optimise the adsorption of CIP
and OTC by investigating the effects of adsorbent dose, pH and antibiotic concentration. The
set of experimental conditions assayed are presented in Table 4.3. Similarly to Chapters 4 and
5, the experimental campaign was randomised to minimise the influence of systematic errors.
Data from experiments 1 to 12 were used to calculate the regression coefficients, while

experiments 13 to 15, were replicates at the central point, which were utilised to evaluate
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experimental repeatability [263]. This approach allows for efficient evaluation of multiple
variables while ensuring the reliability of the results. All experiments were conducted in
triplicate, with mean values used for optimisation. The minimal time investment required for
repeated measurements allowed for improved statistical reliability through increased data

points.

Analysis of the data presented in Table 6.1 reveals distinct optimal conditions for different
performance metrics. For CIP, maximum removal efficiency was achieved in Run 11, while Run
2 yielded the highest removal for OTC. Peak adsorption capacities were observed in Run 1 for
CIP and Run 3 for OTC. However, the response surface analysis (Figure 6.2 and Figure 6.3)
suggests that true optimal conditions may lie outside the investigated design space, as no clear

maxima were identified.

The divergence in optimal conditions can be explained by the underlying adsorption
mechanisms. Runs 11 and 2, characterised by high adsorbent dosages and initial
concentrations, favoured enhanced removal efficiency. Conversely, the lower adsorbent
dosages in Runs 1 and 3 promoted higher adsorbent saturation, resulting in superior adsorption

capacities. These relationships are explored in detail in subsequent sections.

Table 6.1. BBD matrix with real and coded values of three factors studied, and responses yield

and ge of each run performed.

Removal (%) ge (mg/L)

RUN Adsobent dose oH Antibiotic
(/L) (me/L) cP  OTC CP OTC
X1 Code X2 Code X3 code Y1 y2 y3 ya

1 0.1 -1 2 0 1.25 -1 70.43 59.17 19.83 9.12
2 0.9 +1 2 0 1.25 -1 97.97 99.99 242 1.49
3 0.5 -1 8 0 1.25 +1 55.83 44.74 20.38 10.33
4 0.5 +1 8 0 1.25 +1  48.02 8158 2.24 0.89
5 0.5 -1 5 -1 0.50 0 33.45 78.57 21.04 7.40
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Removal (%) ge (mg/L)

RUN Adsobent dose oH Antibiotic

(/) (me/L) P OTC CP  OTC
X1 Code X2 Code X3 code Y1 Y2 Y3 Ya

6 0.5 +1 5 -1 0.50 0 36.29 83.33 2.34 0.28
7 0.5 -1 5 +1 2.00 0 61.02 28.57 18.96 9.40
8 0.5 +1 5 +1 2.00 0 77.24 9286 2.19 0.39
9 0.5 0 2 -1 0.50 -1 83.15 100 4.42 1.12
10 0.1 0 8 -1 0.50 +1 4549 84.21 410 0.56
11 0.9 0 2 +1 2.00 -1 98.73 91.19 4.13 2.67
12 0.5 0 8 +1 2.00 +1 93.48 76.32 4.05 4.14
13 0.5 0 5 0 1.25 0 72.24 69.05 3.89 0.40
14 0.5 0 5 0 1.25 0 54.02 5238 393 1.78
15 0.5 0 5 0 1.25 0 61.31 2143 373 274

6.2.1.1. Optimisation When Considering Removal Percentage as the Response

Variables

The RSM model was statistically analysed using ANOVA to determine the statistically significant
factors and/or interaction effects and their subsequent effect on the responses removal
percentage of CIP (y;) and OTC (y2). Initial analysis revealed R? values of 96.36% and 88.18% for
CIP and OTC adsorption capacity, respectively (Appendix C). Following model refinement
through the removal of insignificant terms, the R? value for CIP adsorption remained constant
at 96.36%, while a slight decrease was observed for OTC adsorption (86.71%, Table 6.2). The
high R? value for CIP adsorption exceeds the threshold for statistical significance, indicating

strong model fit to the experimental data.
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Importantly, model refinement led to substantial improvements in both the adjusted and
predicted R? values. The R%q4jvalues increased from 89.80% to 91.41% for CIP adsorption and
from 66.91% to 76.75% for OTC adsorption. Similarly, the R?%yeq values showed marked
improvement, increasing from 78.35% to 84.86% for CIP and from 65.62% to 72.03% for OTC.
These improvements suggest reduced model overfitting and enhanced predictive capability for

both systems.

Although model refinement improved the overall statistical parameters, the R? values for OTC
removal remained below the threshold for statistical significance, with R%,¢j and R?%yreq Values
under 80%. This relatively weaker model fit can be attributed to the inherent complexity of OTC
adsorption, as OTC is a larger molecule than CIP with multiple functional groups and exists in
various ionised forms (Figure 6.1). However, it should be noted that other RSM optimisation
studies have reported similar R? values and deemed them acceptable [278]. To further enhance
model robustness and develop more comprehensive insights into the system behaviour,

additional optimisation iterations exploring an expanded design space would be beneficial.

Table 6.2: Refined regression coefficient, and adjusted and predicted regression coefficients

for the responses CIP and OTC removal percentage.

R? Rzadj Rzpred
Removal (%), CIP (mg/g) 96.36 91.41 84.86
Removal (%), OTC (mg/g) 86.71 76.75 72.03

Both the linear and quadratic models were found to be statistically significant for the removal
% of both antibiotics, achieving p-values below 0.01 (Table 6.3). For CIP removal, multiple
factors showed statistical significance including the independent effects of pH (p = 0.001) and
initial concentration (p < 0.001), quadratic effects of pH (p = 0.002) and adsorbent dose (p =
0.012), as well as interaction effects between adsorbent dose and pH (p = 0.030) and between
pH and initial concentration (p = 0.040). While the OTC removal process revealed fewer
significant parameters, specifically the independent effects of adsorbent dose (p = 0.003) and
pH (p = 0.042), along with their respective quadratic effects (pH: p = 0.009; adsorbent dose: p
=0.018).
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Table 6.3: ANOVA results for the refined model of the adsorption campaign when considering

removal percentage as the responses.

Code Removal %, CIP (y1) Removal %, OTC (y2)
Source
F-Value P-Value F-Value P-Value
Model - 19.61 0.001 8.70 0.004
Linear - 32.82 0.000 9.25 0.006
Adsorbent dose X1 4.86 0.070 18.09 0.003
pH X2 37.29 0.001 5.87 0.042
Initial Conc. X3 56.32 0.000 3.80 0.087
Square - 21.22 0.002 9.66 0.007
Adsorbent dose*
x12 12.47 0.012 - -
Adsorbent dose
pH*pH X2 27.12 0.002 11.91 0.009
Initial Conc.*
x32 - - 8.77 0.018
Initial Conc.
2-Way Interaction - 5.33 0.040 5.14 0.053
Adsorbent dose*pH X1X2 8.07 0.030 - -
Adsorbent dose*Initial
X1X3 1.16 0.324 5.14 0.053
Conc.
pH*Initial Conc. X2X3 6.78 0.040 - -
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Figure 6.1: Chemical structure of CIP (A) and OTC (B), and speciation diagrams for CIP (C) and
OTC (D).

The impacts of the factors are evident from the 3D contour plots in Figure 6.2. Generally, it can
be observed that increasing adsorbent dose and initial concentration results in improved
removal percentage of both antibiotics, although this effect is significantly more pronounced
for CIP. The improved removal of antibiotics at high dosage and concentrations can be
attributed to the higher availability of surface area and active sites combined with the enhanced

diffusion and mass transfer of pollutants into the porous network at higher concentrations.

Whereas the impacts of pH can be explained by the speciation of CIP and OTC (Figure 6.1). At
pH 2 and 5, CIP predominantly exists in its cationic form, whereas at pH 8 the primary species
is the zwitterionic form, where the lowest removal percentages are observed, which may
suggest that the adsorption process is driven by electrostatic interactions. A similar trend was
observed for OTC where the lowest removal percentages were observed at pH where the
predominant OTC species is zwitterionic. This pH-dependent behaviour aligns with previous
studies where it has been demonstrated that electrostatic interactions between the adsorbent

surface and antibiotic species play a crucial role in the adsorption mechanism [173,174,176].
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Figure 6.2: 3D response surface plots for combined effects of adsorbent dose and pH (A, D),
adsorbent dose and initial concentration, (B, E) and pH and initial concentration (C, F), on the

responses CIP (A —C) and OTC (D — F) removal percentage.

Both equations indicate significant linear, quadratic and interaction effects, demonstrated by
the large coefficients. The removal of insignificant terms has clarified the dominant factors
influencing each response, enhancing the interpretability and reliability of the models. In the
case of yi, strong linear effects from x1 and x,, as well as a substantial quadratic effect from
(x1)?, remain evident. Similarly, for y», significant contributions arise from linear effects of x;

and x3, along with pronounced quadratic effects from (xz)? and (x3).

Of particular interest are the retained interaction terms, specifically xix3, which exhibits

contrasting influences across the two models, exerting a positive effect on y,, while
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contributing negatively to yi. This divergence suggests a potential conflict between the
optimisation of the two responses, where improving one outcome may adversely affect the
other. As such, these findings underscore the necessity for a multi-objective optimisation

strategy that accounts for trade-offs between competing responses.

y: = 91.8 + 106.30(x;) — 23.98(x,) — 1.56(x3) — 71.30(x;)? Equation 6.1
+ 1-87 (Xz)z - 7.36(X1X2) + 11.10(X1X3) + 3.60 (X2X3)

y, = 210.8 — 12.70(x;) — 29.87(x,) — 126.05(x3) + 2.61 (x,)? Equation 6.2
+ 35.9(x3)? + 49.6(x,X3)

6.2.1.2. Optimisation When Considering ge as the Response Variable

Alike above, ANOVA was employed to statistically analyse the model, this time considering
adsorption capacity of both antibiotics as the responses. Significant improvements in R? values
were observed for both antibiotics although the improvement was more pronounced for OTC
(Table 6.4). Both models exhibited high R? values, above 95%, and this level of significance was
maintained for the adjusted and predicted R? values when considering the adsorption capacity
of CIP, indicating a highly robust model at predicting responses for new observations. Although
marginal decreases were observed in the adjusted and predicted R? values for OTC adsorption
capacity, their retention above 90% reinforced the model's statistical robustness and predictive

reliability.

Table 6.4: Refined regression coefficient and adjusted and predicted regression coefficients

for the responses CIP and OTC adsorption capacity.

R? Rzadj Rzpred

e, CIP (mg/g)  99.89 99.83  99.61

e, OTC (mg/g)  96.22 9412  90.18

Table 6.5 presents the ANOVA analysis when considering ge as the response. Interestingly, the
set of statistically significant factors differed from those identified when removal percentage

was used, with fewer variables found to have a significant impact. The model, and linear and
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guadratic effects found to be statistically significant for the adsorption capacity of both
antibiotics. Adsorbent dose was found to be particularly impactful with the independent and
guadratic effects being statistically significant for CIP and OTC. Finally, the interaction effects
between and adsorbent dose and initial concentration were statistically significant for the
adsorption capacity towards CIP, whilst the interactions between pH and initial concentration

were statistically significant for OTC adsorption capacity.

The response surface plots (Figure 6.3) illustrate the effects of the three factors on the
responses. The dramatic impact of adsorbent dose can be observed in Figure 6.3A, B, D and E,
where a significant improvement is observed when adsorbent dose is set to the minimum value.
At low adsorbent dose, there is limited accessible surface area and availability of active sites,
combined with increased competition for adsorption sites, resulting in increased adsorbent
saturation and subsequently enhanced adsorption capacity. Consequently, the system achieves

greater efficiency in adsorption at reduced adsorbent doses.

The impact of pH is less pronounced when considering adsorption capacity as the response.
However, similarly to the previous section the lowest adsorption capacities are observed when
the antibiotics exist predominantly in their zwitterionic form, further supporting the idea that

the adsorption process is driven by chemisorption and electrostatic interactions.

Table 6.5: ANOVA results for the refined model of the adsorption campaign when considering

ge as the responses.

