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Summary
Nortriptyline (NT) is a tricyclic antidepressant in common use in many countries. Its
presence in drinking water indicates that current wastewater treatment practices fail to
remove it effectively from effluents with consequent adverse effects on aquatic organisms.
Since mineral surfaces readily remove many organic substance from effluent streams, this
research sought to study the sorption of NT on montmorillonite, kaolinite and gibbsite. This
thesis describes binary and ternary sorption systems involving NT, humic acid (HA), gallic
acid (GA) and the soil minerals gibbsite, kaolinite and montmorillonite. These systems
were investigated using sorption experiments, X-ray diffraction (XRD), attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectroscopy and surface complexation
modelling.
Sorption of NT on all three substrates was effectively independent of pH in the range from
3 to 12. Both montmorillonite and kaolinite proved excellent sorbents, but gibbsite sorbed
relatively little. The XRD and ATR-FTIR results indicated that NT formed a multilayer on
montmorillonite with no evidence of intercalation. Using an Extended Constant
Capacitance Model (ECCM), NT sorption was modeled on both kaolinite and
montmorillonite. The results indicated that NT sorbed as protonated cation to the
permanently negative charged sites at siloxane faces of both surfaces. For montmorillonite,
consistent with the XRD results, there was no evidence of NT sorption to interlayer regions.
The presence of HA generally increased the uptake of NT by gibbsite and kaolinite, mostly
due to HA sorption creating a more hydrophobic surface onto which NT could adsorb
readily. For montmorillonite however, the presence of HA in the system reduced the
amount of NT sorbed to the surface. Among the studied surfaces, gibbsite sorbed more GA
than both kaolinite and montmorillonite, with sorption increasing in the order,
montmorillonite < kaolinite < gibbsite. In the presence of GA, NT sorption to both gibbsite
and kaolinite increased. The effect of GA on NT sorption was more pronounced at higher
pH in the gibbsite ternary system. GA sorption to montmorillonite was enhanced at pH < 8
with the addition of NT to the system. At higher pH values, GA sorption was supressed in
the presence of NT.
V

The results of this work show that NT can be strongly retained in environmental soil
systems, with both the mineralogy and organic composition playing a role. In some cases
higher amounts of organic can increase retention, but in other situations organic material
may actually reduce the amount of NT bound with solid phases. For a given environment,
the nature of the mineral phase is impo5rtant to understanding and predicting how NT might
be retained.

VI

Statement of Authorship
Except where reference is made in the text of this thesis, this thesis contains no material
published elsewhere or extracted in whole or in part from a thesis submitted for the reward
of any degree or diploma.
No other person’s work has been used without due acknowledgement in the main text of
this thesis.
This thesis has not been submitted for the award of any degree or diploma in any other
tertiary institution.

Shahrzad Sadri
20/9/2018

VII

Acknowledgements
I would like to acknowledge and thank the following people for their contribution and
support throughout my PhD:
Thank you to my supervisors Dr Michael Angove, Dr Bruce Johnson and Dr David Morton
for your ongoing support and encouragement throughout the duration of my PhD and also
throughout my time at La Trobe University, it is much appreciated.
I would like to thank all the technical staff at La Trobe University in particular Dot Andison,
Jodie Hill and Josephine Cue. Thank you for your time, assistance and patience.
I would also like to thank all my fellow post grads (you know who you are!). You really
welcomed both Azzi and I warmly, and made us feel at home. Thank you for all the cultural
tips, helping us overcome the alleged “abruptness”.
Finally, a big thank you to my family for their ongoing love, support and encouragement,
which without whom the entire experience would be meaningless.

VIII

1 Introduction
Numerous substances are produced already for pharmaceutical use, and as the population
ages, the use of pharmaceuticals to ease age-related conditions is expected to increase
(National Center for Health Statistics 2011). The presence of active pharmaceutical
ingredients in the environment, has been studied since the late 1970s (Zuccato et al. 2006).
These studies focused mainly on substances that seemed to disrupt endocrine systems in
humans and aquatic receptors. In general, it has been believed that detected concentrations
were too low to produce a risk to human health. However, recent findings indicate
otherwise, suggesting that the main concern with these products is not necessarily the high
concentration of a certain drug, but the environmental persistence and critical biological
activity of both the drug, and its metabolites (Fent et al. 2006). Many of these
pharmaceuticals are not efficiently removed in conventional wastewater treatments, and
therefore end up in ground water, and sometimes drinking water. The occurrence of these
drugs as well as their high persistence in the environment and toxicity to non-target
organisms, justify the growing concern about these environmental pollutants (van der Ven
et al. 2006).
Pharmaceuticals are excreted generally as non-conjugated or conjugated polar metabolites,
while conjugate forms can be transformed into their active parent form in sewage treatment
facilities as shown for Estradiol (Ternes et al. 2002), the steroid hormone in contraceptive
pills (D'Ascenzo et al. 2003). They might have a low risk of acute toxicity when introduced
in the environment, however there is little information about the potential chronic risk
posed (Fent et al. 2006). Pharmaceuticals are used with the intent of having some type of
biological or physiological effect in humans or animals. In the particular case of nervous
system related pharmaceuticals, these have great relevance on the regulation of behaviour
through affecting the central nervous system directly and disrupting neuro-endocrine
signalling (Sanderson et al. 2003). The alteration of the reproduction patterns in non-target
aquatic organisms is one good example that illustrates the possible adverse effects (Brooks
et al. 2003).
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1.1 Antidepressants
Antidepressants are used primarily for treatment of depression, but can also be used to treat
a broad range of other conditions including sleep and eating disorders, alcohol and drug
abuse, chronic pain and post-traumatic stress disorders (Mejo 1990). Antidepressants are
generally prescribed for long-term use, leading to an increased production volume
compared to other types of pharmaceuticals (Baldessarini 1989).
In 2011 the National Centre for Health Statistics (NCHS) published a report stating that
antidepressants were the third most common prescription drugs taken by Americans of all
ages, and the most frequently used by persons aged 18–44 years. From 1994 through 2008,
the rate of antidepressant use in the United States among all ages increased nearly 400 %
(Pratt et al. 2011). Other reports in the United Kingdom showed that over the period from
1998 to 2010, prescriptions of drugs used for mental disorders increased by 6.8 % per year
on average; antidepressant prescriptions increased by 10 % per year on average, and
antipsychotics by 5.1 % (Ilyas & Moncrieff 2012).
A number of other studies focusing on the environmental impact of most common
antidepressants including fluoxetine, diazepam, sertraline, paroxetine, and others, have
shown clearly the significant adverse effects of antidepressants and anxiolytics in living
organisms of aquatic matrices (Brooks et al. 2003; Sanderson et al. 2003; van der Ven et
al. 2006; Calisto & Esteves 2009)

1.1.1 Tricyclic antidepressants (TCAs)
TCAs perform as inhibitors of reuptake of the neurotransmitter serotonin and/or
norepinephrine in the central nervous system (Alves et al. 2006). TCAs are used in the
clinical treatment of a number of mood disorders such as depression and anxiety,
neurological disorders such as attention deficit hyperactivity disorder (ADHD), as well as
chronic pain, neuralgia or neuropathic pain. For the past two decades, TCAs have been
replaced by new classes of antidepressants due to their narrow therapeutic index and
potential for serious side effects and drug–drug interactions (Melanson et al. 2007). They
carry a high risk of critical side effects, even in patients taking the recommended dosage.
The clinical presentation of TCA overdose may include some anticholinergic effects
2

namely; dry mouth, blurred vision, constipation, and urinary retention, as well as cardiac
irregularities (Schwartz et al. 1994; Linder & Keck 1998; Shaw 2001).
Nonetheless, TCAs are still broadly prescribed throughout the world. In the United
Kingdom between 1991 and 1996, there was a 40% increase in prescriptions of TCAs
(Lawrenson et al. 2000). Since TCAs accounted for the most deaths from antidepressant
overdose (Thanacoody & Thomas 2003), they are considered one of the most toxic
substances. In 2006 it was demonstrated that TCAs are likely to perform estrogenic activity
and produce endocrine disruption in zebra fish (van der Ven et al. 2006).

