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ABSTRACT

Water pollution from emerging contaminants is increasingly in the spotlight, as research on the
impacts on the environment is revealing more about the dangers to both animals in the aquatic
environment and human health. Pharmaceuticals, personal care products, surfactants and
pesticides have been proven to have endocrine-disrupting properties, affecting not only the
aquatic life but human life as well. Conventional wastewater treatment plants need to updated
in order to deal with this family of chemicals, since they are currently incapable of removing
them using traditional methods. New methods need to be developed since the current ones
leave behind around 60 - 90% of the initial contaminant concentration and re-introduce it to
the water cycle. Adsorption procedures have been proven to be very effective on water
treatment, targeting emerging contaminants, with research focusing on developing new

materials, that apart from being effective should also be environmentally friendly.

Sporopollenin is the name of a bio-polymer found in nature, constructing the outer shell (exine)
of the capsule of a pollen grain or spore. The capsule itself - sporopollenin exine capsule
(SpEC) - evolved to protect the genetic material contained in each grain/spore, hence
sporopollenin has been proven to be chemically stable and very resistant to harsh
environmental conditions. SpECs can be extracted from pollen grains or spores producing
empty capsules (devoid of their genetic material), presenting a variety of differently sized
microcapsules and shapes depending on the plant species. These capsules are monodispersed,
presenting great mechanical strength as well as permeability. The material has a high surface
area due to the porous nature with many multi-directional channels leading to the core of the

capsule, giving them features and properties that are ideal for contaminant adsorption.

The focus of this thesis was the investigation of SpECs deriving from Lycopodium clavatum

by multiple extraction methodologies for applications on emerging contaminant adsorption.



Different extraction procedures were developed, as well as surface modification protocols, in
order to optimise the material for the different pollutants. The resulting SpECs were tested
against four different contaminants; diclofenac, triclosan, oestradiol and phosphates, under
different experimental settings, either lab based or closer to real world conditions. The results
revealed that SpECs offer a very promising natural material, presenting high efficiency against
the tested contaminants, with low-cost production, offering an environmentally friendly

approach to the problem of water purification.

For diclofenac, the most efficient SpECs type was SpECs(3)AM, with a maximum adsorption
capacity value of 27.4 mg/g under a packed-bed setup. For triclosan, SpECs(3) was the most
efficient type, presenting a maximum adsorption capacity of 37 mg/g under packed-bed setup
or a Kg value of 35.14 mg® /gL~ for adsorption from a solution. For oestradiol adsorption,
SpECs(1) worked the best, presenting a maximum adsorption capacity of 42.5 mg/g. For
phosphates, all tested SpECs presented similar adsorption capacities, with the water/Fe loaded

SpECs(3) presenting the highest, 2.1 mg/g.

SpECs presented adsorption capacity values far beyond what would be required for treating
hospital effluent or surface waters and very good adsorption rates, especially for diclofenac
and triclosan. Although the oestradiol experiments resulted in excellent maximum adsorption
capacity, the rate of adsorption was below what would be required for treating large bodies of
flowing water. However all other materials exhibited very promising rates of adsorption,
particularly SpECs(3)AM for diclofenac and SpECs(3) for triclosan, warranting scale-up

experiments for the treatment of such volumes as hospital effluents (55 - 530 L/min).

SpECs(3) and their aminated form, SpECs(3)AM were proven to be the best candidates for
contaminant adsorption, with SpECs(3) ticking all the boxes for a successful adsorbent; apart

from their excellent adsorption behaviour, their production is fast and low-cost, they are
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environmentally friendly since they derive from plant spores, the chemicals used are not harsh
to the environment nor were high temperature treatments or long reaction times required and

they also presented good reusability.
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limit of detection

limit of quantification



MALDI-TOF-MS
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MOFs
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PPCPs
RNA
SEM
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uv
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matrix assisted laser desorption ionisation - time of flight - mass
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multi drug resistant microorganisms
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non-steroidal anti-inflammatory drug
polychlorinated biphenyls
pharmaceuticals and personal care products
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scanning electron microscopy
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ultraviolet
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1. Introduction

1.1. Water contamination

The number of water contaminants in Europe is increasing year after year and their impact on
the aquatic environment is increasingly raising concern.! Chemical compounds present in
pharmaceuticals and personal care products (PPCPs), pesticides and detergents, are drawing
more and more attention since they are indispensable components of modern life, but are also
increasingly abundant in most aquatic environments.? The majority of these chemicals is not
completely metabolised, resulting in a difficult removal by conventional waste water treatment
plants and procedures (WWTP), posing an escalating cause of concern to human health.t®
Compounds contained in PPCPs are ubiquitous and persistent in water bodies and soil, posing
a further threat since they can lead to multi drug resistant (MDR) microbes, antibiotic resistant
bacteria (ARB) and antibiotic resistant genes (ARGs). According to a report published in
2014, it is estimated that antimicrobial resistance could be the cause of 10 million deaths per

year by 2050.

Pharmaceuticals is a term which covers a large group of organic molecules with several
subcategories, such as antibiotics, hormones, anti-inflammatory and analgesic drugs,
anti-cancer drugs, antidepressants and many more. In Europe alone, the number of different
compounds referred to as pharmaceuticals has been reported to be around 3000.' There are
several pathways of water contamination with pharmaceutical compounds (Figure 1), with
healthcare facilities, households and pharmaceutical industries being the main sources. Human
waste is a significant source of water contamination since urine and faeces contain a significant
load of pharmaceutical compounds.* Almost 70% of the consumed compounds leave the

human body either unmetabolized as active ingredients, or as metabolites via urine.* Of
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particular concern is that many of these chemicals are suspected to be endocrine disrupting

chemicals (EDCs) for organisms, including humans.'3

Domestic, commercial
and public disposal

.

Water treatment facility

Effluent

T

I . .
v L Animals and agriculture

Surface water

Figure 1: Different pathways of PPCPs reaching the environment.

EDCs are chemical compounds that are able to mimic, block or disrupt the synthesis and
metabolism of natural hormones in humans and wildlife, therefore affecting their reproductive
systems, Figure 2.1213 Even at concentrations as low as ng/L they can cause reproductive and
other anomalies involving feminization of male or masculinization of female fish
populations.’*° In humans, exposure to EDCs has been proven to provoke conditions
involving the reproductive,2?* immune?®?® and neurological?’? systems or cause
developmental dysfunctions.?®*° Analyses have revealed that EDCs are present in all waters,
including treated and untreated wastewaters, surface waters, groundwaters and even drinking

waters.®3 Studies have confirmed that fish that live close to WWTPs, discharge points or
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treatment plants, are exposed to EDCs and are already showing hormonal changes or in some
cases, affected by population level decline.343® Additionally, a concerning factor is that EDCs
are often present in the aquatic environment in the form of a mixture, showing higher toxicity

compared to being on their own, due to synergistic effects.®’

Natural
hormone

EDC

Epigenetic

DNA Methylation
methyl groups added to
cytosine leading to
downregulation of gene

Hormone receptor

Histone modifications

changes to histone proteins
such as acetylation of
lysines leading to up or
down regulation of gene.

Non-coding RNAs

increase or decrease of small
regulatory RNAs affecting
gene regulation.

Blocking Mimicry

Cell takes no actions Cell reacts as if natural
hormone bound to receptor

Figure 2: Mode of action of EDCs inside an organism.

Ternes et al.® reported that in an investigation of water contamination, 32 compounds and their
residues were tested and 80% of the selected compounds were found in effluents of at least one
sewage treatment plant in Germany. Concerning rivers and streams, 20 compounds were
detected and 4 corresponding metabolites.® In a recent study of water pathways contamination,®
400 UK households were investigated for their methods of pharmaceutical disposal. The
participants were asked what they do with their unused or expired drugs and 63.2% replied that

they throw them in the bin, 21.8% returns them to the pharmacist and 11.5% discards them into
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the sink or toilet. A similar scenario was observed in Germany, where it is estimated that
16000 tonnes of pharmaceuticals are disposed every year with 60 - 80% going directly into the
toilets or into household waste.” In the U.S., analyses of surface and groundwater revealed
more than 70 different compounds, while there is no information on the ways the compounds

reached the environment nor on their eventual fate.®®

1.1.1. EC Priority List and Watch List

In 1996, a discussion started between the European Commission (DGXII), the European
Environmental Agency, the European Centre for Environment and Health and the World
Health Organisation on the concerns for aquatic life being exposed and affected by chemical
pollutants and the hypothesis that human health may face similar risks. This led to further
research and to a collection of data with the aim of creating a list of “suspected endocrine
disruptors”. The criteria for the inclusion of substances within this list were now specified and
the list was named Priority List. 564 compounds were initially suggested from publications and
several organisations, a number that was later reduced to 553 which formed the initial
Candidate List. In the next step, 146 of these chemicals were characterised as highly persistent
and based on the available evidence of their endocrine disruption effects, 118 of them were

concluded to show high and medium exposure concern.*

In 2015, a new mechanism was created for providing more information and monitoring the
levels of emerging contaminants as well as minimising the potential risk that they would pose
to the aquatic environment. The mechanism involved the monitoring across Europe of up to a
maximum of 10 chemicals (emerging contaminants) for up to four years and a new list was
formed. This Watch List (Table 1) includes the drug diclofenac and the substance oestradiol
and is built to be frequently reviewed and updated according to the levels and risks of the

contaminants.*®
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Table 1: Substances / group of substances suggested for the First Watch List.*°

Substance name

Description

Diclofenac

non-steroidal anti-inflammatory drug

17-beta-estradiol (E2), Estrone (E1)

hormone

Clothianidin, Acetamiprid

17-alpha-ethinylestradiol (EE2) hormone

Oxadiazon herbicide

Methiocarb herbicide/pesticide
2,6-ditert-butyl-4-methylphenol industrial use in a variety of products
Tri-allate herbicide

Imidacloprid, Thiacloprid, Thiamethoxam, | neonicotinoids,  plant  protection

products and biocides

Erythromycin, Clarithromycin, Azithromycin

human and veterinary antimicrobials

2-ehtylhexyl-4-methoxycinnamate

UV filter

1.2. Water Purification

1.2.1. Conventional wastewater treatment procedures

A typical procedure for water purification is described in Figure 3. In the first instance, the
preliminary treatment involves raw sewage passing through the screening which removes large
solids such as sanitary, car tyres etc. In the grit chamber, grit stones and sand are removed, and
the water is then passed to the primary clarifier. Clarifiers are usually circular or rectangular
and the purification procedure relies upon gravity. This procedure lasts for at least two hours
resulting in a removal of 30 - 50% of organic load and 60% of solids. The secondary treatment
then takes place where sewage goes through the aeration tank and the secondary clarifier. In
the aeration tank, bacteria are mixed with the sewage and O is added. These microorganisms
feed on pollutants present in the sewage, leaving a more purified effluent after the procedure.
A secondary clarifier follows where water is separated from any remaining sludge and then
chemical procedures follow (e.g. chlorination) disinfecting the polluted water. It will be
presented in detail in the following chapters, how conventional WWTPs are not capable of the

complete removal of the aforementioned emerging contaminants. It is evident, that



1. Introduction

conventional WWTPs present many disadvantages; apart from poor removal efficiency, the

generation of toxic by-products is the major one, followed by high operational costs and large

energy consumption.*+43

Domestic, commercial

and public disposal Grit chamber

Screens Comminutor

Grit disposal
%,

Secondary
clarifier

Aeration tank Primary
clarifier

Surface water
or tertiary
treatment

Primary effluent

Disinfectant Activated sludge

Raw or primary sludge

Sludge treatment
and disposal

Figure 3: Primary and secondary treatment steps for water purification.

1.2.2. New techniques on wastewater treatment

The demanding solution to the problem of water contamination urges the upgrading of the
existing treatment plants and has led to new ideas and experimenting. Not only new techniques
are needed, but also the points where the water treatment is taking place must be of discussion.
It is important that effluents from industrial facilities and hospitals are treated in source, while
the contaminants are not diluted or mixed with other matters present in water. Dilution of the

wastewater makes treatment more expensive and less efficient.*

While conventional treatments (sedimentation, coagulation, sand filtration, flocculation and
chlorine disinfection) have a removal efficiency of pharmaceuticals of <5 - 40%,

nanofiltration, reverse osmosis, ozonation, activated carbon adsorption, ion exchange and

6
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advanced oxidation/reduction processes (AO/RPs) are some of the procedures reported in the

literature that are quite efficient in the removal of PPCPs, 114546

Membrane filtration includes membrane separation systems and is often a solution for high
molecular weight contaminants. Ultra-, micro- and nanofiltration, electrodialysis and reverse
osmosis are some of the membrane filtration methods, with the drawbacks being the inability
of treating large volumes, the severe biofouling of the membrane material and the high energy
consumption because of the requirement of high operational pressures.*’ Nanofiltration and
reverse osmosis have been proven to be efficient for the removal of pharmaceuticals but are
highly influenced by the physicochemical properties of the contaminant (hydrophobicity,

polarity, charge) and by other factors present in water: cations, natural organic matter.*8

AO/RPs have been proven to be very effective for PPCPs and require low quantities of
additional chemicals but involve complex operational procedures. Throughout these processes,
the decomposition of organic pollutants can be achieved through degradation mechanisms
using treatments such as Os/UV, H202/UV, O3/H02, Fe?*/H,0,, Fe?'/H,02/UV.*5! The
formation of oxidation by-products is a major disadvantage of these techniques, the toxicity of
which can sometimes be higher than the parent compound.*® Other disadvantages include the

high cost because of energy consumption and the complexity of the procedures. %5

Ozonation procedures are able to destroy some percentage of PPCPs but in some cases the
oxidation may be incomplete, resulting in the formation of by-products that seem to be more
toxic than the parent compounds.> According to Huber et al. ozonation is able to oxidise a
majority of some selected pharmaceuticals (including diclofenac and oestrogens) being the
fastest method compared with chlorination or oxidation with CIO.. Whereas ozonation is more
efficient for some of the pharmaceuticals, resulting in the shortest half-lives of any other
procedure, it is a particularly expensive method that can increase up to 40 - 50% the energy

required in conventional WWTPs.5354
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lon exchange technologies have been proven to be efficient in water treatment and present a
nice alternative since they do not generate any sludge. As a procedure though, it is very specific
since it targets certain contaminants and it is also expensive because of the replacement of the
resin after some use.*!

So far, adsorption methods appear to be the most promising option for PPCPs removal, by
involving mild operational conditions that are energy efficient, requiring low energy
consumption and without adding any by-products to the treated water.>® Furthermore, they
present a high contaminant removal efficiency resulting in treated effluents of promising

quality and provide the option of the regeneration and reuse of the adsorbent.*3¢

1.2.3. Adsorption

1.2.3.1. Definition

According to Faust and Aly (1986) “adsorption is a surface phenomenon that is defined as the
increase in concentration of a particular component at the surface or interface between two
phases”. This phenomenon occurs due to forces of attraction that occur between atoms of a
solid surface and atoms of gas or liquid. The second law of thermodynamics explains
adsorption as a process to reduce the free surface energy of the solid. The result is a process
where a solid material (adsorbent or sorbent) is used for the removal of specific gas or liquid
substances (adsorbate or sorbate). Depending on these forces of attraction, adsorption can be

distinguished into physisorption, chemisorption or electrostatic sorption.>">

Physisorption is an exothermic phenomenon where weak intermolecular forces (Van der
Waals) take place with no electron transfer or electron sharing between the adsorbent and the
adsorbate. Due to the weak nature of the interactions, the adsorption is easily reversible by
heating and the physisorbed molecule keeps its structure and identity. If desorption occurs, the

molecule can be obtained in its original form without any changes to the structure. The energy
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involved is of the range of 15 - 30 kJ/mol. Physisorption is a general, non-site-specific
phenomenon, where the physisorbed molecules can attach to any part of the surface of the
material and can form multilayers. Being an exothermic phenomenon, physisorption increases

when temperature decreases and is only stable for temperatures below 150 °C.%8-

Chemisorption is an irreversible procedure where stronger interactions occur involving the
transfer of electrons and the formation of chemical bonds between the adsorbent’s surface and
the adsorbate. The chemisorbed molecules are bound to the surface of the material at specific
reactive sites, and they cover it by forming a monolayer. In this phenomenon the molecules do
not keep their individuality due to the interactions with the surface and they cannot be
recovered by desorption. They may break down to fragments and get trapped onto the
adsorbent’s surface. Chemisorption tends to increase with the increase of temperature and the
energy involved is of several hundred kJ/mol, which is significantly higher than physical

adsorption meaning that it can be more stable at high temperatures.>’

Electrostatic sorption is a term used specifically for indicating the ion exchange between the
contaminant’s molecules and the adsorbent. It involves a solid with charged functional groups

that is able to form Coulomb attractions with the adsorbed sorbate’s ions.>®

1.2.3.2. Adsorption isotherms

The word isotherm derives from the two Greek words: isos, meaning equal and thermo,
meaning heat. An adsorption isotherm is a curve that depicts the process of occupancy of a
solid by a substance present in a mobile phase (gas or liquid), at a constant temperature and
pH.®! This curve is important because it gives significant information on the mechanisms
through which the substance is being attached to the solid material. It specifies the
physicochemical and thermodynamic parameters such as sorption mechanisms, surface
properties and adsorption capacity of the adsorbent.®? Adsorption isotherms are equilibrium

9
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equations. This means that the system containing both the adsorbate and the adsorbent must be
left for a sufficient amount of time to interact and reach equilibrium. The equilibrium is
obtained when the adsorbent no longer interacts with the adsorbate and the adsorption and

desorption rates are equal.5364

1.2.3.2.1. Classification of adsorption isotherms

An adsorption isotherm is built by plotting the amount of adsorbate onto the adsorbent
(described by the letter x or Qe) against the amount of adsorbate left in the solution (equilibrium
concentration Ce). Giles et al, have divided the resulting graph (isotherms) into four categories,
depending on their slope (Figure 4). This allows one to determine the ways the adsorption
happens and come to valuable conclusions.®®

In the C-type adsorption isotherm (Figure 4a) the ratio between the equilibrium concentration
and the amount of the compound trapped onto the adsorbent remains constant at any given
time. This ratio (the line’s slope) is called partition coefficient or distribution coefficient
Kb (L/kg). This type of isotherm proposes that the adsorbate has a higher affinity towards the

adsorbent rather than towards the solvent that it is diluted in.

The L-type isotherm (Figure 4b) describes a concentration dependant system where the slope
gradient is decreasing whilst the adsorbate’s concentration increases. In this system, the
adsorbent is progressively saturated meaning that as the concentration of the adsorbate
increases, the surface is covered, and the vacant sites are more difficult to find. This type is

often used to describe systems working at low concentrations of adsorbate.

10
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(a)_The “C” Isotherm (b)_The “L" Isotherm
Q

with strict plateau

without strict plateau

> > C
(c) The “H” Isotherm (d) The “S” Isotherm
Q Q
point of inflection
> C > C

Figure 4: The four different types of adsorption isotherms according to Limousin et al. and
Giles et al 1%

The H-type isotherm (Figure 4c) is a high-affinity isotherm where the first molecules are being
adsorbed very rapidly and strongly. This curve presents a rapid rise of the initial slope showing
that occupied sites can still retain adsorbate molecules, so the number of potential sites
increases. When all sites are occupied and the saturation point is reached, the slope decreases.

This curve suggests a very high affinity of the adsorbate towards the adsorbent.

The S-type isotherm (Figure 4d) the sigmoidal curve illustrates that the adsorption process is
divided into two parts. The first part, before the point of inflection, is where the adsorbate has
a low affinity towards the adsorbent and it takes some time to cover its surface. As soon as the
surface is covered, after the point of inflection, the adsorbate covering the adsorbent’s surface
acts like a new adsorbent and attracts and adsorbs the rest of the adsorbate molecules

(cooperative adsorption, Figure 5).60:63.66

11
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a — —
— —
— ——

Tl |1 i1 11

Figure 5: The adsorbent’s surface and the adsorbate molecules. (a): Forces of attraction (lines)
between the adsorbate molecules and the surface are equal. The molecules are adsorbed more
strongly in the left position than in the right, where the only forces towards the molecule are
these of the surface. This phenomenon of cooperative adsorption is described by S-type
isotherms (b): Strong forces of attraction (thicker lines) between the surface and the adsorbate
molecules, very weak forces (dots) between the molecules. The adsorption strength is equal
between the right and the left position. This type of adsorption is described by L or H
isotherms.®®

The two most well-known and widely used models for the description of solid - liquid
adsorption are the Langmuir, described by the L or S type isotherm, and the Freundlich. Both

models are described by two parameter isotherm equations.

1.2.3.2.2. Langmuir model

The Langmuir equation is a theoretical model which is based on the assumption that the surface
of the adsorbent has a finite number of identical adsorption sites (homogenous surface in terms
of binding energy), where each site is able to retain only one molecule of adsorbate. Once this
site is occupied, no further adsorption can occur at this specific site. Langmuir’s model assumes

that the adsorption is uniform on the surface of the adsorbent resulting in the formation of a

12
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saturated monolayer at maximum adsorption.t”% This maximum adsorption is graphically
depicted by a plateau which is a characteristic of Langmuir’s isotherm model and means that
when the saturation point is reached, no further adsorption can take place.%® The extent of the
coverage of the material’s surface is highly dependent on the concentration of the adsorbate.
This model also assumes that there are no interactions between the adsorbed molecules (lateral

interactions) and that the adsorption is reversible.®

In the Langmuir’s equation (Equation 1), Qe (mg/g) is the amount of the compound adsorbed
per amount of adsorbent. Qm (mg/g) is the maximum adsorption capacity of the material
(adsorbent), K. (L/mg) is the Langmuir adsorption equilibrium constant, and Ce (mg/L) is the
concentration of the adsorbate at equilibrium. Langmuir’s constant is a measure of the intensity
of the adsorption process, and Qm indicates the amount of adsorbate needed for a complete

monolayer.

_ QmKLCe

Qe = 1+K,C,

Equation 1

The above equation can be rearranged to the following linear form (Equation 2) which is useful

for the calculation of Qm and K (slope= 1 intercept=

Q. QK1

C. C, N 1
Qe Qm KLQm

Equation 2

The dimensionless constant Ry is the separation factor or Langmuir’s equilibrium parameter

and it indicates whether the adsorption is favourable or not (Equation 3).

13
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1

R = ——— i
LT 11K, 0, Equation 3

For R, > 1, the adsorption is unfavourable, whereas for 0 < R; < 1 it is favourable. When

R, = 0 the adsorption is irreversible and when R, = 1 the isotherm is linear.>®7°

1.2.3.2.3. Freundlich model

Freundlich’s model describes a non-ideal, multisite, and reversible adsorption of L or H
isotherm type. It is an empirical model where the adsorbent’s surface is heterogeneous, which
means that the binding sites on its surface are of various energies and thus affinity towards the
adsorbate.*® This type of adsorption has no restrictions in the number of layers forming onto
the material's surface and it can happen in multilayers.®*% Freundlich's model is characterised
by the heterogeneity factor 1/nr, a factor that shows how favourable the adsorption is and its
isotherm does not reach a plateau like Langmuir’s model. Freundlich’s isotherm is expressed

by Equation 4.

Q. = KyC, '/ Equation 4

where Q. (mg/g) is the amount of compound adsorbed per amount of adsorbent, Ce (mg/L) is
the equilibrium concentration and Kr and nr are Freundlich’s constants. By using the linear

form of Freundlich’s equation (Equation 5) the two Freundlich’s constants can be calculated.

1 Equation 5
logQ, = logKp + n—logCe quation
F
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Ke (mg® /gL ") is related to the material’s adsorption capacity and can be calculated from
the intercept of Equation 5 (logKF). It represents the quantity of adsorbate adsorbed in mg/g
adsorbent when Ce equals one.” ng is the heterogeneity factor of adsorption sites indicating

the adsorption intensity and it is dimensionless. It can be calculated from Equation 5 where

1 1. : . :
the slope equals — The slope — gives valuable information about the adsorption processes:
F F

it specifies the heterogeneity of the adsorbent’s surface becoming more heterogeneous for
values closer to zero. For values above one, the adsorption is implied to be cooperative, whereas
for values below one the model is better described by the Langmuir isotherm or chemisorption

is implied."

1.2.3.3. Adsorption kinetics

A kinetic study examines the rate of the adsorption which can include limiting factors such as
temperature and pressure conditions as well as the physicochemical properties of the adsorbent
and the contaminant. The progress of the adsorption process through time is referred to as
adsorption kinetics and is the determining factor for the required time for reaching equilibrium.
In general, kinetic models provide useful information about the adsorption pathways and the

possible mechanisms involved.>® "

There are two main characteristics that are involved in the adsorption process: interparticle and
intraparticle diffusion. Resistance to external diffusion/interparticle diffusion, involves the
mass transfer from the bulk fluid to the external surface of the material, whereas intraparticle
diffusion describes the mass transfer from the external surface of the material to the internal

porous structure.”

For adsorption procedures at the solid-liquid interface, the process of adsorption is generally

described as a multi-step procedure, mainly involving four diffusion steps:
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1. Bulk diffusion, where the adsorbate is transferred from the bulk liquid phase to the
boundary layer around the adsorbent particle.

2. Film diffusion or external diffusion, where the adsorbate is transferred from the
boundary layer onto the external surface of the adsorbent particle.

3. Intraparticle diffusion or internal diffusion, where the adsorbate is transferred into the
interior of the adsorbent particle via pore or surface diffusion.

4. Adsorption and energetic interaction of the adsorbate and the adsorbent’s active sites
by physisorption or chemisorption via ion exchange, chelation and/or complexation

pathways. 587475

In general, it is assumed that the first and fourth step happen relatively fast compared to the
other two and that the rate limiting steps are film and intraparticle diffusion. Usually, mass
transfer within the adsorbent happens in parallel by pore and surface diffusion, processes that

are difficult to differentiate.”

In order to understand the adsorption procedure in detail there exist various mathematical
models (pseudo-first order, pseudo-second order, intraparticle diffusion) that can be applied to
the experimental data, giving information on the characteristics of the process. For systems that
are more complex, there may exist a combination of two or more steps that are responsible for
the total rate of the adsorption. After analysis with the various models, the adsorption kinetic
constants can be obtained and by comparison of the R? values (regression correlation
coefficient) the best fit model can be determined.%® For the removal of PPCPs from water,
adsorption kinetics are mostly described using the pseudo-first and pseudo-second order

mathematical models.
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1.2.3.3.1. Pseudo-first order model

Lagergren’s model’® is based on the assumption that the rate the solute uptake changes over
time is directly proportional to the difference in the concentration of the saturated solution and
the amount of solid uptake over time. This assumption can only be applied in the initial stages
of the adsorption process and means that the adsorption procedure happens through diffusion

through the interface. The linear form of the equation is expressed as follows (Equation 6):%%7

In(q. — q¢) = Inq, — k4t Equation 6

where g: (mg/g) is the amount of solute adsorbed per mass of adsorbent after a certain contact
time t (min), ge (Mg/g) is the amount of solute adsorbed at equilibrium and k; (min~1) is the
pseudo-first order rate constant. From the plot In (g, — q;) versus t the values of ki (slope) and
Inq, (intercept) are determined, from which the value of the maximum adsorption capacity

Ge1,cq CaN be calculated.

1.2.3.3.2. Pseudo-second order model

The pseudo-second order kinetic model describes adsorption processes that have as a rate
limiting step chemisorption interactions. In this model, the adsorption is dependent on the
adsorption capacity of the material and not on the concentration of the adsorbate that was for

the pseudo-first order model. The model is described by Equation 7.7’

1 t 1 Equation 7

—_— :_+
9t qe koqd
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where q; , q. and t represent the same variables as for the previous model, g; (mg/g) is the
amount of solute adsorbed per mass of adsorbent after a certain contact time t (min) and
q. (mg/g) is the amount of solute adsorbed at equilibrium. k2 (g/mg min) is the pseudo-second
order equilibrium rate constant. The slope and intercept derived from the plots of t/q: versus t
are used to calculate the values of the maximum adsorption capacity g, ., and the rate

constant ko.

1.2.3.3.3. Intraparticle diffusion
The diffusion mechanisms during the adsorption process can be identified with the intraparticle
diffusion model, which considers that the predominant mechanism is intraparticle diffusion

and is thus the rate controlling step. The model is described by Equation 8:78

qr = k;it®> + 1 Equation 8

where @t (mg/g) is the amount of solute adsorbed per mass of adsorbent at time t (min),
ki (mg/g min®) is the rate constant for the intraparticle diffusion model and 1 (mg/g) is the
intercept which indicates the boundary layer thickness effect. The values of k; and I can be
obtained by the slope and intercept of the linear plot qt versus t %°. If the adsorption process
involves intraparticle diffusion then the plot gt versus t °2is a straight line. The I value portrays

the thickness of the boundary layer; the larger its value, the greater the boundary layer effect.>®

1.2.3.3.4. Continuous packed-bed adsorption
For large-scale WWT and not small-scale lab experiments, packed-bed reactors are preferred

for PPCP removal, mainly due to their simplicity and their high removal efficiency.”
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Packed-bed adsorption is a time and distance dependent process that involves a column, tightly
packed with the adsorbent, through which the contaminated water passes of certain
concentration and flow rate. The contaminant molecules come into contact with the material,
allowing the adsorption and the mass transfer to happen.®® Breakthrough curves are a useful
outcome of the experimental packed-bed adsorption, relating the outlet to inlet contaminant
concentration versus time or treated volume. Breakthrough curves are an essential tool for the
design of large-scale packed-bed reactors.” The most common model used to analyse the

experimental data is the Yoon-Nelson model (Equation 9), expressed as:®!

C:/Co = 1/[1 + exp(KyyT — Kynt)] Equation 9

where, C; (mg/L) is the contaminant’s concentration at time t (min), C, (mg/L) is the initial
contaminant concentration, Kyy (min™?) is the Yoon-Nelson rate constant and ¢ (min) is the
time required for 50% adsorbate breakthrough. Ky and 7 can be calculated from the linear

form of the equation (Equation 10) by plotting In [C;/(Cy — C¢)] versus t.

Ce

1
R

) = Kyn(t —17) Equation 10

The sorption capacity of the material g, (mg/g) can be calculated by using Equation 11:

_ GoQrt Equation 11
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where Q is the flow rate (L/min) and m (g) is the mass of sorbent used in the column. This

calculated value (qo) can then be compared to the experimental one (qoexp), defined by

Equation 12:

MpcF tot — MDCF ads Equation 12
m

o,exp =

where m;,; (mQg) is the total mass of contaminant that passed through the packed material,
mgqs (MQ) is the adsorbed contaminant mass and m (@) is the mass of sorbent used in the

column.

1.2.3.4. Factors affecting adsorption
There are several factors affecting the efficiency of the adsorption process, including the
physicochemical properties of the contaminants, the properties of the material used, the solvent,

the pH as well as the temperature and the different operational conditions.®2

1.2.3.4.1. Contaminant properties

The physicochemical properties of the contaminants present in the environment play an
important role in both their behaviour and on their removal, since these properties affect the
fate of the contaminant in the environment.® Two important properties are water solubility, Sw,
and the octanol/water partition, Kow. Sw is highly dependent on the environmental conditions,
such as temperature, pressure, pH, ionic strength or the existence of dissolved and suspended
organic matter.8 Kou, is the ratio of the concentration of an organic compound in n-octanol and
water at equilibrium for a specific temperature. It is used for describing the tendency of a
compound to adsorb to soil and living organisms and it is related to Sw and bioconcentration
factors for aquatic life. Low Kow values (less than 10) mean that the organic compound is

considered hydrophilic, having a high Sw.2% Sorption procedures are highly dependent on the
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hydrophilicity or hydrophobicity of the compound. Compounds with high Kow values (greater
than 10) have high sorption potential, meaning that during the primary sedimentation step,
these chemicals may adsorb onto sludge.®3® The volatility of the compound is another
important factor since the Henry’s constant can determine whether the substance can be
removed from water by volatilization (compounds with He > 1072 atm mol™* m~2).% For organic
contaminants, adsorption happens through hydrophobic interactions whereas for polar

compounds, ion exchange interactions are a possible mechanism of adsorption.®

1.2.3.4.2. Adsorbent properties

The performance of a material (sorbent) on removing a contaminant by adsorption is highly
dependent on its physicochemical properties: surface area, pore size distribution, surface
charge, oxygen content.®® An ideal candidate for contaminant adsorption should present a
variety of features, with the most important being its low-cost production, its availability for
purchasing and its chemical and mechanical stability. Good physicochemical properties will
equip the material with high adsorption capacity, efficiency and fast adsorption Kinetics,
features that will vary in priority depending on the contaminant. Furthermore, the material’s
potential for regeneration and reuse is an extra feature that will not only reduce the operational

costs but will also provide an environmentally friendly approach.®’

1.2.3.5. Materials for contaminant adsorption

There is a variety of adsorbents mentioned in the literature, with activated carbon being at the
top of the list mainly owing to the material’s large surface area, its surface chemistry and
microporosity. Production of activated carbon is a long procedure that starts by the crushing of
biomass into small particles of specific size and drying them at around 100 °C. The

carbonization step follows in dry and inert atmosphere at 300 - 500 °C, leading to the formation
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of biochar. The last step involves the activation of the carbonized material, by physical or
chemical activation. Physical activation involves treatment of the sample with inert gases, CO2,
N2 etc., or steam at high temperatures between 700 and 900 °C. Chemical activation involves
treatment of the sample with a reagent, acid or base usually HsPO4 or KOH, followed by
heating at 300 - 500 °C and washing for neutralising the pH. Depending on the activation,
different porosities and different surface areas can be obtained of the final material.
Modification steps can be added to the procedure including pyrolysis at temperatures between
550 and 900 °C.%-%0 Activated carbons are reported to be very effective in contaminant
adsorption from water, including PPCPs, dyes, organic pollutants and heavy metals.®
Although activated carbon presents a good adsorption efficiency, the high cost of the material,
the high energy demands for production and the high regeneration costs are a considerable
drawback to its use in WWTPs.*19 The demand for low-cost adsorbents has given rise to new
research on non-conventional materials.®*** There is a wide variety of low-cost material
families presented in the literature such as clays, metal organic frameworks (MOFs), biochar,
agro-industrial residues and chitosan.*®

Clays are natural phyllosilicates presenting high specific area, mechanical and chemical
stability and ion exchange capacity.®® Kaolinite, serpentine, talc, smectite, pyrophyllite and
vermiculite are some of the materials belonging to this family of low-cost adsorbents. Their

adsorption capacity for PPCPs is highly dependent on their chemical and pore structure. %397

MOFs are crystalline materials produced by bridging metal ions or clusters to organic ligands
leading to the formation of one-, two- or three- dimensional networks.® Some of their
characteristics are the large variety in size and functionality, their big surface area (1000 -
10000 m?/g), the adjustable physicochemical properties and their high pore volume.®®1%®
Although their features seem promising, not enough research has been conducted in the field

of PPCPs adsorption, mainly because of the challenges they present; they are unstable in water
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and there is a risk of metal leaking of the material itself, posing a secondary water
contamination posibility.102:102

Biochar is produced by different materials that are pyrolyzed at temperatures between 300 and
700 °C. It is a carbon-rich material that has presented high sorption capacity and affinity
towards PPCPs. Compared to activated carbon, biochar is produced at lower temperatures
whereas for the activation of activated carbon temperatures above 700 °C are needed.!%®
Furthermore, the production of biochar produces lower CO emissions as well as offering the
possibility of using by-products as feedstock.%

Agro-industrial residues can be used to produce biochar or activated carbon, or used directly
for the removal of contaminants in water, including PPCPs.*! Cellulose is the primary
component of agro-industrial residues and is the main contributor to its adsorption properties,
including others such as lignin, lipids, hemicellulose, hydrocarbons, sugars, starch and
proteins.1%1% Even though the adsorption efficiencies of these materials are not as good as
activated carbon’s, their high abundance, lower cost and their renewable nature make them an
attractive alternative for industrial scale applications.10"-1%

Chitosan is produced by the alkaline N-deacetylation of chitin found in the shells of
crustaceans.®>! It is a polysaccharide rich in hydroxyl and amino groups, chemically stable,
showing excellent chelation behaviour and promising results in the adsorption of PPCPs.%*
Although it is a more environmentally friendly material than activated carbon, its production
is quite challenging since the source of the polysaccharide and the deacetylation degree affect
its adsorption properties. Another disadvantage is chitosan’s chemical characteristics,
preventing its use in large-scale systems because of column fouling and hydrodynamic
restrictions.%*

Sporopollenin is a promising biopolymer that is ubiquitous in nature, offers low-cost

production, and it is very stable both chemically and mechanically. It offers good potential as
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a regenerative material and has shown good adsorption efficiency for a variety of
contaminants.*-11® Some research has been conducted on heavy metal and ions removal using
sporopollenin as an adsorbent exhibiting some encouraging results''*1° as well as pesticide

and PPCPs adsorption.116-119

1.3 Aims and Objectives

This thesis will focus on the possibilities and the potential of sporopollenin use as an adsorbent
for contaminant removal from water. The adsorption of diclofenac, triclosan, oestradiol and
phosphates will be examined by analysing the adsorption kinetics and the adsorption behaviour
and regenerating possibilities of the material. The aims of the thesis are to reveal the best
conditions of sporopollenin exine capsules extraction regarding their adsorption efficiency
targeting these four contaminants. Apart from different extractions, a variety of surface
modifications will be tested in order to optimise the material for the adsorption of each
individual contaminant. After specifying the optimal extraction and surface modification
conditions that produce the best adsorbent, the kinetics of the adsorption procedure will be
analysed under different settings. The adsorption isotherms will give an insight on the
mechanisms involved in the adsorption procedure, providing information on the possible
interactions between the material and the contaminant molecules. The packed-bed studies will
reveal the material’s potential for real world applications and will also determine its adsorption
capacity for each contaminant. The possibility of regeneration/reuse of the adsorbent will also

be examined, together with the appropriate regenerating agent.
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2.1. Pollens and spores

Pollen grains and spores are part of the reproductive system of flowering and non-flowering
plants respectively.®? In order for the grains or spores to protect their fragile contents, nature
has developed a double layered wall structure that provides protection against harmful radiation
and other threats that these physiological containers may face during their journey. The inner
wall is a layer rich in cellulose, pectin and other polysaccharides, and is called the intine
(Figure 6).512 The outer wall, known as the exine, consists of a very resistant and stable
organic polymer, sporopollenin.t?212 While the intine layer is water permeable, the exine wall
is water impermeable but has apertures through which the intine is exposed and thus important

nutrients are able to reach the interior.12*

pollen cement
waxes and lipids

exine
organic lipid like material

intine
cellulose and pectin

genetic material
sporoplasm

Figure 6: Schematic representation of the cross section of a Lycopodium clavatum spore
capsule.
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The morphology and size of pollen grains and spores differ from one plant species to another.
This may be due to differences in the pollination procedures of each plant, leading to different
surfaces depending on the pollinating agents required.?® Their size range can vary (Figure 7)

from 4 um diameter for Myosotis (forget-me-not) to 250 pum for Curcubita (pumpkin).12>12

2.2. Sporopollenin

Sporopollenin is the naturally occurring biopolymer which makes up the exine layer of spores
of mosses, ferns, algae and fungi, and most pollen grains.’?! As mentioned above, the role of
this highly resistant bio-polymer is to protect the spore’s contents (mainly proteins, lipids,
carbohydrates and nucleic acids) from harsh environmental conditions such as UV light
exposure, mechanical stress, fungal and microbial attack, desiccation and aerial oxidation.*?"12
Sporopollenin is extremely stable and very resistant to temperature, pressure, acid and alkali
degradation.'?® Its high stability and resilience to harsh physical, biological and chemical
degradation is attested by the finding of intact exines within sedimentary rocks dating back
500 million years.'?>1% Due to the overall inertness of this biopolymer, its chemical structure

has not been well characterised.*31:32

26



2. Sporopollenin Exine Capsules

Figure 7: Size range of pollen grains and spores, a. Myosotis palustris, boraginaceae <10 pum,
b. Alkanna orientalis, boraginaceae 10 - 25 pum, ¢. Syringa vulgaris, oleaceae 25 - 50 pm,
d. Plumbago auriculate, plumbaginaceae 50 - 100 um, e. Cucurbita pepo, cucurbitaceae
>100 pm. '3
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In early 1930s, Zetzsche et al. suggested that sporopollenin from Lycopodium clavatum, is a
combination of unsaturated polymers, composed of carbon hydrogen and oxygen, of the
empirical formula CgooH144027.2*%%3> In 1969, Brooks and Shaw compared the infrared and
elemental analyses of natural sporopollenin to a synthesized polymer derived from carotenoids
and found many similarities. They proposed that the oxidative polymerisation of carotenoids
and carotenoid esters leads to the final structure of sporopollenin, which is almost nitrogen
free.1?! This hypothesis however, was not supported in later experiments where isotopically
labelled carotenoid precursors were used.®*%* Since then, more progress has been made, with
experiments supporting catalytic enzyme reactions and a common synthetic pathway for
sporopollenin of different plant families™®’ suggesting that sporopollenin is an oxidative
polymer of carotenoids or polyunsaturated fatty acids.1?>138

Although the different structures of sporopollenins derived from different plant species are still
not completely known, spectroscopic and degradational studies revealed that the exhibited
chemical resistance to acetolysis and high structural strength can only be attributed to a
highly-cross-linked biopolymer containing a variety of functional groups™*® such as aliphatic
chains, aromatic groups containing oxygen*#140.141142 and hydroxyl, carbonyl/carboxyl and
ether functions, 121143

In 2004, Boom mentioned for the first time that sporopollenin contains p-coumaric and ferulic
acids (Figure 8).1** Boom isolated the exine layer from Isoétes kilipii megaspores and analysed
it with a variety of techniques such as: direct temperature-resolved mass spectrometry,
Curie-point pyrolysis-GC/MS and FT-IR. By comparing the results to the data obtained from
a synthetic p-coumaric acid-based dehydrogenation polymer, he concluded that sporopollenin
of this plant consists of polymerised p-coumaric acid.’** In 2018, a study on the molecular
structure of sporopollenin from pine pollen revealed that sporopollenin of this plant species is

mainly composed of aliphatic-polyketide-derived polyvinyl alcohol parts and
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7-O-p-coumaroylated C16 aliphatic units, crosslinked through a dioxane moiety featuring an

acetal (Figure 9).1%°

HO HO

_0O

Figure 8: Chemical structures of p-coumaric acid (left) and ferulic acid (right).
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Figure 9: Chemical structure of pine sporopollenin as suggested by Li et al.}* Thioacidolysis
of pine sporopollenin gave three major (1, I1a, 11b) and several minor (111-V1) groups that were
detected by HPLC-UV-MS.
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More recently, in 2020, Mikhael et al. reported for the first time that sporopollenin from
Lycopodium clavatum is a spherical dendrimer composed of a polyhydroxylated
tetraketide-like monomeric main backbone with poly(hydroxy acid) networks with
pseudo-aromatic a-pyrone rings. Through MALDI-TOF-MS analyses combined with **C and
'H-NMR the team was able to reveal that this type of sporopollenin, extracted in this way, does
not contain any aromatics and does not share any similarities with lignin as it was previously

assumed.146

2.3. Sporopollenin exine capsules

Sporopollenin capsules are extracted from pollen grains and spores using harsh conditions
which result in empty exine shells that are void of any protoplasmic contents (proteins, lipids,
nucleic acids and polysaccharides).’®® The hollow shells, referred to in this thesis as
sporopollenin exine capsules (SpECs), have high elasticity and permeability and resemble the
spores from which they were extracted, in properties and morphology. Their surface is
penetrated by many narrow multi directional channels that lead to the internal chamber,
facilitating hydration and dehydration procedures.4

These channels penetrate both walls of exine and intine and they are essential for the hydration
and feeding of the sporoplasm of the living spore.*” Their surface area is dependent on the
plant species - pollen from Ambrosia artemisiifolia has a surface area of 0.623 m?/g whereas
spores from Lycopodium clavatum have a surface area of 4 m?/g.148

The extraction of SpECs includes procedures often involving a defatting process, using organic
solvents, followed by acid and/or base hydrolysis (Figure 10). During the extraction process,
all interior constituents such as saccharide material, lipids, nitrogenous materials and cellulose

are removed from the capsule.®
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Figure 10: Spore hydrolysis procedures where the genetic material is removed and empty
SpECs are produced.