Qe, CIP (y3) Qe, OTC (ya)
Source Code
F-Value P-Value F-Value P-Value

Model - 844.72 0.000 25.40 0.001
Linear - 1944.33 0.000 60.01 0.000
Adsorbent dose X1 5825.31 0.000 171.51 0.000
pH X2 0.00 0.973 0.36 0.576
Initial Concentration X3 7.68 0.039 8.16 0.036
Square - 586.48 0.000 15.06 0.006
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Je, CIP (y3) Qe, OTC (ya)

Source Code
F-Value P-Value F-Value P-Value
Adsorbent dose*
x12 1749.63 0.000 42.23 0.001
Adsorbent dose
pH*pH X22 1.42 0.287 2.82 0.154
Initial Conc.*
X3? 0.49 0.513 0.42 0.544
Initial Conc.
2-Way Interaction - 3.34 0.114 1.13 0.420
Adsorbent dose*
X1X2 1.26 0.313 1.02 0.358
pH
Adsorbent dose*
X1X3 8.61 0.032 1.10 0.342
Initial Conc.
pH*Initial Conc. X2X3 0.14 0.719 16.44 0.010

210



q,,CIP (mg/L)

050 T —F ,
Adsorbent dose 0.75
(g/L)

J
f
J

=y
~
o0
£,
e
°..
o . < 3
: 6
0.00 .
0.25 H
0.50 <, B
Adsorbentdose 075
(g/L)

[m]

0 | 10
S 3
&
£ s
o 10 [3)
] c
¥ 20 &, 20
0 L ) 15
- R 40 s 0.00 iti
o == Initial conc 025 10 Initial conc
050 s g5 (mg/L) 00 o 05 (mg/L)
Adsorbent dose ’ Adsorbent dose
(/) (7 I
| G a—
44
o 3
?D _—
2. B ‘
£ W 2
o £
%Jl} L o o ‘ >R o
o 5 /T
" ol 3 & 15
18 . T l ’
+ Initial conc 2 /7 10 Initialconc
. (mg/L) 4 P =Y < (mg/L)
' pH o PH & )

Figure 6.3: 3D response surface plots for combined effects of adsorbent dose and pH (A, D),
adsorbent dose and initial concentration, (B, E) and pH and initial concentration (C, F), on the

responses CIP (A — C) and OTC (D — F) adsorption capacity.

The refined regression models for CIP (y3) and OTC (y4) adsorption capacity, provide further
insights into the influence of the process variables. As with the earlier models, statistically
insignificant terms have been removed, leaving only those predictors with meaningful effects

on the responses. This refinement enhances model clarity and supports a more targeted

approach to process understanding and optimisation.
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Equation 6.3 andEquation 6.4 highlight the dominant influence of x;, and its quadratic term
(x1)? on both responses. In both models, x; exhibits a strong negative linear effect, accompanied
by a large positive quadratic coefficient, indicating a clear curvature within the design space, as
shown in Figure 6.3. This trend is consistent across both responses, reinforcing the importance

of carefully controlling this factor during process optimisation.

For y3, the response is predominantly influenced by the linear and quadratic effects of xi, as
well as its interaction with x3 (Equation 6.3). The strong negative linear coefficient for x; and
the substantial positive coefficient for (x1)? indicate that there is an optimal region for x; where

the response is maximised.

Additional effects in the model for y3 include a significant interaction between x1 and xs, further
emphasising the need to consider variable interactions. For ys, modest contributions from x,
x3, and a mild quadratic effect from (xz)? are also observed, though their impact is less
pronounced. The presence of significant interaction and curvature terms in both models further
suggests that a simple linear optimisation would be insufficient; rather, a more nuanced,

response surface optimisation approach is warranted.

y; = 27.84 — 68.83(x;) — 0.0014(x,) — 1.235(x3) + 44.62(x,)? Equation 6.3
+ 1.609(x1x3)

y, = 11.83 — 29.46(x;) — 0.833(x;) + 1.206(x3) + 19.09(x,)? Equation 6.4
+ 0.0896(x,)?

6.2.1.3. Optimum Point Validation and Comparison with Activated Carbon Fibres

Both models were validated using an equally weighted dual-response optimisation, to optimise
the removal percentage, denoted %-mCF-Opt or adsorption capacity (ge-mCF-Opt) of both
antibiotics. Similarly to the previous chapter, the model was then validated for the individual
responses, CIP and OTC removal percentage or adsorption capacity, which were denoted as
%-mrCF-AB-Opt and ge-mrCF-AB-Opt, respectively, where AB is CIP or OTC. The optimum
conditions and corresponding removal percentages and antibiotic adsorption capacities are

presented in Table 6.6.
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Table 6.6: Dual and independent response optimisation for the adsorption of CIP and OTC on

K-ArCF-Opt and mrCF-Opt.

Sample Optimum conditions ge (mg/g) Removal (%)
Adsorbent pH Initial conc CIP OTC CIP oTC
dose (g/L) (mg/L)

%-mrCF-Opt 0.8 2 2.0 2361+ 2423 £ 96.47 97.72 £
0.06 0.08 2.04 3.36

%-K-ArCF- 0.8 2 2.0 2.274 2435+ 94.66 + 91.12 +
Opt 0.22 0.20 9.02 7.74

%-mrCF-CIP- 0.8 2 2.0 2.355 ¢ 2.405 + 96.24 + 96.99 +
Opt 0.07 0.11 2.39 4.59

%-mrCF- 0.9 2 2.0 2.073 2.113 ¢ 93.30 ¢ 92.58 £
OTC-Opt 0.09 0.08 4.31 3.36

%-mvCF-Opt 0.8 2 2.0 2.406 2.406 99.86 96.26
0.05 0.12 2.45 5.83

%-K-AvCF- 0.8 2 2.0 2411+ 2.248 + 99.18 + 90.38 +
Opt 0.06 0.21 2.96 8.90

ge-mrCF-Opt 0.1 8 1.3 9.058 + 5.685 79.57 + 42.45 +
0.45 1.88 3.59 16.93

ge-mrCF-CIP- 0.1 8 0.5 16.716 + 19.433 + 8194+ 89.56 +
Opt 1.48 1.17 5.04 7.65

Qe-mrCF- 0.1 8 2.0 15.940 + 16.266 79.72 + 83.26
OTC-Opt 0.44 2.40 4.23 11.20

ge-mvCF-Opt 0.1 8 1.3 11.060 + 5.855 89.26 + 45.84
0.35 2.22 1.92 18.85

The highest removal percentages for both antibiotics onto activated and modified CFs were

observed under the conditions identified for %-mrCF-Opt. Whereas the highest equilibrium

adsorption capacities for CIP and OTC were observed under the conditions identified for qe-

mrCF-CIP-Opt. The high removal percentages achieved for %-mrCF-Opt can be attributed to

several factors, including a higher adsorbent dose and initial concentration. These conditions
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offer a larger surface area, more available active sites for adsorption, and a greater driving force
for the diffusion and mass transfer of antibiotics into the porous network. Additionally, the low
pH enhances interactions between the cationic antibiotics and the adsorbent surface as
discussed in Section 6.2.1.1. Conversely, the high adsorption capacities observed for ge-mrCF-
CIP-Opt are driven by the lower adsorbent dose, which leads to increased competition for active

sites and, consequently, higher saturation of the adsorbent.

Furthermore, the removal percentages observed for %-K-ArCF-Opt and %-mrCF-Opt were
comparable suggesting that the extra modification processing step utilising corrosive chemicals
is not necessary to maintain high removal percentages towards CIP and OTC. However, it is
recommended to proceed with competitive adsorption studies using this material to determine

if it offers any significant advantages over the activated samples, such as enhanced selectivity.

From a practical perspective within a RAS aquaculture system, maximising removal percentage
is more critical than maximising adsorption capacity, as maintaining high water quality is the
priority. Since %-mrCF-Opt achieved the highest removal percentages across both antibiotics,
and considering the industrial appeal of a versatile "one-size-fits-all" approach, the conditions

identified for %-mrCF-Opt were selected for further analysis and characterisation.

To statistically validate the observed trends, the data were further analysed to determine
whether the differences in removal percentage (%) and equilibrium adsorption capacity
between the activated and modified CF samples were significant (Table 6.7). When comparing
the samples optimised for removal percentage (%-mCF-Opt) to the optimum modified sample
(mCF-Opt) developed in the previous chapter, a statistically significant increase in OTC removal
and a significant decrease in CIP removal were observed for both recycled and virgin CFs, with
p-values < 0.0003. Additionally, CIP removal was found to be significantly higher for qe-mrCF-
Opt compared to ge-mvCF-Opt (p = 0.03), indicating that recycled CFs outperformed virgin CFs
in this regard. All other comparisons between activated and modified rCFs and vCFs were not
statistically significant (p > 0.05), suggesting broadly comparable performance across these

samples.
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Table 6.7: Summary of independent t-test results comparing the percentage removal (%R)
and equilibrium adsorption capacity (ge) for CIP and OTC between modified and unmodified
carbon fibre samples. Statistical significance is indicated by "ss" (significant) or "nss" (not

significant) based on a threshold of p < 0.05.

CIP oTC
Comparison Significance

t-stat p-value t-stat p-value

%-mrCF-Opt vs. %-mvCF-Opt -1.85 0.14 0.38 0.73 nss
%-mrCF-Opt vs. %-K-ArCF-Opt 0.34 0.77 1.36 0.27 nss
mrCF-Opt vs. %-mrCF 3.02 0.02 -6.00 0.0001 ss
%-mvCF-Opt vs. %-K-AvCF-Opt 0.31 0.77 0.96 0.41 nss
ge-mrCF-Opt vs. g.-mvCF-Opt -4.12 0.03 -0.23 0.83 ss (CIP), nss (OTC)
mvCF-Opt vs. %-mvCF-Opt -4.13 0.003 -6.65 0.0003 ss

6.2.2. Adsorption Studies: Equilibrium, Kinetic and Thermodynamic Analyses

This section will discuss the equilibrium, kinetic and thermodynamic analyses for the adsorption

of CIP and OTC on %-K-ArCF-Opt and %-mrCF-Opt.
6.2.2.1. Adsorption Isotherms

%-K-ArCF-Opt and %-mrCF-Opt were further analysed to determine the best fitting equilibrium
adsorption isotherm models for the adsorption of CIP and OTC, to gain insights into the
mechanism of adsorption. The data were fitted to the Langmuir, Freundlich, Temkin, Toth and
Redlich-Peterson models; the calculated regression coefficients and equilibrium adsorption
data are presented in Table 6.8, while the adsorption isotherm plots for CIP and OTC are

depicted in Figure 6.4 and Figure 6.5, respectively.

Overall, the Toth isotherm demonstrated the best fit across the data, with the exception of CIP
adsorption onto mrCF-Opt at 20 °C, where the Langmuir isotherm provided a superior fit.

Although this deviation from the general trend was observed, all adsorption experiments were
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conducted in triplicate, and the data exhibited low variability (standard deviation * 2 mg/g),
suggesting the result is reliable. Nevertheless, to further validate this observation, future
studies should incorporate additional concentration data points at 20 °C or investigate

intermediate temperatures (e.g., 15 °C or 25 °C) to assess the continuity of the trend.
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Figure 6.4: K-ArCF-Opt (A) and mrCF-Opt (B) adsorption isotherm and experimental data for
the adsorption of CIP.
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Figure 6.5: K-ArCF-Opt (A) and mrCF-Opt (B) adsorption isotherm and experimental data for
the adsorption of OTC.

The Toth isotherm is useful to describe systems that deviate from ideal behaviour, particularly
those with heterogeneous surfaces where the adsorption energy distribution is not uniform.
The calculated Ky values are comparable those reported in literature for the adsorption of CIP
and OTC on CAs, suggesting a good binding affinity between the adsorbate and adsorbent
[133,285]. Furthermore, many of the calculated t values are greater than 1, which can be

indicative of cooperative adsorption effects or other complex interactions between adsorbate

molecules.
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Table 6.8: K-ArCF-Opt and mrCF-Opt equilibrium adsorption data for the adsorption of CIP and OTC at 20, 30 and 40 °C.