1.1.2 Nortriptyline (NT)
Nortriptyline (NT), is a TCA used mainly to treat clinical depression. It is classed as a
second-generation TCA. Of its side effects NT, anticholinergic and cardio-toxic effects are
the most common (AMH 2009). NT is the major active metabolite of amitriptyline (AT), a
first-generation TCA. It is the N-desmethyl metabolite of AT. Like AT it works by
inhibiting the reuptake of serotonin and norepinephrine, thereby enhancing synaptic
signalling via these neurotransmitters (Bayer 2015).
Table 1.1 shows the structure of NT ([3-(10,1) dihydro-5H-dibenzo [a,d] cyclohepten-5ylidene)-N-methyl-1-propanamine]) as well as some of the physiochemical properties of
the molecule. The chemical structure comprises a tricyclic ring system with an alkyl amine
substituent on the central ring. The amine group is a secondary amine with the ability to
protonate at pH values lower than its pKa.
Table 1.1
The chemicals structure and physiochemical properties of NT.

a

Clarke (1975).

b

EPA (2012).

c

Brodin (1974).

Molar mass (g mol-1)

pKa

Solubility (mg L-1)

Log Kow

299.84

9.8 a

2.21b

4.51c
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1.2 Occurrence of antidepressants in the environment
Widespread use of antidepressants over the past few decades, has resulted in their increased
detection in water supplies. Many of these pharmaceuticals are not efficiently removed in
conventional wastewater treatments, and therefore end up in ground, and sometimes
drinking water (Buser et al. 1998; Kolpin et al. 2002; Metcalfe et al. 2003). In this section
a summary of recent studies focusing on the environmental detections of antidepressants
will be presented.
Among antidepressant and anxiolytic agents, benzodiazepines (BZDs) are the most studied
as potential environmental pollutants (Calisto & Esteves 2009). These compounds are not
used exclusively for human treatments, but they are also used in veterinary treatments for
their anxiolytic and appetite stimulation effects (Carvalho et al. 2014). Diazepam is one of
the most common drugs in this class. Diazepam was present in eight of the post-treated
wastewater samples gathered from 20 plants in Germany (Ternes 1998) and Belgium (van
der Ven et al. 2004). It can be classified as potentially harmful to aquatic organisms
(Thacker 2005). There are also reports related to the contamination of surface waters (rivers
and lakes) by diazepam in Western Australia (Stein et al. 2008). Other drugs in this class
include: clonazepam and lorazepam which were found in samples of the treated hospital
effluent, collected over the period of a week in Brazil. In this study it was suggested that
diazepam requires considerable attention due to its environmental toxicity (de Almeida et
al. 2013).
One of the most common classes of antidepressants are the selective serotonin reuptake
inhibitors commonly known as SSRIs. The SSRIs modulate the levels of the
neurotransmitter serotonin (AMH 2009). The SSRI Fluoxetine is the most commonly
investigated antidepressant. It is the most toxic human pharmaceutical reported so far
(Brooks et al. 2003), and it could be one possible example of an antidepressant that has
endocrine disruptive behaviour (Kolpin et al. 2002). Fluoxetine is also known to be one of
the most persistent pharmaceuticals in the environment that is not actively susceptible to
biodegrading (Vasskog et al. 2006; Redshaw et al. 2008). It has been detected in sewage
treatment effluent samples in Canada (Metcalfe et al. 2003), and in U.S. streams (Kolpin et
al. 2002). However, the antidepressants found in the highest concentration in this class were
4

venlafaxine and citalopram, in samples collected downstream from a water reclamation
plant (Schultz & Furlong 2008). Toxic concentrations of fluoxetine, sertraline and their
metabolites were found in brain tissues of four fish species in a municipal water streams,
in Texas, USA (Brooks et al. 2005).
Given the very large amount of AT and NT used (TCAs), their widespread detection in
surface water and in bio-solids that can reach agricultural land is not surprising (Li et al.
2013a). AT is the most investigated drug in the TCA class. In 2008 alarming amounts of
AT were found in drinking water (Snyder 2008), revealing the inefficiency of water
treatment plants in removing these chemicals. While previous studies have focused on AT,
there is little information on the fate and interactions of NT in the environment.

1.3 Sediments and soil minerals
Soils are generally complex mixtures composed of minerals, air, water, microorganisms
and organic matter (White 1987). Minerals often play an important role in natural soil and
water systems, acting as sorbents for dissolved or suspended chemical species through a
variety of sorption processes (Crawford et al. 1993; Crawford et al. 1997). Clay minerals
can therefore perform as effective regulators for a wide range of substances including
essential trace elements (e.g. Cu, Co, B), toxic heavy metals (e.g. Hg, Cd, Pb) and organic
pollutants (e.g. pesticides, insecticides, pharmaceuticals etc.) (Crawford et al. 1997).
Minerals generally found in the clay fraction of soils, are formed by chemical weathering
of the natural occurring rock matrix. The most common minerals found in the clay fraction
of soils include the oxides and the phyllosilicates (Tan 1998; Sposito 2008). Common
examples of oxide minerals are silica, alumina and iron oxides, while kaolinite and
montmorillonite are two of the more common phyllosilicates minerals found in soils and
sediments (Leeper & Uren 1993).
Oxide minerals include oxides, hydroxides and ox-hydroxides of metals such as Al, Fe, Si
and Mn. Their structure consists of either hexagonal or cubic packed oxygen atoms or
hydroxyl ions with metal cations present most often in octahedral sheets. Common oxide
minerals found in soils include gibbsite, an aluminium hydroxide, and goethite, an iron
hydroxide (Leeper & Uren 1993). Phyllosilicates consist of layers constructed from
tetrahedral sheets, which contain silica, and octahedral sheets which contain a range of ions,
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particularly Al or Mg. Depending on the number of tetrahedral and octahedral sheets,
phyllosilicates can be classified as either 1:1 or 2:1 phyllosilicates. Common 1:1 and 2:1
phyllosilicates found in soils include kaolinite and montmorillonite respectively (Leeper &
Uren 1993). Each 1:1 layer has the octahedral and tetrahedral layers bound through shared
O2- ions. Successive 1:1 layers are held together by hydrogen bonds. The 2:1 clays consist
of one octahedral sheet sandwiched between two tetrahedral sheets that are oriented in
opposite directions, with successive 2:1 layers held together by electrostatic and van der
Waals forces (Van Olphen 1977).
The presence of a surface charge plays an important role in many colloidal systems. There
are two main types of processes leading to surface charges, one depending on the pH
solution and the other independent of pH. pH dependent surface charge results from the
protonation and dissociation of surface functional groups such as hydroxyl groups
(Essington 2004; Sposito 2008). Surface hydroxyl groups are commonly represented by
SOH where S represents an element in the crystal structure bound to a hydroxyl group.
SOH groups of hydroxide surfaces can undergo both protonation (sorb a proton) and
dissociation (release a proton) reactions. At low pH the hydroxyl group becomes protonated
producing a positive charge while at high pH the hydroxyl group dissociates producing a
negative charge.
Low pH: SOH + H+ ⇌ SOH2+
High pH: SOH ⇌ SO- + H+
The pH at which the net surface charge is zero is referred to as the point of zero charge
(pHPZC) (Sposito 2004). Because mineral surfaces tend to be positively charged at pH
values below PZC, anions have a stronger electrostatic affinity for the surface under these
conditions. In pH values above PZC however, the surface becomes negatively charged, and
cations tend to sorb more strongly to the surface.
In some minerals there is also a permanent surface charge (usually negative) resulting from
isomorphic substitution especially for phyllosilicates. Isomorphic substitution involves the
replacement of one atom in the crystal structure with another atom of similar size often
with a different oxidation state (Essington 2004). The extent of isomorphous substitution
(e.g. Al(III) for Si(IV) varies from one mineral to another; it is relatively small in kaolinite
6