The result is a nitrogen free sporopollenin shell, meaning that all proteins and nucleic acids are
removed.'*+140 Depending on the extraction procedure, a usual mass loss is around 55 - 60%,
or 70 - 75% when extracting with ortho-phosphoric acid where the removal of the intine layer

is more efficient.'*’

2.3.1. Lycopodium clavatum SpECs

Lycopodium clavatum (L. clavatum) (Figure 11) is a plant globally spread, growing in central
and south America, Europe, Africa and Asia, with the common name ‘club moss’.**° Its spores
are the most widely studied SpECs and have been used for many years as a base for cosmetics,
herbal medicine or natural powder lubricant. This is mainly due to its low cost, its availability

and its chemical stability. 0%
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Figure 11: Lycopodium clavatum plant [www.aphotoflora.com].

L. clavatum extracted SpECs have a diameter size around 25 - 30 um and their shape is of a
hemisphere ending in a trilete structure on the underside (Figure 12a).1%® Their morphology is
similar to their parent spores, but after the extraction procedures, some of the particles might
appear to be shrunk due to their hollow interior when viewed under SEM, under vacuum
conditions (Figure 12b). This is because removal of the intine reduces the structural integrity

allowing the elastic movement of the outer shell, like a balloon can be sucked-in under vacuum.

SpECs are mono-dispersed particles with a rough surface that is traversed by numerous
multidirectional channels (Figure 13).13! These channels are called muri (pl.) and the surface
around them is called lumen. At the proximal face of the spore, there is the trilete scar made of
three laesurae.®® Their total surface area has been measured to be around 4 m?/g with a shell
thickness of 2 to 3 um. 147 A variety of functional groups coat their surface including alkane,
alkene, carboxylic acid, ketone, lactone and phenolic groups making them highly suitable for

a variety of potential applications, including contaminant removal.
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a SEl 15.0kV  X2,000 10um WD 11.0mm SE 10um WD 11.0mm

Figure 12: SEM image of L. clavatum SpECs where a) the trilete scar on the bottom of the
capsule is visible and b) the particles appear sucked in due to the vacuum employed during
SEM.

SpECs from L. clavatum show excellent mechanical strength and are shown to be highly
resistant to chemical treatments compared with SpECs from other plant species.'®® According
to Fraser et al, L. clavatum SpECs can endure extreme heating at temperatures up to 250 -
300 °C.*** They have also shown great stability under high hydrostatic pressures of up to
10 GPa.'*®

After extraction of the SpECs some fragmentation of the particles may occur, though rare.
Figure 14 presents a close-up of a fragment revealing important information on the structure
of the spore. The SEM measurements revealed that the wall thickness of foot layer from
observed fragments range between approximately 0.8 and 1.2 um whilst the tectal elements

pertrude by as much as between 2 - 4 microns.
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Lycopodium clavatum. morphology

Murus (pl. mura) -
Network of (sculpted) interconnected coronet like structures

that make up the muri consisting only of the tectal elements
of the exine.

Lumen (pl. lumina) -
Apetures in the interconnected coronet like structure that
make up the muri consisting only of the foot layer of
the exine.

Lycopodium clavatum. layers

Tectal elements
(sculpted pertrusions)

Foot layer
Intine Intine

A |
) ‘.”
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Figure 13: Morphological characteristics of a L. clavatum spore.

SEI 150k X2,000 10um WD 10.8mm

Figure 14: SEM image of a fragmented SpEC revealing the inside of the spore and providing
useful information on the wall thickness and tectal elements.
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2.3.2. SpECs applications
The physical and chemical properties of sporopollenin capsules make them an interesting

material, reported to have been used in chromatographic applications,?6:131:156-159.160

166

microcapsules for drug encapsulation and delivery,®-1%5 supercapacitor electrodes,'®® solid

phase for peptide synthesis,’®” medical imaging, micro reactors for the preparation of

nanoparticles and solid supports for a palladium catalyst used in Heck reactions. 25168

There are many research groups that have focused their interest in using sporopollenin as a
sorbent material for water purification. Sener et al.'** report the efficient removal of Pb?* with
the use of iron-modified sporopollenin following the Freundlich isotherm model and a
pseudo-second order adsorption process. More recently, Hassan et al. synthesised a new
sorbent material: 3-aminopropyltrimethoxysilane functionalized magnetic sporopollenin-based
silica coated graphene oxide and proved the successful removal of Pb(ll) ions from
contaminated water.*'? A similar sporopollenin-based material was synthesised by Markus
et al., magnetite-sporopollenin/graphene oxide, which was successful in adsorbing three polar
organophosphorus pesticides: dimethoate, phenthoate and phosphamidon.'*® In 2014,
Cimenetal. reported that when sporopollenin from L. clavatum was modified with
hydroxyphenylimino-methyl-benzoic acid, the resulting material was very efficient in
adsorbing Co(11), Ni(ll) and Cu(ll) ions from water.!3 Similarly, Sargin and Arslan*'4 reported
the efficient adsorption of Cu(ll) ions when modifying sporopollenin with different ratios of
glutaraldehyde and chitosan. Ahmad et al, successfully removed Pb(ll) and As(I11) ions from
water by functionalising L. clavatum sporopollenin hydroxyethyl-piperazine.!*® In 2018,
Yaacob et al. synthesised magnetic sporopollenin and used it for the adsorption of lubricant oil
from aqueous media.'®® In the same year, the same research group published their results on

the synthesis of B-cyclodextrin functionalised magnetic sporopollenin and the successful
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adsorption efficiency of the material against the NSAIDs indoprofen, ketoprofen, ibuprofen

and fenoprofen.t’

2.4. Aims and Objectives

In the rest of this chapter, the production of SpECs from L. clavatum will be discussed,
following different extraction protocols from the raw spores. SEM images and IR analysis will
be presented to identify possible differences between the SpECs from alternative extraction
procedures. Furthermore, the analysis of SpECs having undergone a series of surface

modifications either by oxidation or amination reactions or by iron loading is presented.

2.5. Raw Lycopodium clavatum spores

Raw L. clavatum spores were analysed using FT-IR spectroscopy to obtain an initial spectrum
for comparison with the different extractions and modifications. All disks were created using
a highly accurate balance (5 decimal places), where 1 mg of SpECs was weighed and mixed
with 130 mg of KBr. All spectra were formed in Origin and normalised using second derivative
methodology and finally normalised between 0 and 1 using the CH2 peaks (~2875 cm™). The
measurements were repeated in triplicate and then normalisation was performed, leading to

identical overlays.

The raw spores were also analysed using elemental combustion analysis to define the
percentages of C, Hand N contained (Table 2). Since these percentages do not add up to 100%,
and based on previous studies, it was assumed that the balance element was oxygen. Figure 15
presents the IR spectra of the raw spores, identifying all the different peaks and what they

represent.
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Table 2: Elemental analysis results of raw spores.
sample C% H % N %
raw spores 64.99 9.61 1.37
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Figure 15: FT-IR spectrum of raw L. clavatum spores.
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Lipids are believed to be present in the raw L. clavatum spores which have been previously

identified in other species of pollens,'’%1# characterised by the vibrational bands 1743 (C=0),

1462 (CH2), 1240 (C-0), 1160 (C-0) and 722 cm™* (CH_ rocking).1”® Unprocessed L. clavatum

spores exhibit a band at 1743 cm™* which is likely to be assigned to the v(C=0) of lipid esters,

similar to triglycerides which also show a peak at 1743 cm™.
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The broad peak centred around 3400 cm ™ indicates the presence of hydroxyl OH groups due
to carboxylic acids, alcohols and moisture. Sharp peaks at (2925 and 2854 cm ™) are associated
with out of phase C-H stretching and in phase C-H stretching in methylene groups

respectively.'’

In the first extraction [SpECs(1)], KOH extraction followed by HsPOs treatment
(section 8.1.1), a “defatting” processing of the raw spores was followed, involving treatment
in boiling acetone. A comparison of the IR spectra of the two materials, before and after
defatting, is shown in Figure 16. The FT-IR spectra of the defatted spores exhibit a good
overlay with spectra of the raw spores, following the normalisation procedure described
previously and a qualitative comparison can therefore take place, of particular functional
groups of interest. They exhibit a change/depletion of all the vibrational peaks associated with
lipids, suggesting that the lipids removed are part of the pollenkit having been removed by

dissolution in acetone rather than by hydrolysis from the sporopollenin structure.
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Figure 16: FT-IR spectra of raw spores and defatted spores derived from L. clavatum.
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After the acetone treatment, the 1744 cm ™ peak is removed or is of depleted intensity revealing
an underlying peak at 1735 cm™ which may be accounted for as either esters or lactones.
Interestingly, the vibrational peak at 1710 cm™ which is highly associated with carboxylic

acids (C=0) within the sporopollenin structure,'’

is entirely removed upon only acetone
treatment, and yet remains present in all of the extractions (SpECs (1-3) as it will be presented
in the following sections). This perhaps suggests the original 1710 cm™ peak may arise from
groups within the soluble pollenkit, and not the sporopollenin structure itself. However, it
would further imply that although the pollenkit is removed in all the extractions [SpECs (1-3)],

new carboxylic acids may be generated from the hydrolysis of esters and lactones present

within the structure.

2.6. SpECs extraction

SpECs were extracted from L. clavatum spores following three different extraction protocols,
as described in section 8.1. Each procedure resulted in SpECs of different colours (Figure 17)
and different composition as indicated by the CHN elemental analysis (Table 3), with
SpECs(3) presenting the highest C and H content and zero N. From this, it can be inferred that
it has the lowest oxygen content, possibly from elimination reactions. SpECs(2) have a
significantly lower amount of C and H, whilst retaining negligible amounts of N. The presence

of larger amounts of oxygen can be implied, or more likely Na in the form of counter ions.

Table 3: Elemental analysis results for SpECs and raw spores.
sample hydrolysis C% H % N %
raw spores - 64.99 9.61 1.37
SpECs (1) KOH - H3PO4 66.35 8.50 0.00
SpECs (2) NaOH 59.00 8.89 0.12 - 0.56
SpECs (3) HCI 67.48 9.11 0.00
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SpECs(3)

Figure 17: Extracted SpECs - the darkest colour corresponds to the HCI extraction SpECs(3),
the yellow SpECs(2) are extracted via the NaOH hydrolysis and the brown SpECs(1) are
extracted with the two step KOH/H3PO4 hydrolysis.

2.6.1. KOH hydrolysis - HsPO4 treatment [SpECs(1)]

The KOH hydrolysis followed by phosphoric acid treatment resulted in SpECs of brown colour
(experimental section 8.1.1). The elemental analysis showed no evidence of nitrogen content
(Table 3) therefore it was concluded that in this type of SpECs there is no genetic material
remaining in the interior of the spore. After calculations, by the process of elimination, the
oxygen content was around 25%. The SEM images showed some spore debris (Figure 18 and
Figure 19), indicating that the 7 days procedure might have been a little bit harsh on the spores.
The extraction conditions appear to have caused some mild fragmentation of the exine shells.
Exines can be seen to be “open” at the trilete scar or fragmented into a few pieces. Damage to
the fine structure of the decorations of the surface is not evident, rather cracked fragments of

the core exine structure has been observed.
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SEI 150KV X450 10um WD 10.7mm

Figure 18: SEM image of KOH extracted SpECs [SpECs(1)] followed by H3POa treatment.
Some fragments of the initial spores are present in the final product indicating that the
hydrolysis procedure might have been harsh.
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Figure 19: SEM image of KOH extracted SpECs [SpECs(1)] followed by H3PO4 treatment,
zoomed in the area of a fragmented spore.
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IR analysis

Figure 20 presents the FT-IR spectrum of SpECs(1) compared with the raw L. clavatum spores.
The most striking observation is that this material exhibits a distinct reduction of intensity in
all the peaks from functional groups in every region except for the OH stretching of hydroxyls.
Such a finding might suggest that SpECs(1) is a carbonised material that is relatively
featureless (of functional groups). SpECs(1) exhibit some carboxylic acid character
(1710 cm™), and show no peak at 1510 cm™* which is believed to represent aromatic ring
modes. This is in agreement with the findings of Banoub et al. who concluded no aromaticity
in the sporopollenin exine structure.*® It should be noted however that this is only true of
SpECs(1), which was the same extraction procedure investigated by Banoub et al. and appears

not to be the case of unmodified raw spores, nor the other extractions.
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Figure 20: FT-IR spectra of SpECs(1) and raw L. clavatum spores. Highlighted is the removal
of aromatic ring modes at ~1510 cm™.
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2.6.2. NaOH hydrolysis [SpECs(2)]

Treatment of the raw L. clavatum spores with NaOH was performed following the protocol
described in section 8.1.2 and gave a mustard yellow product, SpECs(2), with a nitrogen
content of around 0.1 - 0.5% (the N% results for a small scale extraction were 0.12% while for
a bigger scale the percentage was 0.56 showing that the purity of the final product depends on
the scale of the extraction). The percentage of nitrogen shows that some traces are possibly left
in the interior, meaning that this extraction may also contain a small amount of cellulose and
pectin. The SEM images showed spores that were perfectly intact without any damage to the
structure of the microcapsule exine shells (Figure 21). There was no evidence of cracking,

“opening” at the trilete scar, nor fragmentation.

SEI 150kY X2,200 10um WD 10.8mm

Figure 21: SEM image of NaOH extracted SpECs [SpECs(2)] showing the upper and bottom
parts of two different spore particles.
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However, it can be observed that the shape of the exines is imploded, such that the walls of the
exine shells are sucked into the internal cavity (Figure 22). This is likely due to the vacuum
conditions in which SEM operates. It also suggests that the intine layer of cellulosic material
may have been hydrolysed in the strong basic conditions of the extraction. Microscopic images
of the same extraction with SpECs being dispersed in water (Figure 23) showed the particles’
actual shape, revealing the amazing elasticity of the material under different pressure

conditions.

R\ A
SEl 150KV X430 10um WD 11.1mm

Figure 22: SEM image of NaOH extracted SpECs [SpECs(2)] showing imploded particles.

In this extraction procedure the intine is removed and this also removes a structural component

that allows the exine shape to resist the strong vacuum. Nevertheless, this type of treatment

appears not to damage the mura or trilete scar leaving it intact and without holes (Figure 24).
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Figure 23: Microscopic image of SpECs(2) dispersed in water, showing the true size of the
particles without implosion (scalebar distance between lines 10 pum).

SEI 15.0kY X19,000 1um WD 10.8mm

Figure 24: SEM image of SpECs(2) magnified to exhibit the mura of a shell, showing no

damage on the tectal elements.
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IR analysis

Figure 25 presents the FT-IR spectrum of SpECs(2) compared with raw spores. The 1743 cm™*
band accounting for lipid esters is reduced, however the carboxylic acid peaks ~1710 cm ™ are
also completely diminished. This indicates that in SpECs(2) the carboxylic acids have been
replaced by sodium carboxylates. Sodium carboxylate peaks exhibit antisymmetric stretching
vibrations (vasCOz") at 1576 and 1542 cm™* and symmetric stretching vibrations (vsCO2") at

1463 and 1456 cm 1176177 To confirm these carboxylate vibrations, SpECs(2) were washed

using 1 M HCI and then filtered, as described below.
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Figure 25: FT-IR spectra of SpECs(2) and raw L. clavatum spores.

2.6.2.1. HCI treatment of SpECs(2)

SpECs(2) were washed with HCI 1 M at room temperature following the protocol described in
section 8.2.2. The resulting SpECs [SpECs(2)HCI] were analysed with elemental analysis and

IR spectroscopy (Table 4). Figure 26 presents SpECs(2) before and after the acid rinse and
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shows the loss of the sodium carboxylate vibrations, and the increase in number of carboxylic

acids ~1710 cm™*, which had previously been absent. This confirmed that the vibrations in the

IR spectrum of SpECs(2) thought to be due to the carboxylate group, was a likely deduction.

Absorbance (a.u.)

\ / \ / — SpECs(2)
/ - - - - SpECs(2)HCI

Wavenumber (cm™)

Figure 26: FT-IR spectra of SpECs(2) before and after HCI treatment [SpECs(2)HCI].
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Table 4: Elemental analysis results for SpECs(2) and HCI treated SpECs(2)HCI.
sample treatment C% H % N %
SpECs(2) - 59.00 8.89 0.12-0.56
SpECS(2)HCI HCI 60.71 8.68 0.40

2.6.3. HCI hydrolysis [SpECs(3)]

The HCI hydrolysis treatment gave SpECs of a dark brown colour, the darkest colour of the

three extractions. The calculated oxygen content of these SpECs is the smallest compared to
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the other two types, 23%. A possible explanation for this might be hydroxyl elimination
reactions, which would form a series of double bonds, increasing possible conjugation and

leading to the dark colour, but also would reduce the oxygen content.

Extraction conditions for SpECs(3) exhibit damage to the ‘decorative’ mura of the exine shells
(Figure 27). This extraction has also led to the loss of the structural integrity provided by the
trilete scar, which also seems to have been removed (Figure 28 and Figure 29). There was no
evidence of cracking, “opening” at the trilete scar, nor fragmentation. However, it can be noted
that the shape of all of the observed SpECs has collapsed, as was seen with SpECs(2). This has

allowed the wall to become concave, which completely sheds the mura from the surface.

PESN - o~ N 5

EMC SEI 15.0kY  X3,500 1,um_ WD 10.8mm

Figure 27: SEM image of SpECs(3) focused on the region of the damaged ektexine of a shell.
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When SpECs particles are viewed under the microscope (Figure 23), they are not imploded,
due to the absence of vacuum. Further to this, the damage caused to the mura of SpECs(3)
appears to have occurred due to the use of vacuum and the large degree of imploding of the
shape itself. It is therefore only present in extractions which have been exposed to a very strong

vacuum, such that is used in SEM.

EMC SEI 15.0kY X900 10pum WD 10.7mm

Figure 28: SEM image of HCI extracted SpECs [SpECs(3)].
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SEI 15.0kV X200 100um  ¥¥YD 10.8mm

Figure 29: SEM image of SpECs(3). The trilete scar appears to be particularly vulnerable to
these extraction conditions. Only this side of the exines exhibits damage to the ektexine.

IR analysis

Figure 30 presents the FT-IR spectrum of SpECs(3) compared to the one obtained by raw
spores. SPECs(3) present a peak that has been shifted from the 1743 cm™, which represented
lipid esters, to an increased broad peak covering 1700 - 1730 cm™2. This could be an overlap
of (C=0) vibrations from both carboxylic acids and esters. Acid catalysed hydrolysis of esters
could give an increased number of carboxylic acids. An increased peak at 1280 cm™* which
possibly accounts for C-O vibrations in ethers may have been generated by the acid catalysed
dehydration of hydroxyls. Furthermore, the hydroxyl peak centred around 3400 cm™ is very

reduced, which might be supported by the reduced O content inferred from CHN. There is also
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a large increase in the aromatic ring modes peak found at 1510 cm™* which is significant, as
this was entirely diminished in the SpECs(1) extraction and may be a useful adsorption site due
to possible n-m interactions. There is also an increase in the alkenyl groups in the 1600 -
1650 cm™* region which could be due to removal of hydroxyls by acid catalysed elimination
reactions. Another increase in intensity is observed around 1280 cm™* which is believed to be

from (C-O) carboxylic acids, similar to band in the spectra of oleic (1284 cm™) and stearic

174

acids (1297 cm™), respectively.
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Figure 30: FT-IR spectra of SpECs(3) and raw L. clavatum spores. Highlighted is the
significant increase in aromatic ring modes ~1510 cm™.

2.6.4. FT-IR comparison of the three extractions and the raw spores

A comparison of the different IR absorption bands observed for the different extraction
methodologies is presented in Table 5, supplemented by comparisons with previously reported
data in the literature. The aim of this collation is to try and give an accurate depiction of all the
different groups that are exhibited in this material and the differences accrued due to the

different extraction methodologies used in this work.
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Table 5: IR analysis of the three different SpECs types and raw spores (peaks at cm™).

raw LC | SpECs(1) | SpECs(2) | SpECs(3) identification Ref.
3600- 3600- 3600- 3600- Carboxylic acid and alcohol | 137.170.174.178
2600 2600 2600 2600 v(OH) 180
2925 2925 2925 2925 Vasym(CH2) 137,170,174,178~
2855 2855 2855 2855 Vsym(CH?2) 137,170,174,178~
1743 - - 1736 Lipidic esters v(C=0) 170-174
- - - 1736 Esters v(C=0) 174
1710 1708 - 1724 Carboxylic acid v(C=0) 187,170
1652 1653 1652 1654 Alkenyl v(C=C) 174
1616 1617 1614 1617 Aromatic v(C=C) 174
- - 1575 and | - VasymCO2 176177
1540
- - 1463 and | - VeymCO2~ 176177
1435
1516 - 1515 1509 Aromatic ring mode 181
1464 - - - CH: deformation (lipid) 174
- 1433 - 1435 Carboxylic acid §(OH) 182
1376 1387 1382 1374 Ssym(CH3) 183
1344 |- 1342 1341 Twagging(CH2) 164
1278 - - 1280 Carboxylic acid v(CO) 185
1258 1260 1260 1263 Ether v(CO) 174
1240 - - - Ester v(CO) 172
- 1202 - 1199 Aromatic §(CH) 1ra
1160 - - - Aromatic v(CO) 172
1117 1111 1123 1125 Ether or alcohol v(CO) 1ra
1050 1059 1054 1060 Polysaccharides 1ra
1030 - 1033 1033 Polysaccharides 174
1007 |- 1005 999 Alkenyl y(CH) 17
- 882 882 882 Unassigned -
- 844 838 - Aromatic y(CH) 174
826 - - 827 Aromatic y(CH) 1r4
789 - - 783 Unassigned -
720 721 720 722 Jrocking(CH2) 160
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Figure 31 presents the FT-IR spectra of all three extractions compared to the raw spores.
SpECs(1) exhibited fewer functional group peaks in every region except for (OH) stretching
of hydroxyls. This type of SpECs still exhibits some carboxylic acid character (1710 cm™),
though relatively less than the other extractions. Interestingly, it appears to show the largest
peak for (OH) stretching of all the extractions, which is at odds with the understanding that

phosphoric acid is often used as a dehydrating agent to catalyse elimination reaction of

hydroxyl to yield alkenes.
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Figure 31: FT-IR spectra of the 3 SpECs types and raw L. clavatum spores. Highlighted are
the stretching frequencies for carboxylic acids ~1710 cm™® and aromatic ring modes
~1510 cm™! as these groups represent possible adsorption sites for the contaminants.

The 1744 cm™ band accounting for lipid esters is reduced in all three extractions, however the
(C=0) carboxylic acid peaks ~1710 cm™ are also completely diminished in SpECs(2) which
have been replaced by sodium carboxylates. In SpECs(3) the hydroxyl peak centred around

3400 cm™? is the most reduced of all the extractions, which combined with the reduced oxygen
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content, may indicate hydroxyl elimination reactions, which leaves a series of double bonds,
accounting for the increased darkening. SpECs(3) appear to exhibit the highest proportion of
both carboxylic acid groups and aromatic ring groups, which may both be important functional

groups for adsorption with the four contaminants.

2.7. Surface modification of SpECs

The extracted SpECs were further treated with a series of different reagents, to produce
materials with different surface chemistry and then the effects of the treatment on their IR
spectra and their adsorption properties and behaviour were studied. The objective was to
modify the material’s surface by subjecting the SpECs to such oxidative conditions that the
material would become more hydrophilic. It was believed that an increase in the number of
protic sites would favour the adsorption of hydrophilic contaminants, thus oxidising procedures

inspired by the existing literature for activated carbon surface modification were tested.'8’

The oxidants tested were ammonium persulfate (APS), tert-butyl hydroperoxide (TBHP) and
sodium hypochlorite (NaOCI). After different treatments described in section 8.2, the modified
SpECs (Figure 32) were analysed with elemental analysis to determine the percentages of C,

H and N (Table 6).

Table 6: Elemental analysis results for modified SpECs.
sample treatment C% H % N %
SpECs(3) Extraction only 67.48 9.11 0.00
SpECs(3)BL1 NaOCI 55.35 6.54 0.00
SpECs(3)APSH1 APS 1 M 90 °C 63.36 8.15 0.00
SpECs(2)BL1 NaOCI 53.15 7.43 0.02
SpECs(2)APSH1 APS 1M 90 °C 51.21 7.35 0.21
SpECs(2)APSR1 APS 1 MroomT 52.86 7.91 1.13
SpECs(2)HCI extraction only 60.71 8.68 0.40
SPECs(2)TBHP | tert-butyl hydroperoxide 57.92 8.65 1.03
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.
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SpECs(2)  SpECs(2) - SpECs(2) SpECs (2) SPECs(2) SpEEs(2) SpECs(3) SpECs(3)
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Figure 32: Modified SpECs. The bleaching procedure on SpECs(2) changes the SpECs colour
from yellow to white (6" vial counting from left to right). For SpECs(3) it changes the colour
from dark brown to lighter brown (7" vial).

2.7.1. NaOCl treatment

Treatment with NaOCl showed to be affecting the material’s colour; SpECs(2) changed from
yellow to white, whilst SpECs(3) became slightly lighter. This change might indicate that the
NaOCI has possibly reacted with the conjugated systems in the sporopollenin structure,

affecting the double bonds and therefore removing the source of the yellow colour.

After NaOCI treatment, SpECs(3) showed a considerable reduction in their carbon and
hydrogen content which implies the calculated oxygen percentage increased from
approximately 23% to 38%. This large increase in oxygen might indicate the possibility of
addition of Cl as well. During the HCI extraction it is suspected that many double bonds were
created from elimination reactions. These double bonds could then be oxidised to give OH
groups again, which can oxidise further to ketones, carboxylic acids and in some cases acetyl
chloride groups, when treated with NaOCI. The same effect was observed for SpECs(2); the

material’s 0xygen content was risen from 32% to 39%.

In this treatment, it was concluded that the freshness of the bleach used is a factor affecting the

resulting product, since the protocol was repeated several times giving SpECs of different
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shades of white with different adsorption properties each time. Whiter products yielded
products with better adsorption properties. The concentration of bleach is the important
parameter, since opened bottles or bleach older than 4 months after the production date lose

their strength as concentration diminished by approximately half in this time.8

SElI 15.UkV X3,700 1,um_ WD 10.7mm

Figure 33: SEM image of SpECs(2)BI.

Following the bleaching treatment with NaOCI, additional damage can be observed on the
exine capsule surface when viewed at higher magnification. When compared with the untreated
SpECs(2) (Figure 24), tiny holes appear homogenously over the surface of the entire material
(Figure 33 and Figure 34). This oxidative damage is spread across the entire capsule with no

particular weak points, that might otherwise result in a breakage in the structure of the exine.
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This ability of the exine to endure significant oxidative damage throughout the material without
exhibiting weak points, may well be an evolved trait for the protection of the genetic material
usually stored within. It also lends evidence to the efficacy of the material for antioxidant

properties.

SElI | 15.0kY  X22,000 1um WD 10.7mm

Figure 34: SEM image of SpECs(2)BI magnified to exhibit the damage on the surface.

IR analysis

SpECs(2) were treated with NaOCI with the aim of oxidising functional groups to carboxylic
acids. Figure 35 shows the FT-IR spectra of the bleached product, SpECs(2)BI, compared to
SpECs(2)HCI, exhibiting a good overlap. It is noticeable that a large increase in the stretching

frequency exhibited at ~1712 cm*which is highly associated with the carbonyls of carboxylic
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acids appear to have been generated. Otherwise, the overlap of the remainder of the spectra

appears very close with the original, providing reassurance that the change observed is likely a

large increase in the number of carboxylic acid groups present. The CHN analysis also

indicated a large increase in the relative amount of oxygens as the mass% of C and H and N

decrease substantially (Table 7).
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Figure 35: FT-IR spectra of NaOCI treated and HCI treated SpECs(2) [SpECs(2)BI and

SpECs(2)HCI respectively].

Table 7: Elemental analysis results for NaOCI treated and HCI treated SpECs(2).
sample treatment C% H % N %
SpEC(2)BL1 NaOCl 53.15 7.43 0.02
SpECS(2)HCI HCI 60.71 8.68 0.40
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2.7.2. APS treatment

The treatment with ammonium persulfate was conducted both at room temperature and at
90 °C. Different concentrations of ammonium persulfate were used (0.5 - 2 M diluted in
sulfuric acid) following the procedures described in section 8.2.3. SpECs(3) showed a
reduction in their hydrogen content while the calculated oxygen percentage increased from
approximately 23% to 29%. The same treatment on SpECs(2) also increased the percentage

of oxygen from 32% to 41% and lowered the H% by 1.5% approximately.

Treatment of SpECs(2) with ammonium persulfate at room temperature did not exhibit major
differences in the elemental analysis (Table 8) or in the adsorption test results, whereas the
same treatment at higher temperatures gave a material with much higher efficacy for adsorbing

contaminants.

Table 8: Elemental analysis results for 1 M APS treated SpECs(2) at room
temperature and at 90 °C.
sample treatment C% H % N %
SpECs(2) - 59.00 8.89 0.12 - 0.56
SpECs(2)APSH1 APS 1M 90 °C 51.21 7.35 0.21
SpECs(2)APSR1 | APS1Mroom T 52.86 791 1.13

After having set the temperature parameter at 90 °C, different concentrations of ammonium
persulfate were tested (0.5 - 2 M) in order to determine the concentration that would create the

most efficient material in terms of contaminant adsorption.

The APSH treated SpECs(2) exhibited a change in their colour, from mustard yellow it became
more yellow. They also exhibited damage on their surface, a different type of damage
compared to the NaOCI treated ones, which is visible in the SEM pictures Figure 36 and
Figure 37. There is no erosion of the shell as it was observed with the NaOClI treated SpECs(2),

instead, damage appears to be greatest on the mura which appeared misshapen with far shorter
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tectal elements. The integrity of the shell appears to be maintained, but again a significant

number appear deflated after application of a vacuum (Figure 38).

SEI 15.0kY  X2,000 10um WD 11.0mm

Figure 36: SEM image of SpECs(2)APSH showing the trilete scar and the damage in the
decorative section of the shell.
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EMC SEI 15.0kY  X6,000 1um WD 11.0mm

Figure 37: SEM image of SpECs(2)APSH focused on the decorative part of the shell,
presenting some damage.

SEI 150kY X1,300 10um WD 11.0mm

Figure 38: SEM image of SpECs(2)APSH showing collapsed spores under the vacuum.
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IR analysis

Treatment with ammonium persulfate 1 M at 90°C of the SpECs(2) gave the product
SpECs(2)APSH, which was compared with SpECs(2) and SpECs(2)HCI samples. There is a
clear generation of carbonyls associated with vibrations from carboxylic acids using this
treatment (Figure 39). A large peak at 1710 cm™ can be attributed to the (C=0) from
carboxylic acids, which may be expected due to the oxidising nature of ammonium persulfate.
An increase is also seen at 1130 cm™* from what is most likely to be the (C-O) vibrations of

carboxylic acids. There is no overlap with possible esters and there are no carboxylates

remaining.
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Figure 39: FT-IR spectra of SpECs(2)APSH and SpECs(2)HCI compared to SpECs(2).

2.7.3. Amination of SpECs(3)
Since it was concluded that SpECs(3) appear to have the higest abundance of carboxylic acids,
an amination of these available carboxylic acids was attempted. A coupling reaction was
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performed with 1,6-diaminohexane to give a functional group that can act as a hydrogen donor
and may be positively charged to aid electrostatic interaction. SpECs(3) were treated with
1,6-hexanediamine following the protocol described in section 8.2.6. The resulting SpECs
[SpECs(3)AM] were analysed using FT-IR and their nitrogen content was verified with

elemental analysis.

Following amination, there is an increase in the region that has previously been assigned to
(OH) stretching spanning ~2500 - 3500 cm™* (Figure 40). This region also accounts for (N-H)
stretching in primary amines. There is a clear reduction in the (C=0) peak at 1710 cm™* from
carboxylic acids and a large new peak formed at 1640 and 1650 cm ™ representing the stretching
of a (C=0) from primary and seconday amides. It should also be noted that apart from these
changes highlighted, the two spectra have very good overlap, which should again provide
confidence with the consistency of the normalisation procedure used for the FT-IR spectra and

the accuracy of the qualitative comparisons made.
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Figure 40: FT-IR spectra of SpECs(3) before and after amination (aminated form is
SpPECs(3)AM).

63



2. Sporopollenin Exine Capsules

Such a result lends further weight to the previous assumption that the 1710 cm™ strecthing
frequencies observed were indeed due to the carbonyl groups of carboxylic acids, as they have
been significantly reduced whilst a new peak has emerged that is associated with the carbonyl
groups of an amide, which is precisely what would be expected with a coupling reaction

(Figure 41).

1710 cm™! 1644 cm™”
R\(o R__O
HN\/\/\/\
OH NH,

Figure 41: Carboxylic acid amination leading to the formation of a secondary amide.

From the increase in nitrogen exhibited in the CHN analysis (Table 9) of this product, it is
clear that there has been a sucessful generation of amides within this material from coupling
between the available carboxylic acids of the sporopollenin and the amines of the

hexanediamine.

Since the molecular weight of 1,6-hexanediamine is 116 g/mol and by using the CHN data
obtained both before and after amination, a calculation of the active sites per 1 g of SpECs can

be performed:

e 39.8 mg of N in the sample (1*0.0398 = 39.8 mg).
e 0.00284 mol of N in the sample (0.0398 g / ~14 g/mol = 0.00284 moles).
e Therefore 0.00142 mol of 1,6-hexanediamine (0.00284 mol / 2 = 0.00142 mol).

e This equates to 164 mg of 1,6-hexanediamine (0.164 g * 116 g/mol = 0.00142).
In 1 g of SpECs(3)AM there exist ~164 mg of 1,6-hexanediamine or 1.42 mmol of active sites.

The elemental analysis was repeated four months post-production in order to check the

material’s possible degradation. The elemental analysis results are presented in Table 9.
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Table 9: Elemental analysis results for SpECs(3) before and after amination.
material C% H% N%
SpECs(3) before amination 61.12 7.81 0.33
SpECs(3)AM fresh 61.07 8.37 3.98
SpECs(3)AM 4 months old 58.37 8.33 3.83

The elemental analysis results indicated the decrease of the carbon and nitrogen content to 95%
and 96% of their original mass values respectively. Interestingly, the ratio between the carbon
and nitrogen content has not changed, it has stayed steady, around 15%. While carbon and
nitrogen have decreased, the hydrogen content has stayed the same, meaning that the material
has possibly gained some water over time. It is concluded that the aminated SpECs were not
stored properly, leading to adsorption of moisture and humidity, being evident by the elemental

analysis but also on the adsorption experiment results presented in chapter 3.4.7.3.2.

2.7.4. Iron loading onto SpECs

An attempt to produce magnetic SpECs was made and thus the protocol described in section
8.2.5.4 inspired by the literature,'®® was followed. The original procedure describes the
dissolution of the iron salts in water, followed by addition of SpECs, and finishing with the
addition of ammonia solution. This simple step procedure was followed many times for all
extracted SpECs but was not found to produce magnetic SpECs that would respond even to a

strong magnet.

Several attempts were made, trials of altering the Fe-SpECs ratio, the ammonia solution
concentration, the SpECs type or raw spores, the contact time of SpECs with the Fe salt solution
and the filtration and washing step after the Fe salt contact time. No resulting material was

attracted to a strong magnet until an alternative procedure was tried. SpECs were left to
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sediment after the Fe loading and the Fe salt solution was removed with a pipette, followed by
dropwise addition of concentrated ammonia solution. The microscopic image of the resulting
material showed SpECs particles possibly surrounded by newly formed particles, assumed to
be some form of iron oxide (Figure 42 and Figure 43). SpECs loaded with Fe salts in ethanolic
solution and under vacuum were tested as well. A portion was left stirring with different
concentrations of ammonia solution (1, 2 and 3 M). The resulting materials showed some
response towards a strong magnet. The same protocol was repeated with the Fe salt solution in
water and the mixture was left under vacuum overnight, however the resulting material did not

show any magnetic response.

Figure 42: Microscope image of raw spores surrounded by newly formed particles after the
magnetic procedure (lens 20 x 0.40).
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Figure 43: Microscope image of SpECs(3) surrounded by newly formed particles after the
magnetic procedure (lens 20 x 0.40).

The protocol was therefore adapted, by omission of the final oxidising step to produce a
nonmagnetic, iron loaded product (experimental section 8.2.5). First, the iron salts were diluted
in a solution following the addition of the SpECs, either under vacuum or without. Two
different solvents were tested, water and acetone, so that the best loading conditions would be
determined. Elemental and ICP-OES analysis followed each procedure to show the iron loading

percentages.

The different extracted SpECs were treated with FeClz*6H>O and FeCl.+4H>0 in different
solvents: water or acetone, with and without the application of vacuum. The differences in the
loading protocol produced SpECs with different Fe loadings, according to the ICP-OES

analysis.
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2.7.4.1. Iron loading on SpECs(1)

As detailed previously, SpECs(1) displayed damage after their extraction, in the form of
cracking and fragmentation of shells. The fragmentation only appeared to be large pieces as
smaller debris were not observed. The cracking of shells provided an opportunity for examining
the inner surface of the iron loaded SpECs(1) (M20, 3.3% Fe loading). It was observed that
there was a significant amount of material on the inside surface of the broken fragment of the
iron loaded exines compared with the fragments that were not iron loaded (Figure 44). This
may give indication of where the iron prefers to attach, as far less was observed on the outer
surfaces. This may also explain why loading with the use of vacuum yielded a higher Fe% than

when no vacuum was used.

D

SEI 15.0kvV  X6,000 1um WD 10.8mm SEI 15.0kV  X2,000 10um WD 10.8mm

Figure 44: Comparison between inner fragments of iron loaded (left) and unloaded SpECs(1)
(right).

Iron loading of SpECs(1) in acetone [M18SpECs(1)] gave the highest Fe percentage, (11.6%
Fe loading, Table 10) compared to the water loading. As Figure 45 shows, the iron loading is

visible on the surface of SpECs(1) as well.
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SEI 15.0kV  X3,500 1um_ WD 10.8mm SEI 15.0kV  X4,000 hun_ WD 11.0mm

Figure 45: SEM images of iron loaded SpECs(1) in acetone under vacuum.

Table 10: Elemental analysis results for C, H, N content and ICP-OES analysis for Fe
of SpECs(1) before and after Fe loading.

sample Fe loading conditions | %C %H %N %Fe
SpECs(1) - 58.65 7.24 012 |-
MO9SpECs(1) in water 58.78 7.47 0.00 | 1.668
M20SpECs(1) in water + vac 55.50 7.01 0.17 |3.328
M18SpECs(1) in acetone + vac 46.96 6.16 0.15 | 1157

2.7.4.2. Iron loading on SpECs(2)

Iron loading of SpECs(2) in acetone (M17, 9.9% Fe loading, Table 11) and unloaded SpECs(2)
exhibited a similar comparison as observed for SpECs(1), displaying the presence of a material
on the surface of the iron loaded SpECs(2) [M17SpECs(2)], that is not present in the unloaded
samples (Figure 46). SpECs(2) presented a 3.3% of iron loading in water and a much higher

loading of 9.9% when using acetone as a solvent.
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Table 11: Elemental analysis results for C, H, N content and ICP-OES analysis for Fe
of SpECs(2) before and after Fe loading.

sample Fe loading conditions %C %H %N %Fe
SpECs(2) - 59.00 8.89 0.56 -
M11SpECs(2) in water 51.94 7.68 0.91 2.930
M21SpECs(2) in water + vac 53.19 7.42 1.11 3.382
M17SpECs(2) in acetone + vac 44.40 6.77 0.92 9.914

._‘1

I\

SEI 150KV  X5500  1gm WD 11.0mm SEI  15.0kvV X19000 1am WD 10.8mm

Figure 46: SEM images of iron loaded (left) and unloaded SpECs(2) (right).