Sample Temp Toth Redlich-Peterson Langmuir Temkin Freundlich

(°C)
Rz qmax KT t R2 KR aR g R2 q max KL R2 KT b R2 KF n

%-K-ArCF- 20 0.879 19.83 0.69 112 | 0879 1512 0.74 1.00 | 0.879 20.25 0.75 | 0.853 3.35 1434 | 0.824 8.07 3.53

Opt-CIP
30 0962 4738 107 129.72 0955 60.98 075 1.17 00944 56.62 137 0.840 7.98 4451 0836 2569 2.94

40 0.964 53.21 1.27 204 | 0959 7545 086 1.20 0.948 61.02 156 | 0.933 1221 17.14 | 0.810 28.26 2.66

%-mrCF- 20 1 0.884 36.81 042 0.89 | 0.88 16,55 0.64 090 | 0.983 26.41 0.64 0.899 3.83 329.57 | 0.864 9.77 2.39

Opt-CIP
30 0940 41.66 0.44 49.18 00917 2056 0.19 1.29 0.895 51.22 050 0.903 4.21 21559 0775 1549 2.46

40 | 0.985 52.78 0.94 081 098 4712 115 093 |0.983 43.40 0.81 |0.833 50.93 41037 | 0.927 18.84 3.03

%-K-ArCF- 20 0.981 220.66 0.10 0.30 | 0981 6.927 0.81 0.61 0.975 4459 0.06 H0.904 2.32 399.45 | 0.978 4.49 1.85

Opt-OTC
30 0939 41.09 047 108 0939 2024 048 1.00 0939 4222 048 0.952 506 28234 0.874 1243 2.42

40 0991 34.09 0.71 197 | 0989 2790 0.484 1.16 0961 3736 096  0.928 1330 372.61 0.815 15.03 3.28

%-mrCF- 20 0975 1032 0.35 147 | 0973 456 034 1.06 0971 1096 0.48 | 0.943 7.05 1256.9 | 0.86 4.05 3.55

Opt-OTC
30 0979 5099 020 122 0978 1077 015 1.08 0.978 56.66 020 0.968 299 230.18 0944 1036 1.84

40 0.962 46.99 151 2.09 0955 93.28 163 1.06 | 0910 49.69 2.47 |0.770 152.39 439.77 | 0.870 23.88 3.42
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6.2.2.2. Adsorption Kinetics

Kinetic models were applied to assess the adsorption rate and to gain an understanding of
the adsorbent performance and mass transfer mechanisms. The kinetic data were fitted to
PFO, PSO, Elovich, intraparticle diffusion and Avrami kinetic models, finding the latter model
to be the best fit, having the highest R? values (Table 6.10). This was further supported by the
similarity between the experimental ge values and those calculated using the Avrami model.
Figure 6.6 depicts the experimental data and fitted Avrami kinetic model for the adsorption

of CIP onto %-K-ArCF-Opt and %-mrCF-Opt, whilst Figure 6.7 depicts the kinetic models for

OTC adsorption.
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Figure 6.6: K-ArCF-Opt (A) and mrCF-Opt (B) kinetic model and experimental data for the

adsorption of CIP.
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Although less commonly applied, the Avrami model has been applied within literature to
describe the adsorption of antibiotics such as CIP, OTC and other pharmaceuticals [286,287].
The Avrami model is a fractional kinetic model which has commonly been utilized to describe
phase transformations in materials and is particularly useful for describing adsorption
processes with non-linear kinetics. The model has several assumptions, namely
heterogeneous adsorption and nucleation, time-dependent nucleation, where adsorption is
influenced by surface coverage and interaction effects and growth of adsorbed clusters. The

Avrami model is presented below, in Equation 6.5.
qc = qe - {1 — exp[—(kay - t]"4"} Equation 6.5

Where, ge is the amount adsorbed at equilibrium (mg/g), g: is the cumulative amount
adsorbed (mg/g), at time t (min), and kav is the Avrami rate constant (min). The Avrami
exponent, nAV, is a factionary number, associated with the possible variations in the
adsorption mechanism during the adsorption process. Rather than adhering to a single
integer-kinetic order, the adsorption mechanism can exhibit multiple kinetic orders that

change during the interaction between the adsorbate and the adsorbent.

The calculated rate constants and Avrami exponents are presented in Table 6.10. The values
achieved for kay are comparable or in many cases exceed those reported in literature for the
adsorption of pharmaceuticals indicating a fast rate of adsorption [286—288]. Meanwhile the
fractional values for nav suggest the adsorption mechanism is complex with potentially
multiple adsorption mechanisms occurring at different stages of the process. A fractional nav

value can also indicate slow nucleation with complex growth or transformation processes.

It is well known that many organic molecules such as antibiotics possess the ability to
agglomerate/self-aggregate under certain conditions (i.e. temperature, pH, salinity, agitation
etc), due to physical interactions such as m-nm bonding, hydrophobic effects and hydrogen
bonding, which is consistent with the observed fractional nav values. These aggregates are
not highly ordered structures but rather loose, reversible molecular clusters whose formation

is influenced by factors such as temperature, pH, ionic strength, and agitation.

However, at present, there is a lack of understanding of the aggregation behaviour of CIP and
OTC under the specific conditions used in this study. Further investigation using techniques

such as dynamic light scattering (DLS), UV-visible spectroscopy, or nuclear magnetic
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resonance (NMR) could provide valuable insights into how aggregation affects adsorption
performance and the underlying mechanisms of interaction with carbon-based adsorbents.
Understanding this behaviour is essential for accurately interpreting adsorption kinetics and

capacities, particularly in concentrated or environmentally relevant systems.

Based upon the data produced from the Avrami model, interpolations were made to
determine the time (min) required to reach 50 and 95% of the equilibrium adsorption capacity
which were denoted as to.s and to.o5, respectively. From the data presented in Table 6.9, it can
be observed that %-K-ArCF-Opt has a high initial affinity toward CIP, particularly at increased
concentrations as indicated by the quick times to reach tos (Table 6.9). However, at low
concentrations the time taken to reach tos is very slow suggesting that the adsorption process
is limited by slower diffusion into the porous network, or repulsive interactions as adsorption
sites become occupied. After modification, there is a reduction in initial affinity towards CIP
as indicated by the longer times to reach tos, which can be attributed to the reduced
accessibility due the reduction in pore size after modification. Furthermore, the enhanced
oxidation of %-mrCF-Opt creates a more complex surface chemistry which may require longer

times to equilibrate.

Table 6.9: Calculated to.5s (min) and to.9s (min) values from the interpolation of the Avrami

kinetic model data.

Initial Concentration (mg/L)

2 5

Sample tos to.ss tos to.os

%-K-ArCF-Opt-CIP 1.57 53892 0.05 120.18

%-mrCF-Opt-CIP 558 101.60 194 54.37

%-K-ArCF-Opt-OTC 6.06 264.66 2.50 158.15

%-mrCF-Opt-OTC 4.17 90.29 0.87 97.23
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In the case of %-K-ArCF-Opt, the time to reach tos for OTC adsorption is significantly slower
than the time required for the adsorption of CIP. This can be attributed to the slower external
and internal diffusion, due to the larger molecular size of OTC. Interestingly at lower
concentration %-K-ArCF-Opt reaches to.os quicker for OTC than CIP, suggesting that OTC may
have a greater affinity towards binding sites leading to a more efficient adsorption process.
After modification, significant improvements are observed in the time taken to reach tosand
to.os for OTC adsorption, suggesting that the surface groups introduced during modification

have a high affinity towards OTC.
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Table 6.10: K-ArCF-Opt and mrCF-Opt kinetic models for the adsorption of CIP and OTC at initial concentrations of 2 and 5 mg/L.

Sample Conc Avrami PSO Elovich PFO IPD
(mg/L)
R? Qe Ka n R? Qe K2 R? B o C R? Qe K1 R? Kp C

%-ArCF- 2 0.966 202 0.62 0.25 0.934 1.89 0.13 0.956 8.55 1.8e** 0.12 0.863 1.82 0.14 0.360 0.02 1.28
Opt-CIP

5 0.992 3.72 121 019 0989 361 0.21 0.976 6.48 6.1e** 0.15 0.939 3.45 4.85 0.188 0.02 2.82
%-mrCF- 2 0.962 1.64 0.29 0.50 0.947 1.54 0.096 0.889 8.85 202.53 0.11 0.907 1.59 0.09 0.333 0.03 1.03
Opt-CIP

5 0.986 357 052 044 0981 357 0.095 0.936 6.63 2.8e*® 0.15 0.949 3.48 0.17 0.213 0.02 2.58
%-ArCF- 2 0.973 1.23 035 039 00971 1.19 0.11 0.942 10.30 24.09 0.10 0.919 1.13 0.09 0.437 0.01 0.73
Opt-OTC

5 0.993 3.24 0.50 0.35 0.978 3.15 0.07 0.955 5.39 5.8e* 0.19 0.923 3.03 0.135 0.304 0.02 2.18
%-mrCF- 2 0.972 1.15 0.35 0.48 0.979 1.15 0.17 0.928 13.14 314.10 0.08 0.948 1.09 0.12 0.347 0.009 0.76
Opt-0OTC

5 0.981 3.20 0.72 0.31 0.978 0.13 3.15 0.954 7.52 3.4e** 0.13 0.955 3.04 0.21 0.214 0.02 234
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6.2.2.3. Adsorption Thermodynamics

AH and AS were determined using the linear form of the Van’t Hoff equation (Equation 2.12).
InKrwas plotted against 1/t. where the slope represents (-AH/R) and the intercept is AS/R. AG

was then determined using the Gibbs free energy equation (Equation 2.10).

The thermodynamic data are presented in Table 6.11. From the data, it is evident that the
adsorption process is endothermic for both antibiotics indicated by the positive AH values,
which is consistent with the increased adsorption capacities at higher temperatures.
Furthermore, a small increase in entropy (i.e. disorder) was observed, indicated by the
positive AS values, aligning with the predictions from the Avrami adsorption isotherm model,
which suggests that adsorption is a complex, heterogeneous process and may involve the
formation of antibiotic clusters or agglomerates on/with the adsorbent surface. Finally, the
adsorption process was found to be spontaneous at all temperatures as indicated by the
negative AG values. Furthermore, it was observed that AG gradually decreases as
temperature is increased, indicating that the degree of spontaneity of the reaction increases,

at higher temperatures, further supporting the statement that the process is endothermic.

Although similar values have been reported in literature for the adsorption of CIP and OTC
onto CAs [287,289], a number of studies have highlighted the limitations in utilising isotherm
data to calculate thermodynamic data, particularly within complex adsorption systems alike
those discussed within this chapter, therefore the data should be interpreted with caution

[171,172].

Table 6.11: Thermodynamic data for the adsorption of CIP and OTC onto K-ArCF-Opt and

mrCF-Opt.
Sample AH AS (J/mol) AG (kJ/mol)
(kJ/mol)

20°C 30°C 40 °C

%-K-ArCF-Opt-CIP +21.01 +2.18 -23.13 -24.86 -26.13
%-mrCF-Opt-CIP +28.65 +2.48 -21.86 -22.72 -25.32
%-K-ArCF-Opt-OTC +101.46 +5.87 -16.76 -5.86 -24.78
%-mrCF-Opt-OTC +37.11 +2.84 -21.28 -20.73 -25.32
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6.2.3. Fourier-Transform Infrared Spectroscopy (FTIR)

The spent %-mCF-Opt samples showed the same peaks as the mrCFs prior to adsorption.
Notably, there were some changes in peak intensity for some of the peaks, particularly for
the O-H, C=Ciaromatic), O-N=0 and C-O/C-N peaks at 3200 — 3600, 1532, 1384 cm™and 1113
cm, respectively [268,269]. Since the KBr disks were prepared quantitatively, increases in
peak intensity suggest a higher concentration of corresponding functional groups, indicating
successful incorporation of the antibiotics into the CA structure, given that these groups are
inherent to the antibiotic molecules. However, for more accurate quantification, the area
under each peak should be integrated, as it is directly proportional to the number of vibrating

dipoles (i.e. bonds) according to the Beer—Lambert Law in infrared spectroscopy.
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Figure 6.8: Infrared spectra of mrCF-Opt (top) and mvCF-Opt (bottom).
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6.3. Conclusion

This chapter investigated the adsorption of CIP and OTC onto mCF-Opt and K-ACF-Opt, with
the aim to optimise the adsorption process and gain insights into the adsorption mechanisms.
The data were optimised to maximise the removal percentage and adsorption capacity of

both antibiotics.