compared with montmorillonite or illite. These phyllosilicates may also contain active
hydroxyl functional groups at the edges of the crystal, which have pH-dependent charge
(Sposito 2008).

1.3.1 Gibbsite
Gibbsite is an aluminium hydroxide mineral that is mainly found in areas with highly
weathered soils (Sposito 2004). The structure of gibbsite comprises stacked dioctahedral
sheets of Al(OH)3 held together by hydrogen bonds. Gibbsite contains both doubly and
singly coordinated hydroxyl groups (Essington 2004). The double coordinated hydroxyls
are present on both the basal plane and edges of the gibbsite crystals while the singly
coordinated hydroxyls are only present on the edges. While it has been reported that the
doubly coordinated hydroxyls on gibbsite are proton active, the singly coordinated
hydroxyls found on the crystal edges are thought to be the principal reactive sites (Hiemstra
et al. 1999; Rosenqvist et al. 2002b).
The surface charge on gibbsite is pH dependent. The pHPZC for gibbsite prepared by the
method used in this work has been determined to be 9.0 by Rosenqvist et al. (2002b). Below
pH 9 the surface tends to carry a positive charge whereas above pH 9 the surface carries a
negative charge. The ability of gibbsite to have both positively and negatively charged
enables the interaction with cations and anions and, as a result, the mineral can play an
important role in a range of soil processes.

Figure 1.1 the schematic diagram of gibbsite crystal.
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1.3.2 Kaolinite
Kaolinite is a major mineral in Australian soils (Leeper & Uren 1993). Kaolinite has
widespread use in the manufacture of many products including china, porcelain, paper,
paint and to a lesser extent pharmaceutical industry (Kage et al. 1988). It is an
aluminosilicate constructed of layers comprising one tetrahedral sheet containing silicon
and one gibbsite-like octahedral sheet containing Al. The layers are held together by
hydrogen bonding between hydroxyl groups of the octahedral layer and oxygen ions of the
adjacent tetrahedral layer. Unlike some 2:1 clays, kaolinite does not undergo swelling due
to the strong hydrogen bonding between the 1:1 layers.
Kaolinite crystals possess both permanently negative charged, and pH dependent sites. The
permanent negative charge on kaolinite crystals occurs as a result of isomorphic
substitution which generally involves the replacement of Si4+ with Al3+ in the tetrahedral
sheet (Leeper & Uren 1993). The pH dependent Al-OH sites occur on the edges of kaolinite
crystals. The pHPZC for Al-OH sites is reported to be about 7.2 (Spark et al. 1995). Below
pH 7.2 the Al-OH surface sites are positively charged while above pH 7.2 the surface sites
are negatively charged. Kaolinite, as with gibbsite, can also play an important role in soil
processes. The typical structure of a kaolinite crystal is shown in Figure 1.2
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Figure 1.2 the schematic diagram of kaolinite crystal (a) and the structure of kaolinite (b).

1.3.3 Montmorillonite
Montmorillonite is an example of a 2:1 expanding clay mineral belonging to the smectite
clay group, and is commonly found in soils. The mineral consists of a dioctahedral alumina
sheet sandwiched between two tetrahedral silica sheets (Fig 1.3). The existence of an
interlayer region between adjacent 2:1 layers with a dimension that varies with the degree
of hydration, is a well-known characteristic of montmorillonite (Sainz-Diaz et al. 2001;
Sposito 2008).
Unlike kaolinite, the silica sandwich-like layers are relatively weakly held together by
interlayer cations, which gives these clays their expanding properties. Water and solute can
move in and out of the interlayer region of montmorillonite particles, and the clay expands
or contracts accordingly. In dry conditions, soils that have a high expanding clay content
can crack as a result of the removal of water from within the interlayers (Van Olphen 1977).
Access of solvent and solute to the interlayer space means that the effective surface area
available for sorption can be as high as 800 m2 g-1, so these clays are often very effective
sorbents in soil and sediment systems (Van Olphen 1977).
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The extent of isomorphous substitution in montmorillonite is greater than in kaolinite. The
excess negative charge is compensated by sorption of cations onto the surface of the layer.
These cations are known as exchangeable cations as they are readily exchanged by other
cations from solution.

Figure 1.3 the schematic diagram of montmorillonite crystal (a) and the structure of
montmorillonite (b).
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1.4 Sorption
Sorption is a phenomenon involving the removal of a solute from solution through
interaction with a solid mineral phase through either adsorption or precipitation. In natural
environments, sorption onto mineral surfaces is of great importance in retaining chemical
compounds such as nutrients as well as pollutants (Leeper & Uren 1993; Evangelou 1998).
Adsorption is the process of adhesion of a chemical substance to a surface and can be
thought of as an equilibrium process:
S (surface) + A (sorbate) ⇌ SA (complex)
Adsorption processes are further categorized as either outer-sphere (physical sorption), or
inner-sphere (chemisorption). Outer-sphere adsorption involves the formation of surface
complexes that have at least one water molecule interposed between the adsorbing species
and surface site. These complexes are maintained by electrostatic, van der Waals and
hydrogen bonding forces. Inner-sphere interaction however, includes surface complexes
that contain no interposed water molecules. These surface complexes involve the formation
of chemical bonds between the adsorbate and surface functional groups.
Sorption onto clay minerals is affected by many factors some of which include pH, the
nature and extent of both adsorbate and adsorbent and the presence of organic matter. pH
can determine the charge of surface hydroxyl sites, and therefore affect ionic affinity. pH
effects the sorption behaviour of both inorganic and organic molecules (Ward & Brady
1998). However, characteristics of the organic species such as number and position of
functional groups and hydrophobicity also determines the adsorption behaviour of organic
molecules (Ward & Brady 1998).