2.7.4.3. Iron loading on SpECs(3)

Iron loaded SpECs(3) prepared in acetone (M19, 8.4 Fe%, Table 12) exhibited a large amount
of iron debris on the outer surface when compared with unloaded SpECs(3) samples and a
much greater degree visible on the outside (Figure 47, Figure 48 and Figure 49) than the other
iron loaded extractions, despite having a lower overall Fe%. This might indicate that the inner
surface of this extraction is less appealing to the iron molecules. As with SpECs(1), SpECs(3)

presented the highest Fe loading, 8.4%, when treated in acetone and under vacuum.
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Table 12: Elemental analysis results for C, H, N content and ICP-OES analysis for Fe of
SpECs(3) before and after Fe loading.

sample Fe loading conditions %C %H %N %Fe
SPECs(3) - 60.10 7.57 0.17 -
M10SpECs(3) in water 60.02 7.45 0.15 0.632
M23SpECs(3) in water + vac 60.06 7.60 0.11 1.765
M19SpECs(3) in acetone + vac 51.11 6.23 0.00 8.356

L o

SEl  150kV X3000 1um _ WD 10.8mm SEl  150kV X3500  1um WD 108mm

SEI 15.0k¥ X16,000 1um WD 10.8mm

Figure 48: SEM image of iron loaded SpECs(3) focused on the surface of the capsule.
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< i
SEI 15.0kY  X1,200 10um WD 10.6mm SEI 150KV X3,000 1gm_ WD 108mm

Figure 49: SEM image of iron loaded SpECs(3) showing the loading of the iron molecules on
the surface of the capsule.

2.8. SPECs surface analysis - Boehm titration

The Boehm titration was first introduced for the analysis of the surfaces of carbon black and
activated carbon.!®! Boehm suggested that when a material's surface carries functional groups
containing oxygen, the quantities of these groups can be measured based on their different
pKa values. Bases of different strength can neutralize oxygen groups of different acidities
(Figure 50). Since the dissociation constants of carboxyl groups, lactones (after hydrolysis)
and phenols are quite different, it has been proven that an accurate way of their determination
would be their neutralization behaviour. The traditional procedure involves treatment of the
material with a selection of three different bases followed by filtration. The resulting solution

is then collected and titrated with a selected base.

The modified Boehm titration procedure involves mixing the material with a basic agueous
medium followed by filtration. Instead of titrating the resulting solution, the treated material is
collected, dried and analysed for its Na content. The three different bases proposed are sodium
hydroxide (NaOH), sodium carbonate (Na2COz) and sodium bicarbonate (NaHCO3). The

strongest base of all three, NaOH, can neutralize all Brgnsted acids, which means that in
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sporopollenin it will neutralize phenols, lactone groups and carboxylic acids (Figure 50).
Na2COsz can neutralize lactones and carboxylic groups and NaHCO3z will only neutralize

carboxylic acids.

NaHCO;
W2
a
©o_ o
Na,CO, 7 N
0
n. (<) o
= NaOH

f o

OH

Figure 50: Reactions between the different bases and the different functional groups present
on the surface of SpECs.
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The surfaces of the extracted SpECs were thus analysed using the modified Boehm titration
where SpECs were treated with aqueous solutions (0.1 M) of the three bases (NaOH, NaHCO3
and Na>COg) for 24 hours (see section 8.3.1). After filtration, washing and drying, the loaded

SpECs were analysed for their Na content using ICP-OES analysis and the results are presented

in Table 13.
Table 13: Sodium loading for different types of SpECs. Each analysis was
performed in triplicate.

sample Na (ppm) Na % w/w | *1073 mmol/g SpEC

SpECs(1) 503.16 0.050 21.88
SpECs(1) NaOH 3261.40 0.326 141.80
SpECs(1) Na.CO3 1907.06 0.191 82.92
SpECs(1) NaHCO3 1072.18 0.110 46.62
SpECs(2) 1967.97 0.197 85.56
SpECs(2) NaOH 4233.90 0.423 184.08*
SpECs(2) Na.CO3 8617.03 0.862 374.65
SpECs(2) NaHCO3 4096.64 0.410 178.12
SpECs(2)APSH 47.76 0.005 2.08
SpECs(2)APSH NaOH 29940.79 2.994 1301.77
SpECs(2)APSH Na>COs 23617.90 2.362 1026.87
SpECs(2)APSH NaHCOs3 13885.82 1.390 603.73
SpECs(3) 59.49 0.006 2.59
SpECs(3) NaOH 15387.59 1.539 669.03*
SPECs(3) Na.CO3 16534.65 1.653 718.90
SpECs(3) NaHCO3 5529.52 0.550 240.41

*1t is suspected that these values are artificially low due to extraction of these groups into
solution when the strongest base (NaOH) was used.

The content of acidic groups was calculated for each type of SpECs. The carboxylic acid groups
was determined from the NaHCOz results. The lactones were determined by subtracting the
NaHCOs results from the Na,COs. The Na,COz result was then subtracted from the NaOH and
the amount of phenolic groups was calculated (Table 14). Figure 51 presents a comparison of

the IR spectra of the three extractions and the APS modified SpECs(2), zoomed in the region
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of 1710 cm™ vibration for a carbonyl peak associated with carboxylic acids. The IR data

appeared to be in ordered agreement with the number of carboxylic acids determined by the

modified Boehm titration.

Table 14: Content of acidic functional groups for each SpECs type.

Acidic group (mmol/g SpEC)
Type of SpECs Carboxylic Lactone Phenolic Total
SpECs(1) 0.046 0.036 0.059 0.120
SpECs(2) 0.178 0.193 lad 0.100
SpECs(2)APSH 0.603 0.422 0.276 1.300
SpPECs(3) 0.240 0.478 0.00* 0.666

*1t is suspected that these values are artificially low due to extraction of these groups into

solution when the strongest base (NaOH) was used.

The results obtained from SpECs(3) and their carboxylic content however are not in agreement

with the calculated results obtained from the amination experiments. Boehm titration gave quite

a low number, 0.238 mmol/g, whereas the amination calculations implied that the carboxylic

groups are most probably around 1.42 mmol/g.
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Figure 51: FT-IR spectra of SpECs and the ammonium persulfate treated SpECs(2), focused
in the 1710 cm™* vibration for a carbonyl peak associated with carboxylic acids.

75



2. Sporopollenin Exine Capsules

The FT-IR and Boehm analyses have indicated that the different extraction procedures give
SpECs with different acidic group loadings. SpECs(1) have the lowest total amount of acidic
groups and they are the only type in which the phenolic content is more than the carboxylic
acids and the lactone groups. SpECs(2) have given questionable results since their total amount
of acidic groups was lower than the sum of all the individuals. They show a higher content of
carboxylic acid and lactone groups which is quite interesting, considering that both SpECs(1)
and SpECs(2) are extracted using bases (KOH and NaOH respectively) so one would expect
that their acidic group content would be the same. The surface modification of SpECs(2) treated
with ammonium persulfate has resulted in SpECs with 1.3 mmol/g acidic groups, with
carboxylic groups occupying half of the quantity (0.6 mmol/g). Unfortunately, the comparison
to SpECs(2) would not be valid since the results for these type of SpECs are questionable. It
should be noted here that these results can not be taken as quantitatively accurate, since the
treatment with the different types of bases over the 24 hours, sometimes gave solutions of
brown colour, meaning that there was likely material extracted from the SpECs during the
treatment, altering their surface and properties. Therefore, the results obtained should be
considered more qualitative or indicative that the relative order of increasing number of
carboxylic acids is in agreement with expectations and with FT-IR results, but not be

considered quantitatively accurate measurements.

2.9. Conclusions
L. clavatum raw spores were treated following three extraction procedures and SpECs(1 - 3)
were produced. After extraction, some further modifications of the material were performed,

and the resulting SpECs were analysed with elemental analysis, FT-IR and SEM imaging.

SpECs(1), extracted with KOH followed by phosphoric acid, were of brown colour and some

debris was noticed in the SEM images, indicating that the 7 days procedure was harsher on the
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spore grains. IR analysis suggested that SpECs(1) is more like a carbonised material that is
relatively featureless with regard to functional groups. It exhibited evidence of some carboxylic
acid groups, but the fewest among the extractions, and no peak for the aromatic ring modes.

The relative featureless material may have implications for its performance as an adsorbent.

NaOH extracted SpECs(2) were of mustard yellow colour and presented some remnants of
nitrogen content. IR analysis revealed that in SpECs(2) the carboxylic acids had been replaced

by sodium carboxylates, which could be converted back to the protic form by an HCI wash.

HCI extracted SpECs(3) were of dark brown colour and SEM images revealed some damage
to the ‘decorative’ mura of the exine shells, but this damage is believed to occur due to the
sudden sucking in of the walls under the vacuum of SEM. This damage was not observed when
viewed only by light microscopy. IR analysis and comparison to the raw spores showed an
increased number of carboxylic acids and a significant increase in aromatic rings, which could
both provide promising adsorption sites. The alkenyl groups were also increased, that could be

due to removal of hydroxyls by acid catalysed elimination reactions.

NaOCI oxidation treatment of SpECs(2) and SpECs(3) had as a result a large increase in
oxygen content, inferred from the decrease in C, H and N of the elemental analysis. SEM
images revealed that this treatment damaged the exine surface across the entire capsule with
no particular weak points nor the presence of any debris. It was also concluded that the
concentration of the NaOCI solution was an important parameter, since opened bottles or
bleach older than 4 months after the production date lose their strength and have no effect on
SpECs. FT-IR revealed a very large increase in the stretching frequency of ~1710 cm™,

associated with carboxylic acid groups.

APSH treatment of SpECs(2) and SpECs(3) exhibited a reduction in their carbon and hydrogen

content while the calculated oxygen percentage increased. After treatment, a slight change in
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their colour was observed and SEM images revealed some damage on the surface; whereas the
shell was intact, the damage appeared to be greatest on the mura which appeared misshapen
with far shorter tectal elements. As with the NaOCI oxidation, FT-IR analysis confirmed a clear
generation of new carbonyl groups associated with carboxylic acid stretching frequency

~1710 cm™.

Amination of SpECs(3) was successful and was confirmed by the increase in nitrogen in the
CHN elemental analysis, and by FT-IR analysis where a new amide C=0 stretching frequency
was observed, that increased whilst the C=0 stretching frequency of carboxylic acids,
decreased. This treatment also revealed that due to the amount of nitrogen added by a peptide
coupling reaction, the carboxylic groups that were present on the surface of the SpECs(3)

material were at least 1.42 mmol/g.

The iron loading procedure gave maximum loadings for all SpECs, when performed in acetone
under vacuum. SpECs(1) presented the highest Fe percentage, (11.6% Fe) and SEM images
revealed that a significant amount of material was located on the inside surface of broken
SpECs(1) fragments. SpECs(2) presented 9.9% Fe and SpECs(3) presented a 8.4 Fe%, located

on their outer surface.

Boehm titration confirmed that the different extraction procedures give SpECs with different
acidic group loadings. SpECs(1) presented the lowest total amount of acidic groups and they
were the only type in which the phenolic content is more than the carboxylic acids and the
lactone groups. SpECs(2) presented questionable results since their total amount of acidic
groups was lower than the sum of all the individuals. They showed a higher content of
carboxylic acid and lactone groups and their surface modification when treated with APS
resulted in SpECs with 1.3 mmol/g acidic groups, with carboxylic groups occupying half of
the quantity (0.6 mmol/g). SpECs(3) appeared to not contain any phenolic groups and the
majority of their acidic content was lactone groups. The results obtained from SpECs(3) and
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their carboxylic content are not in agreement with the calculated results obtained from the
amination experiments. Boehm titration gave quite a low number, 0.238 mmol/g, whereas the
amination calculations inferred that the carboxylic groups are most probably around
1.42 mmol/g. It should be noted that these results may not be very reliable, and that they should
be considered as a qualitative indication that the relative order of increasing number of

carboxylic acids is in agreement with expectations and with FT-IR results.
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3. Diclofenac

3.1. Introduction

Diclofenac (DCF) is a synthetic, non-steroidal anti-inflammatory drug (NSAID), present in
many pills and creams as the active compound. It is an anti-arthritic, analgesic, anti-pyretic and
anti-rheumatic compound, mainly used for the treatment of inflammations and painful

conditions and can be bought without prescription for either human or veterinary use.*1921%3

DCF is a phenylacetic acid derivative introduced to the market around 1970. It has weak acidic
properties (pKa ~ 4) and it is usually presented in the monosodium salt form (Figure 52). It
exhibits medium solubility in water, 2.37 mg/L and a log Kow of 4.51.1% Its functional groups,
aromatic amine and carboxylic acid, make the compound act as either proton donor or acceptor

giving Lewis acid-base characteristics.®®

Cl
; :NH .
Cl O Na
o)

Figure 52: Structure of diclofenac in the monosodium salt form.

The estimated global consumption of DCF per year from both human and veterinary use is near
1,000 tons.’®® DFC acts as a cyclooxygenase (COX) inhibitor in mammalian species. COX
enzymes are the catalysts in the synthesis of prostaglandins whose main role is pain mediation,
but they are also involved in other biochemical functions such as blood flow regulation and
kidney function. Several studies report that some side effects of DCF consumption can be

connected with prostaglandin synthesis inhibition.*®’
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After consumption, DCF is not completely metabolised in either the human or the animal body.
In humans, it is partially metabolised to a range of by-products that are either hydroxylated,
methoxylated or conjugated with acyl glucuronide, the predominant ones being the
4’-hydroxydiclofenac and 5-hydroxydiclofenac (Figure 53).1% When used in the tablet form,
DCF stays in the human system for 2 hours. After 2 hours, 65 - 70% of the compound will be
excreted through urine in metabolite form, and 20 - 30% of the initial dose excreted in the
faeces. Other products containing DCF (gels or creams, eye drops or injections), are expected
to produce the same metabolites as the oral form but in different amounts.” Gels and creams
(topical application of the compound) have been proven to be the main contributor to water
contamination, since only 6 - 7% of the active ingredient is adsorbed, leaving the remaining

93% prone to washing from the skin and ending up in water.%
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HO Cl OH cl OH

4',5-hydroxydiclofenac 5-hydroxydiclofenac glucuronide

Figure 53: The principal metabolites of DCF following oral consumption by humans.
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Many factors have contributed to the increase in the levels of DCF detected in the environment,
such as the rise in its use, the inefficiency of WWTPs for DCF removal, or the discharge of
untreated wastewater directly into the environment.?%2%2 Some of the different pathways that
have led to DCF entering the aquatic system, are due to the direct disposal of effluents, deriving
from either hospitals, houses or municipal effluents.?®® Conventional WWT procedures are
incapable of complete removal of DCF, placing it in the category of the most persistent toxic
waste.% This persistence is also enhanced by the fact that DCF is hydrophobic and a relatively
stable compound, but under sunlight exposure and in aqueous solution DCF is
photodegradable, producing a series of by-products (mainly carbazoles) by losing a chlorine

atom with release of hydrochloric acid (Figure 54).

Even though efforts have been made to reduce the use of DCF and replace it with naproxen,?%*
globally, the concentrations of both DCF and its by-products in surface waters have been
reported to be 0.7 ng/L - 4.4 ug/L whereas for wastewater, the concentrations can reach up to
8.5 pg/L.*® Various areas around the globe have reported the presence of DCF in
marine/coastal environments such as the North Atlantic and North Pacific oceans, with
concentrations ranging from a few ng/L to around 460 ng/L for the North Atlantic coast and
843 ng/L for the North Pacific ocean.?%®2% In German rivers the mean concentration of DCF
has been reported to be 0.15 pg/L with a peak concentration of 1.2 pg/L. In Switzerland, DCF
concentrations in rivers and lakes have been reported in the range of 1 ng/L - 0.37 pg/L and
higher in effluents from sewage treatment plants (0.3 - 0.9 pg/L). In Brazil, the concentration
range is 3.3 - 785 ng/L?°" whereas in the Middle East region DCF concentrations have reported
to be as high as 3 ug/L.2% Even in remote locations around the world such as Antarctica, DCF

has been detected in relatively high levels (15.09 pg/L).2%
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Figure 54: By-products after photolysis or chlorination of DCF."%194195

Although DCF has been reported to have relatively low toxicity for fish and algae, there are
observations of histopathological effects and bioaccumulation of DCF after chronic exposure,
at concentrations around 1 - 5 pg/L. Studies on the acute exposure of fish (Oryzias latipes) and
crustaceans (Dafnia magna and Moina macrocopa) confirmed a low toxicity, whereas studies
on the chronic exposure of the rainbow trout (Oncorhynchus mykiss) at low concentrations of
DCF (1 pg/L) exhibited histopathological effects.?!%?!!  Studies in amphibians
(Limnodynastes peronii, Lithobates catesbeianus and Xenopus laevis) showed that DCF had a
teratogenic effect on their organs, viscera and tail axis.?*2?'3 It has been shown that DCF (at

concentrations between 125 and 250 pg/L) is able to also affect the larval development and
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swimming performance of Trachycephalus typhonius and Physalaemus albonotatus.!®® Of
particular concern is the bioaccumulation of DCF in fish bodies, leading to a potentially
secondary poisoning risk for fish-eating birds.” Three Asian vulture species (Gyps bengalensis,
G. tenuirostris and G. indicus) have been reported to be near extinction due to their
consumption of cattle carcasses previously treated with DCF,?4-® this has also been found to
be the case for African vultures (G. coprotheres).?’” There are relatively few studies focused
on the effects of DCF on marine organisms, however, a recent study on Gasterosteus aculeatus
exposed to 3.82 pug/L for one month, provoked a decline in its population due to mortality of
the adult fish.?*® In humans, even at low levels (1 pg/L), it has been stated that a continuous
DCF daily intake can cause renal lesions and cytotoxicity to the liver and kidneys.* In the U.K.,
155 people older than 19 years old have reported adverse effects since 1979, 5% of which had

a fatal outcome.?%®

Due to its toxicity and the inefficiency of currently available methods for reducing
concentrations by water purification, DCF has been included in the watch list of contaminants
regulated by 2013/39/EU Water Framework Directive (WFD).11%220 |n this watch list, the
environmental quality standard for DCF was set at 0.1 pg/L for inland surface waters, including
rivers and lakes, and 0.01 pg/L for other coastal surface waters.??! These ecosystems are
particularly vulnerable due to the considerable concentrations of DCF from WWTP outfalls

coupled with the direct contributions from catchment areas.???

The majority of DCF entering the environment passes via WWTP outputs, where the extent of
the molecule’s degradation depends on the technologies used. Since DCF is not susceptible to
biodegradation, its removal rates are often low even when biological treatments are used.'** Its
resistance to treatments such as activated sludge processes, sludge ozonation, advanced
oxidation processes and biological nutrient removal is a problem reported in many

publications.’®*?23 It has been reported that technologies like sorption onto sludge?* or
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biodegradation by activated sludge’??°2% have not been highly effective for DCF removal,
whereas studies into adsorption on granular activated carbon have suggested highly promising
results (approximately 99.7% of DCF removal).??” According to Homlok et al. irradiation
technologies are very effective since they are able to achieve a complete mineralisation of the
molecule.’®® Other reported effective methods are chlorine or chlorine dioxide oxidation,
however both methods include the drawbacks of creating by-products.??’ In a recent study
investigating the effects of chlorination processes, 14 structures of DCF’s degradation
by-products were isolated, with toxicities ranging from slight to severe.??® Other studies have
shown that adsorption processes for water treatment are quite efficient against pharmaceutical
compounds, especially DCF.?2%2 Activated carbon is one of the most commonly tested
materials for adsorption of pharmaceuticals. The list of tested biomass waste used for the
production of activated carbon for the purposes of DCF removal includes olive and peach
stones, cocoa shell, orange peel and potato peel, chicken feathers and palm Kkernel

232

shells.13-578234-236 Other materials tested for DCF adsorption are hydrogels,?®? activated

238 239

cokes,?®” covalent organic frameworks,?*® metal organic frameworks,?* nanocellulose,

Ti02,2*9 and biochars.?*!

As described above, it is clear that current methods for removal of DCF from wastewater
streams are not optimal and therefore new purification procedures are needed, involving new

materials that are both efficient and environmentally friendly.

3.2. Aims and objectives

In this chapter, the adsorption of DCF onto SpECs extracted from L. clavatum will be studied.
Different extraction protocols and post treatments will be tested, in order to identify the most
efficient type and conditions. The term efficient describes a material that exhibits good

adsorption properties, quick and low-cost production protocol, reusability, adsorption stability
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and environmentally friendly production conditions. New treatments of SpECs will be applied
and tested, to study the feasibility to ameliorate the material’s surface by chemical treatment

for enhancing the adsorption properties toward DCF.

3.3. Diclofenac detection and quantification

A stock solution of DCF sodium salt was prepared in milliQ water and was further diluted into
eight standard solutions over a range of concentrations from 0.5 pg/mL (1.6 pM) to 10 pg/mL
(31 uM). Each solution was prepared in triplicate and their absorbance was measured at a
wavelength of 275 nm, at room temperature. Baseline calibration was performed using blank
solutions of milliQ water, meaning that a concentration of 0 ng/mL gave absorbance values of
zero with no deviation from this value. A calibration curve was created (Figure 55), and
Equation 13 was used for the calculation of DCF’s concentration (x) in all of this chapter’s

adsorption experiments (LOD = LOQ = 0.006 pg/mL).

y = 0.0312x + 0.0056 Equation 13
e )
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Figure 55: DCF reference curve at the concentration region of 0 - 25 pug/mL at 275 nm
detection wavelength (n=3).

86



3. Diclofenac

3.4. Diclofenac adsorption experiments

The influence of contact time on DCF adsorption was examined, by following the procedure
described in the experimental section 8.4.2. Briefly, a solution of known DCF concentration
(6 ng/mL) was mixed with 20 mg of the adsorbent material (different types of SpECs) for

different periods of time, at room temperature (Figure 56).

Figure 56: Experimental setup for the adsorption experiments describing the three-step
procedure: 1) SpECs are added to the contaminant solution, 2) the suspension is shaken in the
orbital shaking for a period of time, 3) the suspension is filtered through a pipette equipped
with cotton wool.

The mass of SpECs, the volume and the concentration of the solution were kept constant
(20 mg, 5 mL and 6 pg/mL respectively) and the pH of both the initial solution and the final
solution were measured to be six. After filtration, the resulting solution was analysed for its
DCF content and the final DCF concentration was compared with the initial concentration. The

adsorption percentage was calculated with Equation 14.
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(Co — Ceq) 100 Equation 14
Co

% DCF ads.=

where Cj, is the initial and C,, is the final DCF concentration.

3.4.1. Cotton interference in diclofenac adsorption experiments

During the DCF adsorption experiments, the final solution was separated from the SpECs by
filtration through a cotton wool plug. Since the cellulose in cotton wool could conceivably act
as an adsorbent for DCF, experiments were undertaken to show that this method would not
affect the results.

e a solution of known concentration of DCF (6 pug/mL) was filtered through a glass
pipette plugged with cotton wool. The absorbance of the solution was measured before
and after the filtration (the experiment was repeated three times).

e a solution of known concentration of DCF (6 pug/mL) was mixed with SpECs in two
separate vials. In the final step before measuring the absorbance, one sample was
filtered through the cotton wool plug, and the other was centrifuged (the experiment
was repeated three times). The absorbance of the final solutions was measured and the

averages are presented in Table 15.

Table 15: Results for cotton wool interference in DCF adsorption experiments.

Absorbance before cotton wool filtration 0.205 £ 0.001
Absorbance after cotton wool filtration 0.220 +0.009
Absorbance after SpECs treatment and filtration 0.079 £0.004
Absorbance after SpECs treatment and centrifuge 0.072 =0.010

It is evident that cotton wool had no adsorption capacity for DCF since the difference in the

absorbance increased, 0.015 and 0.007 which translated into 0.28 and 0.03 pg/mL respectively.
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In order for the experimental results to be more accurate, blanks (SpECs + milliQ water,
filtration through cotton) were prepared for every measurement and the blank’s absorbance

was subtracted from every sample for all of the subsequent experiments.

3.4.2. Diclofenac adsorption onto SpECs derived from different plants

The influence of contact time upon DCF adsorption was examined, from 1 hour to 67 hours of
contact time. A graph of DCF adsorption% against time was created by plotting the percentage
of adsorption against the different contact times. SpECs from three different plants
(Secale cereale, Helianthus annuus and L. clavatum) were compared for their DCF adsorption
efficiency (Figure 57). All SpECs were extracted by following the same protocol, HCI

hydrolysis described in the experimental section 8.1.3.
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Figure 57: Effect of contact time on DCF adsorption for SpECs derived from rye (Secale
cereale), sunflower pollen (Helianthus annuus) and L. clavatum spores by HCI extraction
protocol [SpECs(3)] (DCF concentration: 6 mg/L, n=3).
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SpECs extracted from Helianthus annuus, (sunflower) exhibited very poor adsorption
properties with a maximum adsorption capacity around 40% which decreased to 20% after
65 hours of contact time. Secale cereale, (rye) and L. clavatum (clubmoss) SpECs displayed
similar adsorption behaviours, with L. clavatum being slightly more efficient. S. cereale SpECs
presented a faster initial adsorption that reached a maximum of 80% after one hour of contact
time with no subsequent increase between t = 1 and t = 67 hours. L. clavatum exhibited an
initial adsorption profile that was similar to S. cereale between t = 0 and t = 1 hour and then a
slower increase until equilibrium, where 90% of DCF was adsorbed after 24 hours of contact
time. Whereas Secale cereale presented a faster DCF adsorption for the initial contact times,
L. clavatum exhibited a higher adsorption potential and thus it was chosen for further research,

as a material for contaminant adsorption.

3.4.3. Diclofenac adsorption onto L. clavatum SpECs
The adsorption of DCF on SpECs extracted from L. clavatum produced by the three different
extraction methodologies outlined in section 8.1 was tested and an attempt was made to identify

between the possible binding mechanisms (Figure 58) using FT-IR spectroscopy.
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Figure 58: Possible interactions between DCF molecules and SpECs surface; A represents n-n
interactions, B shows DCF acting as a hydrogen acceptor and C shows DCF acting as a
H bonding donor.
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The performance of the three SpECs extraction types was tested with DCF adsorption at
different contact times and is presented in Figure 59. Raw unprocessed spores exhibited poor
adsorption efficiency. One explanation for this result can be that raw pollens and spores contain
lipids from the pollenkit on their surface, making the material significantly more hydrophobic
than extracted SpECs. The hydrophobic surface of raw spores impedes contact with water

(‘wettability’) and this can reduce the material’s adsorptive properties.
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Figure 59: Effect of contact time on DCF adsorption for different L. clavatum SpECs types
and raw spores, (DCF concentration: 6 mg/L, n=3).

SpECs(2) were extracted by base hydrolysis in which the raw Lycopodium spores were treated
with NaOH and exhibited a similarly poor adsorption efficiency. A possible explanation for
their poor performance might be that this extraction protocol results in SpECs with a surface

loaded with carboxylic acids from pre-existing functional groups or newly created carboxylic
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acids from hydrolysis reactions which are converted into the negatively charged carboxylates
(COO™Na*).

The presence of COO™ Na* was confirmed by the IR analysis of the material which showed
that in SpECs(2) the carboxylic acids have been replaced by sodium carboxylates. Sodium
carboxylate peaks exhibit antisymmetric stretching vibrations (vasCO2 ") at 1576 and 1542 cm™
and symmetric stretching vibrations (vsCO") at 1463 and 1456 cm™. To confirm these
carboxylate vibrations, SpECs(2) was washed and filtered using 1 M HCI. The resulting SpECs
[SpECs(2)HCI] were analysed with elemental analysis (Table 16) and IR. Figure 60 shows
SpECs(2) before and after the acid treatment, exhibiting the removal of the sodium carboxylate
vibrations and a rise to the number of carboxylic acids ~1710 cm™, which had previously been
absent. This confirmed that the vibrations in SpECs(2) that were suspected of being sodium
carboxylates was likely accurate. This extraction appeared to be the least capable of adsorbing
DCF probably due to the charge repulsion between the material’s surface and DCF’s
carboxylate groups. This is because both the material and the DCF are negatively charged, so

they repel one another.

Table 16: Elemental analysis results for SpECs(2) and HCI treated SpECs(2)HCI.
sample treatment C% H % N %

SpECs(2) - 59.00 8.89 0.12-0.56
SpECs(2)HCI HCI 60.71 8.68 0.40

SpECs(1), were treated with acid following the base hydrolysis step producing SpECs with a
neutral surface and therefore the material does not suffer from the repellent interactions that
were observed between SpECs(2) and DCF. SpECs(1) presented better adsorption properties
for DCF compared to SpECs(2), reaching 40% DCF removal after four hours of contact time.

As described in the previous chapter though, SpECs(1) use the harshest chemical procedure
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which leads to a more carbon-rich material presenting fewer surface functional groups, such as

carboxylic acids.
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Figure 60: FT-IR spectra of SpECs(2) before and after HCI treatment [SpECs(2)HCI].

SpECs(3) exhibited the best DCF adsorption performance, with almost 90% of DCF adsorbed
when equilibrium is reached after 24 hours. This extraction process only involves acid
treatment resulting in SpECs with no remaining genetic residues (no nitrogen was present when
analysed with elemental analysis). SpECs(3) exhibited the fastest adsorption rate of DCF,
removing 65% of DCF in only one hour. According to the IR analysis presented in the previous
chapter (2.6.4), when comparing the intensity of the 1710 cm™* (C=0) carboxylic acid peak of
the different extractions (Figure 61), it was observed that there is a correlation between DCF
adsorption efficiency and the carboxylic acids available on the sorbent material. The bigger the
1710 cm* peak, the greater the affinity for DCF adsorption. SpECs(3) have the highest relative

abundance of carboxylic acid character and they have showed the highest adsorptivity of the
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group. They also present the highest 1510 cm ™ peak believed to represent aromatic ring modes,

it may be that further adsorption is achieved by n-n interactions.
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Figure 61: Extract from the IR spectra of the three different extracted SpECs, zoomed in the
region around the 1710 cm™ peak.

Table 17 presents the DCF adsorption percentages obtained after one hour of contact time for
the different tested SpECs and the raw spores. It also includes the possible dominant
interactions between the material and the DCF molecules that may account for the observed
differences in adsorption efficiencies between extractions. A schematic of the possible

interactions is also presented in Figure 62.
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Table 17: DCF adsorption performance of SpECs and raw spores after one hour of
contact time and their possible adsorption mechanisms.

. . . . ads. %
type possible dominant interactions after 1 h
raw hydrophobic  polar DCF gives poor interaction 4%
spores
Hydrogen Cl 54%
bond donor
= NH
\U.)/ — \ ‘\\\‘HO O
Cl o
o
wn 0]

DCF as acceptor for hydrogen bonding

Electrostatic Cl 12%
mterac'glons -
(repulsion) NH — -

N
)71 _ w0 (0]
3 Cl o XN
=3 R
) (0]
Charge repulsion reduces adsorption potential
Hydrogen Cl Cl 65%
bond donor @[NH -
& | o mo NH HO._O
S L N i o Y
| interactions < R
Q. —
(9] R 0]

n—7 interactions DCEF as acceptor for hydrogen bonding

IT-w interactions are almost certainly present in all materials, but were highlighted in SpECs(3)
as they display a noticeable increase in the 1510 cm™ band over the other materials. Table 17
expresses what might be the dominant interactions leading to the differences observed, for
example it would be possible for SpECs(2) to present some n-w interactions if it were not for
the charge repulsion effects. As stated in Table 17, the ability of SpECs to remove DCF from
water increases in the order: raw spores < SpECs(2) < SpECs(1) < SpECs(3), with SpECs(3)

being the most efficient type by removing 65% of the contaminant in one hour.
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Figure 62: Schematic representation of possible adsorption interactions between DCF and the
functional groups on the surface of SpECs.

3.4.3.1. Effect of drying conditions on the adsorption efficiency of SpECs(3)

The drying conditions after the extraction procedure were examined in order to assess whether
the drying process influences the adsorptive properties of the resulting material. After
extraction, SpECs(3) were either air dried (following the standard protocol), dried in a vacuum
desiccator for five days, or in an oven at 100 °C for four days. Their DCF adsorption

performance is presented in Figure 63.

The vacuum-desiccator drying did not exhibit significant changes in the adsorption efficiency
of the SpECs. Oven drying at 100 °C deteriorated the material’s adsorption properties by
lowering the adsorption efficiency from 90% to 40%. The increased heating appears to have
resulted in the reduction of the functional groups on the SpECs surface. Table 18 presents the
possible adsorption mechanisms between the two materials and the DCF molecules, together

with their adsorption performance after one hour of contact time.
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Figure 63: Effect of drying procedures for SpECs(3) on DCF adsorption. Air dried at the pump
(air dried), dried under vacuum in a desiccator (desiccator dried) and dried into an oven at
100 °C (oven dried), (DCF dose: 6 mg/L, n=3).

IR analysis of SpECs(3) dried in the desiccator and SpECs(3) dried in the oven (Figure 64)
showed clear differences within the (OH) peak region (centred around ~3400 cm™?), ester and
carboxylic acid (C=0) region (1700 - 1750 cm™?) and the aromatic ring modes peak at
1510 cm™L. Although it can be suggested that some moisture loss may happen that leads to a
reduction of the OH band, it is unlikely that this is the only change happening. Moisture
retention is believed to be minimal for this extraction as it is by far the most hydrophobic of all
extractions. It has been suggested by the literature that =-m interactions play an important role
in DCF adsorption,?3"2#2 sych interactions may have been affected by the reduction in the
aromatic ring modes peak (1510 cm™?). The reduction in such ring modes may be due to

autoxidation reaction due to four days spent in a hot oxygen environment.
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Figure 64: FT-IR spectra of SpECs(3) dried in a desiccator and SpECs(3) oven dried.

Of note is an increase in the carbonyl vibration region, however it appears there is a subtle shift
in the peak to 1732 cm™ thought to derive from (C=0) ester vibrations as well as an increase
in intensity of peaks between 1170 - 1270 cm™ believed to represent potential (C-O) stretching
in esters and ethers. As this is accompanied by a dramatic decrease in hydroxyls (3400 cm™),
it may be possible that a “Fischer-type” esterification reaction is occurring between carboxylic
acids and hydroxyls, catalysed by a dehydration reaction. This reduction in carboxylic acids,
would indicate the importance of this functional group to act as a hydrogen bond acceptor for
the adsorption of DCF. As an ester can participate in hydrogen bonding mechanisms as a
hydrogen acceptor but not as a hydrogen donor, it may also imply that the dominant mechanism
of adsorption of DCF is that the secondary amine of DCF behaves as a proton donor. However,
as the nitrogen is less electronegative than oxygen, there is a weaker dipole and therefore a

weaker hydrogen bond is formed than if there was a proton available on a carboxylic acid.

98



3. Diclofenac

Table 18: DCF adsorption performance of SpECs(3) and SpECs(3) oven dried, after one hour of
contact time and their possible adsorption mechanisms.

ads. %

material possible interactions after 1 h

SpECs(3) | Hydrogen Cl Cl 66%
bond donor E;[NH -
and “ mo NH

_.wHO__Q
-1 r Cl o \l//
interactions @ R
R o)

T—T interactions DCEF as acceptor for hydrogen bonding

SpECs(3) | Hydrogen R.__O__R 30%

a I

oven bond
dried acceptor \\\\\\‘O
NH

DCF as donor for hydrogen bonding

3.4.3.2. Effect of wettability of SpECs on the adsorption of DCF

In order to test whether the hydrophobicity of the material was a factor affecting DCF
adsorption, wettability tests were carried out, where instead of using dry SpECs, the material
was left to soak in milliQ water for 15 days.

The DCF adsorption results of the wet SpECs were compared to those of the dried ones are
presented in Figure 65. In general terms, in all samples there were small differences of the
range of 10% between dry and wet material. SpECs(2) and SpECs(1) showed slightly better
adsorption capacity when dry and the same results were obtained for SpECs(3) as well.
SpECs(2)APSH1 gave opposite results: wet SpECs of this form adsorbed 10% more DCF than

the dried ones, reaching equilibrium after 24 hours.
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Figure 65: Comparison of DCF adsorption behaviours of dried and wet SpECs. SpECs(2)APSH accounts for SpECs(2) treated with ammonium
persulfate, treatment that will be further analysed in the following sections (DCF dose: 6 mg/L, n=3).
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3.4.4. Diclofenac adsorption onto modified SpECs

Due to the trend of increasing carboxylic acids correlating with a higher rate and capacity for
DCF adsorption, some surface treatments of the extracted SpECs were proposed. SpECs(2)
exhibited the poorest DCF adsorptive properties, for this reason, they were chosen to undergo
a series of surface modifications to test whether their adsorption efficiency could be improved.
Sodium hypochlorite (NaOCI), tert-butyl hydroperoxide and ammonium persulfate were used
as oxidising agents to modify available primary hydroxyls, ketomethyls, aldehydes and
remaining esters to carboxylic acids, with the aim to further improve adsorptivity. Alkenes too
may be oxidatively cleaved or converted to alcohols via epoxidation, which could be further

modified into more carboxylic acids and ketones.

Another proposed treatment was the coupling of 1,6-diaminohexane with available carboxylic
acids of SpECs(3) to produce a material that can give attractive electrostatic interactions and

can also be a hydrogen donor.

3.4.4.1. Diclofenac adsorption onto ammonium persulfate treated SpECs(2)

Following the different protocols described in section 8.2.3, SpECs(2) were treated with
ammonium persulfate (APS) of differing concentrations (0.5 - 2 M, diluted in sulfuric acid)
either with heating at 90 °C or at room temperature. APS is a relatively mild oxidant that is
expected to oxidise some of the functional groups on the SpECs surface and possibly enhancing
DCF adsorptive efficiency. The SpECs obtained were analysed with FT-IR and their adsorption

performance against DCF was tested (Figure 66).

101



3. Diclofenac

100

—2A— SpECs(2)APSR
1

—A— SpECs(2)APSH
1

«+eoe+++ SpECs(2)APSH
1.5

— A - SpECs(2)APSH
0.5

--4--- SpECs(2)APSH
2

—>¢— SpECs(2)

80

60

40

% diclofenac adsorption

20

0 10 20 30 40 50 60 70 80 90
time (hours)

Figure 66: Effect of time for DCF adsorption on modified SpECs(2) treated with different
concentrations of ammonium persulfate (APSR1: 1 M ammonium persulfate at room
temperature, APSH1: 1 M ammonium persulfate at 90 °C, APSHI1.5: 1.5 M ammonium
persulfate at 90 °C, APSHO0.5: 0.5 M ammonium persulfate at 90 °C, APSH2: 2 M ammonium
persulfate at 90 °C) (DCF dose: 6 mg/L, n=3).

The treatment with concentrated APS (2 M) at 90 °C slightly improved the adsorption
efficiency of SpECs(2) compared with the non-treated ones, and the same seemed to have
occurred for the dilute solution of APS (0.5 M). One would expect that the higher the oxidant
concentration, the higher the amount of the formed oxygen surface groups and the higher the

adsorption capacity of the material.

The APS concentrations that improved the adsorption efficiency of SpECs(2) were 1.5 M and
1 M, with the latter being the most effective [SpECs(2)APSH1]. The DCF adsorption
percentages obtained from SpECs(2)APSH1 were much higher than the ones obtained from
the untreated SpECs(2). In only one hour, SpECs(2)APSH1 removed 75% of DCF, reaching a

maximum adsorption of 90% in 24 hours. The same treatment was performed with APS 1 M
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at room temperature, presenting DCF adsorption percentages slightly lower than those obtained
by the treatment at 90 °C.

Oxidative treatment at 90 °C seemed to be more effective, since it produced SpECs with better
DCF adsorption performance than the ones oxidised at room temperature. It should also be
noted that the treatment as outlined in section 8.2.3, involved the use of sulfuric acid and will
have also protonated the carboxylate groups that were likely causing a repellent effect.
However, this is true for all of the APSH treatments, and whilst this must be considered, it is
not the only effect at play as there were clear differences between the different conditions

aforementioned.

IR analysis

The APS treatment experiments showed that an increase in the DCF adsorption efficiency of
the SpECs is possible. Treatment of SpECs(2) with 1 M APS at 90 °C resulted in a significant
increase of the material’s adsorption efficiency, comparable to and exceeding that of the
SpECs(3). FT-IR analysis of the material showed a clear generation of carboxylic acids; in
Figure 67 a large peak at 1710 cm™ can be attributed to the (C=0) from carboxylic acids,
which may be expected due to the oxidising nature of APS. An increase is also seen at 1130
cm ! from what are most likely to be the (C-O) vibrations of carboxylic acids. There is no
overlap with possible esters and there are no carboxylates remaining. From this, it can be
inferred that hydrogen bonding between the carboxylic acid groups from the APS modified
SpECs and the DCF molecules predominate n-m adsorption mechanisms, particularly as the
1510 cm™* aromatic ring modes peak has decreased in this material.

Figure 68 presents the FT-IR of DCF overlaid with SpECs(2)APSH whereas Figure 69 shows
the FT-IR of SpECs(2)APSH and SpECs(2)APSH after having adsorbed DCF. There is not

any increase in the regions of highest intensity for DCF, as the relative amount of DCF to
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SpECs is very small (30 ug DCF on 20 mg SpECs). However, there are differences in the
regions which are expressed by carboxylic acid stretches, OH (3400 cm™?), C=0 (1710 cm™?)
and C-O (1130 cm™), which are the proposed groups of interaction with the adsorbed

molecules.
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Figure 67: FT-IR spectra of SpECs(2), SpECs(2) HCI treated and SpECs(2)APSH.
Comparisons between SpECs(2)HCI and SpECs(2)APSH is more accurate for the region
around 1600 cm™* because of the absence of the carboxylates peak.

The differences in the spectra (Figure 69) are most clear at 3300 cm™* and 1130 cm™?, regions
that account for O-H and C-O vibrations respectively. This clear increase in intensity after DCF
adsorption is due to a well-known signature of hydrogen bonding and bridging groups.
According to Bratos and Marechal,?*32% the band assigned to hydrogen bonds is shifted to
lower frequencies and strongly broadened when compared to free hydrogen stretching bands.
The strong increase in the intensity of the infrared bands is many hundreds of times greater

than the number of bonds for which they account.?*>24¢ Such differences in the IR spectra of
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the material may give indication that DCF is adsorbed onto the surface of SpECs via hydrogen

bonding.
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Figure 68: FT-IR spectra of DCF on its own and SpECs(2)APSH.
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Figure 69: FT-IR spectra of SpECs(2)APSH1 and SpECs(2)APSH1 loaded with DCF.
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3.4.4.2. Diclofenac adsorption onto HCI treated SpECs(2)

Following the results obtained with APS, it was anticipated that other modifications could
increase the adsorptivity of SpECs. SpECs(2) were treated with 9 M HCI at room temperature
for three hours, following the protocol described in section 8.2.2. The aim of doing this was to
protonate the carboxylate groups on the surface of the base-hydrolysed SpECs and test their
DCF adsorption efficiency in comparison to the acid-hydrolysed SpECs [SpECs(3)]. The
results (Figure 70, SpECs(2)HCI) were unsurprisingly similar to those obtained from
SpECs(1), a result that was expected, since the SpECs(1) extraction procedure involves a base
hydrolysis followed by an acid treatment, which is similar to the production procedure of

SPECs(2)HCI.