High coefficients of determination (R? > 88%) were achieved for both antibiotics, with OTC
exhibiting lower model fit due to increased system complexity. Within the investigated design
space, optimal conditions for maximising removal percentages were established at 0.8 g/L
adsorbent dose, pH 2, and 2 mg/L initial concentration. These conditions achieved removal
efficiencies exceeding 90% with equilibrium adsorption capacities ranging from 2.3 to 2.5
mg/g. However, the absence of clear maxima within the design space suggests that true

optimal conditions may exist beyond the investigated parameters.

For maximising adsorption capacity, optimal conditions were identified at 0.1 g/L adsorbent
dose, pH 8, and 2 mg/L initial concentration. These parameters yielded substantially improved
adsorption capacities of over 9 mg/g for CIP and 5 mg/g for OTC. The enhanced performance
under these conditions can be attributed to increased competition for active sites at lower
adsorbent doses, leading to higher adsorbent saturation. However, this resulted in reduced
removal percentages as the adsorbent reached saturation before complete removal could be
achieved. As with removal efficiency, the absence of clear maxima suggests potential for

further optimisation beyond the current design space.

Given the importance of maintaining water quality in aquaculture applications, the conditions
optimised for maximum removal percentage (%-mrCF-Opt) were selected for subsequent
analyses, despite the lower adsorption capacities. This decision prioritises practical

application effectiveness over theoretical maximum capacity.

The adsorption isotherms, kinetic models and adsorption thermodynamics were assessed.
The best fitting isotherm and kinetic models were found to be Toth and Avrami, respectively,
achieving high R? values (above 0.95). Overall, the data indicated that the adsorption of both
antibiotics is complex and likely involves both physical and chemical interactions.
Furthermore, the adsorption process may involve the formation of heterogenous

agglomerates or clusters of adsorbent molecules on the adsorbate surface.
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To gain further insights into the adsorption mechanisms of CIP and OTGC, it is suggested that
further research is conducted at a wider range of pH values to understand the interactions
that may occur, for example at pH ~4 where the antibiotics are largely cationic and the
adsorbent surfaces are anionic, which could result in enhanced electrostatic interactions.
Furthermore, research should be conducted to understand the impacts of concentration, pH

and temperature on the agglomeration behaviour of both antibiotics.

Finally, from an industrial scalability perspective for applications in RAS aquaculture systems,
research should be conducted to determine the recyclability and reusability of the adsorbent

by investigating adsorbent regeneration, as discussed in the following chapter.
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7. Regeneration of Antibiotic-laden Activated Carbon Fibre Adsorbents

7.1. Introduction

Adsorbent regeneration is a crucial factor in enhancing the recyclability and reusability of
adsorbent materials, making them more suitable for industrial applications. Adsorbents with
high regeneration efficiency offer numerous advantages, such as cost reduction, improved
environmental sustainability through reduced waste generation, greater process efficiency,

and decreased secondary pollution [13].

Traditional regeneration methods, such as thermal swing adsorption/desorption, often
require expensive equipment and consume significant energy. To maintain a more cost-
effective and practical approach in aquaculture, the less conventional chemical regeneration
or pH swing regeneration method was utilised. This approach leverages changes in the
chemical speciation of both the adsorbent surface and antibiotics at different pH levels to

create repulsive interactions that facilitate the desorption of antibiotics [89,205].

This chapter focuses on investigating the regeneration of antibiotic-laden mrCF-Opt using
chemical regeneration techniques. Four regenerant solutions were examined, namely NaOH
(0.1 M and 0.25 M) and KOH (0.1 M and 0.25 M), with regeneration efficiency evaluated over

seven cycles, including the initial adsorption cycle (Co).

7.2. Results and Discussion

7.2.1. Adsorbent Regeneration

Figure 7.1A and B show the regeneration efficiency of %-mrCF-Opt over 7 cycles for CIP and
OTC, respectively. Similar trends are observed for the regeneration efficiency of mrCF towards
both antibiotics. Initially a slight increase in adsorption efficiency is observed with all samples
achieving a regeneration efficiency above 100%. This was attributed to the leaching of
residual impurities from the activation process such as aluminosilicate and ash via Reactions
7.1 and 7.2. The removal of these impurities could result in higher surface areas and

subsequently improved adsorption capacities.
2MOH + Si0, - M,Si03 + H,0 Reaction 7.1

2MOH + Al,05 + 3H,0 — M,Al(OH), + H,0 Reaction 7.2
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However, after the 2" cycle a significant decline in regeneration efficiency to approximately
70-80% is observed for both antibiotics across all regenerant solutions. Throughout the rest

of the cycles the regeneration efficiency stabilises indicating promising reusability for the

adsorbents.
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Figure 7.1: Regeneration efficiency of adsorbents laden with CIP (A) and OTC (B) using

different reagents across seven cycles.

The regeneration data was analysed using ANOVA to assess whether significant differences
existed between the regenerant solutions across successive regeneration cycles (Table 7.1).
With the exception of Cycle 2, no significant differences were observed between the
regenerants until after the fifth regeneration cycle. From Cycle 5 onwards, the P-values
dropped below 0.05, indicating statistically significant differences in performance between
the regenerant solutions. This suggests that while initial regeneration efficiencies were

comparable, prolonged reuse may impact the effectiveness of certain regenerants.
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Table 7.1: ANOVA results for differences observed in regeneration efficiency between four

regenerant solutions across 7 cycles.

Source F-Value P-Value
C 1.07 0.42
C 8.29 0.01
Cs 0.37 0.77
Cs 2.99 0.10
Cs 5.49 0.02
Cs 5.15 0.03
Cs 6.21 0.01

A t-test was performed to evaluate whether the concentration of KOH (0.1 M vs. 0.25 M) had
a significant effect on regeneration efficiency after seven cycles. The results yielded a t-
statistic of -0.58 and a p-value of 0.30, indicating no statistically significant difference in

performance between the two concentrations

Table 7.2: Chemical properties of Na* and K*[290].

Base lonic radius (nm) Heat of Hydration
(kJ/mol)

NaOH 0.133 -932

KOH 0.102 -847

The data clearly indicate that stronger bases, such as KOH, were more effective in
regenerating the adsorbent surface. This enhanced performance is likely due to the lower
heat of hydration of K* compared to Na*, which may facilitate greater interaction with the
adsorbent surface. However, statistical analysis revealed that increasing the KOH

concentration had no significant effect on regeneration efficiency. Therefore, from an

229



economic, environmental, and safety standpoint, the use of 0.1 M KOH is recommended as

the optimal regeneration concentration.

Following the cycle-based analysis and statistical evaluation, it is important to contextualise
the performance of %-mrCF-Opt against previously reported regeneration methods for
similar adsorbents. Table 7.3 compares the regeneration efficiencies of %-mrCF-Opt with

various conventional CAs used for adsorbing different aqueous phase pollutants.

In this study, %-mrCF-Opt regenerated with both 0.1 M and 0.25 M KOH exhibited consistently
high regeneration efficiencies for CIP and OTC. For CIP, 0.1 M KOH achieved 108.93%
efficiency at C1 and 75.45% at C7, while 0.25 M KOH produced comparable values (107.08%
at C1 and 76.38% at C7). OTC regeneration followed similar trends, reaching 109.76% (C1)
and 74.18% (C7) with 0.1 M KOH, and 103.25% (C1) and 78.91% (C7) with 0.25 M KOH. These
results highlight not only the effective desorption of antibiotics from %-mrCF-Opt but also its

efficiency over multiple reuse cycles.

When compared to AC regenerated with 0.1 M NaOH (99% at C1, 48% at C4) [89], %-mrCF-
Opt clearly demonstrates superior long-term regeneration performance. Fe-AC used for TC
regeneration achieved slightly lower retention, after fewer cycles (95% at C1, 73% at C4)

[205].

More energy-intensive techniques such as thermal regeneration at 200 °C offered good initial
recovery (100% at C1), but performance dropped to 65% by C13 [77]. Non-thermal
alternatives such as ultrasonic and methanol regeneration were less effective, with

efficiencies below 60% by C7 [77].

High-temperature regeneration (600 °C) of PAN-ACF achieved relatively strong performance
(83.9% at C1, 77.5% at C2) for p-cresol [115], but such methods may be impractical due to

operational costs and thermal degradation risks.

In contrast, the mild alkaline regeneration employed in this study avoids these limitations
while delivering high and consistent efficiencies across different pollutants. Overall,
confirming that %-mrCF-Opt, regenerated under ambient conditions with low-concentration
KOH, provides a sustainable and high-performance alternative to conventional (i.e. thermal)

regeneration strategies.

230



Table 7.3: Comparison of regeneration methods and efficiencies for various CAs and

Pollutants
Sample Pollutant Regenerant Regeneration Ref
efficiency (%)
C1-108.93 This work
%-mrCF-Opt CIpP 0.1 M KOH
C7 —75.45
C1-107.08 This work
%-mrCF-Opt CIpP 0.25 M KOH
C7-76.38
C1-109.76 This work
%-mrCF-Opt OTC 0.1 M KOH
C7-74.18
C1-103.25 This work
%-mrCF-Opt OoTC 0.25 M KOH
C7-78.91
C1-99
AC CIP 0.1 M NaOH [89]
C4-48
C1-95
Fe-AC TC 0.1 M NaOH [205]
C4-73
Cl1-100
AC TC Thermal 200 °C [77]
C13-65
Cl-
AC TC Ultrasonic [77]
C7<60
Cl-
AC TC 100% methanol [77]
C6<60
ACF-felt NOR 20% HNOs [207]
C1-83.9
PAN-ACF p-cresol Thermal 600 °C [115].
C2-775
C1-78.6
PAN-ACF p-cresol n-hexane [115].
C2-54.4
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7.3. Conclusion

This chapter investigated the regeneration performance of %-mrCF-Opt for CIP and OTC using
mild alkaline treatments. Regeneration efficiencies initially exceeded 100%, likely due to the
removal of residual impurities from the activation process. Although a decline was observed
after the second cycle, efficiencies stabilised between 70-80% over subsequent cycles,

indicating strong reusability.

ANOVA and t-test results confirmed no significant difference between 0.1 M and 0.25 M KOH,
making the lower concentration the more practical choice. Compared with conventional ACs
and other regeneration methods from the literature, %-mrCF-Opt demonstrated superior
multi-cycle performance under ambient conditions. This efficacy is likely due to the stronger
basic nature of KOH, which enhances the regeneration of the adsorbent surface by breaking
adsorbate-adsorbent interactions more effectively. Additionally, the lower heat of hydration
of K* compared to Na* contributes to its greater availability for interaction with the adsorbent
surface. These results highlight %-mrCF-Opt as a cost-effective, sustainable adsorbent

suitable for repeated use in the removal of pharmaceutical contaminants from water.
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8. Discussion and Future Works

This chapter summarises the key findings of the thesis, with a focus on their relevance to
freshwater aquaculture. Each stage of adsorbent development — from precursor selection
and treatment (i.e. activation and modification) to adsorption and regeneration — was
systematically optimised using DoE techniques. The results demonstrate the potential of rCFs
as sustainable precursors for CAs and emphasise the importance of process optimisation to

enhance responses such as surface area, yield, adsorption performance and reusability.
8.1. Process optimisation and Parameter selection

Table 8.1 below consolidates the experimental variables studied at each stage and outlines
the corresponding optimum conditions to maximise desired properties, derived through
statistical modelling and experimental validation. During activation, a lower activation
temperature (670 °C), short hold time (0.5 h), and high IR (1:10 CF:KOH) were found to
produce the most effective adsorbents. This combination maximised surface development
while minimising surface degradation or excessive burn-off. For surface modification, the
optimum treatment involved 6 M nitric acid at 28 °C for 16 hours, effectively enhancing

surface functionality without compromising pore structure.

Adsorption optimisation revealed contrasting conditions depending on the performance
metric. When optimising for removal efficiency (%), acidic pH conditions (pH 2) and a higher
adsorbent dose (0.8 g/L) were preferred, supporting stronger electrostatic attraction
between the adsorbent surface and the ionised antibiotic molecules. In contrast, when
optimising for adsorption capacity, basic pH conditions (pH 8) and lower adsorbent doses
were favoured. This difference does not indicate a change in adsorption mechanism but
rather reflects how solution conditions influence the amount of contaminant removed per

gram of adsorbent.