1.4.1 Soil organic matter
Natural soil systems generally contain organic matter which can influence sorption of other
compounds onto soil compartments. The presence of natural organic matter can either
supress or enhance the sorption of sorbate on various clay minerals (Shareef 2005). This
suppression or enhancement of sorption depends on many factors chiefly the nature of
sorbate and substrate as well as environmental pH
11

The organic fraction of soils is very complex, but generally comprises humic substances
which are produced mainly from the decomposition of large carbohydrate or protein
structures. Soil organic content may contain dead and living plant and organic matter,
which can have significant impact on the physical, chemical and biological conditions in
soils. Humic substances are difficult to define, as the structure and nature of these materials
is highly variable (MacCarthy 2001). Humic substances exhibit both hydrophobic and
hydrophilic characteristics that can bind to mineral surfaces. Because of their complexity
and ability to interact with soil minerals, humic materials can substantially influence the
nature of the interactions between solutes and solid phases (MacCarthy 2001).
Humic acid (HA)
Humic substances comprise 40-90 % of soil organic matter (Hur & Schlautman 2004). HA
is mostly soluble under alkaline conditions. The molecular weight of HAs is very high and
may range from several hundred to thousands of daltons (Tan 2003). HA is known to have
both aromatic and aliphatic moieties, and to contain phenolic, carboxylate and amine as
dominant functional groups. The hypothetical structure of HA is given in Figure 1.4a.
The acid-base properties of HA play an important role in the buffering capacity of soils, in
addition to the mobilization and transport of micronutrients, toxic and metal ions, and
organic cations in soil (Plaza et al. 2005). HA can influence the nature and extent of
interaction of hydrophobic pollutants with soil and sediments, due to the large nonpolar
moiety of HA molecules (Karickhoff 1984). HA can develop negative charges above pH
3, as a result of dissociation of carboxyl and phenolic OH groups (Tan 2003). The charge
associated with HA molecules enable it to interact with both mineral surfaces as well as
cations in soil environments. HA has been found to affect the physical, chemical and
biological characteristics of soils.
Gallic acid (GA)
GA (Figure 1.4b) is a trihydroxy-benzoic acid, found both free and as part of hydrolysable
tannins (Rice-Evans et al. 1996). GA is a phenolic acid naturally found in different plant
constituents (Cuvelier et al. 1992). In a recent study conducted by Giannakopoulos and
Deligiannakis (2011), it was demonstrated that gallic acid can be an appropriate analogue
for determination of humic sorption on a chargeable surface.
12

In a number of studies, the use of carboxylic and aromatic molecules have provided
significant insight in the possible interactions of HA with minerals and clays (Ali &
Dzombak 1996; Evanko & Dzombak 1998, 1999; Angove et al. 2002; Kreller et al. 2003).
The structure of GA contains chemical groups commonly found on HA and therefore
provides a simple model for the macromolecule (Araujo et al. 2005).

Figure 1.4 Hypothetical structure of HA proposed by Stevenson (1994a) (a), and the
chemical structure of GA (b).

1.5 Sorption modeling
Modeling of sorption data can be used to obtain parameters that describe sorption in specific
environments. Sorption modeling is important, because in addition to providing valuable
information on the mechanism of the sorption process, it allows the prediction of sorption
behaviour beyond the experimental conditions investigated.
Common methods used to model sorption data include empirical models such as the
Langmuir model, and Surface Complexation Models which account for surface charge
effects and provide information on possible sorption reactions. In this study both the
Langmuir equation and a Surface Complexation Model are used to model sorption data.
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1.5.1 Langmuir modeling
The Langmuir equation was originally derived to describe the sorption of gas molecules
onto solids and is now commonly used to model both gas-solid and liquid-solid sorption
isotherms. It is based on the assumption that the surface is homogeneous, solute molecules
only interact with the surface forming a monolayer and the energy of sorption is constant
over the entire surface (Essington 2004; Sposito 2008). The Langmuir equation is described
as:
𝑁=

𝑁𝑚 𝐾𝐶
1 + 𝐾𝐶

Where:
N = the amount sorbed,
Nm = the amount sorbed when monolayer coverage is achieved,
K = the equilibrium constant for the overall sorption process,
C = the equilibrium solution concentration.
In this work, Langmuir modeling was applied to sorption isotherms to determine the
maximum sorption capacity of both NT and GA to gibbsite, kaolinite and montmorillonite.
As Langmuir modeling does not take into account the nature of interactions between the
sorbate and the mineral surface, surface complexation modeling was used to predict
possible surface reactions.

1.5.2 Surface complexation modeling
Surface complexation modeling can be used to describe possible reactions occurring at the
surface using an equilibrium approach. It involves choosing a set of solution and sorption
reactions that can adequately describe all of the sorption data. Sorption data is modelled by
modifying both the equilibrium constants for the chosen reactions and also the values of
adjustable surface parameters such as site density and capacitances.
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Common surface complexation models used to model sorption data include the Constant
Capacitance model (Angove et al. 1997, 1998; Angove et al. 1999b; Goldberg 2010), the
Extended Constant Capacitance model (Nilsson et al. 1996; Nordin et al. 1998; Lackovic
et al. 2003a; Lackovic et al. 2003b; Angove et al. 2006a; Angove et al. 2006b), the CDMUSIC model (Hiemstra & Van Riemsdijk 1996; Boily et al. 2000a; Boily et al. 2000b;
Weerasooriya et al. 2002; Antelo et al. 2010; Sø et al. 2012; Mangold et al. 2014), the Basic
Stern model (Essington & Anderson 2008; Jonsson et al. 2008; Persson et al. 2012), and
the Triple Layer model (He et al. 1997; Goldberg 2010). Generally, surface models have a
common set of adjustable parameters; however they differ in the way that they account for
electrostatic interactions between the adsorbing species and the surface and the surface
charge. The Constant Capacitance (CCM) and Extended Constant Capacitance (ECCM)
models generally contain fewer adjustable parameters than other surface complexation
models. Since the ECCM allows both inner-sphere and outer-sphere complexation, it gives
more realistic descriptions of systems with multiple sorbates. Hence, the sorption data for
NT, GA and NT-GA ternary systems in this study were modelled using the ECCM.
Extended Constant Capacitance model (ECCM)
The ECCM has been used previously to model the sorption of organic species (Nilsson et
al. 1996; Nordin et al. 1998; Lackovic et al. 2003b; Angove et al. 2006a; Angove et al.
2006b; Hwang & Lenhart 2009) to mineral surfaces. It has two sorption planes; a surface
plane (0-plane) and an outer plane (B-plane). In the ECCM, inner-sphere surface complexes
form at the 0-plane while outer-sphere complexes occur at the B-plane. The equilibrium
constants calculated with the ECCM, particularly the outer-sphere surface complexes,
include the effects of possible complexation by other ions present in solution. The evaluated
constants are therefore only valid at the ionic strength at which the experiments are
conducted. The ECCM assumes that the total capacitance (C

tot)

between the surface and

bulk solution is constant and can be calculated by treating the inner and outer surface planes
as capacitors in series. Thus;
1/C tot = 1/C inner + 1/C outer
where C inner is the specific capacitance between the surface and the inner plane and C outer
is the specific capacitance between the inner and the outer planes. The value of C
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tot