Once SpECs(2) were washed with HCI to protonate the carboxylates to the neutral -COOH,
there was an improvement in absorptivity. However, there are fewer carboxylic acids
exhibiting within FT-IR for this material compared to the number present in SpECs(3), and so
its adsorption efficiency did not reach the performance of SpECs(3). Figure 71 shows the
FT-IR of SpECs(2) obtained before and after the HCI treatment exhibiting the removal of the
sodium carboxylate vibrations. Adsorption then improved as the electrostatic repulsion is
removed (Table 19), but still remains fairly poor, since the material exhibits a low number of

carboxylic acid groups ~1710 cm™.
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Figure 70: Effect of time on DCF adsorption for unmodified and modified SpECs(2) compared
to SpECs(1). SpECs(2)HCI: treatment with HCI 1 M, (DCF dose: 6 mg/L, n=3).
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Figure 71: FT-IR spectra of SpECs(2) and SpECs(2)HCI.
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Table 19: DCF adsorption performance of SpECs(2) and SpECs(2)HCI, after one hour of contact
time and the possible adsorption mechanisms.

cl o OO
R
0

DCF as acceptor for hydrogen bonding

. L . ads. %
material possible interactions after 1 h
SpECs(2) | electrostatic Cl 12%

interaction -

(repulsion) NH _— O\|¢O

Cl (0] R
O
Charge repulsion reduces adsorption potential
SpECs(2) | Hydrogen Cl 26%
HCI bond donor
NH

3.4.4.3. Diclofenac adsorption onto TBHP treated SpECs(2)

Treatment of SpECs(2) with tert-butyl hydroperoxide (TBHP) 70% at room temperature for

three hours, didn’t have any significant improvement on their DCF adsorption efficiency. In

fact, the treatment seemed to have decreased the little adsorption ability that SpECs(2)

presented previously [Figure 72, SpECs(2)TBHP]. Further investigation is needed on this

material since the IR spectra obtained were not conclusive.
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Figure 72: Effect of time on DCF adsorption for unmodified and modified SpECs(2). Different
treatments at room temperature: SpECs(2)BL: NaOCl 14%, SpECs(2)TBHP: 70% tert-butyl
hydroperoxide (DCF dose: 6 mg/L, n=3).
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3.4.4.4. Diclofenac adsorption onto NaOCI treated SpECs(2)

The best results for DCF adsorption on SpECs(2) were obtained after treating SpECs(2) with
14% NaOCI at room temperature for one hour [Figure 73, SpECs(2)BL]. The colour of the
SpECs changed from yellow to white and their DCF adsorption performance went from 0% to
90% after 24 hours of contact time. The change in colour possibly indicates that NaOCl is able
to further oxidise colour bearing groups, oxidising the aromaticity and leading to a whitened

product.

IR analysis revealed that the aromatic ring modes group at 1510 cm™ has been completely
depleted in the bleached product. Figure 73 presents a comparison between the IR spectra of
SpECs(2)BI and SpECs(2)HCI, where a large number of carboxylic acids appears to have

generated (C=0 stretching frequency exhibited at ~1712 cm™).
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Figure 73: FT-IR spectra of SpECs(2)HCI and SpECs(2)BI.
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The CHN analysis also indicated a large increase in the relative number of oxygens as the
mass% of C and N decreased substantially (Table 20). Since this is accompanied by a dramatic
improvement in the adsorption capacity for the material, it has been assumed that the carboxylic

acids were responsible for this improvement.

Table 20: Elemental analysis results for SpECs(2) and HCI treated SpECs(2)HCI.
sample treatment C% H % N %
SpECs(2) - 59.00 8.89 0.12-0.56
SpPECS(2)HCI HCI 60.71 8.68 0.40
SpECs(2)BI NaOCl 53.15 7.43 0.02

3.4.4.5. Diclofenac adsorption onto oxidised SpECs(3)

Treatment with sodium hypochlorite (14% ag. NaOCI) and ammonium persulfate (APS 1 M)
both exhibited improved DCF adsorption efficiency over SpECs(2). The same treatments were
therefore applied to SpECs(3) in order to examine whether the already good adsorption
properties could be further improved. SpECs(3) were oxidised with NaOCI following the same
procedure as used for SpECs(2) (section 8.2.1) and their DCF adsorption efficiency was tested.
The same experiment was conducted for SpECs(3) oxidised with APS 1 M. The results are

presented and compared in Figure 74.

The APS treatment was not effective in the case of SpECs(3); it significantly reduced their
adsorption properties and converted them into a poor material for DCF adsorption. Their
adsorption capacity decreased from ~80% to almost zero. It is unclear what occurred that may
have led to this result, particularly as the FT-IR gave a very similar result to that of sample
SpECs(3)BI. Unfortunately, FT-IR analysis did not yield any clues to any major differences
between the two materials (Figure 75) and further investigation would be needed since no
conclusions can be made together with the elemental analysis results (Table 21). Figure 76

shows a comparison with SpECs(3) and SpECs(3)BI. The areas highlighted show the depletion
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of aromatic ring modes (1510 cm™) and increase in carboxylic acids (1710 cm™?) following
NaOCI treatment. This might add further evidence that the significant mechanism of adsorption

is H-bonding and not n-7t interactions.
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Figure 74: Effect of time on DCF adsorption for modified SpECs(3). Different treatments:
SpECs(3)BL: 14% NaOCI at room temperature, SpECs(3)APSH1: 1 M ammonium persulfate
at 90 °C (DCF dose: 6 mg/L, n=3).

In this treatment, it seems that the freshness of the bleach used is a factor affecting the resulting
product, since the protocol was repeated several times producing SpECs of different shades of
white and different adsorption properties each time. The concentration of bleach is the
important parameter, since opened bottles or bleach older than four months after the production
date lose their strength.'® Unfortunately, treatment with NaOCI was not reliable on giving
consistent results since repeated treatments on both SpECs(2) and SpECs(3) could not give

materials presenting similar DCF adsorption performance to the ones presented above.
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Figure 75: FT-IR spectra of APS treated SpECs(3) [SPECs(3)APSH] compared to NaOCI
treated SpECs(3) [SpECs(3)Bl].
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Figure 76: FT-IR spectra of NaOCI treated SpECs(3) [SpECs(3)BI] compared with SpECs(3).
Highlighted areas of interest are the complete depletion of the aromatic ring modes (1510 cm™?)
and the increase in carboxylic acids ~1710 cm ™.
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Treatment with NaOCI made SpECs(3) slightly more efficient; after four hours of contact time
DCF adsorption increased from 75% to 90%. Elemental analysis showed a difference in the
carbon content (Table 21) implying that the oxygen content has increased, and that this

difference enhanced the material’s adsorption efficiency.

Table 21: Elemental analysis results for SpECs(3) and modified SpECs(3).

material C% H % N % material description
SpECs(3) 67.07 8.82 0.00 HCI extraction

SpECs(3)APSH 63.36 8.15 0.00 ammonium persulfate treatment
SpECs(3)BL 55.26 6.53 0.00 NaOCI treatment

3.4.4.6. Comparison on SpECs(2)APSH, SpECs(2)BI, SpECs(3) and SpECs(3)BlI

Between the initial extractions it was concluded that SpECs(3) presented the best properties
for adsorption of DCF, both in terms of adsorption speed but also adsorption percentages.
SpECs(3) performance was compared to the three modified SpECs that presented a good DCF

adsorption behaviour and the results are presented in Figure 77.

It is evident from Figure 77 that bleached SpECs(3) [SpECs(3)BI] yielded the best DCF
adsorption performance, reaching 90% DCF adsorption at four hours of contact time. All types
presented similarly good performances, with the unmodified SpECs(3) giving the lowest
adsorption percentages. When considering the ideal candidate however, the speed, cost and
environmental impact of the methodologies employed is of prime importance. Bearing these
factors in mind it may well be argued that the simple acid hydrolysis that yielded SpECs(3)
was a very promising candidate for DCF adsorption, only marginally behind the bleaching

methodologies mentioned but with a more facile and environmentally friendly production.
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Figure 77: DCF adsorption performances of SpECs(3), NaOCI treated SpECs(3)
[SpECs(3)BI], NaOCI treated SpECs(2) [SpECs(2)BI], and ammonium persulfate 1 M treated
SpECs(2) [SpECs(2)APSH1] zoomed in the region of 60 - 100% adsorption (n = 3, DCF
6 ng/mL).

3.4.4.7. Diclofenac adsorption onto aminated SpECs(3)

After concluding that out of the three extractions SpECs(3) presented the best performance for
DCF adsorption, it was decided to further modify the material in order to test whether the
efficiency could be further improved and whether the time to reach equilibrium could be made

significantly shorter.

From the previous tests it was concluded that DCF appears to be behaving primarily as a
hydrogen bond acceptor, due to the ionized carboxylate group in the sodium salt of DCF. For
this reason, conversion of the available carboxylic acids of the material was suggested in order
to give a positively charged group so that the material might act like an anion exchange resin,

retaining the DCF molecules through an electrostatic inteaction as well as an H-bonding
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interaction. A coupling reaction with 1,6-diaminohexane would give such an ammonium ion
functional group which can act as both a hydrogen donor and is positively charged to aid

electrostatic interaction (Figure 78).
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Figure 78: Possible electrostatic and hydrogen bonding interactions between DCF and the
aminated SpECs (R = the SpECs polymer).

SpECs(3) were aminated with 1,6-diaminohexane following the protocol described in section
8.2.6 and previously described in the literature.'® The resulting SpECs [SpECs(3)AM] were
analysed with elemental analysis to confirm the increase in their N content (from 0.33% it has

risen to 3.98% after the amination reaction, Table 22).

Table 22: Elemental analysis results for SpECs(3) before and after amination.
material C% H% N%
SpECs(3) 61.12 7.81 0.33
SpECs(3)AM 61.07 8.37 3.98

The resulting SpECs [SpECs(3)AM] exhibited a dramatic reduction in the contact times needed
for the majority of DCF to be retained on the material, being noticeably faster compared with
all other treatments. Figure 79 shows the comparison of the DCF adsorption for the untreated

SpECs(3) and SpECs(3)AM. It is evident that while the material had a good adsorption
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efficiency before any treatment, after amination, the contact time needed for complete DCF
removal was far shorter. In only 30 seconds equilibrium was reached, in which 90% of the
DCF was adsorbed. After one minute, all of the DCF had been retained on SpECs(3)AM, whilst

previously, a maximum of 90% was achieved in 65 hours of contact time.
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Figure 79: DCF adsorption; comparison between SpECs(3) and SpECs(3)AM (DCF dose:
6 mg/L, n=3).

The results of this treatment have given the best overall adsorption of DCF, and by far the
quickest. The resulting SpECs while being positively charged, were more attractive to the DCF
molecules, making the process of adsorption much faster. The opposing charges from the
positively charged primary amine, acting as a hydrogen donor and the negatively charged
carboxylic acids on DCF, acting as hydrogen acceptor, had as a result the increase in the
material’s adsorption efficiency. Apart from this, more protons were introduced on the
material’s surface, further increasing the binding sites for the DCF molecules and facilitating

the adsorption possibly via H-bonding (Figure 80).
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Figure 80: Schematic representation of possible adsorption forces between DCF and the
surface of aminated SpECs(3).

Figure 81 presents a comparison of the DCF adsorption performances for the different SpECs
types (modified and unmodified) for up to one hour of contact time. It is evident that the best
adsorption properties were presented by the aminated SpECs(3), far better compared to the
APS treated SpECs(2). Whereas the treatment with APS was able to improve the adsorption
efficiency of the material and make it reach higher adsorption percentages, the amination of
SpECs(3) both improved their efficiency as well as significantly reduced the contact time

needed for equilibrium to be reached.
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Figure 81: Effect of contact time on DCF adsorption, graph zoomed in the region of 0 - 1 hour
of contact time (DCF dose: 6 mg/L). Comparison between the adsorption efficiencies of the
different SpECs types and the most efficient modified SpECs (DCF dose: 6 mg/L, n=3).

3.4.5. Diclofenac adsorption Kinetics

In order to investigate the adsorption mechanisms of DCF on the different SpECs types,
pseudo-first order and pseudo-second order kinetic models were applied to the experimental
data, to further explore the potential rate controlling steps. According to Simonin,?*” a common
mistake in most studies is the inclusion of data that are close or at equilibrium, altering the
results of the analysis, reducing the accuracy of fit to the pseudo-first model and leading to
conclusions that the pseudo-second model is a better fit. In order to avoid that, all data close to
equilibrium will not be taken into account in this analysis and for this reason the SpECs(3)AM
data analysis will not be possible, since equilibrium was reached too quickly to collect data

points.
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3.4.5.1. Pseudo-first order model

The pseudo-first order model or Lagergren’s model’® is generally applicable in the initial stage
of the adsorption and is based on the assumption that the rate of adsorption is dependent on the
concentration of the adsorbate. The linear form of the equation is expressed as follows

(Equation 15):%874

In(q, — q¢) = Inq, — kit Equation 15

where g: (mg/g) is the amount of solute adsorbed per mass of adsorbent after a certain contact
time t (min), ge (Mg/g) is the amount of solute adsorbed at equilibrium and ki (min™?) is the

pseudo-first order rate constant.

From the plot In (g, — q;) versus t (Figure 82) the values of ki (slope) and Ing, (intercept)
were determined, from which the value of the maximum adsorption capacity qeqcq Was

calculated. The experimental maximum adsorption capacity was calculated using Equation 16.

Equation 16

= |DCF
Qel,exp [ ] * mSpECs

where [DCF] (ng/mL) is the concentration of DCF in the solution, V (mL) is the volume of the

solution and mg,gcs (MQ) is the mass of the SpECs used.
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Figure 82: Kinetic investigation on the adsorption of DCF by different types of SpECs
described by the pseudo-first order model.

All calculated values are summarised in Table 23, where it can be observed that for some
SpECs the values of the correlation coefficient (R?) are close to 1, whereas for others, the values
are very low, indicating that this model was not suitable for them. SpECs(1) gave the highest
R2value, 0.908, and the values of the experimental (Ge1,exp) and calculated (geq,cqr) Maximum
adsorption capacity were close, 1.425 and 1.592 mg/g respectively, suggesting that this model
was suitable for the adsorption of the DCF molecules onto the SpECs(1) surface. SpECs(3)
presented a good R? value (0.8915), with the experimental and calculated values of the
maximum adsorption capacity being close (1.448 and 1.775 mg/g respectively), indicating that
the pseudo-first order model might be suitable to describe the adsorption process for this type
of SpECs and that the procedure might involve diffusion-controlled phenomena.
SpECs(2)APSH presented similar values for the experimental and calculated adsorption
capacity, 1.471 and 1.444 mg/g respectively, but a lower R? value (0.7358) compared to the

previous SpECs. SpECs(2) presented a very low R? value (0.0016), concluding that the
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pseudo-first order model was not suitable to describe the DCF uptake. Analysis with the
pseudo-second order model gave a better insight onto which model describes the uptake of

DCF by which material.

3.4.5.2. Pseudo-second order model
The pseudo-second order model describes adsorption processes that involve chemisorption and

is expressed as (Equation 17):7

1 ¢t 1 Equation 17

where g, (mg/g) is the amount of solute adsorbed per mass of adsorbent after a certain contact
time t (min), g, (mg/g) is the amount of solute adsorbed at equilibrium, while k2 (g/mg min) is
the pseudo-second order equilibrium rate constant. The slope and intercept derived from the
plots of t/g: versus t (Figure 83 and Figure 84) were used to calculate the values of the

maximum adsorption capacity g.; .,; and the rate constant k. which are presented in Table 23.

The analysis using the pseudo-second order model gave higher R? values compared to the
pseudo-first order model. The R? values were very close to unity for the majority of SpECs
apart from SpECs(2) which gave a value of 0.7906, which was better than the value given by
the pseudo-first model (0.0016). As both models did not give satisfactory values for both the
R? and the maximum adsorption capacity it was concluded that SpECs(2) is not the best
candidate for DCF adsorption. As with the previous model, SpECs(1) gave the highest R? value,
0.9997. The difference between the experimental and calculated maximum adsorption capacity

values though was higher (1.425 and 1.050 mg/g respectively) compared to the previous model.
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Maybe DCF adsorption from SpECs(1) can be described by both models since they both gave
good values. It can be concluded that the adsorption of DCF by SpECs(3) and SpECs(2)APSH
is described by the pseudo-second model since both types presented high R? values (0.9995
and 0.9924 respectively) combined with experimental and calculated maximum adsorption

capacity values that were in close agreement.
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Figure 83: Kinetic investigation on the adsorption of DCF by different types of SpECs
described by the pseudo-second order model.

6000
cee®®
.-.............. ZS
\\\ ..................
...............-.-
-o......o.......
eee®® ( )
A A
1600

t (min)

Figure 84: Kinetic investigation on the adsorption of DCF by SpECs(2) described by the
pseudo-second order model.
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The adsorption of DCF by SpECs was best described by the pseudo-second order model after
excluding all the data points close to equilibrium. All tested SpECs presented similar values of
maximum adsorption capacity, around 1.4 mg/g. Comparison to other materials found in
literature tested for DCF adsorption showed that the values obtained (1.3 - 1.8 mg/g) were
relatively low. Magnetic covalent organic frameworks presented the highest value of maximum
adsorption capacity, 337 mg/g,%*® whereas magnetic chitosan particles showed an adsorption
capacity of 187 mg/g at a pH 4.2*° Another study on chitosan-based magnetic composite
particles with core-brush topology testing DCF adsorption at various temperatures and pHs
gave values ranging from 95 - 110 mg/g.>® At pH 6 and at 25 °C, organophilic bentonites
showed values in the range of 5.5 - 38.7 mg/g.*®® Carbide derived carbons produced at
temperatures between 800 - 1400 °C gave a g, oo; range of 250 - 350 mg/g.?>* The values for
zeolitic imidazole frameworks were between 31 - 44 mg/g for a temperature range of 20 -
40 °C.%2 |sabel grape bagasse presented a lower value, 4.96 mg/g for an initial DCF
concentration of 5 mg/L.1%® However, the experimental conditions were not identical to the
ones used above, and were often not indicative of real world conditions. Also, the majority of
the studies existing in the literature on DCF adsorption conclude that the adsorption kinetics
are best described by the pseudo-second order model which as mentioned previously, it is often
a false result. Since adsorption studies tend to take into account all experimental data points,
including the ones close to or even at equilibrium, the results can be highly inaccurate and can

lead to false conclusions according to Simonin.?*

The initial rate of sorption h (mg/g min) was also calculated using Equation 18:23

h = k,q? Equation 18
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The values of h (Table 23) showed a big variation between the different types of SpECs, with

SpECs(2) giving the slowest adsorption rate, 0.0006 mg/g min, confirming that this type is not

the best candidate for DCF adsorption. After their treatment with APS though, their initial rate

of sorption increased from 0.0006 to 0.055 mg/g min, which was the highest value obtained.

SpECs(1) and SpECs(3) presented similar values, ~0.04 mg/g min.

Table 23: Kinetic parameters for DCF adsorption by different SpECs described by different

models.

model/ adsorbent

parameter SpECs(1) SpECs(2) SpECs(3) SpECs(2)APSH
Oeexp (MQ/Q) 1.425 1.471 1.448 1.471
pseudo-first order

Qe.cal (MY/Q) 1.592 1.350 1.775 1.444
ki 0.0003 4.00E-06 0.0008 0.0052
R? 0.908 0.0016 0.8915 0.7358
pseudo-second order

Qe2,cal (MQ/Q) 1.050 0.121 1.294 1.404
k2 0.04262 0.03915 0.02512 0.02789
h (mg/g min) 0.0470 0.0006 0.0421 0.0549
R? 0.9997 0.7906 0.9995 0.9924

3.4.5.3. Intraparticle diffusion model

This model describes adsorption as a multi-step procedure, involving four diffusion steps: bulk

diffusion, film diffusion, intraparticle diffusion and the adsorption of the contaminant

molecules at the adsorbent’s surface via ion exchange, chelation and/or complexation

pathways.’# Intraparticle diffusion can be quite a slow process, described by Equation 19:7

qe = k;t™® +1

Equation 19
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where gt (mg/g) is the amount of solute adsorbed per mass of adsorbent at time t (min),
ki (mg/g min®°) is the rate constant for intraparticle diffusion model and I (mg/g) is the intercept
which indicates the boundary layer thickness effect. The values of kj and | can be obtained by

the slope and intercept of the linear plot gt versus t ®° (Figure 85).
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Figure 85: Intraparticle diffusion model for the adsorption of DCF onto different types of
SpECs where (a) represents the first diffusion step and (b) represents the second diffusion step.
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All the plots for the different SpECs types showed multilinearity, suggesting that during the
sorption process, two different steps take place and that intraparticle diffusion is not the only
rate-controlling step. The first linear part of the plots describes the migration of the DCF
molecules from the solution to the SpECs surface via film diffusion, whereas the second part
corresponds to the intraparticle diffusion, where the DCF molecules are gradually entering the
pores of the SpECs with rate constants and intercepts presented in Table 24. All plots showed
similar characteristics, while none passes through origin, a finding that means that film
diffusion and intraparticle diffusion happen simultaneously during the process of

adsorption?>#2% of DCF onto the different SpECs types.

It is evident form Figure 85 that the adsorption of DCF (q) is increasing with the increase of
contact time, with the removal mostly taking place at the first step of the diffusion process.
Analysis of the two steps Table 24 showed that for the majority of the SpECs the first step
presented a faster adsorption rate ki and the second step followed with a much slower ki, at
~0.003 mg/g min®®. Such a finding can be explained by the fact that at the beginning of the
adsorption, there exists a great number of empty sites available on the surface of the material,
a number that decreases with time. In addition, after the first sites are occupied, there may exist
repulsion forces between the adsorbed contaminant molecules and the ones in solution,

preventing the latter from binding on the sorbent and thus slowing down the process.

The parameter | provides useful information on the effect that the boundary layer has on the
adsorption process and is initially zero for t = 0. SpECs(1), SpECs(3) and SpECs(2)APSH
presented similar | values for the first step, ~0.67 which during the next step it increased to ~1
showing that after the initial adsorption of the first DCF molecules on the surface of the SpECs,
the effect of the boundary layer increased. SpECs(3)AM presented a high | value for the first
step of the diffusion process which was further increased during the second step (from 1.146

to 1.463), showing that this type had already an increased boundary layer effect even at the
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beginning of the adsorption process. SpECs(2) was the only type that presented a decrease in

its I value, from 0.41 during the first step it decreased to 0.21, meaning that the effect of the

boundary layer was decreasing with time, possibly indicating that a formation of multilayers

of DCF molecules is happening on the surface of the material, facilitating the further adsorption

of the free DCF molecules.

Table 24: Intraparticle diffusion parameters for DCF adsorption by
different SpECs involving steps a and b.
adsorbent step | ki (mg/g min®®) I R?
SpECs(1) a 0.014 0.684 0.994
b 0.003 0.880 0.774
SPECs(2) a 0.077 0.414 1
b 0.003 0.208 0.950
SpECs(3) a 0.028 0.659 0.753
b 0.003 1.167 0.610
SpECs(2)APSH @ 0.028 0.659 1
b 0.005 1.011 0.873
SPECS(3)AM @ 0.318 1.146 1
b 0.00 1.463 0.916

3.4.6. Diclofenac adsorption isotherms

The linear forms of the Langmuir®®’ and Freundlich?*® models were used (Equation 20 and

Equation 21 respectively) in order to investigate the distribution of the adsorbed DCF

molecules between the aqueous phase and the SpECs particles.

C. C. N 1
Qe Qm KLQm

1
logQ, = logKr + —1logC,
Wz

Equation 20

Equation 21
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where C, (mg/L) is the concentration of the adsorbate at equilibrium, Q. (mg/g) is the amount
of contaminant adsorbed per amount of adsorbent, K; (L/mg) is the Langmuir adsorption
equilibrium constant and Q,, (mg/g) is the maximum adsorption capacity of the material.
Ke (mg® /gL~ and ny are Freundlich’s constants.

The experimental procedure described in section 8.4.3 was followed, where 5 mL portions of
DCF solutions of different concentrations (0.5 - 90 ug/mL) were mixed with 20 mg of SpECs
and were agitated for 24 hours at room temperature. After filtration, the resulting solutions
were analysed for their DCF content and the linear forms of the models were plotted using

Excel (Figure 86, Figure 87 and Figure 88). Q, was calculated with Equation 22.

(G —=C)V Equation 22

where C, is the initial DCF concentration, V is the volume of the solution used and m is the
mass of the adsorbent. Q,,, was calculated from the slope of the Langmuir plot and K; was
calculated from the intercept. K was determined from the intercept of the Freundlich plot and
np was calculated from the slope. All the parameters for both models (Langmuir and

Freundlich) are presented in Table 25.

Table 25: Adsorption isotherm parameters for DCF adsorption by different SpECs types.

model/parameter SPECs(1) | SpECs(2) | SPECs(3) | SPECs(2)APSH | SpECs(3)AM
= | Qm (mg/g) 3.414 0.548 13.889 500 5.828
% K. (L/mg) 0.097 0.01 0.106 0.0005 1.05
5 R? 0.732 0.072 0.874 0.045 0.965
S | Ke (mg®¥mgL-yny 2.024 0.002 1.106 4.011 3.819
% 1/ne 0.468 0.68 0.878 0.999 0.064
L R? 0.953 0.446 0.81 1 0.955
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Figure 86: Langmuir linear adsorption isotherms for

DCF uptake by different types of SpECs.
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Figure 87: Langmuir linear adsorption isotherm for DCF uptake by SpECs(2).
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Figure 88: Freundlich linear adsorption isotherms for DCF uptake by different types of SpECs.
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The isotherm analysis of the DCF adsorption showed that for the majority of the tested SpECs
the Freundlich model presented a better fit to the experimental data. SpECs(1) gave a R? value
of 0.953 for the Freundlich model whereas SpECs(2)APSH presented a R? value equal to one.
As mentioned in the introduction, the Freundlich model describes a multisite and reversible
adsorption procedure, where the adsorbent’s surface is heterogeneous. This means that the
active sites on the surface of SpECs(1) and SpECs(2)APSH are of various energies and thus
affinity towards the DCF molecules, and adsorption takes place by creating multilayers on the

surface of the material.

SpECs(3) and SpECs(3)AM gave results that were able to be described by both models
according to the R? values obtained. In both models, SpECs(3) presented R? values that were
close to each other (0.81 for Freundlich and 0.87 for Langmuir), whereas SpECs(3)AM gave
values that were close to unity; 0.96 for Freundlich and 0.97 for Langmuir. The Langmuir
model describes a homogenous contaminant adsorption, where each active site of the
adsorbent’s surface can only be occupied by one molecule of pollutant and maybe that is the
case for both SpECs(3) and SpECs(3)AM. SpECs(2) did not give satisfactory R? values either

using the Langmuir model or the Freundlich; 0.072 and 0.446 respectively.

In the Langmuir model, Q,, indicates the amount of adsorbant needed for a complete
monolayer over the sorbent surface. Interestingly, SpECs(3) presented a much higher Q,,, value
compared to their aminated form, suggesting that their surface has more active sites of possible
DCF binding than the aminated form. The actual number of amines present in SpECs(3)AM is
limited by the original number of carboxylic acids available in SpECs(3), meaning that it is
possible that SpECs(3)AM is a material with fast DCF adsorption efficiency but with fewer

available binding sites.

As the Freundlich model does not include such a parameter for the maximum adsorption

capacity of the material, an indication of the adsorption capacity of the adsorbent can be the
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factor Kr. Kr is related to the material’s adsorption capacity; the greater the Kr value is, the
more efficient the material is against the contaminant in target. SpECs(2)APSH presented the
highest Kr value between the tested SpECs. This confirmed that the surface oxidation worked
and that the procedure made the material more efficient whilst untreated SpECs(2) exhibited a

far lower value (4.011 and 0.002 mg® YM/gL =" respectively).

The 1/ne value included in the Freundlich model is another important factor that provides useful
information about the characteristics of the adsorption process. The highest 1/ne value was
presented by SpECs(2)APSH and was almost one (0.999) indicating the cooperative adsorption
of DCF, possibly forming multi-layers on the surface of the material. SpECs(1) and
SpECs(3)AM presented a 1/ne value that was lower than one, fact that implies that the
adsorption of the DCF molecules is mainly happening through chemisorption. SpECs(3)AM
presented a value closer to zero meaning that their surface is more heterogeneous compared to

the other two types.

Comparison to other materials already tested in the literature showed that SpECs(3) presented
better Qm values for DCF adsorption compared to magnetic chitosan particles,?*® with the latter
having a Qm value of 10 mg/g when analysed with the Langmuir model. SpECs(3) gave a value
of 14 mg/g, value which is close to the one reported in the literature for organophilic bentonites
(13.3 mg/g).1*® Activated carbon and porous carbons with metal azolate frameworks analysed
with the Langmuir model gave greater values of 79 and 503 mg/g respectively®®® whereas
titanate nanosheet-pozollan nanocomposites gave values at around 80 mg/g.?%® Magnetic
covalent organic frameworks gave results that were better described by the Freundlich model,
presenting a Kr value of 335 mgd¥W/gL"t" 248 muych higher than the value of

4.01 mg®M/gL"1" obtained by SpECs(2)APSH.
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3.4.7. Diclofenac packed-bed studies

In order to test the DCF adsorption efficiency of the different SpECs under flow conditions,
packed-bed experiments were conducted. The procedure described in section 8.9 was followed,
where a glass column (30 cm x 2.5 cm) was tightly packed with a layer of SpECs of fixed mass
and height. A solution of known DCF concentration was passed through the SpECs layer under
gravity, until the complete saturation of the material. Different initial DCF concentrations were
tested, as well as different SpECs masses and flow rates. The flow rate was altered under
gravity by adjusting the column’s tap. All data obtained were analysed with the Yoon-Nelson

model (Equation 23), expressed as:®!

Ct/CO = 1/[1 + eXp(KYNT - KYNt)] Equatlon 23

where, C; (mg/L) is the contaminant’s concentration at time t (min), C, (mg/L) is the initial
contaminant concentration, Ky, (min™t) is the Yoon-Nelson rate constant and = (min) is the
time required for 50% adsorbate breakthrough. Ky, and t can be calculated from the linear

form of Equation 24 by plotting In (C;/(C, — C;) versus t.

Ct Equation 24

Co— (¢

In ( ) = Kyn(t— 1)

The sorption capacity of the material q, (mg/g) can be calculated by using Equation 25:
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_ G0t Equation 25

where Q is the flow rate (L/min) and m (g) is the mass of sorbent used in the column,

This calculated value (qo) can then be compared to the experimental one (qg xp), defined by

Equation 26:

MpcF ads Equation 26
QO,exp -

where mp g 4as (MQ) is the adsorbed DCF mass and m (g) is the mass of sorbent used in the

column. mpr 4qs Was calculated using Equation 27.

Mpcr tot = MpcrF el — MDCF ads Equation 27

where mpcr 1o¢ 1S the total amount (g) of DCF that passed through the column and mpcp o; IS
the amount (g) of DCF eluted. mpcr +or and mpcr ; Were calculated using Equation 28 and

Equation 29:

Mpcr tot = Vot * Co Equation 28

Mpcrer = Cer * Ve Equation 29
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where V;,; is the total volume of the contaminant solution that passed through the column, C,
is the initial concentration of the contaminant, C,; is the concentration of the eluted solution

after passing through the column and V,; is the volume of the eluted solution.

The SpECs bed was covered with low iron sand to keep the particle bed tightly packed. The
sand layer was checked individually for its DCF adsorption ability by passing through a
solution of known DCF concentration (10 mg/L) and by comparing the initial and final
concentration (Cr and Co respectively). The results presented in Table 26 confirmed that sand

had no adsorption efficiency over DCF.

Table 26: DCF adsorption efficiency of 5 g of low
iron sand (10 mg/L).

fraction | volume (mL) | Cf (mg/L) | Co (mg/L)

1 5 10.238 10.258

2 5 10.208 10.258

3 15 10.268 10.258

4 20 10.089 10.258

5 20 10.268 10.258

6 20 10.298 10.258

7 50 10.149 10.258

8 60 10.208 10.258

9 60 10.208 10.258

10 90 10.238 10.258

11 150 10.298 10.258

12 150 10.238 10.258

Initially, before the breakthrough point, while the effluent’s DCF content was low, the effluent
was collected in fractions of 5 mL. Later in the experiment when the DCF concentration
increased and was more stable, the fractions were collected in larger volumes (50 to 100 mL)
and analysed with a UV-Vis spectrometer. The treated volume was plotted against the
recovered DCF concentration divided by the initial DCF concentration and the breakthrough

curves were formed in Excel.
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3.4.7.1. Breakthrough curves for SpECs(3)

The first set of experiments involved changes in the initial contaminant dose to set the
conditions for all experiments. In the first experiment, 1 g of SpECs(3) (2 cm high) was packed
under 5 g of low iron sand (1.5 cm high) and a solution of DCF 10 mg/L passed through at a
flow rate of 2 mL/min. In the second experiment, 1 g of SpECs(3) (2 cm high) was packed
under 4.5 g of low iron sand (1.5 cm high) and a solution of DCF 60 mg/L passed through at a
flow rate of 1.8 mL/min. The results obtained were plotted in the form of breakthrough curves

(Figure 89) and the data were analysed with the Yoon-Nelson model (Equation 23).
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Figure 89: DCF breakthrough curves for 1 g packed SpECs(3) at 10 mg/L DCF initial
concentration (Co) and 2 mL/min flow rate (SpECs(3)[10]) and 1 g packed SpECs(3) with
60 mg/L DCEF initial concentration and 1.8 mL/min flow rate (SpECs(3)[60]).

Although the concentration of the DCF solution was six times higher in the second experiment,
the breakthrough curves obtained from both experiments exhibited strong resemblance,
showing that the contaminant’s concentration did not affect the material’s saturation point. A
small difference of 5 mL of treated volume can be observed in the graph for the breakthrough

point (C/Co = 0.5) which is reached 5 mL earlier for the higher concentration.
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The analysis using the Yoon-Nelson model indicated that the higher dosage (60 mg/L initial
DCF concentration) had a better fit, with a high R? value and experimental values that are in
close agreement to the calculated ones (Table 27). More specifically, the maximum adsorption
capacity values were 0.79 mg/g for the calculated and 0.62 mg/g for the experimental, whereas
the breakthrough time was 8.63 minutes for the calculated and 8.84 minutes for the
experimental. On the contrary, the low dosage experiment did not give satisfactory results with
the Yoon-Nelson analysis. The values of the maximum adsorption capacity were not close with

the calculated being 0.065 mg/g and the experimental being 0.15 mg/g.

Table 27: Yoon-Nelson model parameters for DCF adsorption by SpECs(3) (1 g) at
10 mg/L and 60 mg/L DCF dosage.

initial flow rate - . . 2

[DCF] (mL/min) Kyn (Min™) | z(min) | zexp (Min) | R 0o (MY/Q) | doex (MY/Q)
10 mg/L 2.06 0.1223 3.298 5.974 | 0.736 0.065 0.15
60 mg/L 1.77 2.7037 8.625 8.838 | 0.957 0.788 0.62

Even though the higher dosage gave better fitting to the Yoon-Nelson model, it was decided to
conduct all packed-bed experiments at the lower contaminant dose, 10 mg/L, since this is a
more realistic concentration, closer to the values that are encountered in real wastewater
samples. As mentioned in the introduction, the reported values of DCF present in wastewater
effluents can reach concentrations up to 8.5 pg/L.**3 Since such a concentration is considered
very low for a packed-bed experiment setup and would require the use of large quantities of
water, it was decided to conduct the experiments at the concentration of 10 mg/L to save water
as well as time. The flow rate on the other hand, together with the packed-bed’s mass were

variants that needed further investigation.

Figure 90 shows the breakthrough curves for DCF adsorption by SpECs(3) where 3 g of

SpECs(3) (6.5 cm high) were packed under 6 g of low iron sand (1.5 cm high). A solution of
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DCF 10 mg/L passed through the SpECs bed at two different flow rates: 0.8 and 0.5 mL/min,
with the two breakthrough curves not presenting major differences when compared to each

other.
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Figure 90: Breakthrough curves for 3 g packed SpECs(3) and DCF at 10 mg/L initial
concentration (Co) and two different flow rates: 0.8 mL/min and 0.5 mL/min.

Both experiments presented a good fit when analysed with the Yoon-Nelson model (Table 28)
with both R? values being close to 0.97. A noticeable difference between the two flow rates
was that the slower flow rate presented a higher breakthrough time z, at 75.4 minutes, whereas
the flow rate at 0.8 mL/min presented a r at 52.2 minutes. Such a finding was expected since a
slower flow rate would slightly increase the time needed to reach the 50% C/Co point. Both
calculated values (z) were in accordance with the experimental ones (zep). The maximum
adsorption capacities were similar for both flow rates, around 0.13 mg/g, values that were in
agreement with the experimental ones. This experiment shows that a difference of 0.3 mL/min
in the flow rate does not have a big impact on the adsorption of DCF by SpECs(3), apart from
the breakthrough time that presented a difference of almost 20 minutes when the flow rate was

slower.
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Table 28: Yoon-Nelson model parameters for DCF adsorption (Co at 10 mg/L) by SpECs(3)
(3 g) at two different flow rates.

flow rate
(mL/min)

Kyn (min?)

7 (min)

Texp (m|n)

R2

0o (Mg/g)

Coex (MY/Q)

0.5

0.0353

75.368

73.3

0.966

0.12687

0.133

0.8

0.0524

52.193

50.8

0.976

0.14057

0.134

3.4.7.2. Breakthrough curves for SpECs(2)APSH

A similar experimental procedure was followed for the oxidised form of SpECs(2)

[SPECs(2)APSH], where the glass column was packed with 0.5 g SpECs(2)APSH (0.8 cm

high) covered with 2 g of low iron sand (0.4 cm high). The adsorption of DCF (initial

concentration 10 mg/L) was tested under two different flow rates, 1.5 and 3.0 mL/min. The

effluent was initially collected in fractions of 5 mL and later in bigger volumes (20 - 150 mL)

and analysed for its DCF content. The treated volume was plotted against the recovered DCF

concentration divided by the initial DCF concentration and the breakthrough curves were

formed in Excel (Figure 91).
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Figure 91: DCF breakthrough curves for 0.5 g packed SpECs(2)APSH at 10 mg/L DCF initial
concentration (Co) and two different flow rates: 1.5 mL/min and 3.0 mL/min.
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As it can be seen in Figure 91, the material reached its saturation point after around 50 mL of
treated DCF solution with the two different flow rates giving similar results. It is also evident
that the breakthrough point, where half of the initial DCF concentration was able to pass
through the packed-bed, occurred at around 13 mL for the faster flow rate and at 15 mL for the
slower one. Both findings indicated that whereas the oxidised SpECs(2) had shown a good
adsorption efficiency against DCF under the previous setup in the previous kinetic experiments
(chapter 3.4.4.1) the material is not as efficient under the packed-bed setup, since it requires
long contact times with the contaminant solution in order to interact and adsorb the DCF

molecules.

The collected data were analysed with the Yoon-Nelson model and both flow rates presented
a good agreement between calculated and experimental values (Table 29). It was proven that
the difference in the flow rate had an impact on the breakthrough point, with the z value going
from 12 minutes down to 6 minutes when the flow rate changed from 2 to 3 mL/min. The
adsorption capacity of the SpECs(2)APSH was not affected by the flow rate, with both flow
rates presenting similar values, 0.32 mg/g. Such a value is relatively low, finding that confirms
that the packed-bed setup is not ideal for this type of SpECs. Since the adsorption capacity is
strongly dependant on the bed height and the influent concentration, a different experimental
setup with bigger bed volume and possibly lower DCF concentration might have given better
results and enhance the material’s efficiency for DCF adsorption. It was concluded that under

the tested conditions SpECs(2)APSH was not an ideal candidate for DCF adsorption.

Table 29: Yoon-Nelson model parameters for DCF adsorption (Co at 10 mg/L) by
SpECs(2)APSH (0.5 g) at two different flow rates.

flow rate (mL/min) | Kyw (Min™) | z(mMin) | zexp (Min) R? 0o (Mg/9) | Joexp (Mg/g)
15 0.1237 11.85 15.5 | 0.753 0.320 0.312
3.0 0.4734 6.01 55| 0.811 0.324 0.254
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3.4.7.2.1. Regeneration and reusability of SpECs(2)APSH

After the completion of the breakthrough curves, the packed SpECs(2)APSH were washed with
milliQ water in order to check if the adsorbed DCF could be easily desorbed. Figure 92 shows
the breakthrough curve derived from the previous experiment (full circles) and the region of
the milliQ water washings after reaching the breakthrough point (empty circles). It is evident
that initially a small amount of DCF came out as ‘dead volume’ since some DCF solution
would have stayed trapped between the SpECs but after this initial point it is obvious that no
amount of DCF was able to desorb from the packed SpECs and contaminate the pure water

passing through.

After the water washings, the packed material was washed with absolute ethanol in order to
desorb all of the adsorbed DCF. The recovery rates were tested together with the reusability of
the SpECs; the packed SpECs(2)APSH were washed with a continuous flow of pure ethanol,
until the ethanolic effluent contained no DCF. In total, 110 mL of pure ethanol was used in
order to completely remove all the adsorbed DCF, quantity that was calculated to be around
0.5 mg. At the end of the washing the ethanolic solution was coming out of the column as
blank, indicating that no more DCF could be removed. The comparison between the calculated
amount of adsorbed DCF against the amount of recovered DCF (Table 30) gave the recovery
percentages that were high, suggesting that absolute ethanol was an efficient solvent for the

regeneration of the packed SpECs.