For regeneration, 0.1 M KOH was identified as the most effective regenerant. It provided high
regeneration efficiency across multiple cycles while avoiding the use of more aggressive or

energy-intensive methods.

These process optimisations provided the foundation for developing materials with enhanced

surface properties, as explored in the following section.
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Table 8.1: Summary of optimised processes and corresponding conditions for activation,

modification, adsorption, and regeneration of rCF-based adsorbents.

Process Sample DoE parameters Optimum Conditions
Temp—-670—-830°C Temp—-670 °C
Activation K-ArCF-Opt Hold time—-0.5-3 h Hold time—-0.5h
IR— 1:1-1:10 (CF:KOH) IR —1:10 (CF:KOH)
HNOs conc—-1-6 M HNOs conc—6 M
Modification m-rCF-Opt Hold time—16 h Hold time—16 h
Temp—-28°C Temp—28°C

Adsorbent dose — 0.1 —

%-K-ArCF-Opt 0.9g/L
Adsorption (%) pH -2
%-m-rCF-Opt pH-2-8

Adsorbent dose — 0.8 g/L

Initial conc — 2 mg/L
Initial conc— 0.5 -2 mg/L 4

Adsorbent dose— 0.1 —

ge -K-ArCF-Opt 0.9g/L
Adsorption (qe) pH -8
de -m-rCF-Opt pH-2-8

Adsorbent dose — 0.1 g/L

. Initial conc— 1.3 mg/L
Initial conc — 0.5 -2 mg/L

0.1 M NaOH or KOH
Regeneration 0.25K-mrCF-Opt 0.25 M NaOH or KOH 0.25 M KOH

Contacttime—4 h

8.2. Surface Property Enhancements and Composition

Analysis of the physical and chemical surface properties of the precursor (rCFs and vCFs) and
the treated (i.e. activated and modified) products provided key insights into the effectiveness
of the chemical treatment strategies (Table 8.2). The raw CF materials initially exhibited low
surface areas (< 50 m?/g), highlighting their limited adsorption potential in their untreated
form. However, chemical activation using KOH proved highly effective, exhibiting substantial
enhancements in surface area, increasing by 773.78% and 1429.23% for K-ArCF-Opt and K-

AvCF-Opt, respectively.
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Furthermore, K-ArCF-Opt exhibited a significantly higher surface area than K-AvCF-Opt (t =
2.44, P = 0.04), supporting the conclusion that recycled carbon fibres are more amenable to
pore development during activation. This is likely due to reduced mechanical strength and
structural disorder introduced during the recycling process, which renders the carbonaceous
framework more susceptible to etching by the activating agent. K-ArCF-Opt also exhibited
higher total pore volume than K-AvCF-Opt, despite a slightly smaller micropore volume,
suggesting a shift towards more accessible meso- and macropores, which are particularly

beneficial in aqueous-phase adsorption.

In addition to increased surface area, both samples demonstrated markedly improved
mesoporosity, as evidenced by Type IV nitrogen adsorption isotherms with H4 or H1
hysteresis loops; features typically associated with mesoporous structures. These
characteristics suggest enhanced adsorbate accessibility and diffusion in aqueous

environments, which are critical for effective adsorption performance.

Moreover, K-ArCF-Opt exhibited significantly higher total acidity and basicity, along with a
lower point of pHpzc compared to K-AvCF-Opt. These results indicate more extensive surface
oxidation of the rCF precursor, which could enhance interactions with a broader range of

contaminants through acid-base and electrostatic mechanisms.

Post-modification, mrCF-Opt retained a higher surface area than mvCF-Opt, and the
difference between these two modified materials was statistically significant (t = 5.63, P =
0.004). This further supports the superior porosity of the rCF-based adsorbents even after
chemical oxidation. In contrast, although mvCF-Opt showed a slight reduction in surface area
and pore volume compared to its activated counterpart (K-AvCF-Opt), although the difference
was not statistically significant (t = 0.68, P = 0.55). This was attributed to minor pore-blocking
effects from the introduction of new surface functional groups, a well-documented
phenomenon in surface chemistry. Furthermore, acidic treatment resulted in increased
acidity and further reductions in pHpzc for both recycled and virgin materials, indicating

successful oxidation of the CF surface.
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Table 8.2: Physical and chemical surface properties of CF-based adsorbents based on BET N»

adsorption isotherm at 77K, Boehm titrations and potentiometric titrations.

Sample SgeT Vmicro Viotal N isotherm Total Total pHpzc
(m?/g) (cm®/g) (cm¥/g) (Hystersis) acidity Basicity
(mmol/g) (mmol/g)

rCF 48.94 - 0.07 Type (l11) - - -

vCF 27.13 - 0.04 Type (I11) - - -
K-ArCF-Opt 427.63  0.02 0.35  TypelV(H4)  3.01 2.32 3.95
K-AvCF-Opt 414.88  0.04 0.33  TypelV(H4)  0.25 0.03 4.34
mrCF-Opt  448.10 0.19 0.36 Type IV (H1) 4.97 2.31 3.25
mvCF-Opt 410.69 0.03 0.31 Type IV (H4) 3.02 0.33 3.17

Table 8.3 presents the elemental and proximate analysis results, offering insights into the
composition of both precursor, activated and modified materials. These findings provide
additional evidence of porosity development and the successful incorporation of surface

functional groups during activation and modification processes.

Post-activation a reduction of reduced carbon and nitrogen levels and increased oxygen
content (~19%) was observed, further confirming successful incorporation of oxygenated
functional groups. Proximate analysis showed decreased fixed carbon and increased VOC,
ash, and water content which was attributed to carbon burn-off, expulsion of potassium

residues, and moisture adsorption.

Modification further improved material properties, reducing ash and volatile matter and
increasing carbon and water content. The rise in water content suggests enhanced
hydrophilicity, which can facilitate interaction with hydrophilic aqueous-phase
contaminants. These changes support the broader goal of developing adsorbents suitable

for water treatment applications.

236



Table 8.3: Composition of precursors and the activated and modified CF-based adsorbents.

Ultimate Analysis, (Wt%) Proximate Analysis, (wt%)
Sample

C H N o) C VOC Water Ash

rCF 93.87 0.28 4.07 1.78 93.21 2.84 0.00 3.95

vCF 95.32 0.43 3.32 0.93 92.80 4.82 0.00 2.38

K-ArCF-
78.19 0.53 2.34 18.94 75.30 15.27 1.88 7.55
Opt
K-AvCF-
78.20 0.53 1.88 19.39 73.66 13.67 4.70 7.97
Opt
mrCF-
81.56 0.97 2.47 15.00 81.62 10.67 4.17 3.54
Opt
mvCF-
81.39 0.28 2.92 1541 78.57 10.49 7.03 3.88
Opt

8.3. Adsorption Performance

The adsorption performance of the developed materials was assessed both in terms of
removal efficiency and adsorption capacity. Table 8.4 illustrates the significant improvement
following activation and modification. The activation process was demonstrably effective, as
indicated by the substantial enhancement in adsorption performance, where CIP removal

increased from 5.85% to 96.47%, and OTC from 0.00% to 97.72%.

Following optimisation of the adsorption process, %-mrCF-Opt and %-K-ArCF-Opt
demonstrated comparable adsorption performance for both CIP and OTC, with no statistically
significant differences observed (CIP: p = 0.77; OTC: p = 0.27). This suggests that additional
surface modification may not be essential for improving antibiotic adsorption under the
conditions tested. However, further evaluation under more complex scenarios, such as

competitive adsorption in the presence of dissolved organic matter (DOM), is recommended
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to determine whether functionalisation enhances selectivity and performance in realistic

environmental settings.

In addition, %-mrCF-Opt exhibited similar adsorption capacities to its vCF counterpart, with

differences in CIP and OTC removal found to be statistically insignificant (CIP: p = 0.14; OTC:

p = 0.73). These findings highlight the viability of rCF-derived materials as sustainable and

effective adsorbents.

Table 8.4: Dual and independent response optimisation for the adsorption of CIP and OTC

on K-ArCF-Opt and mrCF-Opt.

Sample Optimum conditions ge (mg/g) Removal (%)
Adsorbent pH Initial conc CIP OTC CIp OTC
dose (g/L) (mg/L)

%-mrCF-Opt 0.8 2 2.0 2.361 2.423 96.47 97.72
%-K-ArCF-Opt 0.8 2 2.0 2.274 2.435 94.66 91.12
%-mvCF-Opt 0.8 2 2.0 2.406 2.406 99.86 96.26
%-K-AvCF-Opt 0.8 2 2.0 2.411 2.248 99.18 90.38

rCF-Opt 0.8 2 2 0.483 0.642 5.01 3.62

rCF 0.2 ~5.5 2 0.583 0.000 5.85 0.00
mrCF-Opt 0.2 ~5.5 2 9.633 7.716 89.96 76.71
mvCF-Opt 0.2 ~5.5 2 8.108 6.597 81.93 66.15
ge-mrCF-Opt 0.1 8 1.3 9.058  5.685 | 79.57  42.45
dge-mrCF-CIP-Opt 0.1 8 0.5 16.716  19.433 81.94 89.56
ge-mrCF-OTC-Opt 0.1 8 2.0 15.940 16.266 79.72 83.26
ge-mvCF-Opt 0.1 8 13 11.060 5.855 89.26 45.84

Table 8.5 provides a summary of the key findings related to adsorption isotherms, kinetic

modelling, and thermodynamic analysis. For CIP, both K-ArCF-Opt and mrCF-Opt exhibited

increasing adsorption capacities with rising temperature, indicative of endothermic

adsorption behaviour. However, adsorption performance varied between the two adsorbents
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depending on temperature. At 20 °C, mrCF-Opt-CIP achieved the highest adsorption capacity
(36.81 mg/g), outperforming K-ArCF-Opt-CIP (19.83 mg/g). However, at elevated
temperatures (30 °C and 40 °C), K-ArCF-Opt-CIP outperformed its modified counterpart,
reaching capacities of 47.38 and 53.21 mg/g, respectively, compared to 41.66 and 52.78 mg/g
for mrCF-Opt-CIP.

Notably, mrCF-Opt-CIP exhibited the highest calculated heat of adsorption (+28.65 kJ/mol),
suggesting stronger binding interactions with CIP at lower temperatures. This may explain its
superior performance at 20 °C. Interestingly, while the Toth isotherm generally provided the
best fit across all systems, the Langmuir model better described the equilibrium data for
mrCF-Opt-CIP at 20 °C. This supports the presence of monolayer adsorption under these
specific conditions and may also contribute to the observed shift in performance trends as
temperature increases. Additionally, adsorption kinetics for both adsorbents followed the
Avrami model, indicating complex, multi-step adsorption behaviour likely governed by a

combination of surface diffusion and site heterogeneity.

Table 8.5: Antibiotic adsorption behaviour.

de (mg/L) Model Regeneration
Heat of o
. Efficiency (%)
Sample adsorption
(kJ/mol) 7 cycles
20°C 30°C 40°C | Equilibrium Kinetic 0.25 M KOH
K-ArCF-
. . . i 21.01 -
Opt-CIP 19.83 47.38 53.21 Toth Avrami +
Toth
mrCF- . .
Oot-CIP 36.81 41.66 52.78 | (Langmuir  Avrami +28.65 76.38
P @ 20 °C)
K-ArCF- .
. . . 101.46 -
Opt-0TC 220.66 41.09 34.09 Toth Avrami +
mreF- ' 1032 5099 4699 Toth Avrami | +37.11 78.91
opt-0TC | ‘ ' ' '

For OTC, both adsorbents again followed the Toth isotherm and the Avrami kinetic model,

consistent with a heterogeneous surface and complex adsorption kinetics. K-ArCF-OTC-Opt
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demonstrated an exceptionally high adsorption capacity at 20 °C (220.66 mg/g), though its
performance declined at elevated temperatures, possibly due to partial desorption or thermal
sensitivity of the adsorbent—adsorbate complex. In contrast, mrCF-OTC-Opt showed a more
stable adsorption profile across the temperature range and a higher heat of adsorption

(+37.11 kJ/mol), indicating stronger and more thermally stable interactions with OTC.
8.4. Regeneration and Reusability

Although less commonly applied, chemical regeneration was utilised due to its applicability
within an aquaculture setting, where the flow within an adsorption column could be diverted
to a secondary tank containing the regenerant solution. Importantly, regeneration studies
showed promising reusability, with mrCF-based adsorbents maintaining regeneration
efficiencies of approximately 75% after seven cycles, when using 0.1 M KOH (Table 8.6. These
findings support the potential of rCF-based adsorbents for sustainable, repeated use in water

treatment applications.