is

obtained from constant capacitance modeling of titration data of the substrate surface. A
more detailed description of the ECCM model is given by Nilsson et al. (1996).
Surface reactions are generally assumed to occur at surface hydroxyl sites, denoted SOH.
The basic charging properties of the gibbsite surface were described using only the singly
coordinated Al-OH sites. Based on previous studies of gibbsite approximately 20 % of the
total surface area corresponds to edge sites (Hiemstra et al. 1999; Rosenqvist et al. 2002b).
For kaolinite and montmorillonite however, there is another sorption site besides the SOH
sites on the edge of these two surfaces. These sites are found on the silica-like basal plane,
and are due to isomorphous substitution, and the reactions associated with them are thought
to occur at the permanently negative charged sites, present on the faces of the crystal sheets:
these sites are designated XH.
The protonation/deprotonation of SOH sites in this work is described by the reactions:
SOH + H+ ⇌ SOH2+
SOH ⇌ SO- + H+
The kaolinite surface was described using an additional reaction that accounts for the
permanent charge exchange sites (X-) present on kaolinite:
XH + Na+ ⇌ XNa + H+
XH represents an exchange site and Na+ an ion from the background electrolyte.
Montmorillonite also contains two basic type of binding sites; permanent negative charged
sites X- on the tetrahedral silica-like faces, which occur both at the surface of crystals and
in the interlayer regions, and variable charged sites SOH on the crystal edges. In this work
an extra reaction was used that accounts for the interlayer cation reactions:
2XH + Ca2+ ⇌ X2Ca + H+
where Ca2+ represents an ion in the interlayer region of montmorillonite crystal formation,
while both XNa and X2Ca represent a cation electrostatically bound to the X- sites.
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1.6 This thesis
There has been very little work done on the nature and extent of sorption of
pharmaceuticals, particularly antidepressants to soils and sediments. This thesis presents
studies on the sorption of NT a commonly used antidepressant (TCA), to some selected soil
minerals; gibbsite, kaolinite and montmorillonite, by means of sorption studies as well as
spectroscopy. To better understand the fate of NT in the environment where naturally
occurring organic matters are present, the effect of HA on NT sorption was also studied.
Humic substances might interact with hydrophobic compounds merely through interactions
occurring on the insoluble fraction of HA molecules. Therefore, with the aim to understand
the impact of the water soluble portion of HA on the sorption of NT, the effect of GA, a
simple benzene carboxylic acid with functional groups similar to those of HA, on the uptake
of NT molecules from solution was investigated.
To further understand the underlying mechanisms responsible for the interactions that drive
the sorption of these sorbates to the surfaces, the experimental sorption results were
modeled with surface complexation models.

1.6.1 Thesis outline
In this thesis, each chapter includes a review of the relevant literature, experimental results,
discussion and conclusion. A short description of each chapter and its contents is given
below.
Chapter 2 describes the experimental procedures used in the various sorption systems in
this study. Included in this section are details on reagents used, preparation of solutions and
details of both minerals, procedures used in sorption experiments, as well as methods used
in data treatment.
In Chapter 3, the sorption of NT to all three surfaces was studied. The sorption edge and
isotherm results are presented, as well as spectroscopic data obtained on the uptake of NT
by montmorillonite. The results of NT sorption to some of the surfaces were modeled taking
into account the ATR-FTIR spectroscopic data.
17

Chapter 4 investigates the effect of competition between HA and NT on sorption onto all
of the studied surfaces. Particularly, the effects of pH, concentration of HA, and the order
of addition of the sorbate were studied.
Chapter 5 first describes the sorption of GA, a benzene carboxylic acid, onto all there
studied surfaces, and then investigates with the effect of GA on NT sorption onto kaolinite,
gibbsite and montmorillonite, as a model for the macromolecule HA. Both binary and
ternary systems were modeled using surface complexation techniques.
Chapter 6 summarizes the general conclusions of the work presented in Chapters 3, 4, and
5. The limitations of this study are also discussed together with some suggestions for future
work.
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2 Experimental
2.1 Materials
2.1.1 Reagents and solutions
All solutions used in this study were prepared using Milli-Q reagent grade water (Millipore,
Bedford USA). NT in HCl form, was purchased from Sigma–Aldrich, Australia. It had a
formula weight of 299.84 g mol-1, and a purity of ≥ 98 %. NT standards and stock solutions
were prepared weekly and stored in dark at 4 °C. HA solutions were prepared by dissolving
humic acid sodium salt (Aldrich) in Milli-Q water with a few drops of 4 M NaOH. GA,
C7H6O5 (170.12 g mol-1), and with purity ≥ 98.5% was obtained from Sigma-Aldrich and
used without further purification. All other reagents including NaCl, HCl, NaOH, Na2B4O7
10H2O, KHC8H5O4, KH2PO4, and Na2HPO4 were of analytical reagent grade.

2.1.2 Gibbsite
Gibbsite was prepared by dissolving 1000 g of AR Al(NO3)3.9H2O (Chem Supply) in 3 L
of Milli-Q water. The resulting solution was titrated slowly with 4.0 M NaOH under N2 (g)
until the pH reached 4.5, and then was then placed in an oven at 40 °C for 2 h. The gibbsite
slurry was transferred into 75 mm cellulose acetate dialysis tubing and dialysed against
Milli-Q water at 50 °C for four weeks. The water was changed twice daily for the first
week, then changed once a day for the remaining three weeks. Finally, the gibbsite was
freeze dried. The BET surface area of the gibbsite powder was measured with a
Micrometrics ASAP 2000 instrument after degassing for 18 h. The surface area of the
gibbsite was 44.1 m2 g-1.

2.1.3 Kaolinite
Kaolinite (KGa-2) was provided by the Clay Minerals Society. For this kaolinite sample,
the Clay Minerals Society reports that impurities are less than 7 % (Clay Minerals Society
2018). This kaolinite was used in the experiments without further treatment. The surface
area of the kaolinite was 23.5 m2 g-1.

28

2.1.4 Montmorillonite
Na-montmorillonite (SWy-3) was provided from Wyoming, by the Clay Minerals Society.
As for the kaolinite, this sample was used without further treatment. The surface area of the
Na-montmorillonite was 31.8 nm2 g-1.

2.2 Methods
2.2.1 pH measurements
pH measurements were performed using an Orion Sureflow pH electrode coupled to a
Metrohm model 691 pH meter. pH adjustments were made with either HCl, HNO3 or NaOH
solutions while the pH electrode was calibrated at the reaction temperature before each
experiment using 0.05 M potassium hydrogen phthalate, 0.025 M phosphate and 0.01 M
borax buffers.

2.2.2 Sorption measurements
All sorption experiments were conducted in glass water-jacketed reaction vessels. Water,
maintained at 25 °C, was circulated through the water jacket of the reaction vessel by use
of a Haake K15 Circulator to maintain a constant temperature during experiments. All
sorption experiments were carried out under an atmosphere of N2 (g) to reduce possible
contamination with CO2. Sorption experiments were carried out in duplicate or triplicate
with all data points shown in the figures in this thesis. Preliminary kinetic experiments
indicated that the sorption process was complete within 10 min; hence all experiments were
left for 30 min to equilibrate before samples were taken.
In all sorption experiments, the NT concentration of filtered solutions was determined with
a High Performance Liquid Chromatograph (HPLC, Agilent 1220 infinity LC) equipped
with a Phenomenex C18 reverse phase column (Kinetex 2.6 µm, 100 × 2.1 mm) and a UV–
vis detector at a wavelength of 240 nm. The mobile phase consisted of 60% (v/v)
acetonitrile in 25 mM phosphate buffer with a final pH of 7; the flow rate was 1.5 mL min1

. GA concentrations were determined with the same method as NT, except for the

maximum absorption wavelength which was altered to 280 nm, and the final pH of the
mobile phase was adjusted to 4. HA concentrations were measured using UV-Vis
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spectroscopy (Perkin Elmer Lambda XLS) at 400 nm based on the method of Spark et al.
(1997b). Calibration standards were prepared by serial dilution from stock solutions. For
each experiment, NT, HA and GA standards were prepared fresh on the day of experiments.