The reusability of the regenerated SpECs(2)APSH was tested for two more cycles under the
same experimental setup as before; the DCF solution passed through the packed-bed until the
complete saturation of the material, the material was then washed with absolute ethanol until

the complete removal of the contaminant and then reused.
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Figure 92: Breakthrough curve for SpECs(2)APSH and DCF adsorption, followed by washing
of the packed-bed with milliQ water after reaching the saturation point.

Table 30: DCF recovery rates after washing the packed SpECs(2)APSH with

ethanol.

flow rate adsorbed DCF (mg) recovered DCF (mg) | % DCF recovery
0.500 0.448 89.6

1.5 mL/min 0.600 0.598 99.7
0.597 0.471 78.9
0.560 0.468 83.6

3.0 mL/min 0.745 0.695 93.3
0.630 0.579 91.9

Figure 93 shows the breakthrough curves for all the three cycles at the flow rate of 1.5 mL/min,
whereas Figure 94 presents the breakthrough curves for the flow rate of 3 mL/min. In both
graphs it can be observed that the material behaves similarly in all three cycles, with the first
cycle being slightly less efficient compared to the previous two. This can be attributed to factors
such as inadequate packing of the SpECs bed, meaning that holes exist between the packed

particles, allowing the DCF molecules to pass through the column without interacting with the
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material. After each washing, the solvent passing through is able to push the particles and pack

them tighter, having as a result a slightly better performance in the reuse cycles.
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Figure 93: Breakthrough curves for DCF adsorption at a flow rate of 1.5 mL/min for three
cycles of SpECs(2)APSH reuse.
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Figure 94: Breakthrough curves for DCF adsorption over three cycles of SpECs(2)APSH use
and regeneration (flow rate =3 mL/min).
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The total adsorption capacity of the material after each cycle was compared against that of the

first cycle and the results are presented in Figure 95. SpECs(2)APSH presented similar qg exy

values between the regenerating cycles (1 - 1.2 mg/g for the slow flow rate and 1.1 - 1.5 mg/g

for the faster one) values that compared to the ones obtained from the first cycle are much

higher (Table 31). Such a result confirms that during the first cycle, the material was not packed

very well, whereas after the solvent washings and reuse, the packing was better, leading to

higher and consistent adsorption capacities.

Table 31: Yoon-Nelson parameters and sorption capacities for the adsorption of DCF
(10 mg/L) by 0.5 g SpECs(2)APSH at two different flow rates.
flow rate Kyn (Min™1) | z (min) Tep (MiN) | R go (Mg/g) o.exp (MO/Q)
1.5 mL/min 0.124 11.853 10.5 0.753 0.32 0.31
1%t reuse 0.023 12.283 155 | 0.788 0.34 1.20
2" reuse 0.018 22.656 11.2| 0.738 0.61 1.94
3 mL/min 0.473 6.006 55| 0811 0.32 0.25
1%t reuse 0.029 22.017 54| 0.682 1.21 1.49
2" reuse 0.036 28.675 3.1| 0.684 1.55 1.26
1.6 - ® 1.5 mL/min 3.0 mL/min
1.4 A
1.2 A
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oo
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Figure 95: Comparison of the DCF adsorption capacity (qo,exp) 0Of SPECs(2)APSH, at two
flow rates, over three cycles of use and regeneration.
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3.4.7.3. Breakthrough curves for SpECs(3)AM

The same experimental procedure was followed for the aminated form of SpECs(3)
[SPECs(3)AM], described in section 8.9, where the glass column was packed with 0.2 g
SpECs(3)AM (0.5 cm high) covered with 2 g of low iron sand (0.5 cm high). The adsorption
of DCF was tested under two different flow rates, 2.0 and 3.0 mL/min and the initial DCF
concertation was 10 mg/L. Initially, the effluent was collected in fractions of 5 mL whilst later
in bigger volumes (20 - 150 mL). The collected effluent was analysed for its DCF content and
the treated volume was plotted against the recovered DCF concentration divided by the initial

DCF concentration for the construction of the breakthrough curves (Figure 96).
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Figure 96: Breakthrough curves of 0.2 g packed SpECs(3)AM and DCF at 10 mg/L initial
concentration at two different flow rates: 2.0 and 3.0 mL/min.

It is evident from Figure 96 that for both flow rates the material did not reach its saturation
point even after 1.5 and 1.8 L of treated volume. The breakthrough point, where half of the
initial DCF concentration was able to pass through the packed-bed, occurred at ~450 mL of
treated volume for the faster flow rate and at ~500 mL for the slower one. To put some context

to such a result; it would mean that in a larger scale and before reaching the breakthrough point,
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1 kg of the aminated SpECs(3) would be able to equivalently treat 320,000 litres of
contaminated water at a concentration of ~0.07 mg/L of DCF, value that was the reported

261

concentration in hospital effluents.<°* It would therefore also be able to treat 2.5 million litres

of wastewater at a concentration of 0.0088 mg/L, an earlier stated concentration.’®® The

Massachusetts Water Resources Authority??

reported annual water consumption of hospitals
ranging from 15 million gallons (~68 million L) to 145 million gallons (~660 million L), of
which approximately 42% is for sanitary purposes.?®® This would mean that the range of
aminated SpECs(3) required annually for treating these hospitals would be from ~90 kg -
860 kg.

It is clear that the amination procedure not only increased the material’s efficiency for DCF
adsorption, but it also made the contact time smaller, a fact that was observed in the Kkinetic

experiments as well. The collected data were analysed with the Yoon-Nelson model and the

results are presented in Table 32.

Table 32: Yoon-Nelson model parameters for SpECs(3)AM (0.2 g) and DCF adsorption
(10 mg/L initial concentration) at two different flow rates.

flow rate (mL/min) Kyn (min™) 7 (Min) | 7exp (Min) | R? Qo (Mg/9) | oexp (MY/Q)
2.0 0.014 | 283.5 230 | 0.815 27.42 29.9
3.0 0.019 | 184.4 1351 0.761 26.75 33.2

Both flow rates presented Yoon-Nelson values that were in close agreement with the
experimental ones. SpECs(3)AM showed a higher maximum adsorption capacity compared to
the untreated material, SpECs(3); 1 g of packed SpECs(3) presented 0.065 mg/g maximum
adsorption capacity at a flow rate of 2 mL/min (Table 27) whereas 0.2 g of SpECs(3)AM
presented a value of 27.4 mg/g at the same flow rate, proving that the amination created a much
more efficient material. The change in flow rate did not have a noticeable impact on the

maximum adsorption capacity since the calculated values for both flow rates were around
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27 mg/g. The only difference observed when changing the flow rate to a faster one was the
decrease in the value of the breakthrough point, possibly because of the lower residence time

of the DCF molecules in the adsorbent bed.

Using this information and the previously determined moles of active sites present within 1 g

of SpECs(3) (1.42 mmol), the moles of active sites that have been occupied can be calculated.

e Moles of DCF that reacted with 200 mg of SpECs(3)AM - (0.0332 g / 296.148 g/mol =
0.0112 mmol)

e Number of moles of hexamethylenediamine in 200 mg of sample - (1.42 mmol / 5 =
0.284 mmol)

e Number of available sites taken by DCF - (0.0112 mmol / 0.0284 mmol * 100 = 39.4%)

In conclusion, approximately 39.4% of the calculated moles of active sites have been occupied.

3.4.7.3.1. Regeneration and reusability of SpECs(3)AM

After the completion of the breakthrough curve, the regeneration and reusability of the packed
SpECs(3)AM was also tested. The packed SpECs were washed with milliQ water to check if
the adsorbed DCF could be easily desorbed. Figure 97 overlays the previously created
breakthrough curve and the region of the milliQ water washings after the saturation point. It is
clear that the adsorbed DCF molecules are strongly attached to the SpECs(3)AM particles and

water cannot remove them from the adsorbent.

After the elution of milliQ water, the packed SpECs(3)AM were washed with absolute ethanol
in order to remove all of the adsorbed DCF and test the reusability of the material. The
packed-bed was washed with a continuous flow of pure ethanol until the ethanolic effluent

contained no DCF. A total of approximately 1.3 L of pure ethanol was required in order to
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completely remove all of the adsorbed DCF, indicating the difficulty of detaching the adsorbed

DCF molecules from the packed-bed of SpECs(3)AM.
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Figure 97: Packed SpECs(3)AM washed with milliQ water after the completion of the DCF
breakthrough curve.

By the end of the ethanol washings, the ethanol solution was coming out free from DCF,
meaning that all of the adsorbed DCF had been removed (approximately 6 mg). The values of
the recovered DCF was compared to the adsorbed DCF and the recovery percentages are
presented in Table 33. The recovery rates were high, suggesting that absolute ethanol was an
efficient solvent for the regeneration of the packed SpECs(3)AM, however a very large volume

was required, making it not a viable solution for the regeneration of the material.

Table 33: DCF recovery after washing the packed-bed of SpECs(3)AM with
ethanol.

experiment | adsorbed DCF (mg) | recovered DCF (mg) | % DCF recovery
2.0 mL/min 5.973 5.968 99.9
3.0 mL/min 6.639 6.405 96.5
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The reusability of the regenerated SpECs(3)AM was tested for one more cycle, following the
previous experimental conditions. Figure 98 shows the breakthrough curves for the two cycles
performed at the flow rate of 2 mL/min, whereas Figure 99 presents the breakthrough curves
for the faster flow rate, 3 mL/min. It is evident from these graphs that the material does not
behave as well during a second cycle of use, presenting a significant decrease in its adsorption
efficiency. In both flow rates, the point of 50% adsorbate breakthrough decreased from around
400 mL of treated volume to 200 mL, showing the earlier saturation of the material. It is
possible that something is blocking the active sites of the material, either gasses, water or
ethanol, possibly introduced during the washing step, having as a result the reduction of its

adsorption capacity.
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Figure 98: Breakthrough curves for DCF adsorption at a flow rate of 2 mL/min for two cycles
of SpECs(3)AM use.
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Figure 99: Breakthrough curves for DCF adsorption at a flow rate of 3 mL/min for two cycles

of SpECs(3)AM use.

The experimental maximum adsorption capacity (qoxp) Showed a decline between the two

cycles of use, starting from 30 mg/g for the slow flow rate and going down to ~20 mg/g during

the second cycle (Figure 100). A similar result was obtained for the faster flow rate as well,

with the g ., Value starting at ~33 mg/g and going down to 22 mg/g, both showing a decline

of 33%.

35

1st

number of cycles

2nd

® 2 mL/min

® 3 mL/min

Figure 100: Comparison of the DCF adsorption capacity of SpECs(3)AM between each cycle

of use.
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Analysis with the Yoon-Nelson model (Table 34) confirmed this decline in maximum
adsorption capacities which was accompanied by a decline in the values of the breakthrough
point. The second cycle also presented a much lower z compared to the first cycle, confirming
the material’s loss of efficiency. At this stage it was unclear if the regeneration method chosen
played a role in the loss of efficiency, or whether the storage conditions of the material was a

factor.

Table 34: Comparison of the Yoon-Nelson model parameters for SpECs(3)AM (0.2 g) and

DCF adsorption (10 mg/L initial concentration) at two different flow rates and for two cycles

of use.

flow rate Kyn (Min™) | z (min) Texp (MiN) | R go (mg/g) Qo.exp (MQ/Q)

2 mL/min 0.014 283.5 230 | 0.815 27.42 29.9
1%t reuse 0.019 142.9 122 0.707 13.98 19.9

3 mL/min 0.019 184.4 135 | 0.761 26.75 33.2
1%t reuse 0.023 87.26 62| 0.731 12.81 21.9

3.4.7.3.2. Effect of the age of SpECs(3)AM on their DCF adsorption efficiency

As previously stated, SpECs(3)AM exhibited a reduction in their adsorption efficiency upon
recycling and reuse. During this time, evidence was also obtained that the age of the material
(time since production) might have played a role on its efficiency to adsorb DCF. A study was
therefore undertaken in which SpECs(3)AM of different ages, stored in screw cap amber vials
in a drawer away from sunlight, were tested using the same packed-bed system described
above. The glass column was packed with 0.2 g SpECs(3)AM (0.5 cm high) covered with 2 g
of low iron sand (0.5 cm high). The adsorption of DCF was tested under two different flow
rates, 2.0 and 3.0 mL/min and the initial DCF concertation was 10 mg/L. Figure 101 shows
the breakthrough curves obtained from the same material as used in the previous experiments,

but 20 days post-production instead of the 10 days above.
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It is evident that in the 20 day aged experiment SpECs(3)AM exhibited poorer results, with
the 50% adsorbate breakthrough point appearing at a treated volume of 300 mL instead of
500 mL or 135 minutes instead of 284 min. Such a result could possibly be attributed to
absorbed humidity on the material’s aminated groups or to possible surface oxidation
preventing the active sites from binding with the DCF molecules. As explained before, the
opposing charges from the positively charged aminated SpECs act as a hydrogen donor and the
negatively charged carboxylic acids of DCF act as hydrogen acceptor. If the material loses its

charge due to auto oxidation then the performance is lost.
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Figure 101: Breakthrough curves of SpECs(3)AM (0.2 g) for DCF adsorption (10 mg/L) at
two different flow rates, conducted 20 days after the amination reaction.

The same breakthrough curve experiment was conducted for SpECs(3)AM, 15 days
post-production, 3 months and 3.5 months post-production, in order to determine if a continued

decline in the material’s adsorption efficiency occurs (Figure 102).

It is evident from Figure 102 that the decline in the DCF adsorption efficiency of SpECs(3)AM
is related to the age of the material. The first two experiments were conducted 5 days apart,

with the first one presenting a nice breakthrough curve and the second presenting different
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results with a lower adsorption capacity. 15 days after amination, SpECs(3)AM presented a

breakthrough curve that was similar to the one obtained 20 days after amination, suggesting

that during this period of 15 - 20 days the decline in the material’s adsorption efficiency did

not worsen. The maximum DCF adsorption capacity showed a decline of 24% in the first 5 days

but then was stable for the next 5 days (Table 35). After 3 and 3.5 months, the decline of the

material’s DCF adsorption efficiency was notable; the breakthrough point appeared at 50 mL

of treated volume and the maximum adsorption capacity was 64% and 71% less compared to

the initial qo.,,. The DCF adsorption efficiency of SpECs(3)AM decreased as time passed

after amination, indicating that adsorption of a competing molecule occurred in the meantime

or oxidation of its surface took place.
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Figure 102: Comparison of breakthrough curves obtained for DCF (10 mg/L) elution, after
different periods of time since the production of SpECs(3)AM. Sample was stored in a tightly

closed amber vial, placed in a drawer away from sunlight exposure.
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Table 35: Comparison of maximum adsorption capacities of SpECs(3)AM
depending on the date of use after production.

period after amination | 10 days | 15 days | 20 days | 3 months | 3.5 months
o,exp (MQY/Q) 29.86 22.70 | 23.74 10.63 8.73

3.5. Conclusions

Diclofenac is a non-steroidal anti-inflammatory drug (NSAID), present in many pills and
creams mainly used for the treatment of inflammations and painful conditions. The increase of
its levels detected in the environment can be mainly attributed to the inefficiency of WWTPs
and the discharge of untreated wastewater directly into the environment deriving from either
hospitals, houses or municipal effluents. Although DCF has been reported to have relatively
low toxicity for fish and algae, there are observations of histopathological effects and
bioaccumulation of DCF after chronic exposure at concentrations around 1 - 5 pg/L. In humans,
even at low levels (1 pg/L), it has been stated that a continuous DCF daily intake can cause

renal lesions and cytotoxicity to the liver and kidneys.

The adsorption efficiencies of the three basic SpECs types together with some modified forms
were tested for DCF. The adsorption kinetics revealed that there are some important factors
that can affect the material’s efficiency such as the drying procedure, the degree of surface
oxidation or the surface modification. Drying at high oven temperatures, resulted in a decrease
in the adsorption efficiency, making the air-drying procedure preferable. Pre-wetting of SpECs
showed no improvement on their adsorption efficiency proving that their hydrophobicity does
not prevent the DCF molecules from reaching the possible binding sites of the material’s
surface. Between the three basic SpECs types, SpECs(3) gave the best adsorption performance
whereas between the different modifications SpECs(3)AM presented the fastest adsorption;
after one minute of contact time all quantity of DCF was adsorbed. The aminated SpECs while
being positively charged were more attractive to the DCF molecules, making the adsorption
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much quicker whereas the opposing charges from the positively charged primary amine and
the negatively charged carboxylic acids on DCF had as a result the increase in the materials
adsorption efficiency. The speed of adsorption may also be the most important factor in making

this material suitable for real world conditions.

The adsorption of DCF by SpECs was best described by the pseudo-second order model after
excluding all the data points close to equilibrium, meaning that data obtained from SpEC(3)AM
could not be analysed. The tested SpECs presented similar values of maximum adsorption
capacity in the range of 1.3 - 1.8 mg/g. Comparison to other materials found in literature tested
for DCF adsorption showed that the values obtained were relatively low, (magnetic covalent
organic frameworks presented the highest value of 337 mg/g,2*® magnetic chitosan particles
gave a value of 187 mg/g,?*® organophilic bentonites showed values in the range of 5.5 -
38.7 mg/g,**® and Isabel grape bagasse presented the lowest value of 4.96 mg/gi%) however

the experimental conditions were not identical to the ones used above.

Intraparticle diffusion analysis revealed that during DCF adsorption all tested SpECs involve
multiple diffusion steps (film diffusion and intraparticle diffusion) that happen simultaneously.
During the first step, SpECs(3)AM presented the highest adsorption rate (0.318 mg/g min)
meaning that out of all tested SpECs, SpECs(3)AM is possibly the one with the most available

active sites for DCF to bind.

Adsorption isotherm analysis showed that for the majority of SpECs the Freundlich model
presented a better fit to the experimental data, apart from SpECs(3) and SpECs(3)AM whose
results were able to be described by both models. SpECs(2)APSH presented the highest
Kr value, 4.011 mg®¥M/gL™?" as well as the highest 1/ne value (0.999), indicating the
cooperative adsorption of DCF, possibly forming multi-layers on the surface of the material.
SpECs(3) presented the highest Qm value, 13.889 mg/g. Comparison to other materials already
tested in the literature showed that SpECs(3) presented higher Qm values compared to magnetic
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chitosan particles,?*® (10 mg/g) and similar values for organophilic bentonites (13.3 mg/g).*%
Activated carbon and porous carbons with metal azolate frameworks gave greater values of 79

and 503 mg/g respectively?*®

whereas titanate nanosheet-pozollan nanocomposites gave values
at around 80 mg/g.?%° Magnetic covalent organic frameworks gave results that were better
described by the Freundlich model, presenting a Kg value of 335 mg-¥mW/gL-" 248 much

higher than the value of 4.01 mg"Y"/gL"*" obtained by SpECs(2)APSH.

Packed-bed studies were performed for SpECs(3), SpECs(3)AM and SpECs(2)APSH, for
different flow rates and the breakthrough curves were formed and analysed with the

Yoon-Nelson model. SpECs(2)APSH presented average results (qg exp at 0.25 - 0.31 mg/g)

mainly due to the fact that the SpECs bed was not tightly packed, a fact that was confirmed by
the higher qq ., Values obtained from the regenerating cycles (1 - 1.2 mg/g for the slow flow
rate and 1.1 - 1.5 mg/g for the faster one). SpECs(3)AM showed a higher maximum adsorption
capacity compared to the untreated SpECs(3); SpECs(3) presented 0.065 mg/g maximum
adsorption capacity at a flow rate of 2 mL/min whereas SpECs(3)AM presented a value of
27.4 mg/g at the same flow rate. Unfortunately, the packed-bed study showed that whereas
SpECs(3)AM was the most efficient SpECs type of all, its reuse did not give as good results
with the procedure tested. Furthermore, the material presented a decrease in its adsorption
efficiency with time, indicating that there might be an ‘expiry date’ for its use which was

around 15 days postproduction when stored carefully.

Packed-bed studies are a very accurate way of studying the behaviour of a material and
predicting its potential in a bigger scale use. In a theoretical scenario where a small water
treatment setup would be built outside hospitals filtering their effluents, a cartridge containing
1 kg of SpECs(3)AM would be able (in terms of capacity) to equivalently treat 320,000 litres
of contaminated water at a concentration of ~0.07 mg/L of DCF (value that was the reported
concentration in hospital effluents?®?) before reaching the breakthrough point. It would
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therefore also be able to treat 2.5 million litres of wastewater at a concentration of 0.0088 mg/L
(reported wastewater value!®®). The Massachusetts Water Resources Authority?®? reported
annual water consumption of hospitals ranging from 15 million gallons (~68 million L) to
145 million gallons (~660 million L), of which approximately 42% is for sanitary purposes.?®3
This would mean that the range of SpECs(3)AM required annually for treating these hospitals

would be from ~90 - 860 Kkg.

In conclusion, it is worth mentioning that an efficient adsorbent apart from a good adsorption
capacity should also present easy and environmentally friendly production, low-cost
procedures and good reusability. As stated above, some of the materials presented in the
literature gave better numbers when tested for their adsorption performance but without stating
details about the rest of the criteria. SpECs derived from L. clavatum were proven to be a potent
candidate for DCF adsorption, with SpECs(3) presenting the best results under different
experimental conditions. Modifications of the SpECs surface ameliorated their adsorption
properties, especially when treated with ammonium persulfate or after amination. SpECs
presented a very good adsorption capacity with fast adsorption rates which together with their
low-cost production, their environmentally friendly nature and their reusability potential, they

make a very promising adsorbent material for real-world applications.
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4.1. Introduction

Triclosan (5-chloro-2-(2,4)-dichlorophenoxy-phenol, TCS) is a synthetic, broad spectrum
antimicrobial agent found in a variety of commercial products of daily use such as household
cleaning products, detergents, hand soaps, skin creams, shampoos, deodorants, toothpastes,
plastic toys and kitchenware as well as textiles.?®42% |t was first introduced into the health care
industry in the early 1970’s as a preservative, or as an antiseptic factor due to its efficacy at
low concentrations to inhibit bacterial fatty acid biosynthesis. TCS (Figure 103) is active
against both Gram-positive and Gram-negative bacteria, with its antibiotic and antimycotic
properties making it a key ingredient in a large number of products.?®’ It is estimated that in
1998 the global production of TCS exceeded 1,500 tons, where more than 43% of the total

production was used in Europe and the US.68

Figure 103: Chemical structure of triclosan.

TCS is a halogenated aromatic hydrocarbon, with functional groups such as phenolic, diphenyl
ether and polychlorinated biphenyl substructures.?®® It is a stable, lipophilic compound of
non-volatile nature (5.3*10* Pa at 20 °C) with a log Kow = 4.8 at pH 7 indicating its high
adsorption potential.3* Even though it shows low solubility in water (Sw = 10 mg/L at 20 °C),
it has been reported to be present in wastewater and surface water at concentrations ranging

from 9 ng/L to 6.7 pg/L.%® Due to its low hydrophilicity, it can easily accumulate in organic
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tissue and travel through the food chain, it has been reported to bioaccumulate in aquatic
organisms such as fish (Danio rerio, Cyprinus carpio, Gibelion catla)?%®27%2"* and algae
(Cladophora spp., Nannochloris sp.).2>2”® TCS is structurally similar to the structures of
polychlorinated bisphenyls (PCBs), bisphenol A (BPA), dioxins and thyroid hormones
meaning that it presents similar toxic chemical properties.8+?’* Once TCS is released into the
aquatic system and under sun light exposure can be oxidised and produce several types of
polychlorinated dibenzo-p-dioxins (Figure 104) specifically at high pH levels.?”® Since it is
an aromatic compound with high chlorine content, it is resistant to degradation and persistent

to the environment.2’*

Being a broad-spectrum bactericide agent that has been used for more than 50 years, it can
affect sensitive species and non-target components of the aquatic environment.?’® Recent
studies have shown the presence of TCS in both aquatic and terrestrial ecosystems, detecting
its bioaccumulation in snails (Helisoma trivolis), algae (Cladophora spp.),%’" fish
(Abramis brama)?’® and marine mammals (Tursiops truncatus).?’® TCS has not shown any
acute toxicity to mammals, but it has proven toxic for aquatic organisms such as rainbow trout
(Oncorhynchus mykiss) (LCso = 0.35 mg/L), Daphnia magna (ECso = 0.39 mg/L) and algae
(Scenedesmus sub.) (ECso = 1.5 pg/L).2” Wilson et al. showed that TCS can influence algal
communities in their structure and function while being in environments that are WWTP
effluent receptors.?®® The effects of TCS uptake by sensitive species have been the study of
many researchers, concluding that TCS is one of the most toxic antibacterial compounds, since
it can be hazardous to the aquatic environment at concentrations as low as 0.3 mg/L. It has been
shown to cause teratogenic responses in zebrafish (Danio rerio) embryos, with hatching delay
and mortality at concentrations above 0.7 mg/L. It has also been proven that it affects the
developmental stages of rainbow trout (Oncorhynchus mykiss) at concentrations below

0.071 mg/L. %
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The potential of TCS being an endocrine disruptor has been the focus of many researchers,
since it has presented some oestrogenic activity.?®228 In fish, TCS has some weak androgenic

284 while in rats, it demonstrates antiandrogenic effects.?®® Depending on tissues, cell

effects
types and species, TCS has (anti)oestrogenic and (anti)androgenic effects and can act as a

thyroid-disrupting compound, making it a non-steroidal estrogen.?¢-28°

The cycle of TCS entering the waterways starts from products of daily use being washed down
the drain, making TCS a water-borne anthropogenic contaminant. The water entering WWTP
contains up to 96% of the compound leading to influent concentrations in the range of 1 -
10 mg/L.2°%® While in the WWTPs, 79% of the total quantity is biodegraded, 15% is adsorbed

onto biosolids and 6% is discharged into surface water.2%

TCS can convert into other by-products; during the biological treatment it can be methylated
and form methyltriclosan,?®* whilst during the disinfection treatment it can interact with free
chlorine and form chlorinated derivatives like chlorodioxins, chlorophenol, p-hydroquinone,

292 \which are even more harmful to the environment due to

2,4-dichlorophenol and chloroform,
their higher lipophilicity and their resistance to degradation.?682% Both TCS and its chlorinated
derivatives are difficult to remove with conventional treatments leading to their presence in the
effluents of the WWTP. Whilst in surface waters, both TCS and its chlorinated derivatives can
undergo photolysis and can be converted into 2,4-dichlorophenol,
polychlorodibenzo-p-dioxins and oligomerisation products, known for their carcinogenic
properties and their high persistence in the environment.?%22%-2% |n the U.S. TCS is amongst
the seven most frequently detected contaminants in surface and stream water.?®’ Significant
levels of TCS have been detected in humans across the world, in samples such as urine, plasma
and breast milk?® indicating that the effects of long-term exposure have to be evaluated. The
use of TCS is forbidden in Japan and Canada, whereas in Europe it is classified under the

category of dangerous irritant to the environment and aquatic life.?®8

160



4, Triclosan

In conclusion, TCS is a compound of potential environmental concern because it can affect
aquatic and terrestrial organisms, it can cause antimicrobial resistance, it is environmentally
persistent and can bioaccumulate. Furthermore, TCS has estrogenic and androgenic effects, it
disrupts thyroid function, disturbs endobiotic and xenobiotic metabolism and can cause liver
fibrosis and carcinogenesis in a variety of organisms.

Recent studies have focused in removing TCS from water through adsorption technologies by
testing materials such as montmorillonite,?®® laccase nanofibers,?*® biosolid amended soils,*®
kaolinite, carbon nanotubes?®>?7 and silt loam.3** The chemical composition and surface

properties of the material together with its porosity, are factors that affect the effectiveness of

the adsorption process, demanding more research into new promising materials.

4.2. Aims and objectives

In this chapter, the adsorption of TCS onto SpECs extracted from L. clavatum will be studied.
The three different extracted SpECs will be tested in order to identify the most efficient type
and analyse the adsorption processes. The term efficient describes a material that exhibits good
adsorption properties, quick and low-cost production protocol, reusability, adsorption stability
and environmentally friendly production. After examining the adsorption kinetics for TCS and
identifying the most suitable SpECs type, the material’s behaviour will be further examined

using packed-bed studies.

4.3. Triclosan detection and quantification

A stock solution of TCS in ethanol was prepared and made into further dilutions in milliQ
water, giving a range of TCS solutions with concentrations from 0 to 15 pg/mL. In the high
concentration adsorption experiments, TCS detection and quantification was conducted with

an Agilent Technologies HPLC system equipped with a Phenomenex Gemini column (5 pm,
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C18, 150 x 4.60 mm), having as a mobile phase milliQ water and acetonitrile. The gradient
was 0-10 min 80:20 H20:MeCN, 10-20 min 100% MeCN, 20-22 min 80:20 H.0:MeCN and
the TCS peak appeared at a retention time ~15:20. The data acquisition and analysis was
performed with the Laura software. All of the standard solutions were prepared in triplicate
and two reference curves were built, one at 220 nm detection wavelength (Figure 105) and
another at 280 nm (Figure 106), in order to test which of the two wavelengths gave the best

limit of detection and limit of quantification.
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Figure 105: TCS reference curve at the concentration region of 0 - 15 pug/mL at 220 nm
detection wavelength (n=3).

For the detection wavelength at 280 nm, the LOD and LOQ were calculated to be 0.354 pg/mL
whereas for the detection wavelength at 220 nm, the LOD and LOQ were lower: 0.118 pg/mL.
The 220 nm wavelength was chosen for the analysis of all TCS solutions of the following

experiments and Equation 30 was used for the calculation of TCS concentration (x).
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y = 6.55x + 0.1175 Equation 30
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Figure 106: TCS reference curve at the concentration region of 0 - 15 ug/mL at 280 nm
detection wavelength (n=3).

For the TCS adsorption experiments that were undertaken at environmentally relevant
concentrations, the detection and quantification was conducted with a Shimadzu
HPLC-ESI-MS/MS system at the negative mode equipped with a Shim-pack GISS-HP C18
Shimadzu column (3 um, C18, 100 x 3.0 mm), with the oven temperature set at 40 °C. The
mobile phase was LC-MS grade water spiked with 0.1% formic acid and LC-MS grade
acetonitrile. The gradient was 0-0.1 min 100% H»O, 0.1-3.0 min 70:30 H20:MeCN,
3.0-4.2 min 100% MeCN, 4.2-6.0 min 70:30 H20:MeCN giving a retention time around 3:30.
The data acquisition and analysis was conducted with the LabSolutions software. All standard
solutions were prepared in triplicate and a reference curve was built (Figure 107) with an LOD

and LOQ of 0.59 ng/mL.
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Figure 107: TCS reference curve at the concentration range of 0 - 60 ng/mL (n=3).

For the calculation of TCS concentrations (x) in the lower concentrations range, Equation 31

was used:

y = 179.34x + 80.361 Equation 31

4.4. Triclosan adsorption experiments

The adsorption of TCS on the different SpECs was examined following the protocol described
in section 8.5.2 (Figure 108); briefly, 5 mL of a 6 pg/mL TCS solution was left in contact with
20 mg of the adsorbent material (different types of SpECs) for different periods of time under
shaking with the orbital shaker. After filtration, the TCS concentration of the resulting solution
was quantified and compared against the initial concentration and the adsorption percentage
was calculated with Equation 32.

(Co — Coq) 100

% TCS ads.= v
0

Equation 32

where Cj, is the initial and C,, is the final TCS concentration.
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Figure 108: Experimental setup for the adsorption experiments describing the three-step
procedure: 1) SpECs are added to the contaminant solution, 2) the suspension is shaken in the
orbital shaking for a period of time, 3) the suspension is filtered through a pipette equipped
with cotton wool.

4.4.1. Effect of vessel material in triclosan adsorption experiments

As TCS is a lipophilic compound the vials used for the adsorption experiments had to be tested.
Two types of glass vials were tested, one with plastic lid and a second with metal lid, to
determine whether the lid material would adsorb any TCS quantity and alter the final results.
Apart from the lid material, two filtering materials were also tested, cotton wool packed in
glass pipettes and Phenomenex HPLC filters, to check whether the cellulose in the cotton or
the material in the filter would interfere and act as an adsorbent for TCS, altering the

concentration of the final solution.

A solution of known TCS concentration (7 ug/mL) contained in either metal lid vials or plastic
lid vials, was left shaking for set time periods. After shaking, the solution was analysed for it
TCS content and the final TCS concentration was compared against the initial. The results are

shown in Figure 109 where it became apparent that the solution contained in the vials with the

165



4, Triclosan

plastic lid gave concentrations slightly lower than the initial one, showing that the plastic lid

was able to adsorb a small quantity of TCS whereas the metallic lid showed no TCS

concentration alterations after 30 minutes of contact time.
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Figure 109: TCS concentration after different periods of time shaking inside glass vials with

either metal lid (n=3) or plastic lids (n=3).

A similar test was conducted for the two filtering materials; a TCS solution of known

concentration (5 pg/mL) was analysed for its TCS content before any treatment and after

filtration either through a glass pipette packed with cotton wool or a Phenomenex HPLC filter

attached to a syringe. The procedure was repeated three times for each filtering material and

the final TCS concentrations were compared against the initial concentrations of the unfiltered

solution. The results are shown in Table 36.

Table 36: Comparison of TCS concentrations (ug/mL) before and after filtration.

no filtration HPLC filter cotton filter
5.394 5.002 4.959
5.394 5.525 5.133
5.394 5.133 4.654
average 5.394 5.220 4.915
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The filtration with the cotton wool packed in a glass pipette showed that some TCS might have
been trapped onto the cellulose thus altering the final result and increasing the experimental
error. The filtration with the Phenomenex filter resulted in a slightly decreased concentration
with the difference being = 0.26 pg/mL giving a smaller error than the previous material and

so this was the filter used.

In conclusion, for the adsorption experiments to be as accurate as possible and in order to
minimise the error, glass vials with metal lids were chosen and the filtration procedure was

conducted with Phenomenex HPLC filters attached to syringes.

4.4.2. Triclosan adsorption kinetics at high concentrations

The influence of contact time in TCS adsorption was examined following the experimental
procedure described in section 8.5.2, where glass vials containing 20 mg of SpECs and 5 mL
of a TCS solution (6 mg/L) were left shaking in the orbital shaker for fixed sets of time (1 -
10 minutes). After filtration, the final solutions were analysed for their TCS content using an

Agilent HPLC system and the TCS concentration was calculated using Equation 30.

Figure 110 presents the results of TCS adsorption by all the basic extraction types of SpECs
together with raw spores. Raw spores exhibited a relatively poor adsorption performance which
after the extraction procedures was altered completely. All three extracted SpECs exhibited an
efficient and fast adsorption for TCS at high (6 mg/L) concentrations, achieving 90 to 100%
removal in only two minutes of contact time. SpECs(1) presented the fastest adsorption of TCS

reaching 100% removal in only five minutes.
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Figure 110: Effect of contact time on TCS adsorption by 5 g of raw spores or different SpECs;
graph zoomed in the region of 20 - 100% of TCS removal (TCS dose: 6 mg/L, n=3).

A further investigation on the adsorption mechanisms of TCS on the different SpECs types,
using the pseudo-first order, the pseudo-second order kinetic models and the intraparticle
diffusion model was not possible. As described in the previous chapter, in order for these
models to be applicable on the experimental data, the graph points taken into account have to
be before reaching equilibrium conditions. All three SpECs types presented very efficient
adsorption, reaching high TCS adsorption percentages in only two minutes of contact time and
reaching equilibrium conditions really quickly. According to Simonin®®? it would be a mistake
to use these models for the analysis of the experimental data obtained, unless data were
obtained far before the equilibrium conditions, possibly at the contact point of 0.5 minute or

even earlier.
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4.4.3. Triclosan adsorption kinetics at low concentrations

The adsorption experiments were repeated for TCS with the only difference being the initial
contaminant concentration (more details in experimental section 8.5.2). The lower
concentration experiments were chosen to be more consistent with the literature values of
environmentally relevant TCS concentrations detected in waters in different parts around the
world.3%3-3% n this set of experiments, the Co was 2 pg/L, instead of 6 mg/L as used previously.
The TCS detection was performed using an HPLC-MS/MS Shimadzu system and all analyses
were performed using Equation 31.

The influence of contact time on TCS adsorption is presented in Figure 111. All three types of
SpECs were investigated and were found to be more efficient for adsorbing TCS at this
concentration compared with the higher concentrations. Approximately 97% of TCS removal
was achieved in only one minute for SpECs(3), whereas SpECs(1) showed the fastest
adsorption by removing all TCS quantity in only one minute of contact time. SpECs(2)
presented the slowest adsorption of the three extractions, removing 92% of TCS during the first

minute of contact time and reaching 97% removal at eight minutes.
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Figure 111: Effect of contact time on TCS adsorption by different SpECs, graph zoomed in
the region of 85 - 100% of TCS adsorption (TCS dose: 2.3 pg/L, n=3).
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The comparison of contact times influence between the two sets of concentrations can be seen
in Figure 112 where it is obvious that the different types of SpECs were slightly more efficient
at lower initial TCS concentrations.

The three tested SpECs presented great efficiency for TCS adsorption with contact times for
complete TCS removal in the scale of a few minutes. This can be attributed to the hydrophobic

nature of the contaminant (log Kow = 4.76) leading to hydrophobic interactions with the SpECs

surface (Figure 113).
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Figure 112: Effect of contact time and initial contaminant dose on TCS adsorption by SpECs,
graph zoomed in the region of 85 - 100% TCS adsorption (TCS dose H: 6 mg/L, L: 2 pg/L,
n=3).
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Cl

Figure 113: Schematic representation of possible adsorption forces between TCS and the
functional groups on the surface of the different SpECs.

Another factor supporting the efficient adsorption of TCS by SpECs can be the molecule’s size
since there are reports showing that bigger molecules like TCS, present better adsorption rates
compared to smaller molecules due to the time consuming diffusion process that small
molecules need in order to reach into inner sites of the adsorbent’s surface.3®® The efficient
TCS removal can also be attributed to the -OH group that the molecule contains, enhancing its
adsorption. According to Chen et al., molecules that contain more -OH groups compared to
similar ones have higher adsorption affinity towards the adsorbents, possibly due to hydrogen
bonding between their -OH groups and the material’s oxygen containing groups, or due to the
attractive interactions between the molecules that are already adsorbed and the ones that are
still in the aqueous solution.3%72% Unfortunately, FT-IR analysis of the TCS loaded SpECs did
not give any insight on the binding mechanisms between the contaminant and the adsorbent’s

surface.
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4.4.4. Triclosan adsorption isotherms

In order to investigate the distribution of the adsorbed TCS molecules between the aqueous
phase and the SpECs particles, the Langmuir and Freundlich models were used. As stated in
the introduction, the Langmuir model describes a homogenous contaminant adsorption onto
the surface of the adsorbent where each binding site of the surface can only be occupied by one

molecule of pollutant. The linearized form of the equation is Equation 33:2%

Ce —&+ 1 Equation 33
Qe Qm KLQm

where C, (mg/L) is the concentration of the adsorbate at equilibrium, Q. (mg/g) is the amount
of contaminant adsorbed per amount of adsorbent, K; (L/mg) is the Langmuir adsorption
equilibrium constant and Q,,, (mg/g) is the maximum adsorption capacity of the material.
Q.,, indicates the amount of adsorbate needed for a complete monolayer and can be calculated
from the slope of the line and K; is a measure for the intensity of the adsorption process and

can be calculated from the intercept.

On the other hand, Freundlich’s model describes a multisite and reversible adsorption where
the adsorbent’s surface is heterogeneous, meaning that the bonding sites on the surface are of
various energies and thus have affinity towards the contaminant. For this model, adsorption

can happen in multilayers. The linearized form of the equation is Equation 34:258

1 .
1090, = logKy + - logC, Equation 34
F
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where Q. (mg/g) is the amount of adsorbate adsorbed per amount of adsorbent, C, (mg/L) is
the equilibrium concentration and K (mg® Y"/gL"*") and n; are Freundlich’s constants. K is
related to the material’s adsorption capacity and can be calculated from the intercept of the
line, where nj is the heterogeneity factor of adsorption sites indicating the adsorption intensity

and it can be calculated from the slope.

In this experiment, 5 mL of TCS solutions of different concentrations (0.5 - 50 pg/mL)
interacted with 20 mg of the adsorbent for ten minutes of contact time at room temperature
under orbital shaking. After filtration, the resulting solution was analysed for its TCS content
and the final TCS concentration was compared to the initial concentration. The linear forms of
the two models were plotted (Figure 114 and Figure 115) and all the parameters for both

Langmuir and Freundlich isotherms are presented in Table 37.

The low R? values of the Langmuir isotherms compared to the high ones obtained from the
Freundlich model indicate that the best fitting for the adsorption of TCS by SpECs is the
Freundlich isotherm model. Such a finding is in agreement with other materials found in the

literature that were tested for TCS adsorption.383
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Figure 114: Langmuir linear adsorption isotherms for TCS uptake by different types of SpECs.
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Figure 115: Freundlich linear adsorption isotherms for TCS uptake by different types of
SpECs.

All tested SpECs gave results that were best fitted using the Freundlich model, showing that
all three materials possess a heterogeneous surface with functional groups of different binding
energies. As the Freundlich model is not suitable to predict the maximum adsorption capacity
of the material, an indication of the adsorption capacity of the adsorbent can be the factor Kr.
The greater the Kr value is, the more efficient the material is against the contaminant in target.
In our case, the highest Kg value was given by SpECs(3) (35.14 mg® ¥"/gL"'") indicating that
this type of SpECs has a surface towards which the TCS molecules showed greater affinity.
The 1/ne value is another important factor that can provide useful information about the
characteristics of the adsorption process. The highest 1/ne value was presented by SpECs(2)
and was higher than 1 (1.094) indicating the cooperative adsorption of TCS, possibly forming
multi-layers on the surface of the material. SpECs(1) and SpECs(3) presented a 1/ng value that
was lower than one, a fact that implies that the adsorption of the TCS molecules is mainly

happening through chemisorption.
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Table 37: Adsorption isotherm parameters for the adsorption of TCS by
different types of SpECs analysed with the Langmuir and Freundlich models.
type

model parameters SPECs(1) | SpECs(2) | SPECs(3)
Langmuir | Qm (Mg/g) 22.22 19.88 13.55
KL (L/mg) 1.891 0.134 0.842

R? 0.22 0.046 0.85

Freundlich | Ke (mg®YM/gL"Yn) 25.67 16.18 35.14
1ne 0.891 1.094 0.651

R? 0.935 0.951 0.99

Compared to values found in literature, SpECs(3) presented higher Kg values than sand,?3®
electrospun fibrous membranes?®* and carbon nanotubes®’ (7.4, 16.6 and 16 mg®¥m/gL-%n

289

respectively) but not higher than sandy and silt loam,**® activated carbon and magnetic

activated carbon?®®® (231, 344, 232 and 150 mg® ¥M/gL-2n respectively).