Table 8.6: Summary of regeneration methods and efficiencies.

Sample Pollutant Regenerant Regeneration Ref
efficiency (%)
C1-108.93 This work
%-mrCF-Opt CIp 0.1 M KOH c A
7 —75.45
C1-107.08 This work
%-mrCF-Opt CIp 0.25 M KOH c 638
7-176.
C1-109.76 This work
%-mrCF-Opt oTC 0.1 M KOH c o
7-74.1
C1-103.25 This work
%-mrCF-Opt OoTC 0.25 M KOH

C7-78.91

8.5. Implications for Aquaculture and Future Works

The findings of this study have clear implications for the development of practical, sustainable
water treatment solutions within freshwater aquaculture systems. The optimised rCF-based

adsorbents not only demonstrated strong performance in removing antibiotics such as CIP
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and OTC, but also showed consistent reusability using mild, low-cost regeneration methods.
These attributes make them highly suitable for integration into RAS, where water quality must

be maintained without frequent water exchange.

Incorporating adsorption units into existing aquaculture infrastructure would allow for the
passive and targeted removal of residual pharmaceuticals that accumulate in closed-loop
systems. One feasible strategy is the retrofitting of adsorption columns within the water
circulation loop, using modular filter beds packed with rCF-based adsorbents. The use of
materials regenerated with mild reagents such as 0.1 M KOH also aligns well with on-site
water treatment practices in aquaculture, where regenerant solutions could be stored and

used in controlled cycles, minimising operational complexity and chemical hazards.

To ensure practical deployment, several design and operational factors must be considered.
These include designing column dimensions to match the scale of water throughput,
optimising the flow rate to ensure sufficient contact time and ensuring chemical compatibility
of the adsorbents with typical RAS water chemistry, which may include high levels of organic
matter or salts. The relatively low regeneration temperature requirements of the developed
adsorbents also make them ideal for remote or low-energy settings, where access to

advanced regeneration infrastructure is limited.

While the lab-scale performance of the adsorbents was robust under controlled conditions,
real-world aquaculture environments present more complex challenges. Natural waters
contain competing ions, DOM, and fluctuating pH and temperature conditions, all of which
can influence adsorption performance. As such, future research should explore the
performance of these adsorbents in multi-component systems, where competitive
adsorption may occur, and assess their long-term stability and fouling resistance under

continuous flow conditions.

Additional investigations into continuous adsorption systems (i.e. fixed-bed reactors), are
essential for scaling up this technology. Understanding breakthrough behaviour, mass
transfer limitations, and bed saturation dynamics will be critical for informing reactor design
and operation schedules. Incorporating real-time monitoring and automated regeneration
cycles may further improve operational efficiency and reduce maintenance burdens in

commercial settings.
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From a sustainability perspective, further studies should also examine the end-of-life handling
of spent adsorbents. While regeneration extends material lifespan, eventual saturation or
fouling may require disposal or alternative reuse strategies. Options such as carbon recovery,
catalytic conversion, or integration into composite building materials could be explored as

part of a circular economy approach.

In summary, this research supports the development of sustainable adsorption-based
technologies for pharmaceutical removal in aquaculture. With further optimisation and pilot-
scale validation, rCF-derived adsorbents have the potential to improve water quality, reduce

chemical discharge, and enhance the environmental performance of fish farming operations.

242



9. Conclusion

Aquaculture is the fastest-growing food production industry globally and is increasingly
recognised as a major contributor to the spread of AMR genes in aquatic environments. The
World Health Organisation has identified AMR as one of the top ten global health threats. At
the same time, the CFRP industry continues to expand, generating significant EoL waste with
limited reuse infrastructure. In 2020, the UK reported that 35% of EoL carbon fibres were
landfilled, 20% were recycled, and only 2% were reused, highlighting the environmental

impact of inadequate disposal practices.

This research aimed to provide a novel, sustainable, and renewable solution to both of these
challenges by developing high-performance adsorbents from rCFs for the removal of
antibiotics used in aquaculture. A structured experimental approach was applied to optimise
each stage of adsorbent development, and all four research objectives were successfully

achieved.

The first objective, which focused on optimising the activation and modification of rCFs to
enhance porosity and adsorption potential, was met through the application of DoE. Initial
trials using sodium hydroxide produced limited porosity and low adsorption capacity,
indicating incomplete activation. Subsequent optimisation using potassium hydroxide, at
670 °C with a CF:KOH ratio of 1:10 and a 0.5 h hold time, led to a significant increase in MB
adsorption capacity (454.55 mg/g) while maintaining a reasonable yield (70.14%). Surface
modification using nitric acid further introduced oxygen-containing functional groups and, in

some cases, increased surface area due to the removal of impurities.

The second objective, involving characterisation of precursor, activated, modified, and spent
materials, was fulfilled through a range of analytical techniques. Nitrogen adsorption
isotherms, elemental and proximate analysis, SEM-EDS, FTIR, and Raman spectroscopy
confirmed that chemical treatment significantly altered surface structure, composition, and

functionality, thereby supporting enhanced adsorption capacity.

The third objective was achieved by conducting single-component batch adsorption and
desorption experiments using CIP and OTC. DoE was applied to assess the influence of pH,
adsorbent dose, and initial concentration, where high removal efficiencies above 95% were

achieved under optimised conditions. Interestingly, additional surface modification did not
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significantly enhance removal performance in most cases, suggesting that activation alone

may be sufficient under simplified conditions.

The fourth objective was addressed through adsorption modelling. Both K-ArCF-Opt and
mrCF-Opt were best described by the Toth isotherm and Avrami kinetic models, indicating
heterogeneous surface adsorption and complex kinetic behaviour, possibly involving
multilayer adsorption and adsorbate clustering. These insights were consistent with the

material properties observed during characterisation.

The developed adsorbents also demonstrated strong reusability. Chemical regeneration using
0.1 M potassium hydroxide retained approximately 75% efficiency after seven cycles for both

antibiotics, highlighting the materials' stability and practical potential for repeated use.

While the results are promising, there are limitations to consider. All adsorption and
regeneration tests were conducted under controlled laboratory conditions using single-
component systems. In real aquaculture environments, factors such as DOM, varying ionic
strength and pH fluctuations may influence performance. Additionally, regeneration was
evaluated in batch mode, and its effectiveness under continuous flow conditions remains to

be investigated.

Despite these limitations, this study contributes meaningfully to both waste valorisation and
water treatment. It demonstrates that industrial carbon fibre waste can be transformed into
a reusable, high-efficiency adsorbent with relatively low chemical and energy input. The use
of rCFs not only reduces material waste but also provides a practical solution for
pharmaceutical removal from aquaculture wastewater, supporting more sustainable and

circular practices.

Future research should investigate the behaviour of these adsorbents in multi-contaminant
systems and assess their resistance to fouling in the presence of DOM. Further exploration of
surface modification processes, particularly the effects of acid concentration, hold time, and
temperature, may improve control over functional group formation. Additionally,
understanding the aggregation behaviour of CIP and OTC under varying conditions could
refine adsorption modelling and system design. Finally, optimising the regeneration process—
including regenerant concentration, contact time, and temperature—will be key to ensuring

long-term performance in practical applications.
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Appendix A: Activation Chapter Raw Experimental Data

Table A.1: MB Calibration Curve

Concentration Absorbance Actual concentration
(mg/L) (mg/L)
20 0.041 20.400
50 0.089 44.400
100 0.208 103.900
150 0.306 152.900
200 0.418 208.900
500 0.895 447.400
1000 1.982 990.900
Table A.2: MB Adsorption on K-ArCF-Opt, where indicates outliers.
M:Fss Abs Ce ge Mean St Dev

0.0052 0.008 2.611 64.103
0.0053 0.012 4.833 52.411

S 00048 0004 0389 81.019
£ 43.720 32.430
i 00053 0025 12.056 18.344
0.0051 0.031 15.389  2.723
0.0053 0.037 18.722 -13.103
0.0053 0.035 17.611 138.889
_0.0049 0051 26.500 104.875
W 0.0051 0.052 27.056 98.039
£ 76.281 21.880
S 00047 008 45944  5.910
0.0047 0.060 31.500 82.742
0.0051 0.078 41.500 27.233
0.0049 0.147 79.833 138.889
< 00052 0108 58.167 235043
® 0005 0118 63.722 216.667
119.54 91.87
S 00048 0.197 107.611 -2.894
= 0.0047 0.199 108.722 -8.865
0.0047 0.197 107.611 -2.955
0.005 0.129 134.278 19.444
< 00053 0146 133722 22676
® 00047 0197 123722 75.231
221.91 112.93
S 0005 0.245 143.722 -16.745
= 0.0049 0244 97.056 214.120
0.0048 0.226 108.722 141.560
S 00048 0.178 175.944 147.392
g 0.0052 0.199 178.167 141.844 27731 85.44
S 00048 0.306 172.056 157.585

280



Mass
CF

0.0049 0.320 193.167 55.031
0.0047 0.324 124.833 390.691
0.0052 0.313 148.167 277.778
0.0053 0.351 460.944 315.904
0.0047 0.228 470.389 269.608

Abs Ce ge Mean St Dev

P 00051 0270 431500 489.005 .
S 0.0051 0412 469.833 272.331 ' '
“ 00051 0833 492.611 160.675
0.0051 0.850 480.944 222.222
0.0048 0.780 929.278 372.340
= 00051 0.849 961.500 178.197
€ 00051 0791 909.833 447.222
o 666.40 245.34
S 00050 0.805 959.278 188.679
' 0.0052 0.776 985.389 69.444
0.0047 1.676 959.833 201.247
Table A.3: MB Adsorption on K-AvCF-Opt, where indicates outliers.
Mass Abs Ce ge Mean St Dev
CF
0.0049 0.015 740 66.33 5896 15.03
0.0049 0.014 690 68.88
S 00048 0025 1240 4167
é 0.0051 0.011 540  73.53
0.0050 0.023 11.40 45.00
0.0049 0.021 10.40 51.02
0.0051 0.070 3490 46.57 63.23 31.10
_ 00048 0.057 2840 83.33
En 0.0051 0.046 22.90 105.39
o 0005 0069 3440 50.00
0.0049 0.078 38.90 28.06
0.0053 0.061 30.40 66.04
0.0048 0.175 87.40 8594 8135 40.94
0.005 0.194 96.90 35.00
_ 00053 0.196 97.90 28.30
ED 0.0053 0.167 83.40 96.70
g 0.0047 0.154 76.90 143.62
= 00052 0.155 77.40 127.40
0.0049 0.179 89.40 73.98
0.0048 0.185 92.40 59.90
g § 00053 0251 12540 12972 11202 50.41
< £0.0051 0.243 121.40 154.41
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Mass Abs Ce ge Mean St Dev
CF
0.005 0.230 114.90 190.00

0.0049 0.275 137.40 79.08
0.0053 0.272 13590 80.19
0.0047 0.265 132.40 109.04
0.0051 0.289 144.40 41.67
0.0051 0.373 186.40 110.29 161.19 158.27
0.0053 0.325 162.40 219.34

E’ 0.005 0.237 118.40 452.50
S 00053 038 19440 68.40
™ 00049 0414 20690 10.20
0.0047 0.378 188.90 106.38
0.0052 0.932 465.90 -88.94 12653 98.66
0.0048 0.841 420.40 140.63
S 0.0049 0.845 42240 127.55
E 00047 0853 42640 11170
S  0.0049 0.845 422.40 127.55
0.0051 0.814 406.90 198.53
0.0047 0.875 437.40 53.19
0.0048 1.798 898.90 479.17 528.18 277.74
= 00052 1710 854.90 653.85
& 00049 1.805 902.40 451.53
8 00049 1962 980.90 51.02
(]

0.0051 1.969 984.40 31.86
0.0047 1992 995.90 0.00

Table A.4: Regression coefficient and adjusted and predicted regression coefficients for the

responses in this study i.e. yield and adsorption capacity, taken from [34].