2.2.3 Sorption edges
Sorption edge experiments investigated changes in sorption as a function of suspension pH.
These were carried out by increasing pH in steps from 3.5 to 12, and also by decreasing pH
from 12 to pH 3.5.
Sufficient mineral to provide a surface area of 100 m2/L and background electrolyte to
provide 1 mM NaCl were added to a glass reaction vessel and stirred for at least 12 h to
equilibrate. The pH of the equilibrated mineral solution was adjusted to 3.5, and then a
known amount of sorbate (NT, HA, or GA) was added. The pH was readjusted to 3.5 with
1 mM HCl, and the suspension left for 30 min to equilibrate. A 5 mL sample was taken
and filtered into an HPLC vial for analysis of NT or GA, or a cuvette for analysis of HA,
using 25 mm Whatman 0.22 μm Glass Microfibre Filter paper. The pH of the remaining
solution was then increased by approximately 1.0 unit with NaOH, left for 30 min to
equilibrate, and another 5 mL sample taken and filtered into a separate 10 mL test tube.
This process was repeated until 10 samples were obtained over the pH range from 3.5 to
12.5.
For some experiments the pH of the remaining solution was then decreased by
approximately 1.0 unit, left for 30 min to equilibrate, and a 5 mL sample taken and filtered
into a separate 10 mL test tube. This process was repeated until 10 samples were obtained
in the pH range from 12.5 to 3.5.
Also, for experiments where the effect of increasing pH on the sorption of NT was
investigated from pH 3.5 to 12, a known amount of HA was added to the suspension once
the pH reached 12 and allowed to equilibrate for 30 min. The pH of the resulting suspension
was then decreased from 12 to 3.5 in 1.0 pH unit steps as in the other experiments.
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2.2.4 Sorption isotherms
All Isotherm experiments in this study were conducted at pH 6 following a similar
procedure to that used for the sorption edge experiments.
Sufficient mineral to provide a surface area of 100 m2 L-1 was added to a glass reaction
vessel, containing 1 mM NaCl, and stirred for at least 12 h to equilibrate. An aliquot of
sorbate (NT, HA or GA) was added to the equilibrated mineral solution to provide the
required initial solution concentration. The pH was re-adjusted to 6 and left for 30 min to
equilibrate. A 3 mL sample was taken and filtered into a HPLC vial. Another aliquot of
sorbate was then added, the pH adjusted, and the process repeated until 10 samples were
obtained within the desired concentration range.

2.2.5 FTIR spectroscopy
ATR-FTIR spectra were collected for the NT-montmorillonite system. All spectra were
measured using a Bruker Equinox 55 FT-IR spectrometer equipped with a SensIR
Technologies DurasamplIR horizontal ATR attachment incorporating a diamond coated, 9bounce ZnSe ATR crystal. Spectra of 10 mM NT solutions at several pH values were
obtained by collecting 1500 scans at a resolution of 4 cm-1. Sufficient solution was added
to cover the crystal, and the sample covered by a concave lens to prevent evaporation and
CO2 contamination. The spectrum of Milli-Q water was then subtracted using the OPUS
software. Samples were taken and transferred to 5 mL centrifuge tubes and centrifuged
using a Jouan B4i centrifuge at 16000 rpm for 30 min and then separated. Similarly, 1500
scans of both pure montmorillonite paste at pH 6.0, and of montmorillonite to which
different amounts of NT had been sorbed at pH 6.0, were obtained, together with their
associated supernatant solutions. The resulting spectra were manipulated using the OPUS
software to yield the spectra of the sorbed NT.

2.2.6 XRD analysis
Powder XRD analysis was performed on the NT-montmorillonite system only. XRD
measurements were taken of pure NT, montmorillonite and sorbed NT-montmorillonite
samples. Sorbed samples for XRD analysis were prepared at pH 6. Following the
completion of the isotherm experiments, the remaining suspension was transferred to 50
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mL centrifuge tubes and centrifuged using a Juoan C3000 bench-top centrifuge at 16000
rpm for 30 min. Following centrifugation, the supernatant was removed from each sample
and the pastes dried by drawing air through them using a vacuum pump for 30 h. The dry
solid samples were ground with a mortar and a pestle and then analysed using a Bruker Xray Diffractometer (D2 Phaser). Measurements were taken between 3 to 30 degrees (2θ)
with step increments of 0.01 and a reading duration of 1.00 s for each step.

2.2.7 HA solubility and precipitation of HA and NT
Because some colloidal HA may be present in experiments containing HA, its solubility
and the complexation between HA and NT with pH were investigated. For these
experiments the required amount of HA or HA and NT was added to 1 mM NaCl. The pH
of the solution was adjusted to 3.5 and left for 30 min to equilibrate. A 5 mL sample was
taken and filtered. The pH of the remaining solution was then increased by approximately
1.0 unit, left for 30 min to equilibrate, and another 5 mL sample taken and filtered
separately. This process was repeated until 10 samples were obtained over the pH range
from 3.5 to 12. The concentration of NT and HA in the supernatant solutions were
measured.

2.3 Data Treatment
2.3.1 Langmuir modeling
In this study, sorption isotherms of binary sorption systems were fitted using the Langmuir
equation. As The Langmuir equation is described as:
𝑁=

𝑁𝑚 𝐾𝐶
1 + 𝐾𝐶

where N is the amount sorbed, Nm is the amount sorbed when monolayer coverage is
achieved, K is the equilibrium constant for the overall sorption process and C is the
equilibrium solution concentration.
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2.3.2 Surface complexation modeling
Values of the equilibrium constants for proton sorption and desorption were taken from the
literature (Clarke 1975; Giannakopoulos et al. 2005). Equilibrium constants for NT
sorption, GA sorption, and ternary complex formation were obtained by fitting data for
sorption edge and sorption isotherm experiments using the computer program WinSGW
(Karlsson & Lindgren 2007). Data from independent experiments (sorption edges and
isotherms) were modeled using the same set of adjustable parameters, thus ensuring that
the model was internally consistent across the different types of experiments. The
equilibrium constants presented provided the best fit to all sets of data.
Reaction mechanisms and equilibrium constants for surface complexes between minerals
and sorbates were obtained by modeling sorption data for each system. Where possible,
throughout the modeling process, XRD and ATR-FTIR information was used as a guide to
identify the best or most likely surface species present.
For NT-mineral binary systems, only systems involving montmorillonite and kaolinite were
modeled, as NT sorption to gibbsite was insignificant at the concentrations studied. Only
the GA-mineral binary systems involving gibbsite and kaolinite were modeled by fitting
the sorption data, as the amount of GA sorbed to montmorillonite was negligible in this
study. The parameters and equilibrium constants used to model the NT-mineral and the
GA-mineral systems were then introduced as fixed values when modeling the ternary GANT-mineral systems.
In this thesis, the fit of the various models is represented by solid and dotted lines, shown
in the figures for the sorption edge and sorption isotherm results, respectively. These lines
represent the model that best reflected all of the available information including the
spectroscopic constraints.
The parameters used in this model including capacitances, site densities and specific
surface area for each studied surface, are shown in Table 2.1. Surface complexation
modeling was carried out by optimizing formation constants for possible sorption reactions
using all of the sorption edge and isotherm data to optimize formation constants for the
sorption reactions.
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Table 2.1
Parameters used in surface complexation modeling.
Parameter
Site density SOH (mM)