4.4.5. Triclosan packed-bed studies

After the completion of small-scale experiments giving information on the characteristics of
the adsorption process and the contact times needed for reaching equilibrium, the applicability
of the material for contaminant adsorption for larger volumes had to be tested. Packed-bed
experiments were conducted following the procedure described in section 8.9, where a glass
column (30 cm x 2.5 cm) was tightly packed with a layer of 0.2 g SpECs(3) (0.4 cm high). The
SpECs bed was covered with 2 g (0.4 cm high) low iron sand (Fisher Scientific) to put some
extra weight on top of the SpECs and keep the particle bed tightly packed. Two different flow
rates were tested (2 and 3 mL/min), as well as the regeneration and reusability of the material.
A 10 mg/L TCS solution was passed through the SpECs layer under gravity until the complete
saturation of the material. The flow rate was altered by adjusting the column’s tap and the
effluent was collected in fractions of 5 mL in the beginning and fractions of 25 - 10 mL later.

All fractions were analysed for their TCS content with a HPLC system. The treated volume
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was plotted against the recovered TCS concentration divided by the initial TCS concentration

and the breakthrough curves were formed in Excel.

Since there exist reports in the literature about the TCS adsorption efficiency of sand,?® the
low iron sand layer was checked individually for its TCS adsorption ability. A solution of
known TCS concentration (10 mg/L) was passed through the sand bed and the initial and final
concentration (Ct and Co respectively) of TCS was measured and compared. The results

presented in Table 38 showed that the sand had no adsorption efficiency over TCS.

Table 38: TCS adsorption efficiency of 5 g of low
iron sand (10 mg/L).

fraction | volume (mL) | C¢(mg/L) | Co (mg/L)
10 10.102 10.066
10 9.913 10.066
15 10.037 10.066
20 10.179 10.066
25 10.110 10.066
30 10.005 10.066
40 10.144 10.066
50 9.889 10.066
80 10.144 10.066

OO N0 WIN (-

After the completion of the packed-bed experiment, all data obtained were analysed with the
Yoon-Nelson model (Equation 35) in order to define variants such as the breakthrough point

and the adsorption capacity of the material .8

C:/Co = 1/[1+ exp(KynyT — Kypt)] Equation 35

where, C; (mg/L) is the contaminant’s concentration at time t (min), C, (mg/L) is the initial

contaminant concentration, Kyy (min™t) is the Yoon-Nelson rate constant and = (min) is the
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time required for 50% adsorbate breakthrough. Ky, and t can be calculated from the linear

form of the equation (Equation 36) by plotting In (C;/(C, — C;) versus t.

C
In (7——7) = Kyn(t = 1) Equation 36
0 t
The sorption capacity of the material q, (mg/g) can be calculated by using Equation 37:

_ G0t Equation 37

where Q is the flow rate (L/min) and m (g) is the mass of sorbent used in the column.
This calculated value (qo) can then be compared to the experimental one (qg xp), defined by
the Equation 38:

Mrcs ads Equation 38

qo =
P MspEcs

where mrcs gqs (MQ) is the adsorbed TCS mass and myg, ¢ (9) is the mass of sorbent used in

the column. my¢s 445 Was calculated using Equation 39.

Mrcs tot = Mrcsel — Mrcs ads Equation 39
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where mycs 1o: 1S the total amount (g) of TCS that passed through the column and mycg ¢ iS
the amount (g) of TCS eluted. mycg o aNd myeso; Were calculated using Equation 40 and

Equation 41:

Mres tot = Viot * Co Equation 40

Mrcset = Cet * Ve Equation 41

where V;,; is the total volume of the contaminant solution that passed through the column, C,
is the initial concentration of the contaminant, C,; is the concentration of the eluted solution

after passing through the column and V,; is the volume of the eluted solution.

Figure 116 shows the breakthrough curves for TCS at two different flow rates (2 and
3 mL/min). It is obvious from the graph that a complete saturation of the material did not
happen, meaning that the effluent concentration never reached the initial one. Even after
treating 1.2 L of the TCS solution, the material kept adsorbing small quantities of TCS,
indicating that there were still unoccupied sites left for binding, proving the good adsorption
capacity of SpECs(3). The breakthrough point, where half of the initial concentration was able
to pass through, occurred at around 400 mL for both flow rates, with the faster flow rate
reaching it a bit earlier. This indicates that the material reaches its saturation point faster when

applying a faster flow rate, even when the difference is of 1 mL/min faster.
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Figure 116: Breakthrough curves of 0.2 g SpECs(3) for TCS (10 mg/L) adsorption at two
flow rates (2 and 3 mL/min).

The experimental data were analysed with the Yoon-Nelson model and the calculated values
are summarised in Table 39. All values were in close agreement with the experimental ones,
confirming that the Yoon-Nelson model is suitable for describing the adsorption of TCS by
SpECs. The breakthrough point for the slower flow rate was at 242 minutes (~492 mL of treated
volume) whereas for the faster flow rate it happened earlier, at 172 minutes (~415 mL of treated
volume), showing that a faster flow rate is possibly not allowing good interaction between the
contaminant molecules and the material. The adsorption capacity of the material was slightly
affected by the change in flow rate, going from 35 mg/g for the slow flow rate, to 37 mg/g,

suggesting that even a small difference can influence the material’s efficiency.

For a flow rate of 3 mL/min, the TCS adsorption capacity of SpECs(3) was 37 mg/g, value that
is much higher compared to kaolinite and montmorillonite (6.03 and 1.79 mg/mg
respectively),3 but not as high as the values presented by carbon nanotubes, activated carbon,
magnetic carbon and cellulose acetate fibres (558, 67, 171, 798 mg/g respectively).38309-311

Since the aforementioned experiments were not identical and presented differences in the
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conditions (flow rate, pH, temperature, contaminant loading, material’s mass), an accurate
comparison cannot be made, unless all materials are tested under identical conditions.
Furthermore, it is worth mentioning that the maximum reported annual water consumption of
hospitals is ~660 million L?% and the reported TCS concentration in hospital effluents is
0.044 pg/L.?%' By combining the two values it can be concluded that in a year a hospital will
only discharge 29 g of TCS. This would mean that a material with adsorption capacity values
as high as the ones previously mentioned is not the required feature and is not as essential. The
important factor for TCS adsorption used in a packed-bed setup would be the rate of adsorption
since a high flow rate would be needed, of ~530 L/min, in order to treat the 660 million L of

water for each hospital.

Table 39: Yoon-Nelson parameters and sorption capacities for the adsorption of TCS
(10 mg/L) by 0.2 g SpECs(3) at two different flow rates.

flow rate Kyn (Min™1) | z (min) Tep (MiN) | R go (Mg/g) o.exp (MO/Q)
2 mL/min 0.007 3255 241.8 0.675 35.09 32.81
3 mL/min 0.009 239.8 171.7 0.651 37.15 33.54

In a theoretical scenario where a small water treatment setup would be built outside hospitals
filtering their effluents, a cartridge containing 1 kg of SpECs(3) would be able to equivalently
treat 477 million litres of contaminated water at a concentration of ~0.044 ug/L of TCS (TCS
concentration in hospital effluents?®?) before reaching the breakthrough point. It would
therefore also be able to treat 2625 million litres of wastewater containing TCS at a
concentration of 8 ng/L (reported wastewater value®'?). The Massachusetts Water Resources
Authority?®? reported annual water consumption of hospitals ranging from 15 million gallons
(~68 million L) to 145 million gallons (~660 million L), of which approximately 42% is for
sanitary purposes.?®® This would mean that only one kilo of SpECs(3) would be enough for the
annual requirements of each hospital. Combined with the information mentioned above that
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within a year, a hospital will only discharge ~29 g of TCS, it can be concluded that SpECs is
an excellent material for TCS adsorption for two basic reasons: it was proven to adsorb TCS at
a very fast rate (total removal at only two minutes of contact time) as well as it presented an

excellent efficiency under packed-bed conditions.

4.4.5.1. Regeneration and reusability of SpECs

After the completion of the packed-bed experiments, the packed SpECs were washed with
milliQ water to check if the adsorbed TCS could be easily desorbed and subsequently
contaminate clean water. The results in Figure 117 show the region of the breakthrough curve
and the region of the milliQ water washings after the completion of the breakthrough curve. It
is evident that a small amount of TCS was able to desorb from the SpECs bed and contaminate
the pure water passing through. The total quantity of TCS detected in the 1.3 L of water that
passed through was 1.7 mg showing that the adsorption forces are not that strong, having as an

effect the release of small quantities of TCS into pure water.

After the milliQ water washings, the packed SpECs were washed with absolute ethanol to
remove all of the adsorbed TCS. The TCS recovery rate was checked as well as the material’s
reusability. The SpECs bed was washed with ethanol until the effluent contained no TCS
quantity: in the 290 mL of ethanol that passed through, 3.5 mg of TCS were detected. Both
water and ethanol combined together were able to recover around 85% of the trapped TCS with

ethanol being a better regenerating agent since it removed the majority of the compound.
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Figure 117: Packed SpECs(3) washed with milliQ water after the completion of the
breakthrough curve against TCS.

The washed packed SpECs were reused for two more cycles in order to check and compare
their adsorption performance and capacity between the three cycles. The experimental
conditions were kept the same as before; the solution of TCS passed through the packed-bed
aiming to the complete saturation of the material, the packed-bed was then washed with milliQ
water and absolute ethanol until the complete removal of the contaminant and the material was

reused for one more cycle.

Figure 118 shows the breakthrough curves for all the three cycles at the flow rate of 2 mL/min,
whereas Figure 119 presents the breakthrough curves for the flow rate of 3 mL/min. It is
evident in both graphs that the material behaves similarly in all three cycles, with the third
cycle being slightly more efficient than the previous two. This could be attributed to factors
such as the particles being better packed after each cycle of use, the material being wetter with

its active sites more available, or simply down to the experimental error.
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Figure 118: Breakthrough curves for TCS adsorption at a flow rate of 2 mL/min for three

cycles of SpECs(3) reuse.
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Figure 119: Breakthrough curves for TCS adsorption at a flow rate of 3 mL/min for three

cycles of SpECs(3) reuse.

The data obtained for all cycles were analysed with the Yoon-Nelson model and the parameters

are presented in Table 40 together with the comparison to the first cycle. The breakthrough

points for both flow rates did not present any significant variation between the three cycles,

indicating that the material did not lose any of its adsorption efficiency and behaved the same
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after it was regenerated with ethanol. The adsorption capacity on the other hand presented a
rise cycle after cycle for both flow rates (Figure 120). The go values started from 35 mg/g and
reached 39.5 mg/g for the slow flow rate, whereas for the faster one go was initially 37 mg/g
and reached 40.7 mg/g in the third cycle. Such a finding is very surprising since it appears that
the reuse of the material is increasing its adsorption capacity, possibly because the solvent
passing through the bed is able to pack the particles tighter and tighter each time, or because
the material is more wet and greater accessibility from the contaminant molecules. The increase

in the R? values confirms that such a finding cannot be attributed to the experimental error.

Table 40: Yoon-Nelson parameters and sorption capacities for the adsorption of TCS
(10 mg/L) by 0.2 g SpECs(3) at two different flow rates.

flow rate Kyn (mint) | z (min) Texp (MiN) | R go (Mg/g) Qo.exp (MY/Q)

2 mL/min 0.007 325.5 242 0.675 35.09 32.81
1%t reuse 0.010 328.9 220 0.751 36.72 30.68
2" reuse 0.009 353.3 271 0.789 39.45 33.46

3 mL/min 0.009 239.8 172 0.651 37.15 33.54
1%t reuse 0.009 226.5 146 0.651 37.93 35.21
2" reuse 0.009 256.4 171 | 0.768 40.65 36.19

In conclusion, SpECs(3) presented a very good adsorption behaviour for TCS when used under
packed-bed conditions, proving that it is a very promising, efficient and reusable material. Its
adsorption capacity and its low-cost production makes it a competitive candidate as a material
for TCS adsorption and recovery, with absolute ethanol being a compatible regeneration

reagent.
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Figure 120: Comparison of the adsorption capacity of SpECs(3) between each cycle of reuse
against TCS.

4.4.6. Adsorption of mixture of contaminants: diclofenac and triclosan

The experiments conducted so far involved solutions of only one contaminant. In real life
situations contaminated water contains mixtures of different contaminants that would
theoretically compete for the binding sites of the sorbent. For this reason, the same adsorption

experiments were conducted, using a mixture of two contaminants, DCF and TCS.

The adsorption of a mixture of DCF and TCS in the same solution was examined, for the series
of the standard SpECs types, 1, 2 and 3 and SpECs(2)APSH. The experimental procedure
described in section 8.7.2 was followed, where 5 mL of the contaminant solution containing
6 ng/mL of each contaminant, were left under stirring together with 20 mg of SpECs for
different periods of time, ranging from ten minutes to one hour. After filtration, the final

solution was analysed for the content of both contaminants by HPLC.

Figure 121 shows the results obtained for SpECs(1) for the adsorption of mixed DCF and TCS.
All TCS quantity was adsorbed after 10 minutes of contact time, while DCF adsorption

appeared to be slower, with the adsorption being 70% after 10 minutes of contact time. It seems
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that the adsorption of DCF happens much faster when in mixture rather than when it is

individually present in the solution.
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Figure 121: Effect of time on the adsorption of a mixture of DCF (6 mg/L) and TCS (6 mg/L)
in water by SpECs(1) (n=3, total contaminant concentration 12 mg/L).

Figure 122 presents a comparison between the adsorption Kinetic results obtained from the
single contaminant experiments (chapters 3.4.3 and 4.4.2) and the current results concerning
the adsorption from a mixture of contaminants. While the adsorption of TCS presented the
same Kinetics and was not affected by the presence of the DCF molecules, it seems that DCF
gave higher adsorption percentages of a difference of 20% when in the mixed solution. Such a
finding could be attributed to the TCS molecules being adsorbed first and creating a new
monolayer on the surface of the SpECs, presenting new possible binding sites for the DCF
molecules to be attached. Another explanation could be that the contaminant solution now
contains more molecules and might be moving towards its saturation point, forcing the
molecules to bind on the surface of the SpECs faster. Since none of the contaminants presented
slower adsorption kinetics when in mixture compared to when alone, it can be suggested that

DCF and TCS are competing for different active sites on the surface of this material.
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Figure 122: Comparison of the adsorption kinetics between single contaminant solution (either
DCF or TCS alone, 6 pg/mL) and mixed contaminant solution (DCF and TCS together, 6
ug/mL each, indicated by mix in the graph) by SpECs(1) (n=3).

The same experiment was conducted for SpECs(2) and similar results as SpECs(1) were
obtained; TCS was completely adsorbed within 10 minutes of contact time and DCF presented
a slower adsorption where only around 30% of the initial concentration was adsorbed within
30 minutes (Figure 123). Again, DCF presented a faster adsorption compared to the single

contaminant experiment, but only for the first 30 minutes.

Figure 124 presents all the results together from the single contaminant experiments and the
mixture, where a similar phenomenon as before is observed. While TCS adsorption followed
the same kinetics as with the single contaminant experiments, the adsorption of DCF was more
efficient in a mixture, with the results presenting a 15% increase in adsorption efficiency of
DCF. An interesting fact is that after one hour of contact time, the adsorption percentages were
equal, around 15%. It is possible that the TCS molecules were adsorbed first and created a new

monolayer on the surface of SpECs(2), facilitating the binding of the DCF molecules as it was
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also assumed for SpECs(1). After one hour though, the adsorption of DCF reached the same

percentage either in mixture or on its own.
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Figure 123: Effect of time on the adsorption of a mixture of DCF (6 mg/L) and TCS (6 mg/L)
in water by SpECs(2) (n=3, total contaminant concentration 12 mg/L).
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Figure 124: Comparison of the adsorption kinetics between single contaminant solution (either
DCF or TCS alone, 6 pg/mL) and mixed contaminant solution (DCF and TCS together,
6 ng/mL each, indicated by mix in the graph) by SpECs(2) (n=3).
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The results obtained from the same experiments using SpECs(3) are presented in Figure 125,
where it can be seen that the TCS adsorption followed the same efficient pattern as before, with
its complete removal at 10 minutes of contact time. DFC adsorption was more effective
compared to the previous material, SpECs(2), with around 70% removal after one hour of
contact time. Interestingly, while for the previous two types of SpECs DCF adsorption was
facilitated by the presence of TCS, for SpECs(3) it did not present any major differences.

The results for both the mixed contaminant and single contaminant adsorption by SpECs(3)
are presented in Figure 126, where it is evident that the adsorption of TCS follows the same
Kinetics, either while being on its own or in a solution together with DCF. The adsorption of
DCF was similar for both situations (single or mixed solution), presenting a small difference
that can be easily attributed to experimental error, concluding that the adsorption of both

contaminants was not affected by the presence of other molecules in the solution.
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Figure 125: Effect of time on the adsorption of a mixture of DCF (6 mg/L) and TCS (6 mg/L)
in water by SpECs(3) (n=3, total contaminant concentration 12 mg/L).
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Figure 126: Comparison of the adsorption kinetics between single contaminant solution (either
DCF or TCS alone, 6 pg/mL) and mixed contaminant solution (DCF and TCS together,
6 ng/mL each, indicated by mix in the graph) by SpECs(3) (n=3).
The same experiment using SpECs(2)APSH presented similar results to the ones obtained from

SpECs(3). Complete removal of TCS was achieved within 10 minutes of contact time, whereas

DCF adsorption was slower, presenting 80% removal after one hour (Figure 127).
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Figure 127: Effect of time on the adsorption of a mixture of DCF (6 mg/L) and TCS (6 mg/L)
in water by SpECs(2)APSH (n=3, total contaminant concentration 12 mg/L).
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Figure 128 presents the adsorption kinetics for the mixture of contaminants and the single
contaminant experiments for SpECs(2)APSH. As with SpECs(3), the SpECs(2)APSH results
are similar for both experiments, suggesting that the adsorption efficiency of the material is
stable even when both molecules are present. A possible explanation for such a result could be
that the contaminant molecules are binding on different active sites on the surface of the
material and for this reason their adsorption is not affected when both of them are present in
the same solution. Another explanation could be that the material has not reached its saturation
point, having multiple sites unoccupied and available, leaving the adsorption of both
contaminants unaffected by each other’s presence. Furthermore, if the conclusions from
SpECs(1) and SpECs(2) are correct, that TCS provides a new monolayer for TCS to bind,
another possibility is that for SpECs(2)APSH as well, TCS might have been adsorbed really

fast and then have provided an active site itself for DCF.
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Figure 128: Comparison of the adsorption kinetics between single contaminant solution (either
DCF or TCS alone, 6 pg/mL) and mixed contaminant solution (DCF and TCS together,
6 ug/mL each, indicated by mix in the graph) by SpECs(2)APSH (n=3).
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4.5. Conclusions

TCS is a broad-spectrum bactericide agent, present in many personal care products that has
been proven toxic for aquatic organisms. It is environmentally persistent and can
bioaccumulate, causing a major concern since it can be hazardous to the aquatic environment
at concentrations as low as 0.3 mg/L. During conventional treatments it can convert into toxic
by-products that are difficult to remove leading to their presence in the effluents of the WWTP.
Furthermore, TCS has estrogenic and androgenic effects, it disrupts thyroid function, disturbs
endobiotic and xenobiotic metabolism and can cause liver fibrosis and carcinogenesis.

The adsorption efficiency of SpECs for TCS was tested at two initial contaminant loadings;
high (6 mg/L) and low - environmentally relevant3®-3% (2 pg/L). All 3 types exhibited an
efficient and fast adsorption for both concentrations by achieving 90 - 100% TCS removal in
two minutes of contact time. SpECs(1) presented the fastest adsorption by removing all TCS
quantity in only one minute of contact time.

Adsorption isotherm analysis showed that the Freundlich model is more suitable for describing
the TCS adsorption on SpECs, indicating that all three materials possess a heterogeneous
surface with functional groups of different binding energies. SpECs(3) presented the highest
Kr value (35.14 mg®M/gLY") which compared to values found in literature, is higher than
sand,”®® electrospun fibrous membranes®®* and carbon nanotubes®’ (7.4, 16.6 and

289 activated carbon and

16 mg®¥W/gL-Y" respectively) but not higher than sandy and silt loam,
magnetic activated carbon®® (231, 344, 232, 150 mg®¥M/gL 2" respectively). SpECs(3) also
presented a lower than one 1/ne value indicating that TCS adsorption is mainly happening

through chemisorption.

Packed-bed studies were also performed, where breakthrough curves were formed and
analysed with the Yoon-Nelson model. Two different flow rates were tested and showed that

even a difference of 1 mL/min can affect the materials performance. For a flow rate of
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3 mL/min, the adsorption capacity of SpECs(3) for TCS was 37 mg/g, value that is much higher
compared to kaolinite and montmorillonite (6.03 and 1.79 mg/mg respectively),® but not as
high as the values presented by carbon nanotubes, activated carbon, magnetic carbon and
cellulose acetate fibres (558, 67, 171, 798 mg/g respectively).3839%311 As mentioned before,
these materials might present higher capacities compared to SpECs but the important factor in
TCS adsorption is the rate of adsorption, since the TCS content in hospital effluents is as low
as 0.044 ug/L. 1t was calculated that 1 kg of SpECs(3) would be enough (in terms of capacity)
to treat the annual discharge of one hospital, meaning that the adsorption capacity of the
adsorbent does not have to be higher than the one presented by SpECs. For a packed-bed setup
in hospital effluents, a high flow rate would be needed of ~530 L/min and SpECs are a great
candidate having presented an excellent adsorption rate of complete TCS removal in two

minutes of contact time.

The regeneration and reusability of SpECs(3) was also tested, where it was revealed that the
reuse of the material cycle after cycle increased the material’s adsorption capacity (from 35 to
39.5 mg/g and from 37 to 40.7 mg/g). Such a finding can be attributed to the better packing of
the material as the solvent passes through, or to the better wetting of the material making its
active sites more accessible for the contaminant molecules. Ethanol was proven to be an

effective regenerative reagent for SpECs(3) as well as a good solvent for TCs recovery.

Additional experiments were conducted where adsorption from a mixture of contaminants was
tested. It was proven that the adsorption efficiency of SpECs(3) and SpECs(2)APSH was not
affected by the presence of TCS and DCF in the same solution, suggesting that the binding
sites for each contaminant may be different or that the material’s surface had enough binding
sites for both contaminants and did not reach its saturation point. Another possibility could be
that TCS was adsorbed very fast and was able to then provide new binding sites for TCS.

SpECs(1) and SpECs(2) presented a different result, where DCF adsorption was proven to be
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faster when in the same solution with TCS. Such a finding suggests that the TCS molecules
create a first monolayer on the surface of the SpECs, forming new binding sites for DCF.
Another explanation is that the contaminant solution might be saturated, forcing the molecules
to bind on the surface of the SpECs quicker. Since none of the contaminants presented slower
adsorption kinetics when in mixture compared to when alone, it was concluded that DCF and

TCS are competing for different active sites on the surface of these two SpECs types.

In conclusion, SpECs(3) were proven to be a very effective material for TCS adsorption
especially when tested for adsorbing TCS concentrations close to environmental ones and when
used in a packed-bed system, configuration that is usually used in real world scenarios. The
measured adsorption capacity of the material, its reusability, its low-cost production and its
environmentally friendly sourcing makes it the ideal candidate for TCS adsorption and

recovery.
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5.1. Introduction

Oestrogens are responsible for the growth, development, and the function of tissues in both
female and male vertebrate reproductive systems, including the ovaries, the mammary gland,
the uterus, the vagina, the prostate, the testis, and epididymis. In humans, they are mainly
produced in the testes and ovaries, as well as the adrenals. They are important for maintaining

the good health of the bones, the central nervous system and the cardiovascular system.3

Oestrogenicity is the ability of a chemical to bind onto the oestrogen receptor affecting the
balance of the endocrine system.3' Since the human oestrogen receptor is approximately twice
the size required for oestradiol (E2), there is space available for other molecules to bind,
making the receptor non-specific to E2.3!° Even though oestrogen receptors of aquatic species
are quite different to that of humans, their non-specificity is similar, meaning that endocrine

disrupting compounds are able to cause serious problems.3!6

Steroids are biologically active substances whose syntheses derive from cholesterol.®!” Their
chemical structure consists of a tetracyclic network, formed of a phenolic ring, two

cyclohexane rings and one cyclopentane, Figure 129.

Figure 129: Steroidal chemical structure.
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Different substitution patterns of the D ring at C17 and C16 position give different compounds

with different chemical properties, Figure 130. Natural oestrogens share the same chemical

structure and are part of a big family of compounds called steroidal hormones. 38

H OH
P ? §e=cH
HO HO HO HO

E2 E1 EE2 E3

Figure 130: Chemical structures of the four oestrogens most found in the aquatic environment.

Pharmaceutical oestrogens are present in medicine prescribed for hormone replacement
therapies®® treating conditions like menopause®? and hypoestrogenism,®?! and are also present
in contraception pills.>?? The active ingredients of these formulations usually include
ethinyl-oestradiol (EE2), used in the contraceptive pill, 17p-oestradiol (E2), used for hormone
therapy, and other esterified or conjugated oestrogens. The primary metabolites of these
oestrogens are found in urine and faeces, and include compounds such as estrone (E1), E2, EE2

and estriol (E3) Figure 130.32

E2 derives from testosterone after the aromatisation of the ring A (Figure 129) using the p450
enzyme called aromatase or oestradiol synthase. It is the most active steroidal hormone and it
has various effects on the developing brain since it expresses high levels of receptors for E2. It
can have permanent effects on the brain including sex differentiation, prevention or promoting
of apoptosis and synaptogenesis, or affect cellular physiology and morphometry of neurons.3

E2 is the active ingredient of many pharmaceuticals prescribed for problems associated with

menopause and hypoestrogenism. It has a log Kow of 3.94 and a solubility of 13 mg/L at 20 °C
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which indicates its low volatility and its hydrophobic nature, increasing its potential to bind

onto sediments, sludge and soil.3%°

Oestrogens in general, enter the aquatic environment mainly via the discharged domestic
effluents, particularly from the most densely populated areas.®! The main source of E2 entering
the environment is from human and animal faeces and urine, containing either the main
compound or its glucuronide and / or sulfate conjugates Figure 131.3%6 Depending on the age
of a person or an animal, the health status, the diet or whether they are pregnant, these
compounds are excreted in different amounts, ending up in the environment either through
sewage or animal waste disposal.®?”3?8 Since oestrogenic compounds are hydrophobic, it is
hard for the human body to excrete them. The body is able to inactivate and transform them
into more soluble forms and discards them mainly through the kidneys. This metabolic
transformation creates soluble conjugates that have no oestrogenic activity.®?® Human urine
usually contains the largest amount of oestrogens compared with faeces, with the glucuronide
conjugate being the dominant form (85% in males, 65% in females) rather than the sulfate form

(15% in males, 35% in females).3*°

OH

HO Ho O

Figure 131: Chemical structures for E2 conjugates a) oestradiol glucuronide b) oestradiol
sulfate.
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As stated above, this conjugation of oestrogens increases their water solubility, making them
more mobile in the environment compared to free hormones and for this reason they are
considered pseudo-persistent, since they are introduced into the environment continuously, on
a daily basis. For example, the average person excretes approximately 7.7 ng E2 per day.3
Although these conjugates have lost their oestrogenic activity and are not active against
oestrogen receptors, during the WWT they can be converted back into their active original
structure by chemical or enzymatic procedures.3?® In theory, there are eight different possible

conjugates for E2 since it has two hydroxyl groups (possible positions) in its structure.3?°

In water, the most commonly found oestrogens are the natural ones, E1, E2 and E3 which are
predominantly female hormones, and EE2 which is a synthetic one.3'® Between these four, EE2
has shown the highest oestrogenic potency, followed by E2.3%2333 The main reason for E2
presence in the aquatic ecosystems is its incomplete removal during the process of wastewater
treatment.32%3+33% Even at very low levels, E2 can provoke problems to non-target aquatic
organisms. Concentrations as low as 1 ng/L are capable of making male fish synthesise and
secrete a female-only egg yolk protein, called vitellogenin, developing intersex characteristics
or failing to develop normal secondary characteristics leading to changes in their
reproduction.316:317:336337 |n particular, a recent study of goldfish (Carassius auratus) revealed
that exposure to E2 caused non-spawning and infertile males, leading to a significant decrease
in their population.33® Another study on bluegill (Lepomis macrochirus) noted that exposure to
40 or 80 ng of E2 per litre had, as an effect, the morphological changes of the males causing
again serious problems in reproduction and decline to their population.®*® Apart from these
direct effects, E2 is also suspected of bioaccumulation in the environment via the food
chain.®*%341 Compared with other compounds that are marked as endocrine disruptors, E1, E2
and EE2 have a higher endocrine potential that could provoke adverse effects within aquatic

organisms.
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The concentrations of E2 in the environment are considered low, within the ng/L range,
compared to the ones of traditional contaminants such as pesticides. In the UK, effluents from
sewage treatment were analysed and E2 concentrations ranging from 1 - 50 ng/L were
observed.®® In Germany, the concentration of E2 in similar effluents was found to be 3 ng/L
whereas in Canada, 64 ng/L is the average value given.>*® For river water, the concentrations
tend to be lower, in the UK the range reported is between 0.4 and 4.3 ng/L3*? and in Italy it was
found to be 0.04 - 1.5 ng/L.3*® Sediment analysis for both upstream and downstream sites in

the UK showed a range of 21.3 - 29.9 ng/kg.34

During conventional WWTPs, E2 can form other metabolites or return to its initial structure
from the conjugate form. Under anoxic and aerobic conditions E2 will be oxidised to E1 and
then further oxidised to unknown breakdown metabolites, ending up in the form of CO, and

water.34> Under anaerobic conditions, E2 will be oxidised to E1 but no further oxidation will

OCCUY.31’345’346

Research has shown that methods such as chlorination, sand filtration and reverse osmosis used
in conventional water treatment plants are not very efficient nor specific in removing E2.%°
Recent studies show that new methods are being explored for the removal of E2 like catalytic
degradation, biodegradation, photo-catalytic degradation, advanced oxidation and adsorption
with the latter being the one preferred because of its high efficiency and its environmentally

friendly nature,347-352

Many sorbent materials have been developed and tested against E2 removal including granular
or powdered activated carbon, ion exchange resins, bone char, single-walled or multi-walled
carbon nanotubes, chitosan, chitin, natural sediments, polyamide membranes, molecularly
imprinted polymers.26:352-380 The chemical composition and surface properties of the adsorbent
together with its porosity, are factors that affect the effectiveness of the adsorption process,
demanding more research into new promising materials.
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5.2. Aims and Objectives

In this chapter, the adsorption of E2 by SpECs will be studied. As with the previous
contaminants, all three different SpECs types will be examined in order to identify whether
they are suitable for E2 adsorption, and which one is the most efficient. After examining the
adsorption kinetics and spotting the most suitable SpECs type, the material’s behaviour will be

analysed using packed-bed studies.

5.3. Oestradiol detection and quantification

A stock solution of E2 was prepared in ethanol and further dilutions were made in milliQ water.
The range of concentrations for the reference curve was decided to be from 0 to 10 ug/mL since
the solubility of the compound in water is reported to be low (1.51 + 0.04 mg/L).%%! All standard
solutions were prepared in triplicate and their analysis was performed with a UV-Vis
spectrophotometer at 200 nm. Baseline calibration was performed using blank solutions of
milliQ water, meaning that a concentration of 0 ug/mL gave absorbance values of zero with no

deviation from this value.

The reference curve is presented in Figure 132 and Equation 42 was used for the calculations
of E2 concentrations (X) in all the experiments in this chapter with a LOD and a LOQ values at

0.02 pg/mL.
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Figure 132: E2 reference curve in milliQ water, at 200 nm detection wavelength and at room
temperature.

y = 0.1293x + 0.0183 Equation 42

Since the solubility of E2 is low, the stability of the standard solutions had to be tested. Vials
containing the standard solutions were left at room temperature and their absorbance was
measured at different time intervals, to verify whether the signal would stay stable over time.
The results are presented in Figure 133 where it is evident that for concentrations higher than

6 ng/mL the solutions are not stable, presenting an immediate decline in their signal.

Since the E2 concentration of 6 ug/mL was the highest limit, the same test was conducted for
multiple preparations of a solution containing 6 pg/mL of E2, to ensure that its absorbance
signal remains stable. Figure 134 shows that the solution’s absorbance signal remains stable
within the error, even 22 hours after preparation, thus the concentration of 6 pg/mL was chosen

for the adsorption kinetics experiments.
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Figure 133: Absorbance of E2 standard solutions at different concentrations (0.5 - 10 ug/mL)
and their stability after different time periods.
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Figure 134: Absorbance of E2 solutions of 6 ug/mL over 24 hours (n=4).

5.4. Oestradiol adsorption experiments

The E2 - SpECs adsorption experiments were conducted following the protocol described in
the experimental section 8.6.3 (Figure 135), where a solution containing 6 ng/mL E2 was left
in contact with 20 mg of SpECs for different periods of time (1 - 10 hours). After filtration, the

E2 concentration of the resulting solution was measured and compared to the initial
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concentration. The E2 adsorption percentage was calculated using Equation 43 and a plot

against time was created in Excel.

(Co — Ceq) 100

% E2 ads. = C
0

Equation 43

where Cj, is the initial and C, is the final E2 concentration.

Figure 135: Experimental setup for the adsorption experiments describing the three-step
procedure: 1) SpECs are added to the contaminant solution, 2) the suspension is shaken in the
orbital shaking for a period of time, 3) the suspension is filtered through a pipette equipped
with cotton wool.

5.4.1. Cotton interference in oestradiol adsorption experiments
Since E2 is a lipophilic compound, the filtration materials had to be tested in order to ensure
that no E2 quantity would be adsorbed by either the cotton wool in the packed pipettes, or the

membrane in the HPLC Phenomenex filters.
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First, an E2 solution of known concentration (6 pg/mL) was analysed right after preparation.
Then, the same solution was analysed after filtration, passed either through a glass pipette
packed with cotton wool or a Phenomenex HPLC filter attached to a syringe. The procedure
was repeated three times for each filtering material and the final solution’s concentration was
measured and compared to the concentration of the initial unfiltered solution. The results are

shown in Table 41.

Table 41: Comparison of E2 absorbance signals before and after filtration.
no filtration HPLC filter cotton wool filter
0.857 0.843 0.808
0.864 0.794
0.829 0.817

The filtration through cotton wool resulted in lower absorbance signals compared to the initial
unfiltered one, meaning that some E2 quantity might have been trapped within the cellulose of
the cotton wool thus altering the final result and increasing the experimental error. The filtration
with the Phenomenex filter gave absorbance values similar to the initial ones making the

procedure more accurate and so this was the filter that was chosen.

5.4.2. Oestradiol adsorption Kinetics

The influence of contact time in E2 adsorption is presented in Figure 136. Raw spores showed
a small efficiency by removing 20% of E2 in four hours of contact time. After the different
extraction treatments, it is evident that the material gained some adsorption capacity over E2
by revealing the functional groups on its surface. All tested SpECs showed a good adsorption
efficiency for E2, with the majority being able to remove ~80% in one hour of contact time.
SpECs(1) presented the fastest adsorption, with 90% removal after only 15 minutes of contact

time. SpECs(3) and their aminated form, SpECs(3)AM presented a similar behaviour after one
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hour of contact time, but the aminated form presented much faster adsorption in the time
window of 0 - 1 hour. In 30 minutes of contact time SpECs(3)AM were able to remove 80%

of E2 whereas SpECs(3) only removed 65%.

As with the previous contaminants, in order to investigate the adsorption mechanisms of E2 on
the different SpECs types, pseudo-first order and pseudo-second order kinetic models were

applied to the experimental data, to further explore the potential rate controlling steps.

100 = ©
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s
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©
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©
©
‘::;; 40 -
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ES —A— SpECs(2)
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0 H
0 2 4 6 8 10

contact time (hours)

Figure 136: Effect of contact time on E2 adsorption, (E2 dose: 6 mg/L, n=3).

5.4.2.1. Pseudo-first order model

The pseudo-first order model or Lagergren’s model’® is generally applicable in the initial stage
of the adsorption and is based on the assumption that the rate of adsorption is dependent on the
concentration of the adsorbate. The linear form of the equation is expressed as follows

(Equation 44):5874
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In(q, — q¢) = Inq, — k.t Equation 44

where gq; (mg/g) is the amount of solute adsorbed per mass of adsorbent after a certain contact
time t (min), g, (mg/g) is the amount of solute adsorbed at equilibrium and k; (min~?) is the

pseudo-first order rate constant.

From the plot In (g, — q;) versus t (Figure 137) the values of k; (slope) and lnq, (intercept)
were determined, from which the value of the maximum adsorption capacity qq.q Was

calculated. The experimental maximum adsorption capacity was calculated using Equation 45.

Equation 45

= |E2
Qel,exp [ ]*mSpECs

where [E2] (ug/mL) is the concentration of E2 in the solution, V (mL) is the volume of the

solution and mgy, ks (MQ) is the mass of the SpECs used.
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Figure 137: Kinetic investigation on the adsorption of E2 by different types of SpECs
described by the pseudo-first order model.
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All calculated values are summarised in Table 42, where it can is noticeable that for the
majority of the tested SpECs the values of the correlation coefficient (R?) are between 0.9 and 1
apart from the aminated form of SpECs(3). SpECs(3)AM presented a R? value of 0.693
indicating that the pseudo-first order model was not suitable for describing the adsorption of
E2 on this material. SpECs(1) presented the highest R? value, 1, but the values of the
experimental (qe1,.exp) and calculated (g.q.cq;) Maximum adsorption capacity were not in
agreement, 1.526 and 5.084 mg/g respectively, suggesting that the pseudo-first order model is
not suitable for the description of E2 adsorption on SpECs(1). SpECs(2) presented a good R?
value (0.987), with the experimental and calculated values of the maximum adsorption capacity
being closer than SpECs(1) (1.544 and 1.719 mg/g respectively). SpECs(3) gave similar
results, with the R? value being 0.921 and Get,exp AN Ge1 cqr 1.533 and 1.146 mg/g respectively.
Analysis with the pseudo-second order model followed, in order to define which model was a

better fit for the adsorption of E2 on the SpECs material.

5.4.2.2. Pseudo-second order model
The pseudo-second order model describes adsorption processes that involve chemisorption
where the adsorption rate is dependent on the adsorption capacity of the adsorbent and not on

the concentration of the contaminant in target. The model is expressed as (Equation 46):%87

1t 1 Equation 46

where g, (mg/g) is the amount of solute adsorbed per mass of adsorbent after a certain contact
time t (min), g, (mg/g) is the amount of solute adsorbed at equilibrium, while k2 (g/mg min) is

the pseudo-second order equilibrium rate constant. The slope and intercept derived from the
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plots of t/q: versus t (Figure 138) were used to calculate the values of the maximum adsorption

capacity q., .q; and the rate constant k. which are presented in Table 42.
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Figure 138: Kinetic investigations on the adsorption of E2 by different types of SpECs
described by the pseudo-second order model.

Table 42: Kinetic parameters for E2 adsorption by different SpECs described by different

models.

model/ adsorbent

parameter SpECs(1) SpECs(2) SpECs(3) SpECs(3)AM

eexo (Ma/Q) 1.526 1.544 1.533 1.511
pseudo-first order

Qet.cal (MY/Q) 5.084 1.719 1.146 2.347
ki 0.015 0.008 0.020 0.008
R? 1 0.987 0.921 0.693
pseudo-second order

Qe2,cal (MQ/Q) 1.475 0.259 1.504 1.290
k2 0.502 0.210 0.057 0.346
h (mg/g min) 1.092 0.332 0.128 0.576
R? 0.999 0.999 0.971 0.999
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The analysis using the pseudo-second order model gave higher R? values compared to the
pseudo-first order model, with almost all SpECs giving R? values very close to unity. SpECs(1)
and SpECs(2) gave the highest R? values, 0.999. With this model, SpECs(1) presented closer
experimental and calculated maximum adsorption capacity values (1.475 and 1.526 mg/g
respectively), concluding that this model is suitable to describe the E2 uptake by this material.
Whereas SpECs(2) gave a high R? value, the difference between Get,exp AN ey cq Was higher
compared to the previous model, concluding that maybe the pseudo-first order model is better
for the description of E2 adsorption on SpECs(2). It can also be concluded that the adsorption
of E2 by SpECs(3) and SpECs(3)AM is described by the pseudo-second order model since
both types presented higher R? values compared to the pseudo-first (0.971 and 0.999
respectively) combined with experimental and calculated maximum adsorption capacity values
that were in close agreement. This confirms that for SpECs(1), SpECs(3) and SpECs(3)AM
the adsorption process is controlled by chemisorption and that the reaction rate is dependent on
the number of active sites on the surface of the material, meaning that the adsorption capacity

of the sorbent controls the adsorption rate.

SpECs(3) and SpECs(1) were the materials that presented the highest maximum adsorption
capacity values (1.50 and 1.48 mg/g respectively). Interestingly, the amination procedure on
SpECs(3) did not add to the material’s adsorption capacity with SpECs(3)AM presenting a

capacity value of 1.29 mg/g.

The initial rate of sorption h (mg/g min) was also calculated using Equation 47:253

h = k,q? Equation 47

e
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The values of h (Table 42) showed a big variation with a range of 0.13 to 1.09 mg/g min for
the different SpECs types tested. SpECs(3) presented the slowest adsorption rate,
0.13 mg/g min, which after their amination treatment was increased to 0.58 mg/g min
confirming that the material became more efficient possibly by converting its active sites into
more attractive ones for E2. SpECs(2) presented a value of 0.332 mg/g min whereas SpECs(1)
presented the fastest rate, 1.09 mg/g min, which together with the high adsorption capacity
values confirms that on the surface of SpECs(1) there are more available binding groups for

E2 adsorption compared to the rest of the tested SpECSs.