R? Rzadj Rzpred

Yield 96.33 89.72 78.57

Adsorption capacity 99.03 97.27 84.41
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Table A.5: ANOVA results for the chemical activation campaign, for the responses yield and
MB adsorption capacity adapted from [34].

Source Code Yield (%) MB adsorption capacity
(mg/g)

F-Value P-Value F-Value P-Value

Model - 14.57 0.004 56.45 0.000

Linear - 40.63 0.001 147.67 0.000
Temperature X1 56.63 0.001 1.14 0.335

IR X2 56.25 0.001 441.71 0.000

Hold Time X3 9.01 0.030 0.16 0.704
Square - 2.81 0.148 21.42 0.003
Temperature*Temperature X12 0.69 0.445 0.58 0.479
IR*IR x2? 4.01 0.102 53.86 0.001

Hold Time*Hold Time X32 3.10 0.139 6.02 0.058
2-Way Interaction - 0.27 0.844 0.25 0.857
Temperature*IR X1X2 0.06 0.820 0.04 0.847
Temperature*Hold Time X1X3 0.75 0.425 0.25 0.636
IR*Hold Time X2X3 0.00 0.963 0.46 0.527
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Equations A.1 and A.2 show the full polynomial models for the optimisation of the activation
process prior to removing insignificant terms. Where, y1 is yield, y2 is MB adsorption capacity,

X1 is temperature, x2 is IR and xz is hold time.

y1 = 649 + 1.2x; — 2.5x, + 3.6x3 — 0.00063(x;)? — 0.48(x,)* + 5.48(x3)*  Equation A.1

+0.0031(x;x2) — 0.041(x;x3) — 0.041(x,x3)

y, = =92 + 0.28x; — 2.5x, + 1.8x5 — 0.00021(x;)? + 0.65(x,)? — Equation A.2

0.28(x3)? + 0.00097 (x;,x,) + 0.0086(x;x3) + 0.21(x,x3)
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Appendix B: Modification Chapter Raw Experimental Data

Table B.1: Modification BBD raw data.

StdOrder Sample [HNOs] I-!OId Temp Mass CF Mass Yield (%)
name time mrCF

g . High point mrCF-HP 6 (+1) 24 (+1) 60(+1) 0.0604 0.0420 69.54

E

5 =

& Low point  mrCF-LP  1(-1)  16(-1) 20(-1) 0.0601  0.0490 81.53
1 mrCF-1 1 16 40 0.1000 0.0875 87.50
2 mrCF-2 6 16 40 0.1001 0.0630 62.94
3 mrCF-3 1 24 40 0.1003 0.0812 80.96
4 mrCF-4 6 24 40 0.1000 0.0812 81.20
5 mrCF-5 1 20 20 0.1001 0.0711 71.03
6 mrCF-6 6 20 20 0.1000 0.0850 85.00
7 mrCF-7 1 20 60 0.1004 0.0843 83.96
8 mrCF-8 6 20 60 0.1000 0.0839 83.90
9 mrCF-9 3.5 16 20 0.1001 0.0874 87.31
10 mrCF-10 3.5 24 20 0.1001 0.0887 88.61
11 mrCF-11 3.5 16 60 0.1002 0.0876 87.43
12 mrCF-12 3.5 24 60 0.1002 0.0905 90.32
13 mrCF-13 3.5 20 60 0.1002 0.0823 82.14
14 mrCF-14 3.5 20 40 0.1003 0.0738 73.58
15 mrCF-15 3.5 20 40 0.1004 0.0390 38.84

Table B.2: CIP adsorption experiments conducted at 20 °C.

Sample Mass CF Abs Final Qe Mean St dev
conc

0.0050 0.012 0.2378  6.8089

mrCF-1 0.0051 0.060 0.7256  4.2842 6.1706  1.6619
0.0050 0.000 0.1159  7.4187
0.0052 0.000 0.1159  7.1334

mrCF-2 0.0047 -0.029 -0.1789 9.4599 6.8792  2.7167
0.0049 0.068 0.8069  4.0443
0.0051 0.059 0.7154 4.3341

mrCF-3 0.0053 0.010 0.2175 6.5194 6.0548 1.5418
0.0049 0.005 0.1667  7.3109
0.0048 0.019 0.3089 6.7221

mrCF-4 0.0052 0.02 0.3191 6.1562 6.6893 0.5174
0.0047 0.013 0.2480  7.1895

mrCF-5 0.0049 0.043 0.5528 5.3406 5.9306 0.5132
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Final

Sample Mass CF Abs Qe Mean St dev
conc

0.0049 0.025 0.3699 6.2739
0.0051 0.022 0.3394 6.1773
0.005 0.067 0.7967 4.0142

mrCF-6 0.0049 0.011 0.2276 6.9998 6.2012 1.9168
0.0047 0.0056 0.1728 7.5895
0.0053 0.007 0.1870 6.6632

mrCF-7 0.0051 -0.001 0.1057 7.3231 7.0087 0.3310
0.0048 0.013 0.2480 7.0397
0.0051 0.05 0.6240 4.7824

mrCF-8 0.0047 -0.003 0.0854  8.0544 6.0268 1.7711
0.0047 0.049 0.6138 5.2435
0.0053 -0.045 -0.3415 9.1559

mrCF-9 0.0048 0.0017 0.1331 7.6378 15.1214 11.6719
0.0053 -0.45 -4.4573  28.5703
0.0049 0.077 0.8984 3.5777

mrCF-10 0.0051 0.01 0.2175 6.7751  4.6762 1.8183
0.0047 0.078 0.9085 3.6758
0.005 -0.015 -0.0366 8.1809

mrCF-11 0.0051 -0.002 0.0955 7.3729 7.7252 0.4138
0.0051 -0.007 0.0447 7.6220
0.0053 0.002 0.1362 6.9029

mrCF-12 0.0047 -0.025 -0.1382 9.2436 8.0463 1.1713
0.0048 -0.005 0.0650 7.9925
0.0051 0.002 0.1362 7.1736

mrCF-13 0.0052 0.042 0.5427 5.0813 5.9516 1.0896
0.0049 0.038 0.5020 5.5998
0.0051 0.09 1.0305 2.7897

mrCF-14 0.0049 -0.025 -0.1382 8.8664 6.2822 3.1385
0.0053 -0.004 0.0752 7.1905
0.0051 -0.002 0.0955 7.3729

mrCF-15 0.0053 0.025 0.3699 5.8004 6.8666 0.9238
0.0052 -0.006 0.0549 7.4265

Table B.3: adsorption experiments conducted at 20 °C.

Sample Mass CF Abs ::‘:cl Qe Mean St dev
0.0051 0.003 0.6553 4.5670

mrCF-1 0.0047 0.002 0.6242 5.1209 4.8856 0.2862
0.005 0.001 0.5932 4.9689

mrCE-2 0.0048 0.01 0.8727 3.7202 4.0193 0.4436
0.0048 0.005 0.7174  4.5290
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Final

Sample Mass CF Abs Qe Mean St dev
conc

0.0053 0.007 0.7795  3.8087
0.0051 0.000 0.5621  5.0237

mrCF-3 0.005 0.013 0.9658 3.1056  3.2489 1.7076
0.0048 0.023 1.2764  1.6175
0.0047 0.003 0.6553  4.9557

mrCF-4 0.0048 0.010 0.8727 3.7202 4.1860 0.6715
0.0052 0.007 0.7795  3.8820
0.0049 0.018 1.1211 2.3767

mrCF-5 0.005 0.007 0.7795 4.0373 3.6908 1.1796
0.005 0.003 0.6553  4.6584
0.0053 0.004 0.6863  4.2482

mrCF-6 0.0052 0.007 0.7795 3.8820 3.9523  0.2678
0.005 0.009 0.8416  3.7267
0.005 -0.001  0.5311 5.2795

mrCF-7 0.0051 0.019 1.1522 2.1313 3.6850 1.5745
0.0049 0.010 0.8727  3.6443
0.0052 0.005 0.7174 4.1806

mrCF-8 0.005 0.011 0.9037 3.4161 40039 0.5223
0.0051 0.004 0.6863  4.4148
0.0053 0.014 0.9969  2.7833

mrCF-9 0.0048 0.019 1.1522  2.2645 2.2757 0.5021
0.0048 0.022 1.2453  1.7792
0.0053 0.008 0.8106  3.6623

mrCF-10 0.0053 0.009 0.8416  3.5158 3.6591 0.1418
0.0047 0.010 0.8727  3.7994
0.0050 -0.002 0.5000 5.4348

mrCF-11 0.0048 0.000 0.5621 5.3377 5.3866  0.0485
0.0049  -0.001 0.5311 5.3872
0.0052 0.010 0.8727 3.4341

mrCF-12 0.0048 0.017 1.0901 2.5880 3.3289 0.6943
0.0047 0.009 0.8416  3.9646
0.0050 0.005 0.7174  4.3478

mrCF-13
0.0052 0.016 1.0590 2.5382 3.1041 1.0786
0.0048 0.018 1.1211  2.4262
0.0048 0.004 0.6863  4.6907

mrCF-14 0.0049 0.014 0.9969 3.0105 4.1099 0.9526
0.0052 0.002 0.6242  4.6285
0.0051 0.006 0.7484  4.1103

mrCF-15 0.0052 0.005 0.7174 4.1806 3.8088 0.5842
0.0052 0.012 0.9348  3.1355
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Table B.4: Regression coefficient and adjusted and predicted regression coefficients for the

responses in this study i.e. yield and adsorption capacity.

RZ Rzadj Rzpred
de, CIP (mg/g) 85.13  58.38 0.00
e, OTC (mg/g) 88.94  63.03 13.08

Table B.B.5: ANOVA results for the chemical activation campaign, for the responses yield
and MB adsorption capacity adapted from.

Code e, CIP (y1) Qe, OTC (y2)

Source - F-Value P-Value F-Value P-Value
Model - 3.18 0.108 4.47 0.057
Linear - 1.67 0.287 4.86 0.061
HNO3 X1 0.18 0.688 0.00 0.986
Hold time X2 4.59 0.085 3.19 0.134
Temp X3 0.25 0.641 11.40 0.020
Square - 3.12 0.126 1.38 0.351
HNO3*HNO; x1? 2.95 0.147 4.04 0.101
Hold time*Hold time 22 3.30 0.129 0.02 0.887
Temp*Temp x32 2.58 0.169 0.01 0.927
2-Way Interaction - 4.75 0.063 7.16 0.029
HNOs*Hold time X1X2 0.00 0.982 4.52 0.087
HNO3*Temp X1X3 0.00 0.998 0.53 0.501
Hold time*Temp X2X3 14.26 0.013 16.44 0.010
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Equations B.1 and B.2 show the full polynomial models for the optimisation of the
modification process prior to removing insignificant terms. Where, y1 and yz are CIP and OTC

adsorption capacity, respectively. x1 is HNOs concentration, x> is hold time and xs3 is

temperature.

y, = 81.0 + 1.69x; + 5.44x, — 1.0094x; — 0.223(x;)? — 0.0920(x,)? Equation B.1

+0.00325(x3)? — 0.0019(x;x,) — 0.00(x; x3) — 0.03675 (x,x3)

y, = —1.74 — 1.277x; + 0.288x, + 0.2469x5 + 0.0710(x;)? — 0.021(x,)? Equation B.2

+0.000053(x3)? + 0.0451(x;x,) + 0.00308(x;x3) + 0.01075 (xx3)
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Appendix C: Antibiotic Adsorption Chapter Raw Experimental Data

Table C.1: CIP adsorption optimum point studies, where

denotes experiments conducted with vCF-based adsorbents.