Gibbsite

Kaolinite

Montmorillonite

0.33a

0.11a

0.17b

0.23a

1.25b

Site density X- (mM)
Capacitance
C1 (F m-2)

7.7c

3.0c

3.0d

C2 (F m-2)

1.82c

7.0c

7.0d

BET surface area (m2 g-1)e

44.1

23.5

31.82

a

Ruyter-Hooley et al. (2017).

b

Ikhsan et al. (2005c).

c

Angove et al. (1998).

d

Ikhsan et al. (2005a).

e

Clay Minerals Society (2018).
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3 Sorption of NT to selected soil minerals
3.1 Introduction
Widespread use of TCAs over the past few decades, together with their increased detection
in water supplies (Calisto & Esteves 2009), their high persistence in the environment and
their toxicity to non-target organisms (Snyder 2008), justify the growing concern about
these pollutants and the need to study their fate in the environment.
This chapter investigates the interactions between NT and three minerals with diverse
properties, including surface area, cation exchange capacity (CEC), and organic content;
Na-montmorillonite, kaolinite, and gibbsite. Experiments also took into account the
different type of sorption sites on these substrates with the aim of understanding the
mechanism of NT removal. The uptake of NT was investigated under different
experimental conditions, such as solution pH and concentration, In order to better
comprehend the fate of NT in the environment. Sorption edge and isotherm experiments
were performed to determine the relative effectiveness of the three substrates for NT
removal, and X-ray diffraction (XRD) and attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectroscopy were used in order to gain an understanding of the mode
of sorption. Using both the XRD and the ATR-FTIR spectroscopic results as a guide, the
results for both NT sorption edge and sorption isotherm to montmorillonite and kaolinite
were modeled using ECC models. The proposed models aims to provide a set of reactions
that sufficiently describe the sorption data in accordance with the spectroscopic results.

3.1.1 Hydrophobic and pharmaceutical sorption to soil minerals
Sorption is dependent on both hydrophobic and electrostatic interactions between the
sorbent and sorbate (Leeper & Uren 1993). Organic compounds are classified either as
ionic or non-ionic species based on their ability to share electrons. Since most
pharmaceuticals are organic molecules, sorption characteristics of organic compounds are
of great relevance to the assessment of the fate of pharmaceuticals in the environment. In
this section, sorption of both ionic and non-ionic organic species will be discussed
including examples of pharmaceuticals fitting in each category.
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The mechanisms of sorption of organic solutes on minerals are highly dependent on the
structure of the organic molecules as the forces that drive interactions depend on whether
or not the molecules can form ionic species (Sposito et al. 1999). Sorption of non-ionic
organic compounds depends primarily on hydrophobic interactions between the sorbate and
the sorbent (Rogers et al. 1980; Gerstl & Mingelgrin 1984). Unlike non-ionic compounds,
ionic organic sorbates have a range of sorption mechanisms, due to different charged
surface sites found on clay minerals, including permanent charges resulting from
isomorphic substitution, and pH dependant charged sites that result from protonation and
deprotonation of hydroxyl groups on the clay surface (Sposito et al. 1999).
In a study focused on the sorption of the endocrine disrupting chemical 17β-estradiol onto
goethite, an iron oxide, kaolinite, illite, and montmorillonite, Van Emmerik et al. (2003)
found that that clay minerals sorbed more 17β-estradiol than the oxide, with sorption
capacity increasing in the order goethite < illite < kaolinite < montmorillonite. Van
Emmerik et al. (2003), argued that 17β-estradiol sorbed at the surfaces of goethite, kaolinite
and illite, but was taken up into interlayer spaces of montmorillonite.
A number of studies have investigated the sorption of organic acids to clay minerals. When
the sorption of salicylic acid to alumina and kaolinite was studied, sorption to kaolinite was
found to be very small compared to alumina (Benyahya & Garnier 1999). The authors
suggested that this resulted from electrostatic repulsion between the permanent negative
charges on kaolinite and the negatively charged salicylic acid at pH values higher than the
pKa. Angove et al (1999a) found higher sorption of several benzene carboxylic acids to
goethite than to kaolinite, when similar surface areas were used, supporting the idea that
organic acids sorb much less to clay substrates than to metal oxides.
Sorption of molecules with basic functional groups has also been widely studied.
Pharmaceuticals frequently contain basic functional groups. Generally compounds with
higher pKa values have been found to sorb more to most substrates, which is thought to be
due to cation exchange (Gilchrist et al. 1993). When the solution pH is lower than the pKa
values, the basic species are positively charged and therefore tend to sorb to negative
surface sites. SSRIs are organic bases with pKa values typically higher than 9 (Vasskog et
al. 2006). The sorption behaviour of five SSRIs (fluoxetine, citalopram, fluvoxamine,
paroxetine and sertraline) onto five soil and sediment samples was investigated by Kwon
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and Armbrust (2008) using a batch equilibrium method. They found that, in general, all
SSRIs had high sorption coefficients, while different soil samples had different sorption
capacities for SSRIs. The data also indicated that the organic matter content had a small
positive affect on the sorption process. However, no correlation between sorption and
cation exchange capacity was observed, suggesting that mixed mechanisms may be
required to explain the high sorption.

3.1.2 NT sorption to minerals
NT is a commonly prescribed tricyclic antidepressant (TCA) and is used in the clinical
treatment of mood disorders such as depression and anxiety, as well as neuropathic pain
(AMH 2009). The large amount of TCAs used over the past few decades has led to their
widespread detection in surface water and bio-solids (Li et al. 2013b). In 2008, alarming
amounts of TCAs were found in drinking water (Snyder 2008), revealing the inefficiency
of water treatment plants in removing these chemicals.
TCAs are organic bases containing amine groups. Generally compounds with higher pKa
values have been found to sorb more actively to substrates, as when the solution pH is
below the pKa, the basic species are positively charged and therefore tend to sorb to
negative surface sites (Gilchrist et al. 1993). While previous work has been carried out on
the persistence of TCAs in agricultural soils (Li et al. 2013b), there has been limited
research conducted on their sorption behaviour. Only recently the uptake of amitriptyline
by kaolinite was investigated (Lv et al. 2013) and Ca-montmorillonite (Chang et al. 2014),
two major soil mineral components. The uptake of amitriptyline on kaolinite was found to
be very rapid, suggesting surface sorption, instead of intercalation (Lv et al. 2013).
However in experiments conducted by Chang et al, X-ray diffraction patterns showed
significant expansion of the d001 spacing and characteristic FTIR (Fourier transform
infrared spectroscopy) band shifts toward higher frequencies after amitriptyline sorption
onto Ca-montmorillonite, implying that the sorbed drug molecules were intercalated into
the interlayer of the mineral (Chang et al. 2014). Correlation between the desorbed cations
and the concentration of the remaining amitriptyline in the solution suggested cation
exchange as the main sorption mechanism in both kaolinite and Ca-montmorillonite (Lv et
al. 2013; Chang et al. 2014). The sorption of doxepin, a TCA with a tertiary amine
functional group (AMH 2009) on a Na-montmorillonite was studied, and sorption was
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found to be mainly driven by electrostatic interactions together with hydrophobic
interactions (Thiebault et al. 2015).