Research on testing the adsorption of E2 onto various materials such as graphene oxide
nanosheets, 62 bone char,®® functionalised hydrochar®®® or carbon nanotubes,3513°8:364 revealed
similar adsorption behaviours that follow the pseudo-second order kinetic model, suggesting
that the mechanism of adsorption possibly involves chemical interactions with the material’s

surface, such as n-m interactions and hydrogen bonding (Figure 139),351:358,359,362-364

Figure 139: Schematic representation of the possible adsorption mechanisms happening
between the SpECs surface and E2 molecules.
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The different SpECs tested presented a relatively low maximum adsorption capacity (1.5 mg/g)
compared to the values found in the literature for other materials; graphene oxide nanosheets
presented a maximum adsorption capacity of 20.9 mg/g,*®? bone char 10.1 mg/g,>*®
functionalised hydrochar 47.4 mg/g®® and carbon nanotubes 18.9 mg/g.3*® Since the
parameters of the various experimets for the various materials were not identical (temperature,

initial contaminant concetration, pH of solution, mass of sorbent), a conclusion cannot be made

on whether SpECs were far less efficient in removing E2 from water.

5.4.2.3. Intraparticle diffusion model

In order to identify the diffusion mechanisms involved during the adsorption of E2, the data
obtained were analysed with the intraparticle diffusion model. As defined previously, this
model describes adsorption as a multi-step procedure, involving four diffusion steps: bulk
diffusion, film diffusion, intraparticle diffusion and the adsorption of the contaminant
molecules at the adsorbent’s surface via ion exchange, chelation and/or complexation

pathways.’# Intraparticle diffusion can be quite a slow process, described by Equation 48:7

q: = kit®> +1 Equation 48

where gt (mg/g) is the amount of solute adsorbed per mass of adsorbent at time t (min),
ki (mg/g min®) is the rate constant for intraparticle diffusion model and I (mg/g) is the intercept
which indicates the boundary layer thickness effect. A smaller | value indicates it is more likely
that the kinetics are controlled only by intraparticle diffusion. The values of ki and | can be

obtained by the slope and intercept of the linear plot gt versus t %° (Figure 140).
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All the calculated parameters of the intraparticle diffusion model are presented in Table 43. It
can be observed from the graph that the plots for SpECs(1) and SpECs(2) are linear whereas
SpECs(3) and SpECs(3)AM presented multilinearity, meaning that the adsorption procedure
involves more than one steps (a and b in the graph, Figure 140). The first linear part (a)
corresponds to the migration of the E2 molecules from the solution to the surface of the SpECs
through film diffusion whereas the second linear part (b) describes adsorption processes
corresponding to intraparticle diffusion, possibly where the E2 molecules are gradually
entering the pores of the SpECs.%® Since none of the lines passes through the origin it can be

concluded that intraparticle diffusion is not the only rate controlling step of the adsorption of

E2.
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Figure 140: Intraparticle diffusion model for the adsorption of E2 onto different types of
SpECs.

SpECs(3) presented a two-step diffusion process where the first step had a slower adsorption
rate ki compared to the second step (0.017 and 0.136 mg/g min®® respectively). On the contrary,
the boundary layer effect presented a decrease in the second step; from 0.89 it went to 0.23.

Both findings indicate that the E2 molecules are possibly forming a first layer on the surface
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of SpECs(3) during the first step, which facilitates the further adsorption of the free E2
molecules and creates a second layer during the second step with the adsorption happening
faster than before.

SpECs(3)AM also presented multilinearity with the first step having a faster adsorption rate
than the second; 0.079 and 0.007 respectively. The increase in the | value from 0.79 to 1.19
indicated that the boundary layer effect increased during the second step, which together with
the decrease in the ki value proves that the boundary layer is affecting more the adsorption
during the second step, thus slowing it down.

SpECs(1) presented the highest | value meaning that out of the four tested SpECs, it was the
one with the greater effect of the boundary layer fact that was also confirmed by the low
ki value. SpECs(2) presented an average adsorption rate as well as an average boundary layer

effect, 0.043 mg/g min®® and 0.86 respectively.

Table 43: Intraparticle diffusion parameters for E2 adsorption by different SpECs.
adsorbent
parameter SPECs(1) | SPECs(2) SpECs(3) SpECs(3)AM
a b a b
ki (mg/g min®®) 0.020 0.043 0.017 0.136 0.079 0.007
I 1.29 0.86 0.89 0.23 0.79 1.19
R? 1 0.987 1 1 1 1

5.4.3. Oestradiol adsorption isotherms

For the analysis of the distribution of the adsorbed E2 molecules between the aqueous phase
and the SpECs particles during the equilibrium state, the Langmuir and Freundlich adsorption
isotherm models were used.

As mentioned in the previous chapters, the Langmuir model describes the adsorption process

as homogenous meaning that each active site on the surface of the SpECs can only be occupied
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by one molecule of E2. For this analysis, the linear form of the model was used described by

Equation 49:%7

&_&4_ 1 Equation 49
Qe Qm KLQm

where C, (mg/L) is the concentration of the adsorbate at equilibrium, Q. (mg/g) is the amount
of contaminant adsorbed per amount of adsorbent, K; (L/mg) is the Langmuir adsorption
equilibrium constant and Q,,, (mg/g) is the maximum adsorption capacity of the material.
Q.,, indicates the amount of adsorbate needed for a complete monolayer and can be calculated
from the slope of the line and K, is a measure of the intensity of the adsorption process and can

be calculated from the intercept.

Freundlich’s model describes the adsorption process as multisite and reversible, assuming that
the adsorbent’s surface is heterogeneous, with active sites of various energies and thus affinity

towards E2. The linearized form of the model is Equation 50:2%®

1 .
logQ, = logKp + n—logCe Equation 50
F

where Q. (mg/g) is the amount of adsorbate adsorbed per amount of adsorbent, C, (mg/L) is
the equilibrium concentration and K (mg® Y"/gL"*") and n; are Freundlich’s constants. K is
related to the material’s adsorption capacity and can be calculated from the intercept of the
line, where ng is the heterogeneity factor of adsorption sites indicating the adsorption intensity

and it can be calculated from the slope.
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The experimental procedure described in section 8.6.4 was followed, where 5 mL of E2
solutions of different concentrations (0.5 - 10 pg/mL) interacted with 20 mg of the different
SpECs types for 10 minutes of contact time, at room temperature, under agitation. After
filtration, the resulting solution was analysed for its E2 content and the linear forms of the two

models were plotted in Excel (Figure 141 and Figure 142).
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Figure 141: Langmuir linear adsorption isotherms for E2 uptake by different types of SpECs.
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Figure 142: Freundlich linear adsorption isotherms for E2 uptake by different types of SpECs.
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Q. was calculated using Equation 51.

(Cy—C)V Equation 51

where C, is the initial DCF concentration, V is the volume of the solution used and m is the
mass of the adsorbent. Q,,, was calculated from the slope of the Langmuir plot and K; was
calculated from the intercept. K was determined from the intercept of the Freundlich plot and
np was calculated from the slope. All the parameters for both models (Langmuir and

Freundlich) are presented in Table 44.

Table 44: Isotherm parameters for the adsorption of E2 by different types of

SpECs.
type

model parameter g Ecc) SpEprs(Z) SPECs(3)

Qm (mg/g) 4.480 0.683 1.620

Langmuir | K. (L/mg) 1.802 0.551 14.709

R? 0.391 0.345 0.860

Ke (mg /gLt 3.220 1.150 1.490

Freundlich | 1/nf 0.632 1.680 0.331

R? 0.634 0.897 0.707

The Langmuir isotherms gave low R? values for SpECs(1) and SpECs(2) meaning that this
model is not suitable to describe the adsorption procedure of E2 onto these two materials. The
Freundlich model gave better R? values, not very close to unity, but higher than the Langmuir
ones, indicating that the best fitting for the experimental data is the Freundlich isotherm model.
For SpECs(3), the R? values were higher when the Langmuir model was applied but not far

from each other, concluding that maybe for this type of SpECs, both models are able to describe
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the adsorption of E2, result that is in agreement with other materials tested for E2

adsorption 359,363,364,366

Since the Freundlich model presented a better fit for the experimental data, the heterogeneity
of the SpECs surface can be confirmed, suggesting that the adsorption of the E2 molecules is
reversible, by creating multilayers on the surface of the material. The Freundlich parameter 1/n
is an indicator of the material’s surface heterogencity or the adsorption intensity. SpECs(1) and
SpECs(3) gave values below 1, 0.632 and 0.331 respectively, which shows that the adsorption
process is based on chemisorption. SpECs(3) presented a value closer to zero meaning that
their surface is more heterogeneous compared to the other two types. The obtained value for

SpECs(2) was above 1, indicating a cooperative adsorption of E2 onto its surface.

The Kr values for the different SpECs were relatively low compared to the values obtained for
the other contaminants, triclosan and diclofenac, in the previous chapters. Their values showed
a range between 1.15 and 3.22 mg® /gL values much higher compared to bone char
(0.35 mgYM/gL=>") but much lower compared to other materials in the literature such as
hydrochar,*® molecularly imprinted particle embedded cryogels?® or carbon nanotubes (16, 36

and 83 mgYM/gL=" respectively).*35

5.4.4. Oestradiol packed-bed studies

After the adsorption kinetics and isotherm investigation and after concluding that SpECs(1) is
the most efficient type for E2 adsorption, the applicability of the material for contaminant
adsorption on a bigger scale had to be tested. The procedure described in section 8.9 was
followed, where a glass column (30 cm x 2.5 cm) was tightly packed with a layer of 0.2 g
SpECs(1) (0.5 cm high) covered by a layer of 2 g low iron sand. A 6 mg/L solution of E2

passed through the SpECs(1) layer under gravity aiming to the complete saturation of the

217



5. Oestradiol

material. Two different flow rates were tested (2 and 3 mL/min) by adjusting the column’s tap.

All data obtained were analysed with the Yoon-Nelson model (Equation 52), expressed as:®!

Ct/CO = 1/[1 + eXp(KYNT - KYNt)] Equatlon 52

where, C; (mg/L) is the contaminant’s concentration at time t (min), C, (mg/L) is the initial
contaminant concentration, Kyy (min™t) is the Yoon-Nelson rate constant and = (min) is the
time required for 50% adsorbate breakthrough. Ky, and t can be calculated from the linear

form of the equation (Equation 53) by plotting In (C;/(C, — C;) versus t.

Ce

Co — G

In ( ) = Kyn(t —17) Equation 53

The sorption capacity of SpECs(1) g, (mg/g) was calculated by using Equation 54:

_ G0t Equation 54

where Q is the flow rate (L/min) and m (g) is the mass of the SpECs(1) used in the column.
This calculated value (go) can then be compared to the experimental one (qg xp), defined by

Equation 55:

Mg ads Equation 55
MgpECs

Qo,exp =
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where mg; 445 (M) is the adsorbed E2 mass and my,gcs (9) is the mass of the SpECs(1) used

in the column. mg, 4,45 Was calculated using Equation 56.

ME2 tot = ME2 el — ME2 ads Equation 56

where mg, ;,; 1S the total amount (g) of E2 that passed through the column and mg, .; is the
amount (g) of E2 eluted. mg, o and mg,,; (g) were calculated using Equation 57 and

Equation 58:

Mgz tor = Vior * Co Equation 57

Mezer = Cor * Ve Equation 58

where V;,; is the total volume of the contaminant solution that passed through the column, C,
is the initial concentration of the contaminant, C,; is the concentration of the eluted solution

and V,; is the volume of the eluted solution.

The SpECs(1) bed was covered with low iron sand (Fisher Scientific) to keep the particle bed
tightly packed. The sand layer was checked individually for its E2 adsorption ability by passing
through a solution of known E2 concentration (6 mg/L) and by comparing the initial and final
concentration (Cs and Co respectively). The results presented in Table 45 showed that the sand

had no adsorption efficiency over E2.
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Table 45: E2 adsorption efficiency of 5 g of low

iron sand.

fraction | volume (mL) | Cs(mg/L) | Co (mg/L)
1 5 6.197 6.177
2 5 6.220 6.177
3 10 6.179 6.177
4 10 6.088 6.177
5 25 6.203 6.177
6 25 6.211 6.177
7 50 6.139 6.177

Initially, before the breakthrough point, while the effluent’s E2 content was low, the effluent
was collected in fractions of 5 mL. Later in the experiment, when the E2 concentration
increased and was more stable, the fractions were collected in larger volumes (50 to 100 mL)
and analysed with a UV-Vis spectrometer. The treated volume was plotted against the
recovered E2 concentration divided by the initial E2 concentration and the breakthrough curves

were formed in Excel.

Figure 143 shows the breakthrough curves for E2 at two different flow rates (2 and 3 mL/min)
with the slower one presenting a slightly better performance. The graph shows that a complete
saturation of the material did not happen until the end of the experiment at 2 L, indicating that
even after treating 2 L of E2 solution, the SpECs surface still contained available active sites
for the E2 molecules to bind with. The breakthrough point, where half of the initial
concentration was able to pass through, occurred at around 1 L for both flow rates, indicating

the good adsorption efficiency of the material.
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Figure 143: Breakthrough curves for 0.2 g packed SpECs(1) and E2 at 6 mg/L initial
concentration (Co) and at two different flow rates: 2 mL/min and 3 mL/min (n=1).

The Yoon-Nelson analysis (Table 46) showed that the adsorption capacities for both flow rates
were close to the experimental ones, confirming the suitability of the model. Both flow rates
presented a similar adsorption capacity, ~42 mg/g, indicating that a faster flow rate did not
affect the material’s efficiency, and similar breakthrough points at ~1 L of treated volume.
Such a result would mean that in a larger scale and in terms of capacity, 1 kg of SpECs(1)
would be able to equivalently treat 250 million litres of contaminated water at a concentration
of ~0.12 pg/L of E2 (mean value that was the reported concentration in hospital effluents?®?)
before reaching the breakthrough point. Such a quantity of SpECs(1) would therefore be able
to treat 1200 million litres of wastewater at a concentration of 25 ng/L, an earlier stated mean

concentration.®3 The Massachusetts Water Resources Authority?®2

reported annual water
consumption of hospitals ranging from 15 million gallons (~68 million L) to 145 million

gallons (~660 million L), of which approximately 42% is for sanitary purposes.?%® This would
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mean that the range of SpECs(1) required annually for treating these hospitals would be from

~1 - 3 kg, in terms of material capacity.

Table 46: Yoon-Nelson parameters and sorption capacities for the adsorption of E2 by

SpECs(1).

flow rate Kyn (Min™) | z(min) | zexp (Min) | R? o (Mg/g) o.exp (MY/Q)
2 mL/min 0.005 640.1 480 0.817 41.7 37.7
3 mL/min 0.006 437.6 330 0.747 42.5 38.6

5.4.4.1. Regeneration and reusability of SpECs

After the packed-bed study, the SpECs(1) bed was washed with approximately 150 mL of

milliQ water in order to test if the adsorbed E2 molecules can migrate from the adsorbent back

into solution and subsequently contaminate clean water. Figure 144 shows the breakthrough

curve obtained in the previous experiment, continuing into the region of the milliQ water

washings, clearly indicating that the adsorbed molecules are strongly attached onto the surface

of the SpECs(1) and are not able to pass through the water solution.
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Figure 144: Packed SpECs(1) washed with milliQ water after the completion of the
breakthrough curve for E2 adsorption.
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Right after the milliQ water washings, the packed material was washed with absolute ethanol
in order to remove all of the adsorbed E2 and test the reusability of the SpECs. The washed
packed SpECs(1) were reused for two more cycles, under two different flow rates (2 and
3 mL/min), and their adsorption capacity was compared between the three cycles. Figure 145
shows the breakthrough curves for all the three cycles at the flow rate of 2 mL/min, whereas
Figure 146 presents the breakthrough curves for the flow rate of 3 mL/min. It is evident from
the graphs that in the slower flow rate the material behaved slightly differently in each cycle,

with the first cycle being the most efficient, whereas for the faster flow rate the three cycles

were similar.
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Figure 145: Breakthrough curves for 0.2 g packed SpECs(1) and E2 at 6 mg/L initial
concentration (Co) at a flow rate of 2 mL/min for three cycles of material reuse.

Analysis with the Yoon-Nelson model revealed that indeed for the slow flow rate, SpECs(1)
were most efficient during the first cycle (Table 47). Their adsorption capacity presented its
highest value during the first cycle of use, 41.4 mg/g, it decreased during the second cycle,
35.0 mg/g and finally reached 34.0 during the third cycle. The breakthrough point for this flow

rate showed a variation as well, where during the first cycle it presented its highest value,
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640 minutes (~800 mL of treated volume) that was later decreased to ~545 minutes (~780 mL

of treated volume) for the two cycles of reuse.

On the contrary, the faster flow rate gave different results; during the first cycle of use,
SpECs(1) presented a maximum adsorption capacity of 42.5 mg/g which increased at the
second cycle, 50.5 mg/g and finally reached 39.8 mg/g for the last cycle. A similar pattern was
observed for the breakthrough point where during the first cycle it presented a value of
438 minutes, during the second cycle it presented its highest value, 546 minutes and decreased
again to a value close to the initial, 432 minutes. In terms of treated volume though, the
breakthrough point remains consistent at ~1 L for the two first cycles and then is reduced to

~830 mL for the third cycle.
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Figure 146: Breakthrough curves for 0.2 g packed SpECs(1) and E2 at 6 mg/L initial
concentration (Co) at a flow rate of 3 mL/min for three cycles of material reuse.

224



5. Oestradiol

A comparison between the maximum adsorption capacities for each flow rate is presented in

Figure 147, where it is evident that the two flow rates did not affect the material’s adsorption

capacity during the first cycle, but during the two following cycles a great variation can be

observed. Taking into account the R? values obtained from the analysis with this model,

initially being closer to unity but later on being much lower, it can be concluded that the two

cycles of reuse do not present a good fitting to the model.

Table 47: Yoon-Nelson parameters and sorption capacities for the adsorption of E2 (6 mg/L)
by 0.2 g SpECs(1) at two different flow rates.

flow rate Kyn (MinY) | z (min) Texp (MiN) | R go (mg/g) Qo.exp (MQ/Q)
2 mL/min 0.005 640.1 480 0.817 41.37 37.7
1% reuse 0.005 538.0 381 0.593 35.01 33.7
2" reuse 0.005 554.4 400 0.555 34.02 34.1
3 mL/min 0.006 437.6 330 0.747 42,51 38.6
1% reuse 0.004 545.5 315 0.734 50.53 42.6
2" reuse 0.005 432.4 288 0.500 39.80 37.7
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Figure 147: Comparison of the E2 adsorption capacity (go) of SpECs(1) between each cycle

of reuse.
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5.5. Conclusions

E2 is the active ingredient of many pharmaceuticals prescribed for problems associated with
menopause and hypoestrogenism. It is the most active natural steroidal hormone and it can
have permanent effects on the developing brain. The main source of E2 entering the
environment is human and animal faeces and urine and the main reason for its presence in the
aquatic ecosystems is its incomplete removal during the process of WWT. Even at very low
levels of ng/L, E2 can provoke problems to non-target aquatic organisms such as making fish
developing intersex characteristics or failing to develop normal secondary characteristics

leading to changes in their reproduction.

The adsorption of E2 follows the pseudo-second order kinetics model for the majority of the
tested SpECs, especially for SpECs(1), SpECs(3) and SpECs(3)AM. The adsorption process
involves chemisorption and the adsorption capacity of the SpECs is what affects the adsorption
rate. The maximum adsorption capacity was ~1.5 mg/g for the majority of the tested SpECs, a
value relatively low compared to the literature on other materials,35%:358:359:362-364 ht 35 stated
before, the experimental conditions were not identical to the ones used here, and a much higher

value was achieved experimentally using the packed-bed studies (42.5 mg/g).

Analysis with the intraparticle diffusion model revealed that SpECs(1) and SpECs(2) involve
only one diffusion step during the E2 adsorption whereas SpECs(3) and SpECs(3)AM involve
a two-step diffusion process. For SpECs(3), it was concluded that the adsorption of E2 is
happening in multilayers where during the first step of the diffusion process, E2 molecules are
forming a first layer on its surface, which facilitates the further adsorption of the free E2

molecules and then creates a second layer during the second step.

The adsorption isotherm experiments indicated that the majority of SpECs presented a better

fitting to the Freundlich model whereas for SpECs(3) it was concluded that both the Langmuir
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and Freundlich models are able to describe the adsorption of E2, a result that is in agreement
with other materials tested for E2 adsorption.3°363364386 The heterogeneity of the SpECs
surface was confirmed, with SpECs(3) being the most heterogeneous compared to the other
two types, suggesting that the adsorption of the E2 molecules is reversible, by creating
multilayers on the surface of the material. The Kr values obtained for the adsorption of E2 by
the tested SpECs were relatively low (1.15 and 3.22 mg®Y"/gL"*") compared to the values
obtained for the other contaminants, TCS and DCF but much higher compared to bone char
(0.35 mgYM/gL"*M). Other materials in the literature showed higher Kr values such as
hydrochar,* molecularly imprinted particle embedded cryogels?® or carbon nanotubes (16, 36

and 83 mgYM/gL~" respectively) but with differences in the experimental procedures.*>%’

SpECs(1) were tested under a packed-bed setup where a flow rate of 3 mL/min presented a
maximum adsorption capacity of 42.5 mg/g with a breakthrough point at 440 minutes. The
material was efficiently regenerated with pure ethanol and used for two more cycles, where it
presented a variation in its maximum adsorption capacity; 50.5 mg/g for the second cycle and

39.8 mg/g for the last cycle, confirming its reusability potential.

All different types of SpECs tested exhibited a good level of adsorption capacity for E2 but
had far longer contact times for complete contaminant removal, on the scale of hours rather
than minutes. This was much slower adsorption rates when compared to the previously
examined compounds, DCF and TCS. It has been shown that the material capacity for
adsorption for all the contaminants is far beyond what would be required for water
concentrations found in hospital effluent or surface waters. However, it was determined that
the rate of effluent from a hospital would be approximately (55 - 530 L/min), which clearly
displays the need for a fast rate of adsorption being of far higher importance than maximum
capacity. SpECs(1) showed the best efficiency, achieving 90% E2 removal in 15 minutes and

complete E2 removal in four hours. Clearly, this would not meet the requirements for treating
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such a fast-flowing body of water and maybe a different treatment setup, more suitable for the

material’s potential, would be better for this type of adsorbent.
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6.1. Introduction

No life, even microbial life, is possible without phosphorus. Phosphorus is a rather scarce
element in the biosphere but an essential one since it participates in vital functions such as
replication and transcription of RNA and DNA, metabolism and contribution to cell
structure.®*"3%¢ Both DNA and RNA depend on phosphates since they are formed by
mononucleotide units that are linked through phosphodiester bonds. Phosphates are also
responsible for the energy that all living organisms require. This energy comes from a breaking
down reaction of adenosine triphosphate to adenosine diphosphate; when the phosphate bond
breaks, energy is released.®®*3"% In cells, phosphates are also present in the form of

phospholipids, which are the major components of the cell membranes.*"*372

Phosphorus can be found on earth in both the trivalent negative and the pentavalent positive
states, but the form that is most commonly found is the orthophosphate ion (PO+*") which
composes minerals belonging to the apatite group.®’23" In water, phosphorus may be present
in different forms of soluble phosphates, HsPO4, H.PO4~, HPO4?~ and PO4*", depending on the
pH.3* Other species of phosphorus existing in waters are organic phosphates and
polyphosphates, mainly deriving from detergents, with both forms being able to gradually

hydrolyse to orthophosphates.

Even though phosphorus is essential for living cells, high levels of phosphate in surface water
of rivers, lakes and seas can cause eutrophication. Eutrophication is mainly caused by over-
enrichment with phosphate, affecting rivers, lakes and coastal oceans mainly by influencing
the algal or the phytoplankton growth. Such an issue can lead to a series of other problems such

as depletion of the dissolved oxygen, damage and loss of coral reefs and plant beds,
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depopulating of aquatic species leading to reduction of the water quality and accelerating water
scarcity.3>3"® According to Awual et al. (2011), in order to prevent eutrophication the levels
of phosphates present in water should be less than 50 pg/L, whereas Yao et al. (2011) and
Kilpima et al. (2014) report that a concentration higher than 20 pg/L is enough to trigger the

problem of eutrophication.37%-381

Phosphates can end up in water through agricultural routes as well as urban activities such as
industrial and domestic wastewaters. Excess use of fertilisers and excess produce of manure
leads to a phosphorus surplus which accumulates in soil and can be easily transported to the
aquatic environment via treated sewage effluents or fertiliser spreading and dissolution in rain
water.3® Wastewater deriving from domestic use involves water from washings, bathing,
cleaning sewage or septic systems.*®? Industrial wastewater that contains high loading of
phosphorus usually involves effluents from mining industries, metallurgy, pharmaceutical,
pigment, meat processing, petrochemical and textile industries.®3-38 The different sources of
phosphates in the environment are presented in Table 48 together with the loading they

provide.

Table 48: The different sources and concentrations of phosphates in the
aquatic environment. 3%

wastewater source concentration | reference

domestic 3-10 mg/L Hilbrandt et al.3®’
general sources 200 mg/L Rajmohan et al.3%
fertilizer industry 1000 mg/L Rajmohan et al.3%

Phosphates deriving from fertilisers lead to harmful cyanobacterial blooms (blue green algae)
responsible for the production of a variety of compounds that can affect the taste and odour of
water but are also responsible for producing cyanotoxins, which are extremely toxic.3%-3%

Microcystis aeruginosa is a very toxic and harmful algae thriving in eutrophic environments,
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impacting the appearance and smell of waters.3%? Microcystins are a group of toxins that are
the main metabolites of harmful algae, they are of high concern due to their ubiquity and high
toxicity and they can accumulate in the aquatic environment leading to a decrease in aquatic
diversity.*13% There is also a direct risk to human populations as microcystins can enter the

food chain through irrigation and drinking water, hence affecting human health.3%

There is a growing interest in the development of new technologies to tackle phosphate removal
from wastewaters, with three method categories being the most popular: chemical, physical
and biological.383%3% Chemical and physical processes include methods such as reverse
osmosis, ion exchange, electrocoagulation, electrodialysis, precipitation, filtration, addition of
a variety of metallic salts.3°3°":3% The main drawback for technologies involving chemical
procedures is the amount of sludge produced from phosphorus precipitation which can then
lead to further pollution.®®° The need for further treatment, the high cost of these procedures
and the low removal efficiency make them not the ideal candidate for phosphorus removal.
Physical treatments for phosphorus can be extremely expensive with examples being reverse
osmosis and electrodialysis. The biological methods mainly involve anaerobic-oxic and
extended anaerobic sludge contact processes.32%% These biological procedures involve costly
treatments with sensitive operation parameters making the method’s efficiency unstable.*®

Adsorption procedures may be preferable since they promise the potential of both low cost and

high efficiency but also they provide the advantage of no sludge formation,10°401-404

6.2. Aims and Objectives
The aims in this chapter are to investigate the adsorption efficiency of the different SpECs
types for phosphates and examine the effect that deposition of iron salts or oxides on the surface

of the material will have on their adsorption efficiency. Different iron loading methods will be
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tested to determine the optimal percentage of iron loading to induce maximum adsorption

efficiency for phosphates.

6.3. Phosphates detection and quantification

6.3.1. Phosphates colorimetric detection

In order to detect the total phosphate content in the experimental samples of this chapter,
several methods were tested, either involving reactions with malachite green or molybdenum
blue. After many trials, a colorimetric protocol described in ‘Standard Methods for the
Examination of Water and Wastewater*4%® was followed based on the well-known molybdenum

blue reaction, with all the details described in section 8.8.1.

6.3.1.1. The molybdenum blue reaction

The molybdenum blue reaction is a widely recognised procedure used in the detection of
orthophosphates  (including other labile phosphorus species) with the use of
spectrophotometry.*%®4” The reaction was first mentioned by Scheele back in 1783 but it is
mainly attributed to Berzelius who was the first to synthesise MosO14-nH20 in 1826.4% In
1934, Keggin revealed the structures of several 12-heteropoly acids (containing a hetero-atom)

and the suggested ion was named after him, Keggin ion [XM12040]" (Figure 148).409410

The molybdenum blue reaction is a two-step procedure in which the Keggin ion is formed
around the analyte giving a structure that is called 12-phosphomolybdic or molybdophosphoric
acid (12-MPA). This acid, also called heteropoly acid, is then reduced to form a product that is
of very deep blue colour called phosphomolybdenum blue.*®” The two steps of the

molybdenum blue reaction are the following:
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PO4* + 12M004> + 27H" — H3PO4(M0O3)12 + 12H20 (12-MPA)

HsPMo(V1)12040 + reductant — [HsPMo(V1)sMo(V)4040]*~ (phosphomolybdenum blue)

Figure 148: Structure of the Keggin ion [XM12040]"". 410411

For the experiments described in this chapter, a solution of mixed reagents was prepared,
containing a mixture of molybdenum and antimony in an acidic environment. The reductant
chosen was ascorbic acid which in combination with Sb(l11) can reduce 12-MPA in about ten
minutes without heating, generating a product that can remain stable for hours.*'?-14 After the
addition of 1 mL of the mixed reagent into 4 mL of the phosphate sample, the solution was left
to develop its deep blue colour (Figure 149). The optimal time for this colour development
was measured to be 21 minutes, meaning that the colour was stabilised and no difference in its

absorbance was observed after that moment on.
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Figure 149: Samples containing different concentrations of phosphates (L to R: 0.5, 1, 2,4, 6
and 8 mg/L) and the blue colour developed after 21 minutes of addition of the mixed reagent.

6.3.1.2. Phosphates colorimetric quantification

A stock solution of potassium phosphate in milliQ water was prepared which was further
diluted to give a range of concentrations from 0 to 10 ug/mL. All the solutions for the standard
points were prepared in triplicate and their analysis was conducted with a UV-Vis
spectrophotometer in the IR region, at 890 nm. Baseline calibration was performed using blank
solutions of milliQ water together with the mixed reagent (chromophore reagent), meaning that
a concentration of 0 pg/mL gave absorbance values of zero with no deviation from this value.
A reference curve was created by plotting the mean values of the absorbance of the different

solutions versus the concentration of potassium phosphate.

The reference curve is presented in Figure 150 and Equation 59 was used for the calculations
of phosphate concentrations (x) in all the experiments in this chapter, with LOD and LOQ

values at 0.004 pg/mL.
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Figure 150: [PO4]* reference curve at the concentration region of 0 - 10 ug/mL at 890 nm
detection wavelength (LOD = LOQ = 0.004 ug/mL, n=3).

y = 0.1296x — 0.0039 Equation 59

6.4. Phosphates adsorption experiments

The phosphates adsorption experiments were conducted in accordance with the protocol
described in section 8.8.3. Briefly, a solution of known phosphates concentration (6 pg/mL,
5 mL) was left in contact with the different extraction types of SpECs (20 mg) for different
periods of time (30 - 90 minutes). After filtration, 4 mL of the resulting solution was added to
1 mL of the mixed reagent (see section 8.8.1 for more information) and after the colour
development, the absorbance of the final solution was measured. A comparison against the
initial phosphates concentration results in the phosphates adsorption percentage which was

calculated with Equation 60:

% phosphates ads.= [(Cy — Coq)100]/C, Equation 60
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where C, is the initial and C,,, is the final [PO4]*~ concentration.

In order to investigate the adsorption mechanisms taking place during the phosphates uptake
and the potential rate controlling steps, all experimental data were analysed with the

pseudo-first order and pseudo-second order kinetic models.

The pseudo-first order model, or Lagergren’s model,’® describes adsorption that occurs through
diffusion through the interface, assuming that adsorption is dependent on the adsorption

capacity of the adsorbent. The linear form of the equation is expressed as Equation 61.5874

In(q, — q;) = Inq, — k4t Equation 61

where g, (mg/g) is the amount of solute adsorbed per mass of adsorbent after a certain contact
time t (min), g, (mg/g) is the amount of solute adsorbed at equilibrium and k; (min~1) is the

pseudo-first order rate constant.

From the plot In (g, — q;) versus t the values of k; (slope) and Inq, (intercept) can be
determined, from which the value of the maximum adsorption capacity q.; .4 is calculated.

The experimental maximum adsorption capacity was calculated using Equation 62.

Equation 62

Gelexp = [phosphates] *
MgpECs

where [phosphates] (ug/mL) is the concentration of phosphates in the solution, V (mL) is the

volume of the solution and mg,g¢s (MQ) is the mass of the SpECs used.
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The pseudo-second order model describes adsorption processes that involve chemisorption and
assumes that the rate of adsorption is dependent on the adsorption capacity of the adsorbent

and not the concentration of the adsorbate. It is expressed as (Equation 63):7

1t 1 Equation 63
—_ =+ >
q: de kZQe

where g, (mg/g) is the amount of solute adsorbed per mass of adsorbent after a certain contact
time t (min), g, (mg/g) is the amount of solute adsorbed at equilibrium, while k> (g/mg min) is
the pseudo-second order equilibrium rate constant. The slope and intercept derived from the
plots of t/q: versus t give the values of the maximum adsorption capacity q., .,; and the rate

constant ko.

6.4.1. Cotton interference in phosphates adsorption experiments

As with the previous contaminants, cotton wool was tested for its adsorption efficiency against
phosphates and whether its use for the pipette microfiltration would affect the final phosphates
concentration. A phosphates solution of known concentration (6 ug/mL) was prepared and
divided into six portions of 4 mL. The absorbance of three portions was measured directly after
preparation (and after the colour development procedure) without any filtration whereas the
absorbance of the rest was measured after filtration through cotton wool followed by the colour
development. The results are presented in Table 49, showing that the cotton wool did not

present any adsorption properties against phosphates, making it a good material for filtration.
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Table 49: Comparison of phosphates absorbance signals before
and after filtration.
no filtration after cotton wool filtration
0.732 0.735
0.752 0.749
0.748 0.754

6.4.2. Phosphates adsorption onto unmodified SpECs
The influence of contact time on phosphates adsorption was tested for SpECs(1-3) and is
presented in Figure 151. All three SpECs types showed little to no adsorption efficiency for

phosphates, with only SpECs(3) presenting a low adsorption of 5% phosphate removal after

90 minutes of contact time.
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Figure 151: Effect of contact time on phosphates adsorption by different SpECs types, graph
zoomed in the region of 0 - 30% of phosphates removal (PO4>~ dose: 6 mg/L, n=3).

6.4.3. Phosphates adsorption onto Fe loaded SpECs

Since all three types of SpECs exhibited no adsorption efficiency for phosphates, the SpECs
were then loaded with iron to give a surface which is highly positively charged. As the
contaminant is negatively charged, the positive surface would attract the negative contaminant

molecules by electrostatic interactions and increase the material’s efficiency (Figure 152).
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Several different methods were tested for iron loading onto SpECs with regards to the solvent

used, which are described in section 8.2.5.

Figure 152: Schematic representation of the possible adsorption mechanisms happening
between the iron loaded SpECs surface and phosphates.

6.4.3.1. Phosphates adsorption onto Fe/water loaded SpECs

The iron salts (FeClz*6H20 and FeCl2*4H,0) were dissolved in water following the procedure
described in section 8.2.5.1, and SpECs(1), SpECs(2) or SpECs(3) were added into the solution
and left under stirring overnight. After filtration, washing and drying under air flow, the
material was ready for use. The elemental analysis of the final products, together with the

ICP-OES analysis for iron loading are presented in Table 50.

From the ICP-OES results (Table 50), it is evident that after the treatment of SpECs with Fe
salts, the material was successfully loaded with a small percentage of iron crystals. SpECs(2)
exhibited the strongest affinity for Fe loading, 2.9%, whereas SpECs(3) presented the lowest

Fe loading, 0.6%.
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Table 50: Results obtained from elemental analysis for CHN and
ICP-OES for Fe for SpECs and Fe loaded SpECs in water.

sample %C %H %N %Fe
SpECs(1) 58.65 7.24 0.12 0.00
M9SpECs(1) 58.78 7.47 0.00 1.67
SpECs(2) 59.00 8.89 0.56 0.00
M11SpECs(2) 51.94 7.68 0.91 2.93
SpECs(3) 60.10 7.57 0.17 0.00
MZ10SpECs(3) 60.66 6.74 0.15 0.63

6.4.3.1.1. Effect of contact time on phosphates adsorption onto Fe/water loaded SpECs

After iron loading, all different Fe loaded SpECs were tested for their phosphate adsorption

efficiency and the results are presented in Figure 153. Compared with untreated SpECs

(Figure 151) it is evident that the iron-loaded material’s phosphate adsorption efficiency is

improved. Fe-SpECs(1) [M9SpECs(1)] exhibited the highest efficiency with 50% phosphates

removal in half an hour of contact time and 70% removal after 90 minutes of contact time.
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Figure 153: Effect of contact time on phosphates adsorption by Fe loaded SpECs in water

without vacuum (PO4% dose: 6 mg/L, n=3).
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The same iron loading procedure was followed as previously described in section 8.2.5.2, but
this time the Fe loading was conducted under vacuum overnight, in order to test whether the
loading percentage would be higher and whether this would affect the phosphate adsorption
properties of the SpECs. After filtration, washing and drying under air flow, the material was
analysed with elemental analysis and ICP-OES analysis for iron loading and the results are

presented in Table 51.

Table 51: Results obtained from elemental analysis for CHN and ICP-OES for
Fe for SpECs and Fe loaded SpECs in water under vacuum.

sample %C %H %N %Fe
SpECs(1) 58.65 7.24 0.12 0.00
M20SpECs(1) 55.50 7.01 0.17 3.33
SpECs(2) 59.00 8.89 0.56 0.00
M21SpECs(2) 53.19 7.42 1.11 3.38
SpECs(3) 60.10 7.57 0.17 0.00
M22SpECs(3) 60.06 7.60 0.11 1.77

From the ICP-OES results (Table 51), it is evident that after the treatment of SpECs with
Fe salts under vacuum, the material was successfully loaded to a higher percentage of iron
compared to the procedure without vacuum. SpECs(1) and SpECs(2) (M20 and M21) exhibited
similar iron loadings of around 3.35% whereas without vacuum the percentage for SpECs(1)
was almost half (1.7%) and for SpECs(2) was quite close, around 3%. For SpECs(3), this
technique increased the iron loading from 0.6% without vacuum to 1.8% with the use of

vacuum.

Since the data obtained displayed that a higher Fe loading was achieved under vacuum, it was
decided that the iron loading procedure should be conducted under vacuum. The resulting
Fe-loaded SpECs were tested for their adsorption efficiency against phosphates and the results

are presented in Figure 154.
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Figure 154: Effect of contact time on phosphates adsorption by Fe loaded SpECs in water
under vacuum, graph zoomed in the region of 50 - 100% of phosphates removal (PO4*~ dose:
6 mg/L, n=3).

The treatment of SpECs with iron salts in an aqueous medium under vacuum exhibited that Fe
loading of their surface was higher compared to the same treatment without vacuum and that
this increase in the iron loading enhanced their adsorption properties against phosphates
(Figure 154). Iron loaded SpECs(1) (M20SpECs(1)) presented doubling in Fe-loading
percentage and better adsorption efficiency: after 30 minutes of contact time they were able to
remove the total quantity of the phosphates present in the solution whereas before, the
percentage achieved was around 50%. A similar result was obtained for iron loaded SpECs(3)
as well, where Fe loading under vacuum was doubled compared to without vacuum and their
adsorption efficiency increased from 15% to 95% for a 30 minute contact time [M10SpECs(3)

and M22SpECs(3) respectively]. Despite the fact that iron loaded SpECs(2) gave a similar iron
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loading for both techniques used [M11SpECs(2) and M21SpECs(2)], their adsorption
efficiency against phosphates was much higher when the iron loading was performed under
vacuum, suggesting that a loading of a specific Fe salt might be predominant with this
technique, making the material more attractive to the phosphate ions. Or perhaps that rather
than having a thick layer of iron on the surface of the material, the vacuum may have induced
a more homogenous spread of the iron throughout the walls and the inside of the shell, fact that
was confirmed by SEM (see chapter 2 for more information). This would then present a higher
surface area of Fe oxide crystals than if they were lumped together only on the outside, which
in turn should promote a higher efficacy of adsorption, like what was observed. Another likely
effect of the vacuum would be a more rapid crystallisation of the iron crystals, which would
result in a larger number of smaller crystals (from a rapid, forced saturation point) which again
would increase the surface area. As stated in chapter 2.7.4, according to the SEM images, it
can be concluded that iron prefers to localise on the inside of the wall on SpECs(1) and
SpECs(2) which is not the case for SpECs(3). Maybe this is a possible explanation why the

vacuum procedure gave a better loading for SpECs(1) and SpECs(2) but not for SpECs(3).

Analysis of the experimental data using the pseudo-first and pseudo-second order model
(Table 52) revealed that the adsorption of phosphates is better described by the pseudo-second
order model for all three types, since the R? values are close to unity and the experimental
maximum loading capacity is in agreement with the calculated one. This means that phosphates
bind on the material through processes mainly involving chemisorption and that the adsorption
rate depends on the adsorption capacity of the sorbent. Iron loaded SpECs(1) and SpECs(2)
presented a similar maximum loading capacity of ~1.65 mg/g whereas SpECs(3) presented a

higher one, 2.09 mg/g.
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Table 52: Kinetic parameters for phosphates adsorption by Fe/water loaded SpECs (under
vacuum) described by different models.
type | parameter type | parameter type | parameter
Qe.exp (MQY/Q) ‘ 1.58 Qeexp (MY/Q) ‘ 1.60 Qeexp (MQ/Q) ‘ 1.54
pseudo-first pseudo-first pseudo-first
o Qe1.cal (MQ/Q) 1.39 - Qet.cal (MQ/Q) 1.27 N Qet.car (MY/Q) 3.16
g ki 0.15 g K1 0.04 %‘ K1 0.14
= | R? 0754 | & |R? 0.775| & |R? 0.837
g pseudo-second é pseudo-second g pseudo-second
& | Yez.car (MQ/Q) 1.69 & | Gezcal (MQ/Q) 1.62 & | Yez.car (MY/Q) 2.09
ka 0.21 ko 0.12 k2 0.04
h (mg/g min) 0.59 h (mg/g min) 0.30 h (mg/g min) 0.17
R? 0.987 R? 0.988 R 0.923

6.4.3.2. Phosphates adsorption onto Fe/acetone loaded SpECs

Iron loading of SpECs in water under vacuum resulted in SpECs with good adsorption
behaviour against phosphates. It was now decided to test the same loading procedure in a more
volatile solvent, acetone, to check whether the rate of solvent evaporation would affect the iron
crystal formation and furthermore the SpECs surface area and their phosphate adsorption
capacity. The same experiment was conducted as previously with the only difference being the
dissolution of iron salts (FeClz*6H20 and FeCl2+4H20) in acetone. The procedure described in
section 8.2.5.3 was followed, and the resulting Fe-loaded SpECs were analysed with elemental

analysis and ICP-OES analysis for their iron content. The results are presented in Table 53.