Sample I()gc;ﬁ Inl(tr:::\;/csnc Ma(sgs) CF Abs Fl?nilg(/:t;‘ ¢ Qe Mean St dev Ren;))val mean St dev
0.0203 0.008 0.0299 2.4262 98.5054

%-mrCF-Opt 0.8 2 0.0204 0.014 0.1114 2.3144 2.3607 0.0583  94.4293 96.4674  2.0380
0.0206 0.011 0.0707 2.3414 96.4674
%-mrCF-CIP- 0.0203 0.008 0.0299 2.4262 98.5054

Opt 0.8 2 0.0204 0.015 0.1250 2.2978 2.3552 0.0653  93.7500 96.2409 2.3858
0.0206 0.011 0.0707 2.3414 96.4674
%-mrCF-OTC- 0.0224 0.023 0.2337 1.9713 88.3152

Opt 0.9 2 0.0226 0.012 0.0842 2.1192 2.0730 0.0882 95.7880 93.2971 4.3144
0.0225 0.012 0.0842 2.1286 95.7880
0.0203 0.006 0.0027 2.4597 99.8641

%-K-ArCF-Opt 0.8 2 0.0204 0.029 0.3152 2.0647 2.3161 0.2185  84.2391 94.6558 9.0211
0.0206 0.006 0.0027 2.4239 99.8641
0.0205 0.005 -0.0109 2.4523 100.5435

%-mvCF-Opt 0.8 2 0.0204 0.003 -0.0380 2.4976 2.4476 0.0526 101.9022 99.8641 2.4494
0.0203 0.010 0.0571 2.3928 97.1467
0.0204 0.012 0.0842 2.3477 95.7880

%-K-AvCF-Opt 0.8 2 0.0207 0.005 -0.0109 2.4286 2.4111 0.0566 100.5435 99.1848 2.9612
0.0206 0.004 -0.0245 2.4569 101.2228
0.0026 0.008 0.3036 9.4847 75.7124

ge-mrCF-Opt 0.1 1.29 0.0026 0.015 0.3968 8.5884 9.0579 0.4496  80.1598 79.5650  3.5924
0.0026 0.011 0.3435 9.1006 82.8229
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Sample I()golﬁ pH Inl(t:;/csnc Ma(':) cF Abs F'?:g;t;‘ ¢ Qe Mean St dev Ren:/:wal mean St dev
0.0023 0.003 0.2370 11.4455 88.1491

ge-mvCF-Opt 0.1 8 1.29 0.0024 0.003 0.2370 10.9686 11.0597 0.3493 88.1491 89.2588 1.9219
0.0026 -0.002 0.1704 10.7650 91.4780
0.0022 0.021 0.4767 17.3103 76.1651

qe-m(;CIt:-CIP- 0.1 8 2 0.0024 0.007 0.2903 17.8096 16.7158 1.4832 85.4860 81.9352 5.0412
P 0.0028 0.009 0.3169 15.0276 84.1545
0.0024 0.023 0.5033 15.5903 74.8336

qe'mBCFt'OTC' 0.1 8 2 0.0026 0012 03569 157994 159404 0.4379 82.1571 79.7159  4.2283
P 0.0025 0.012 0.3569 16.4314 82.1571

Table C.2: OTC adsorption optimum point studies, where denotes experiments conducted with vCF-based adsorbents.

Sample I()gc;sL(; Inl(trl:;/csnc Ma(sgs) CF Abs FI?r:Ig(/:t;‘ ¢ Qe Mean St dev Ren::val mean St dev
0.0203 0.000 -0.0132 2.4793 100.6608

%-mrCF-Opt 0.8 2 2 0.0200 0.001 0.0308 2.4615 2.3607 0.0583 98.4581 97.7239  3.3646
0.0202 0.003 0.1189 2.3280 94.0529
0.0203 0.000 -0.0132 2.4793 100.6608

%-mrCF-CIP- —

Opt 0.8 2 2 0.0200 0.001 0.0308 2.4615 2.3552 0.0653 98.4581 96.9897  4.5852
0.0202 0.004 0.1630 2.2735 91.8502
0.0224 0.002 0.0749 2.1486 96.2555

%-mrCF-OTC- E—

Opt 0.9 2 2 0.0226 0.005 0.2070 1.9834 2.0730 0.0882 89.6476 92.5844  3.3646
0.0224 0.004 0.1630 2.0502 91.8502
0.0199 0.001 0.0308 2.4738 98.4581

%-K-ArCF-Opt 0.8 2 2 0.0202 0.004 0.1630 2.2735 2.3161 0.2185 91.8502 91.1160 7.7354
0.0200 0.008 0.3392 2.0760 83.0396
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Dose

Initial conc

Mass CF

Final conc

Removal

Sample (&/L) (mg/L) (&) Abs (mg/L) Qe Mean St dev % mean St dev
00200 0001 0.0308  2.4615 98.4581

TR 08 5 00198 0005 02070 22638 2.4476 0.0526 89.6476 96.2555 5.8276
00202 0000 -00132  2.4916 100.6608
00201 0004 0.1630  2.2848 91.8502

%-K-AvCF-Opt 0.8 2 00202 0001  0.0308 24371 24111 00566 98.4581 90.3818 8.9019
00200 0009 03833  2.0209 80.8370
00025 0.025 0.7424  5.4764 42.4529

ge-mrCF-Opt 0.1 1.29 00021 0030 0.9607 3.9203 9.0579 0.4496 255272 42.4529 16.9256
00025 0020 0.5240  7.6598 59.3785
00024 0030 09610  3.4303 97.8166

ge-mvCF-Opt 0.1 1.29 00026 0019 0.4800 77854 5855  0.3493 82.5328 89.9563 18.848
00025 0023  0.6550  6.3501 89.5197
00026 0.009  0.0440  18.8112 97.82

qe-mcl;C:-ClP- 0.1 2 0.0023 0010 0.0870 20.7900 19.443 1.168  82.53  89.956  7.651
P 00026 0002  0.0520  18.7275 89.52
00026 0010 0.0873 183910 95.6332
qe-mrCF-OTC- I

ot 0.1 2 00024 0017 03930 16.7394 16.7158 1.4832 80.3493 83.2606 11.2044
00027 0020 05240  13.6665 73.7991
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Table C.3: Regression coefficient and adjusted and predicted regression coefficients for the

responses CIP and OTC removal percentage.

RZ Rzadj Rzpred

Removal (%), CIP (mg/g) 96.36 89.80  78.35

Removal (%), OTC (mg/g) 88.18 66.91 65.62

Table C.4: ANOVA results for the adsorption campaign when considering removal

percentage as the responses.

Removal %, CIP Removal %, OTC

Source code (ya) (v2)
F-Value P-Value F-Value P-Value
Model - 14.69 0.004 4.14 0.066
Linear - 27.64 0.002 6.50 0.035
Adsorbent dose X1 4.09 0.099 12.71 0.016
pH X2 3141 0.002 4.12 0.098
Initial Conc. X3 47.43 0.001 2.67 0.163
Square - 11.93 0.010 4.56 0.068
Adsorbent dose*Adsorbent 5

dose X1 10.32 0.024 0.12 0.743
pH*pH X2? 22.87 0.005 8.47 0.033
Initial Conc.*Initial Conc. x32 0.05 0.827 6.26 0.054
2-Way Interaction - 4.49 0.070 1.37 0.353
Adsorbent dose*pH X1X2 6.79 0.048 0.24 0.648
Adsorbent dose*Initial Conc. X1X3 0.97 0.369 3.61 0.116
pH*Initial Conc. X2X3 5.71 0.062 0.26 0.629

293



Equation C.1 and Equation C.2 show the full polynomial models for the optimisation of the
adsorption process prior to removing insignificant terms. Where, y1 and y; are the removal
percentage of CIP and OTC, respectively. x1 is adsorbent dose, x; is pH and xs is initial

concentration.

y: = 93.8 + 105.9(x;) — 24.05(x,) — 5.2(x3) — 70.9(x)? Equation C.1
+ 1.875 (X3)? + 1.45(%3)? — 7.36(X1X) + 11.1(x;X3)
+ 3.60 (x,X3)

y, = 218.0 — 14.5(x1) — 30.8(x) — 136.4(x3) + 17.7(x1)? Equation C.2
+ 2.636 (x3)% + 36.2(x3)% — 3.17(x1X3) + 49.6(X1X3)
+ 1.79 (X2X3)

Table C.5: Regression coefficient and predicted regression coefficients for the responses CIP

and OTC removal percentage.

Rz Rzadj Rzpred

Removal (%), CIP (mg/g) 99.93 99.82 98.99

Removal (%), OTC (mg/g) 97.86 94.01 85.95

Equation C.1 and Equation C.2 show the full polynomial models for the optimisation of the
adsorption process prior to removing insignificant terms. Where, y1 and yz are CIP and OTC

adsorption capacity, respectively. x1 is adsorbent dose, x; is pH and xz is initial concentration.

y; = 28.381 — 68.20(x;) — 0.186(x;,) — 1.909(x3) + 44.77(x,)? Equation C.3
+ 0.0227 (x3)? + 0.214(x3)? — 0.154 (x;X;)
+ 1.609(x41x3) + 0.0278 (x,X3)

ys = 10.55 — 25.46(x;) — 0.899(x,) + 2.21(x3) + 18.94(x,)? Equation C.4
+ 0.0870 (x;)? — 0.539(x3)? — 0.378(%;X,)
— 1.57(x1x3) + 0.225 (x,X3)
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Table C.6: ANOVA results for the adsorption campaign when considering geas the

responses.
Code e, CIP (y3) Qe, OTC (ya)

Source F-Value P-Value F-Value P-Value
Model - 844.72 0.000 25.40 0.001
Linear - 1944.33  0.000 60.01 0.000
Adsorbent dose X1 5825.31 0.000 171.51 0.000
pH X2 0.00 0.973 0.36 0.576
Initial Concentration X3 7.68 0.039 8.16 0.036
Square - 586.48 0.000 15.06 0.006
Adsorbent dose*Adsorbent X12 1749.63 0.000 42.23 0.001

dose

pH*pH X2 1.42 0.287 2.82 0.154
Initial Conc.*Initial Conc. x32 0.49 0.513 0.42 0.544
2-Way Interaction - 3.34 0.114 1.13 0.420
Adsorbent dose*pH X1X2 1.26 0.313 1.02 0.358
Adsorbent dose*Initial Conc. X1X3 8.61 0.032 1.10 0.342
pH*Initial Conc. X2X3 0.14 0.719 16.44 0.010
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Appendix D: Regeneration Chapter Raw Experimental Data

Table D.1: Regeneration of CIP-laden mrCF-Opt.

Conc de (mg/L)
Regenerant Run
(M) co c1 C2 c3 ca (o 6 c7
1 236 181 183 177 179 173 156 1.46
2 232 254 1.82 1.85 1.70 174 1.78 1.76
NaOH 0.1
3 233 252 184 179 181 175 160 1.62
Mean 2.33 229 1.83 1.80 1.77 1.74 1.65 1.62
1 234 254 181 174 183 184 183 1381
2 236 261 182 180 186 175 174 1.80
KOH 0.1
3 228 2.55 1.86 1.81 186 181 1.79 1.72
Mean 233 257 183 178 185 180 179 1.78
1 231 254 1.78 1.81 1.82 1.66 1.59 1.57
2 224 255 170 179 170 171 173 1.72
NaOH 0.25
3 235 254 1.78 1.70 1.76 1.53 1.61 1.65
Mean 230 254 175 1.77 1.76 1.63 1.64 1.65
1 239 251 184 181 183 186 1.79 1.77
2 234 248 1.90 1.78 1.83 1.83 1.78 1.85
KOH 0.25
3 230 258 187 178 181 174 172 1.78
Mean 234 252 187 179 182 181 176 1.80
Table D.2: Regeneration of OTC-laden mrCF-Opt.
Conc qe (mg/L)
Regenerant Run
(M) Co C1 C2 C3 Cc4 C5 Cé6 c7
1 236 181 183 177 179 173 156 1.46
2 232 254 182 1.85 1.70 174 1.78 1.76
NaOH 0.1
3 233 252 184 179 181 175 160 1.62
Mean 233 229 183 180 177 174 165 162
1 234 254 1381 1.74 183 1.84 1.83 1.81
2 236 261 182 180 1.8 175 174 1.80
KOH 0.1
3 228 255 18 181 18 181 179 1.72
Mean 233 257 1.83 1.78 1.85 1.80 1.79 1.78
1 231 254 178 181 182 166 159 157
2 2.24 2.55 1.70 1.79 1.70 171 1.73 1.72
NaOH 0.25
3 235 254 178 170 176 153 161 1.65
Mean 230 254 1.75 1.77 1.76 1.63 1.64 1.65
1 239 251 1.84 1.81 1.83 1.86 1.79 1.77
2 234 248 190 178 183 183 178 1.85
KOH 0.25
3 230 258 1.87 1.78 1381 1.74 1.72 1.78
Mean 234 252 187 179 182 181 176 1.80
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