Iron loading of SpECs(1) and SpECs(3) in acetone under vacuum gave the highest iron content
compared to the previous procedures. Iron loaded SpECs(1) [M18SpECs(1)] presented a
11.6% w/w Fe content with this method, whereas previously they were only loaded with ~3.4%.
Iron loaded SpECs(3) [M19SpECs(3)] presented 8.4% iron loading whereas the previous
method in water had only achieved a 1.8% Fe loading. For SpECs(2), the iron loading in
acetone produced a material [M17SpECs(2)] with much higher Fe content compared to the iron
loading in water, 10% and 3% respectively.
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Table 53: Results obtained from elemental analysis for CHN and ICP-OES for
Fe for SpECs and Fe loaded SpECs in acetone under vacuum.

sample %C %H %N %Fe
SpECs(1) 58.65 7.24 0.12 0.00
M18SpECs(1) 46.96 6.16 0.15 11.57
SpECs(2) 59.00 8.89 0.56 0.00
M17SpECs(2) 44.40 6.77 0.92 9.91
SpECs(3) 60.10 7.57 0.17 0.00
M19SpECs(3) 51.11 6.23 0.00 8.36

6.4.3.2.1. Effect of contact time on phosphates adsorption onto Fe/acetone loaded SpECs
Treatment of SpECs with iron salts dissolved in acetone gave the highest iron loading
percentage compared to the previous methods used, and also resulted in SpECs types that
exhibited the highest adsorption efficiency for phosphates (Figure 155). All three types of
loaded SpECs achieved great adsorption percentages in the first 10 minutes of contact time.

Iron loaded SpECs(1) [M18SspECs(1)] removed 94% of the total contaminant quantity in
10 minutes and reached 99% adsorption in 30 minutes of contact time. The loaded SpECs(3)
[M19SpECs(3)] showed a great efficiency by removing 97% of the total phosphates within
10 minutes of contact time. Iron loaded SpECs(2) [M17SpECs(2)] showed an improvement in
their adsorption efficiency by removing 98% of the total phosphate content in 20 minutes of

contact time.

Iron loading of SpECs in acetone under vacuum resulted in a material containing the highest
Fe loading percentages compared to water loading, also exhibiting the greatest adsorption
affinity towards phosphates. Such a finding could possibly be attributed to the rate of the
solvent evaporation; acetone evaporates faster than water, leading to the formation of smaller
iron crystals and furthermore to a material with higher surface area. Under vacuum, a higher

iron loading was achieved, possibly meaning that acetone achieved a better penetration through
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the SpECs pores, since it has lower surface tension than water and it might have been able to

get into areas inside the SpECs that water could not possibly reach.

100

= —@
; .

90 -

Fe solution in acetone

PO,3 % adsorption

—e— M18 SpECs(1)

—A— M17 SpECs(2)

—— M19 SpECs(3)

80
0 10 20 30 40 50 60 70 80 90 100
time (minutes)

Figure 155: Effect of contact time on phosphates adsorption by Fe loaded SpECs in acetone
under vacuum, graph zoomed in the region of 80 - 100% of phosphates removal (PO4*~ dose:
6 mg/L, n=3).

Analysis of the experimental data using the pseudo-first and pseudo-second order model
(Table 54) revealed that the adsorption of phosphates is described by the pseudo-second order
model for all three types, since the R? values are close to unity and the experimental maximum
loading capacities are in agreement with the calculated ones. This result indicates that the
process of phosphate adsorption is mainly happening through chemisorption on the material’s
surface with the adsorbate’s adsorption capacity affecting the rate of adsorption. All three types
presented a similar maximum loading capacity of ~1.65 mg/g similar to the values obtained
from the water/Fe loaded SpECs. This batch of tested SpECs presented a variation in their
initial sorption rates, with SpECs(1) and SpECs(2) having a value ~0.9 mg/g min whereas

SpECs(3) presented a much higher value of 3.7 mg/g min.
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Table 54: Kinetic parameters for phosphates adsorption by Fe/acetone loaded SpECs
(under vacuum) described by different models.
type | parameter type | parameter type | parameter
Qoo (Mglg) | 1.60 Qoo (Mglg) | 157 Qoo (Mglg) | 158
pseudo-first pseudo-first pseudo-first
- Qe1.cal (MQ/Q) 1.31 - Oe1.cal (MY/Q) 1.68 o Qe1,cal (MQ/Q) 8.05
§ ki 0.13 § K1 0.10 5‘ K1 0.08
= | R? 0.837| & |R? 0.861| & |R? 1
g pseudo-second é pseudo-second g pseudo-second
& | Yez.car (MQ/Q) 1.67 & | Gezcal (MQ/Q) 1.64 & | Yez.car (MY/Q) 1.61
ka 1.34 ko 0.32 Ko 1.42
h (mg/g min) 0.94 h (mg/g min) 0.85 h (mg/g min) 3.7
R? 0.997 R? 0.997 R 1

6.4.4. Comparisons between the adsorption performances

SpECs loaded in the different mediums under vacuum presented good adsorption properties
against phosphates with the acetone ones presenting the fastest adsorption reaching 95 - 100 %
phosphates removal in 30 minutes. Both batches presented adsorption kinetics that were best
described by the pseudo-second order model and the comparison of their maximum adsorption

capacities is presented in Table 55.

Table 55: Adsorption capacities of the different Fe loaded SpECs against phosphates.

adsorbent / gez,cal (MQ/Q)
medium for Fe loading SpECs(1) SpECs(2) SpECs(3)
water 1.69 1.62 2.09
acetone 1.67 1.64 1.61

The Fe loaded SpECs presented similar values of adsorption capacity against phosphates in the
range of 1.7 - 2.1 mg/g (Table 55). Iron loading in water under vacuum produced a material
presenting the highest adsorption capacity (2.1 mg/g) according to the pseudo-second model,
whereas iron loading in acetone under vacuum produced SpECs with a faster phosphate

adsorption rate compared to the water loaded ones (Figure 156).
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Figure 156: Comparison of the phosphates adsorption performance of iron loaded SpECs in
water and acetone, graph zoomed-in the region of 60 - 100% phosphates adsorption. M17-M19
SpECs are loaded in acetone. M20-M22 SpECs are loaded in water, both procedures were
performed under vacuum (n=3).

6.5. Conclusions

Even though phosphorus is essential for all living cells, high levels of phosphate in water can
cause a variety of problems such as eutrophication, depletion of the dissolved oxygen, damage
and loss of coral reefs and plant beds, depopulating of aquatic species leading to reduction of
the water quality and acceleration of water scarcity. Phosphates can end up in water through
agricultural routes as well as urban activities such as industrial and domestic wastewaters,

leading to a phosphorus surplus which accumulates in soil and can be easily transported to the
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aquatic environment. There is a growing interest in the development of new technologies to
tackle phosphate removal from wastewaters with adsorption procedures being the most
promising ones since they offer both low cost and high efficiency but also no sludge formation.
SpECs extracted by the three standard methods discussed in this thesis, were tested for their
phosphate adsorption affinity and were found inefficient. Thus, their surface was further
modified by treatment with iron chlorides. Two different solvents were tested for the iron
loading; water and acetone, after concluding that the application of vacuum was beneficial for
increasing the loading levels. Both treatments resulted in materials loaded with different Fe
percentages, with acetone resulting in the highest loading for all three types of SpECs. The
successful iron loading was confirmed with elemental analysis and SEM imaging and the

resulting iron loaded SpECs were tested for their phosphate affinity.

The fastest adsorption was achieved by Fe-SpECs(3) prepared in acetone, which removed
almost 100% of the initial phosphate concentration (6 mg/L) in 30 minutes of contact time. All
Kinetic results were analysed with the pseudo-first and pseudo-second order models where it
was concluded that the adsorption of phosphates on iron loaded SpECs is best described by the
pseudo-second order kinetic model. Such a finding means that for this experimental setup, the
adsorption of phosphates is mainly happening through chemisorption and that the most
important parameter affecting the adsorption is the adsorption capacity of the material. The
tested SpECs presented similar adsorption capacities, with the water/Fe loaded SpECs(3)

presenting the highest, 2.1 mg/g.

249



7. Conclusions

SpECs derived from Lycopodium clavatum were tested for their adsorption efficiency against
four contaminants, diclofenac, triclosan, oestradiol and phosphates. Under the different
experimental setups, the tested SpECs presented different maximum adsorption capacities for
either adsorption from a solution described by several kinetic models, or adsorption through a

packed-bed.

For DCF, the most efficient SpECs type was the aminated form of SpECs(3) [SpECs(3)AM],
presenting both the highest maximum adsorption capacity together with the fastest adsorption
rate. After one minute of contact time, 0.2 g SpECs(3)AM were able to adsorb 100% of the
DCF quantity (6 mg/L), presenting the highest adsorption rate (0.318 mg/g min) meaning that
out of all tested SpECs, SpECs(3)AM is possibly the one with the most available active sites
for DCF to bind. Under packed-bed studies, SpECs(3)AM presented a maximum adsorption
capacity value of 27.4 mg/g with a breakthrough point at ~480 mL of treated volume. Such
results would mean that on a larger scale and before reaching the breakthrough point, 1 kg of
the aminated SpECs(3) would be able to equivalently treat 320,000 litres of contaminated water
at a concentration of ~0.07 mg/L of DCF (an averaged DCF concentration from a range of
hospital effluents?®?). In terms of capacity, it would mean that the range of aminated SpECs(3)
required annually for treating these hospitals would be from ~90 - 860 kg (range of effluent per

year of hospitals of Massachusetts).262263

For TCS, all three SpECs types exhibited an efficient and fast adsorption by achieving 90 -
100% TCS removal in only two minutes of contact time. SpECs(3) was the most efficient type,
presenting a Kr value of 35.14 mg®YM/gL~*" for adsorption from a solution or a maximum

adsorption capacity of 37 mg/g under packed-bed setup. Since the TCS content in hospital
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effluents is as low as 0.044 pg/L,%®* the important factor for TCS adsorption under a packed-bed
setup would be the rate of adsorption of the adsorbent, as a high flow rate of ~55 -530 L/min
would be needed. In terms of capacity, it was calculated that 1 kg of SpECs(3) would be enough
to treat the annual discharge of one hospital (~1.2 - 12 g TCS in ~28,000,000 - 277,000,000 L).
They also presented an excellent adsorption rate of complete TCS removal in two minutes of

contact time.

Experiments on the adsorption of DCF and TCS from the same solution suggested that the
active sites on the surface of the SpECs may be different for each contaminant since none of
the contaminants presented slower adsorption kinetics when in mixture compared to when
alone. SpECs(1) and SpECs(2) presented a faster DCF adsorption when in the same solution
with TCS, suggesting that maybe the TCS molecules initially create a monolayer on the surface

of the SpECs, possibly forming new binding sites for DCF.

For E2, the maximum adsorption capacity for adsorption at equilibrium conditions was
~1.5 mg/g for the majority of the tested SpECs, whereas packed-bed studies revealed that
SpECs(1) was the most efficient type, presenting a maximum adsorption capacity of 42.5 mg/g.
Such a result would mean that in a larger scale and in terms of capacity, 1 - 3 kg of SpECs(1)
would be able to equivalently treat the annual discharge of one hospital containing ~0.12 pg/L
of E2 (reported E2 concentration in hospital effluents?®'). Whereas SpECs exhibited a good
level of adsorption capacity for E2, they presented much slower adsorption rates when
compared to the previously examined compounds, DCF and TCS. Even though the material’s
adsorption capacity is far beyond what would be required for treating hospital effluent or
surface waters, it was calculated that the rate of effluent discharge would be ~55 -
530 L/min,?622%3 which clearly displays the need for a fast adsorption rate being of far higher

importance than the material’s maximum adsorption capacity. It was concluded that SpECs
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would not meet the requirements for treating such a fast-flowing body of water and maybe a

different water treatment setup would be more ideal.

Experiments on phosphates adsorption only involved adsorption from a solution and revealed
that all iron loaded SpECs presented similar adsorption capacities, with the water/Fe loaded
SpECs(3) presenting the highest, 2.1 mg/g. The fastest adsorption was achieved by the
acetone/Fe SpECs(3), which removed almost 100% of the initial phosphates concentration

(6 mg/L) in 30 minutes of contact time.

As stated in the introduction, the most efficient approach to tackle the emerging contaminant
problem would be the immediate treatment of the sources of these contaminants, before
reaching the environment and being further dilute or mixed with other contaminants. A major
source of releasing pharmaceuticals in the aquatic environment are hospitals and a scenario of
a small water treatment setup containing SpECs cartridges filtering their effluents does not
sound unreasonable after the results obtained from this research. Whereas other materials
existing in recent publications presented higher adsorption capacity values, it was pointed out
that the differences in the experimental conditions make the direct comparisons with SpECs
very hard to judge. Furthermore, even though a high adsorption capacity value is a feature
highly needed, other factors are of more importance for the make of a successful adsorbent
such as the rate of adsorption, the reusability of the material, the production procedure being

low-cost, fast and environmentally friendly.

SpECs presented adsorption capacity values far beyond what would be required for treating
hospital effluent or surface waters and very good adsorption rates, especially for DCF and TCS.
SpECs(3) and their aminated form, SpECs(3)AM were proven to be the best candidates for
contaminant adsorption, with SpECs(3) ticking all the boxes for a successful adsorbent; apart

from their excellent adsorption behaviour, their production is fast and low-cost, they are
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environmentally friendly since they derive from plant spores and the chemicals used are not

harsh to the environment and they also presented good reusability.

Future work should include more experiments on the aminated SpECs, identifying the exact
conditions that affect their performance and giving them an expiry date on their adsorption
properties. Packed-bed studies using the aminated form should be further investigated as well
as an exhaustive study of a more efficient regenerating agent. Contaminant adsorption research
should include experiments on mixed systems that would include more than two contaminants
in different concentrations, also including ions and elements present in real water and
wastewater samples. Different pH values should be tested, variations in temperature and initial

contaminant dose, closer to real water samples conditions and properties.

Most important of all, future work should include packed-bed studies that are conducted under

more realistic conditions:

-bigger SpECs bed volumes, closer to the values calculated for treating hospital effluents,
-variation of flow rates closer to the range of (50 - 500 L/min) needed for hospital effluents
treatment and

-spiked real water samples with lower contaminant concentrations closer to the ones reported
in the literature.

In conclusion, SpECs were proven to be an effective adsorbent material for some of the tested
contaminants, presenting very promising results and good adsorption behaviour. Their use in
WWTPs would be beneficial when included in adsorption procedures, offering a low-cost and

environmentally friendly approach to tackling the problem of emerging contaminants.
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8.1. SpECs extraction

Raw Lycopodium clavatum was purchased from Sporomex Ltd (Hull, UK). NaOH 98%,
NaHCO3 99%, KOH 86%, NaOCl 14%, H2SO4 98% and HCI 37% were purchased from Fisher
Scientific (Loughborough, UK). NaCOs was purchased from Prime Chemicals (Rotherham,
UK). Acetone and absolute ethanol were purchased from VWR chemicals (Lutterworth, UK).
Ammonium persulfate 98% and tert-butyl hydroperoxide 70% were purchased from Acros
Organics (Geel, Belgium). Diclofenac sodium salt was purchased from Sigma-Aldrich (Dorset,

UK).

8.1.1. SpECs(1) KOH hydrolysis - HsPO4 treatment

L.clavatum raw spores (50 g) were stirred in acetone (225 mL) under reflux at 60 °C for 4 hours.
The suspension was then left to cool down, was filtered through a grade 2 porosity sinter and
washed with acetone until the solvent was colourless. The defatted spores were treated with
KOH 6% (250 mL) under reflux at 80 °C for 6 hours. The suspension was filtered and retreated
with a fresh KOH 6% solution for another 6 hours. The extract was filtered and washed with
deionised water until neutral pH and the cleaned spores were treated with HsPO4 (350 mL)
under reflux at 85 °C for 5 days. The solution was left to cool down and after reaching room
temperature it was filtered and carefully washed with deionised water until the washed off
solution became neutral (pH 6 - 7). The clean solid was washed with absolute ethanol and left

to dry under vacuum overnight. Mass of final product: 19 g.
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8.1.2. SpECs(2) NaOH hydrolysis

L. clavatum raw spores (500 g) were stirred in NaOH 6% (2.5 L) under reflux at 80 °C
overnight. The cooled suspension was filtered with porosity grade 2 filter and the solid was
meticulously washed with deionised water until the washed off solution became neutral (pH 6
- 7). The clean solid was washed with absolute ethanol and left to dry under vacuum overnight.

Mass of final product: 200 g.

8.1.3. SpECs(3)HCI hydrolysis

L. clavatum raw spores (500 g) were stirred in HCI 9 M (2 L) under reflux at 100 °C for 2 hours.
The cooled suspension was filtered with porosity grade 2 filter and the solid was washed several
times with deionised water until the washed off solution became neutral (pH 6 - 7). The extract
was washed with absolute ethanol and left to dry under vacuum overnight. Mass of final

product: 245 g.

8.1.3.1. Drying conditions of SpECs(3)
A quantity of the extracted SpECs(3) was further dried in a desiccator under vacuum for five

days. Another quantity was dried in the oven at 100 °C for three days.

8.2. SpECs surface modification

8.2.1. SpECsBL - Bleach (NaOCI) treatment

SpECs (2 g) were treated with 25 mL NaOCI (Fischer Scientific 14% CI availability) under
stirring for one hour at room temperature. The modified exines were filtered and washed with

hot deionised water, followed by washings with HCI 2 M. The resulting product was washed
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with deionised water until the washed off solution was of neutral pH. A final washing with

absolute ethanol followed and the modified SpECs were left to dry under vacuum overnight.

8.2.2. SpECs(2)HCI - HCI treatment

2 g of the base extracted exines, SpECs(2), were treated with 50 mL HCI 9 M under stirring at
room temperature for three hours. The resulting exines were filtered and washed with deionized
water until the washed off solution was of neutral pH. A final washing with absolute ethanol

followed and the modified SpECs were left to dry under vacuum overnight.

8.2.3. SpECsAPS - Ammonium Persulfate treatment

8.2.3.1. APS 1 M treatment at room temperature - SpECSAPSR1

The different extractions of SpECs (1 g) were treated with 20 mL APS 1 M diluted in H2SO4
1 M (4.56 g APS in 20 mL sulfuric acid 1 M - 1.68 mL H,SO4 in a 30 mL volumetric flask
filled with distilled water) for three hours at room temperature. The modified SpECs were
filtered and washed with distilled water until the washed off solution was neutral (pH 6 - 7). A
final washing with absolute ethanol followed and the modified SpECs were left to dry under

vacuum overnight. The resulting exines were named SpECs APSR1.

8.2.3.2. APS treatment at 90 °C - SpECsAPSH

The different extractions of SpECs (12 g) were treated with 250 mL APS 1 M diluted in H2SO4
1 M (57 g APS in 250 mL sulfuric acid 1 M - 14 mL H2SOg4 in a 250 mL volumetric flask filled
with distilled water) for three hours under reflux at 90 °C. The modified SpECs were filtered
and washed with distilled water until the washed off solution was neutral (pH 6 - 7). A final

washing with absolute ethanol followed and the modified SpECs were left to dry under vacuum
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overnight. The resulting exines were named SpECs APSH1. Following the same procedure,

different concentrations of APS were tested, in the range of 0.5 - 2 M.

8.2.4. Tert-butyl-hydroperoxide treatment - SpECSTBHP

The different extractions of SpECs (2 g) were treated with 50 mL TBHP (no dilution) for
3 hours at room temperature. The modified exines were filtered and washed with distilled water
until the washed off solution was coming out neutral (pH 6 - 7). A final washing with absolute
ethanol followed and the modified SpECs were left to dry under vacuum overnight. The

resulting SpECs were named SpECSTBHP.

8.2.5. Iron loading onto SpECs

8.2.5.1. Iron loading onto SpECs in water

15.5 g FeCl3-6H20 (0.057 mol) were dissolved into 20 mL milliQ water. 23.25 g FeClz-4H,0
(0.117 mol) were dissolved in 27 mL milliQ water and the two iron solutions were united under
stirring in a water bath at 30 °C until the complete dissolution of the Fe salts. At 20 mL of the
Fe salt solution, 1 g of extracted SpECs was added at room temperature and the mixture was
left stirring overnight. The following day, the mixture of SpECs and Fe salts was filtered and
washed with milliQ water until the rinsate was clear and free from iron salts. The resulting

SpECs were washed with absolute ethanol and left to dry in the vacuum pump.

8.2.5.2. Iron loading onto SpECs in water under vacuum
4.5 g FeCl3-6H20 (0.017 mol) were dissolved into 10 mL milliQ water. 6.8 g FeClz-4H,0
(0.034 mol) were dissolved in 10 mL of milliQ water and the two iron solutions were united

under stirring in a water bath at 30 °C until complete dissolution of the Fe salts. At 20 mL of
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the Fe salt solution 1 g of extracted SpECs was added at room temperature and the mixture was
left stirring under vacuum until complete evaporation of the solvent (two nights). The dried
mixture was filtered and washed with milliQ water until the rinsate was clear and free from

iron salts. The resulting SpECs were washed with absolute ethanol and left to dry in the vacuum

pump.

8.2.5.3. Iron loading in acetone

4.8 g FeCl3-6H20 (0.018 mol) were dissolved into 10 mL acetone. 7.3 g FeCl,-4H,0
(0.037 mol) were dissolved in 10 mL acetone and the two iron solutions were united. 5 mL
milliQ water were added and the mixture was left stirring in a water bath at 30 °C until the
complete dissolution of the Fe salts. 1 g of extracted SpECs was added at room temperature
and the mixture was left stirring under vacuum until complete evaporation of the solvent (one
night). Filtering and washings with acetone and milliQ water followed until the rinsate was
clear and clean from iron salts. The resulting iron loaded SpECs were washed with ethanol and

dried in the vacuum pump.

8.2.5.4. Magnetic SpECs

Following the protocol described in the literature,*®® 13.32 g FeCls-6H.0 were dissolved into
20 mL milliQ water followed by the addition of 19.88 g FeCl2-4H,0 diluted in 20 mL milliQ
water. 5 mL HCI 5 M and 5 mL absolute ethanol were added and the mixture was left under
stirring in a water bath at 30 °C until the complete dissolution of the Fe salts. 2 g of extracted
SpECs were added at room temperature and were left stirring for 2 hours. The mixture of
SpECs and Fe salts was then filtered and washed with milliQ water until the rinsate was clear.

The loaded SpECs were transferred to a flask containing 30 mL 1 M ammonia solution and left
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stirring for 1 hour. The resulting SpECs were filtered, washed with milliQ water and oven dried

at 40 °C.

8.2.6. Aminated SpECs

Different extractions of SpECs (3 g) were added into a solution of 1,6-hexanediamine (7.1 g)
in toluene (30 mL) and heated at 120 °C in a Dean Stark apparatus for 24 hours. The suspension
was allowed to cool down and was filtered through a grade 2 porosity sinter. The resulting
SpECs were washed successively with toluene (100 mL), HCI 2M (150 ml), NaOH 2 M
(150 mL), milliQ water until the pH of the effluent was neutral (400 mL), methanol (150 mL)
and dichloromethane (150 mL). The aminated SpECs were left to dry under vacuum overnight.

Mass of final product 2.7 g.

8.3. SpECs analysis

8.3.1. Boehm titration

The different extractions of SpECs (0.3 g) were treated with 20 mL of three different base salts
(NaOH, NaHCO3, Na2CO3) 0.1 M for 24 hours under agitation at the orbital shaker. The
suspensions were filtered through grade 2 porosity sinters and washed with milli-Q water until
the rinsate was coming off neutral. The solid was washed with absolute ethanol and left to dry
under vacuum overnight. The loaded SpECs were analysed with ICP-OES for their sodium

loading.

8.3.2. IR analysis
SpECs were analysed by FT-IR spectroscopy, using a Thermo Scientific Nicolet iS5

spectrometer, equipped with a iD1 Transmission chamber. All disks were created using a
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Specac manual press and were compressed at 1 ton. A highly accurate balance was used (5
decimal places), where 1 mg of SpECs was weighed and mixed with 130 mg of KBr (Alfa
Aesar). All spectra were normalised using second derivative methodology and finally
normalised between 0 and 1 using CH: peaks (~2875 cm™?). All measurements were repeated

in triplicate and then normalisation was performed, leading to identical overlays.

8.4. Diclofenac experiments

All diclofenac experiments were carried out using an orbital shaker (model PSU-10i Grant-
bio). For the concentration range 0.5 to 10 pg/mL, all analyses were conducted with a 6705
UV/Vis Spectrophotometer JENWAY Single cell holder having as a reference blank milliQ
water. For the lower concentrations ranging from 0.06 ng/mL to 10 pug/mL all analyses were
conducted using a Shimadzu HPLC-ESI-MS/MS equipped with a Shimadzu Shim-Pack
GISS-HP 3 um C18 column (100 x 3 mm) and coupled with a Shimadzu triple quadrupole
tandem mass spectrometer. The solvents used were LC-MS grade water (VRW chemicals)
spiked with 0.1% formic acid and LC-MS grade acetonitrile (VRW chemicals). The oven

temperature was set at 40 °C. The details of the analysis method are below:
flow: 0.6 mL/min injection volume: 5 puL

gradient:0-3 min 70% H>0-30% MeCN

3-4 min 0% H20-100%MeCN

4-4.2 min 70% H20-30% MeCN

8.4.1. Diclofenac reference curve
For the higher DCF concentrations experiments, a stock solution of diclofenac sodium salt

0.99 M was prepared, where DCF (31.6 mg) was diluted in milliQ water (100 mL). This stock
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solution was further diluted to a series of eight standard solutions with concentrations ranging
from 0.5 to 10 pg/mL. The absorbance of the standard solutions was measured against a blank
(milliQ water) at 275 nm. The procedure was repeated three times (both stock solution
preparations and analyses). A reference curve was created in Excel by plotting the mean values

of the absorbance versus the concentration of DCF.

For the lower DCF concentrations experiments, a stock solution of diclofenac sodium salt
2.2 M was prepared, where DCF (70 mg) was diluted in milliQ water (100 mL). This stock
solution was further diluted to a series of seven standard solutions with concentrations ranging
from 0.06 ng/mL to 10 pg/mL. The standards were analysed with the HPLC-MS/MS system
and the procedure was repeated three times (both stock solution preparations and analyses). A
reference curve was created in Excel by plotting the mean values of the peak area of the

chromatograms versus the concentration of DCF.

8.4.2. Diclofenac adsorption Kkinetics

SpECs (20 mg) were placed in vials containing 5 mL of DCF 6 pg/mL (0.019 mM for the high
DCF concentration experiments) or 3 ng/mL (0.009 uM for the low DCF concentration
experiments) and were agitated using an orbital shaker at a speed of 340 rpm, for different
periods of time ranging from 1 to 73 hours. A blank sample was also included containing
SpECs (20 mg) and milliQ water (5 mL). The experiment was conducted in triplicates for each
duration. For the high concentration, the suspensions were filtered with Pasteur pipettes stuffed
with cotton wool, after ensuring that the cotton does not interfere with the initial DCF
concentration. The absorbance of each filtered solution was measured at 275 nm against a blank
(milliQ water). For the low concentration, the suspension was filtered using a Phenomenex
HPLC filter and the effluent was analysed using the HPLC-MS/MS system. The DCF
concentration of the final solutions was calculated using the reference curves.
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8.4.3. Diclofenac adsorption isotherms

A stock solution of diclofenac sodium salt was prepared, where DCF (31.6 mg) was diluted in
milliQ water (100 mL). This stock solution was further diluted to a series of 14 standard
solutions with concentrations ranging from 0.5 to 25 pg/mL. 5 mL of each standard solution
were placed in vials containing SpECs (20 mg) and were agitated at 340 rpm for 24 hours. The
experiment was repeated three times for each concentration. The suspensions were filtered with
Pasteur pipettes stuffed with cotton wool. The absorbance of each filtered solution was
measured at 275 nm against a blank (milliQ water). The DCF concentration of the final solution
was determined by using the reference curve. The adsorption isotherms were created by
plotting the amount of DCF (ug) adsorbed per mass of SpECs (mg) versus the final

concentration of the solution (ug/mL).

8.4.4. SpECs wettability and diclofenac adsorption

SpECs (20 mg) were placed in closed vials containing 3 mL milliQ water and left to soak for
17 days. After this period, 2 mL of diclofenac solution (15 pg/mL) was added in each vial, and
the mixtures were agitated at 340 rpm for different periods of time. The suspensions were
filtered with Pasteur pipettes stuffed with cotton wool. The absorbance of each filtered solution
was measured at 275 nm against a blank (milliQ water). The DCF concentration of the final

solution was determined by using the reference curve.

8.5. Triclosan experiments
All triclosan experiments were carried out using an orbital shaker (model PSU-10i Grant-bio).
For the concentration range 0.5 to 10 pg/mL, all analyses were conducted with an Agilent

HPLC system equipped with an autosampler and a Phenomenex Gemini 5 um C18 column
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(110A, 150 x 4.60 mm). The solvents used were HPLC grade acetonitrile (Honeywell) and
milliQ water. The oven temperature was set at 30 °C and the retention time was ~15:20. The
data acquisition and analysis were conducted with the Laura software. The details of the

analysis method are below:

flow: 1 mL/min injection volume: 20 pL
gradient: 0-10 min 80:20 H20:MeCN

10-20 min 100% MeCN

20-22 min 80:20 H»,0O:MeCN

For the lower concentrations ranging from 0.06 ng/mL to 10 pg/mL all analyses were
conducted using a Shimadzu HPLC-ESI-MS/MS at the negative mode equipped with a
Shimadzu Shim-Pack GISS-HP 3 um C18 column (100 x 3 mm) and coupled with a Shimadzu
triple quadrupole tandem mass spectrometer. The solvents used were LC-MS grade water
(VRW chemicals) spiked with 0.1% formic acid (VRW chemicals) and LC-MS grade
acetonitrile (VRW chemicals). The oven temperature was set at 40 °C and the retention time
was ~3:30. The data acquisition and analysis were conducted with the LabSolutions software.

The details of the analysis method are below:
flow: 0.6 mL/min injection volume: 5 puL
gradient: 0 - 0.1 min 100% H20

0.1- 3.0 min 70:30 H20:MeCN

3.0 - 4.2 min 100% MeCN

4.2 - 6.0 min 70:30 H>O:MeCN
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8.5.1. Triclosan reference curve

For the higher triclosan concentrations experiments, a stock solution of TCS 0.32 mM was
prepared, where TCS (4.6 mg) was diluted in absolute ethanol (50 mL). This stock solution
was further diluted in milliQ water to a series of eight standard solutions with concentrations
ranging from 0.5 to 14 pug/mL. Each solution was analysed in triplicate using the HPLC system
at two detection wavelengths, 220 nm and 280 nm. Two reference curves were created in Excel,
one for each wavelength, by plotting the mean values of the peak area of the chromatograms

versus the concentration of TCS.

For the lower TCS concentrations experiments, a stock solution of TCS 1.2 M was prepared,
where TCS (34.4 mg) was diluted in absolute ethanol (50 mL). This stock solution was further
diluted to a series of seven standard solutions with concentrations ranging from 0.06 ng/mL to
10 pg/mL. The standards were analysed with the HPLC-MS/MS system and the procedure was
repeated three times (both stock solution preparations and analyses). A reference curve was
created in Excel by plotting the peak area of the chromatograms versus the concentration of

TCS.

8.5.2. Triclosan adsorption Kinetics

SpECs (20 mg) were placed in vials containing 5 mL of TCS 6 pg/mL (0.021 mM for the high
TCS concentration experiments) or 2 ng/mL (0.01 uM for the low TCS concentration
experiments) and were agitated using an orbital shaker at a speed of 340 rpm, for different
periods of time ranging from 1 to 4 hours and 2 to 10 minutes. A blank sample was also
included containing SpECs (20 mg) and milliQ water (5 mL). The experiment was performed
in triplicates for each duration. The suspensions were filtered using Phenomenex HPLC filters
after testing that they are safe and do not absorb any quantity of TCS. Each filtered solution
was analysed with either the HPLC system for the higher concentrations or the HPLC-MS/MS
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system for the lower concentrations. The TCS content of the final solutions was calculated

using the reference curves.

8.5.3. Triclosan adsorption isotherms

A stock solution of triclosan was prepared, where TCS (3.7 mg) was diluted in absolute ethanol
(50 mL). This stock solution was further diluted in milliQ water to a series of 11 standard
solutions with concentrations ranging from 0.5 to 55 pg/mL. 5 mL of each standard solution
were placed in vials containing SpECs (20 mg) and were agitated at 340 rpm for 10 minutes.
The experiment was repeated three times for each concentration. The suspensions were filtered
through Phenomenex HPLC filters and analysed in the HPLC system. The TCS concentration
of the final solution was calculated by using the reference curve. The adsorption isotherms
were created by plotting the amount of TCS (ug) adsorbed per mass of SpECs (mg) versus the

final TCS concentration of the solution (ug/mL).

8.6. Oestradiol experiments
All E2 experiments were carried out using an orbital shaker (model PSU-10i Grant-bio). All
analyses were conducted with a 6705 UV/Vis Spectrophotometer JENWAY Single cell holder,

using milliQ water as the blank standard.

8.6.1. Oestradiol solution stability

A stock solution of E2 2.3 mM was prepared, where E2 (31 mg) was diluted in absolute ethanol
(50 mL). This stock solution was further diluted in milliQ water to a series of seven standard
solutions with concentrations ranging from 0.5 to 10 pg/mL. The absorbance of the standard

solutions was measured against a blank (milliQ water) at 200 nm right after their preparation.
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In order to check the stability of each solution, a measurement of their absorbance was taken
at different time intervals starting from 24 hours after their preparation and ending after
180 hours. The solutions were stored at room temperature. A plot of their absorbance values

versus time was created in Excel.

8.6.2. Oestradiol reference curve

A stock solution of E2 2.3 mM was prepared, where E2 (31 mg) was diluted in absolute ethanol
(50 mL). This stock solution was further diluted in milliQ water to a series of seven standard
solutions with concentrations ranging from 0.5 to 10 pg/mL. The absorbance of the standard
solutions was measured against a blank (milliQ water) at 200 nm. The procedure was repeated
three times. A reference curve was created in Excel by plotting the mean values of the

absorbance versus the concentration of E2.

8.6.3. Oestradiol adsorption Kinetics

SpECs (20 mg) were placed in vials containing 5 mL of E2 6 ug/mL (0.021 mM) and were
agitated using an orbital shaker at a speed of 340 rpm, for different periods of time ranging
from 1 to 48 hours. A blank sample was also included containing SpECs (20 mg) in milliQ
water (5 mL). The experiment was performed in triplicates for each duration. The suspensions
were filtered through Phenomenex HPLC filters after ensuring that the filters do not absorb
any E2 quantity. The absorbance of each filtered solution was measured at 200 nm against a
blank (milliQ water). The E2 concentration of the final solution was calculated using the

reference curve equation.
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8.6.4. Oestradiol Adsorption Isotherms

A stock solution of E2 2.3 mM was prepared, where E2 (31 mg) was diluted in absolute ethanol
(50 mL). This stock solution was further diluted in milliQ water to a series of seven standard
solutions with concentrations ranging from 0.5 to 10 pg/mL. 5 mL of each standard solution
were placed in vials containing SpECs (20 mg) and were agitated at 340 rpm for 24 hours. The
experiment was repeated three times for each concentration. The suspensions were filtered
through Pasteur pipettes stuffed with cotton wool. The absorbance of each filtered solution was
measured at 200 nm against a blank (milliQ water). The E2 concentration of the final solution
was calculated by using the reference curve. The adsorption isotherms were created by plotting
the amount of E2 (ug) adsorbed per mass of SpECs (mg) versus the final concentration of E2

in the solution (ug/mL).

8.7. Mixed contaminants experiment

The mixed contaminants experiment was carried out using an orbital shaker (model PSU-10i
Grant-bio). All analyses were conducted with an Agilent HPLC system equipped with an
autosampler and a Phenomenex Gemini 5 pm, C18 column (110 A, 150 x 4.60 mm). The oven

temperature was set at 30 °C. The details of the analysis method are below:
flow: 1 mL/min injection 20 uL

gradient: 0-10 min 100% H>O-MeCN 80:20

10-20 min 100% MeCN

20-22 min 100% H20-MeCN 80:20

267



8. Experimental

8.7.1. Mixed contaminant reference curve

TCS and DCF stock solutions were prepared, where 0.05 g of DCF were diluted in 50 mL
milliQ water (1 mg/mL) and 0.03 g of TCS were diluted in 50 mL pure ethanol (0.6 mg/mL).
A stock solution was prepared in milliQ water, containing both contaminants with an individual
concentration of 10 pug/mL. Standard solutions were prepared by further diluting the mixed

stock solution for a range of individual concentrations of 0.5 to 10 ug/mL.

The standard solutions were analysed with the HPLC Agilent system, at two different
wavelengths 220 and 280 nm. Plots of the peak area against the concentration of each
contaminant were created with Excel and individual reference curves were obtained with

individual equations.

8.7.2. Mixed contaminants adsorption experiments

A solution containing 6 pg/mL of DCF and 6 pug/mL of TCS was prepared and labelled mixed
DCF/TCS. SpECs (20 mg) were placed in vials containing 5 mL of mixed DCF/TCS and were
agitated using an orbital shaker at a speed of 340 rpm, for different periods of time ranging
from 10 to 60 minutes. A blank sample was also included containing SpECs (20 mg) in milliQ
water (5 mL). The experiment was performed in triplicates for each duration. The suspensions
were filtered through Phenomenex HPLC filters and the filtrate was analysed in the HPLC

system. The DCF and TCS concentrations were calculated using their reference curves.

8.8. Phosphates experiments
All phosphate experiments were carried out using an orbital shaker (model PSU-10i Grant-bio).
All analyses were carried out using a 6705 UV/Vis Spectrophotometer JENWAY Single cell

holder, with milliQ water as the reference blank.
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8.8.1. Phosphates detection method
For the detection of phosphates in aqueous solutions, the protocol described in the literature

was followed.*%

Mixed reagent preparation: In a 25 mL volumetric flask, 1 g (NH4)6M07024 and 0.07 ¢
K(SbO)C4H4O¢ were added and shaken with milliQ water until compete dissolution. 7.2 mL
of the Mo/Sb solution were transferred to a clean and dry vial and 24 mL H2SOs 5 N were
added under gentle stirring. When the solution turned clear from cloudy, 14.4 mL of 0.1 M
ascorbic acid (0.44 g in 25 mL milliQ water) was added and the solution was gently shaken

again.

In 4 mL water sample, 1 mL of the mixed reagent was added and after vortex stirring, the
sample was set aside for 21 minutes to develop its colour. The absorbance was then measured

at 890 nm against a blank sample (4 mL milliQ water + 1 mL mixed reagent).

8.8.2. Phosphates reference curve

A stock solution of potassium phosphate 0.078 M was prepared, where potassium phosphate
(0.53 g) was diluted in milliQ water (50 mL). This stock solution was further diluted to a series
of seven standard solutions with concentrations ranging from 0.5 to 10 pg/mL. After reacting
with the mixed reagent, the absorbance of the standard solutions was measured against a blank
(milliQ water + mixed reagent) at 890 nm. The procedure was repeated three times. A reference
curve was created in Excel by plotting the mean values of the absorbance versus the

concentration of potassium phosphate.
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8.8.3. Phosphates adsorption kinetics

SpECs (20 mg) were placed in vials containing 5 mL of phosphates 6 pg/mL (0.044 M) and
were agitated using an orbital shaker at a speed of 340 rpm, for different periods of time ranging
from 30 to 90 minutes. A blank sample was also included containing SpECs (20 mg) and milliQ
water (5 mL). The experiment was performed in triplicates for each duration. The suspensions
were filtered with Pasteur pipettes stuffed with cotton wool after ensuring that the cotton does
not absorb any quantity of phosphates. After reacting with the mixed reagent, the absorbance
of each filtered solution was measured at 890 nm against a blank (milliQ water + mixed
reagent). The phosphates concentration of the final solution was calculated using the reference

curve equation.

8.9. Packed-bed studies

8.9.1. Column preparation

Different masses of SpECs were placed in a glass column of 30 cm high and 2.5 cm diameter
and 250 mL total volume equipped with a sinter filter. SpECs were tightly packed using ethanol
and compressed air followed by the addition of 2 g of low iron sand (Fisher scientific) as a
second layer on top of the SpECs layer. The packed-bed was washed several times with milliQ
water to wash off any impurities and to remove any air bubbles trapped between the layers and

the particles. The hight of the packed SpECs and sand layer was noted down individually.

8.9.2. Packed-bed experiments
A contaminant solution (DCF, TCS or E2) of known concentration was passed through the
SpECs and sand layer under gravity at different flow rates. The flow rate was adjusted using

the column’s tap and a timer. Initially, the effluent was collected in small portions (5 mL) and
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was analysed for its contaminant content. Later, when the contaminant concentration was more
stable, the collected portions were bigger (20 - 50 mL). The experiment kept going until the
complete saturation of the SpECs, where the effluent’s contaminant content was equal to the
initial contaminant concentration. The ratio of the effluent’s concentration to initial
concentration (C/Co) was calculated for each portion and the plot of C/Cq versus treated volume

was created in Excel.

Different initial contaminant concentrations were tested, as well as different SpECs masses and

flow rates.
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