3.2 Results
A range of experiments were conducted to study the sorption of NT to some clay minerals.
In some experiments the NT concentration was held constant while the variation in sorption
with pH was investigated (sorption edges), while in other experiments the sorption was
measured at constant pH with the concentration of NT increased (sorption isotherms). The
sorption results reported in this chapter were modeled using an ECCM.

3.2.1 Sorption edges and isotherms
The percent of NT sorbed onto the three surfaces as a function of pH at 25 °C is shown in
Figure 3.1. The uptake of NT by all three surfaces was almost independent of pH between
pH 3 to 12. While NT is protonated at lower pH values, above pH 9 it is progressively
deprotonated (dashed line), but there was no significant change in the amount of NT sorbed
at high pH. NT, at the concentration of 0.1 mM, had a much higher affinity for
montmorillonite than for the other two minerals. The amount sorbed to montmorillonite
was approximately double the amount sorbed to kaolinite and more than ten times that
sorbed to gibbsite.
These differences result from the different mineral structures and surface properties. All
three of the minerals studied have reactive Al-OH groups on the edges of the crystals,
however only kaolinite and montmorillonite have permanent negatively-charge sites on
silica-like faces, which also have significant hydrophobicity. While montmorillonite has
two silica-like faces, kaolinite has only one such face, so that the number of hydrophobic
surface sites available to interact with NT on montmorillonite is approximately twice that
on kaolinite. Gibbsite has no such sites.
Sorption isotherms were conducted at 25 °C and pH 6 with the results shown in Figure 3.2.
As was the case for the sorption edges, NT sorption to montmorillonite was much greater
than on either kaolinite or gibbsite. Of particular interest is the result on montmorillonite
for concentrations lower than 7 µmol m-3 (Figure 3.2b), where sorption of NT displayed an
S-shaped isotherm. This deviation from the normal sorption isotherm shape may result from
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cooperative sorption, caused by interaction between NT molecules, forming multiple layers
of sorbates stacking on top of each other at the surface of the sorbent (Liu 2015) It is absent
on the other two mineral surfaces. Despite the S-shaped isotherm at lower NT
concentrations, montmorillonite followed Langmuir type sorption behaviour over the
remainder of the concentration range in this study. Therefore the Langmuir equation was
fitted to the sorption isotherms for all three minerals with the results shown in the solid
lines on Figure 3.2.
While the results for Nm in Table 3.1 reflect the differences seen in the sorption edges, the
difference between the value of K for montmorillonite and the other two minerals may
indicate that a different sorption mechanism is operating for montmorillonite. In fact, the
values of K for both kaolinite and gibbsite are small, indicating a weak interaction with the
surface for both of these minerals, while the value for montmorillonite is quite large.

Figure 3.1 Sorption edges of 0.1 mM NT solutions at 25°C onto 100 m2 L-1 gibbsite (▲),
kaolinite (○) and montmorillonite (●). Fraction of NT present as NTH+ as a function of
solution pH in the absence of sorbate is indicated by the dashed line (pKa of 9.7).
Background electrolyte: 1 mM NaCl.
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Figure 3.2 NT isotherms measured at 25°C and pH 6 on 100 m2 L-1 of three surfaces: (a)
gibbsite (▲), kaolinite (○) and montmorillonite (●). Solid lines show fit obtained from the
Langmuir equation, while dotted lines present fit obtained from surface complexation
modeling. (b) Sorption isotherm on montmorillonite at NT concentrations below 7 µmol
m-3.
Table 3.1
Langmuir constants from isotherms conducted at pH 6 on surfaces. (± Standard error in the nonlinear regression analysis).

Nm (µmol m-2)

K (m3 mol-1)

Montmorillonite

19.3 ± 0.6

108 ± 13

Kaolinite

6.4 ± 0.3

3±1

Gibbsite

2.4 ± 0.1

1±0

Surface

3.2.2 XRD analysis
A possible explanation for the larger sorption of NT on montmorillonite than the other
minerals is sorption within the interlayer of that mineral. Changes in basal spacing of
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swelling clays have often been used as evidence for intercalation of solutes (Gemeay et al.
2002; Sabah & Çelik 2002). The XRD analysis of dried samples of montmorillonite
dispersions given in Figure 3.3 indicates that the basal spacing of the montmorillonite
crystals was unchanged (2θ ≈ 8.6°, d ≈ 1 nm) after NT sorption, suggesting that NT did not
intercalate, but rather sorbed to the external surfaces.
The strongest line for crystalline NT was at 2θ = 15.8°, with other lines of significant
strength at 2θ = 9.7° and 11.0° (Figure 3.3c). The dispersion of NT sorbed to
montmorillonite exhibited a distinct line at 2θ = 16° (Figure 3.3b) which is not found for
the montmorillonite sample (Figure 3.3a) but corresponds to the line for crystalline NT.
There is also evidence of lines at about 9.7° and 11.0° for the NT-montmorillonite system
that also correspond to lines for crystalline NT (Figure 3.3c). These results indicate that NT
is present as a multilayer on the montmorillonite crystals and are supported by kinetic
experiments (data not shown), that showed that sorption of NT onto montmorillonite was
essentially complete within 10 min. which would not be expected if intercalation of NT
were occurring.

Figure 3.3 X-ray diffraction patterns of (a) montmorillonite, (b) a dried sample of
montmorillonite with 1.20 mM NT added at pH 6, and (c) crystalline NT.
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3.2.3 FTIR analysis
The FTIR spectra of a 10 mM solution of NT at pH 6.0 and 10.8 are shown in Figure 3.4,
together with the spectra of two amounts of NT sorbed to montmorillonite at pH 6.5. When
the pH of the NT solution was raised above 8.6 it became cloudy, and the addition of a
significant amount of NaOH was required to change the pH, indicating that the NT was
changing from the protonated to the non-protonated state, with the non-protonated NT
aggregating in solution. Thus the spectrum at pH 6.0 represents protonated NTH+ while that
at pH 10.8 is the spectrum of the deprotonated NT molecule. Because of the aggregates
present, the spectrum at pH 10.8 was much more intense than those for the other samples
and it has therefore been normalised to match the intensities of the other three spectra.
There are significant differences in the solution NT spectra at the two pH values but of
particular note is the increase in the intensity of the band at 1362 cm-1. This band is most
probably due to a C-N stretching, while the other bands shown are likely to be aromatic
ring bands, with the band at 1485 cm-1 possibly including a contribution from N-H bending.
The sorbed spectra also show a significant band at 1362 cm-1. Harris et al. (2006) found a
similar band at about 1340 cm-1, corresponding to C-N stretching, when studying the
sorption of amino acridines to kaolinite. They also noted a band at about 1480-1490 cm-1
which they ascribed to N-H bending for –NH. The N-H bending band for –NH2+ was found
at about 1640 cm-1 for the acridines, but was not obvious in the NT solution spectrum at
pH 6.0, most probably due to the difficulty in subtracting water from the very weak NT
solution spectrum.
In order to compare the spectra of the solution and sorbed NT species, the spectra were
deconvoluted, with the results for the solution spectrum at pH 10.8 and the more
concentrated NT-montmorillonite sorbed spectrum shown in Figure 3.5. The pattern of
bands for the sorbed spectrum is similar to that for the NT solution at pH 10.8 although the
band at 1485 cm-1 is weaker in the sorbed than the solution spectrum.
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Figure 3.4 ATR-FTIR spectra of NT solutions under different pH conditions, and
montmorillonite with different amounts of NT sorbed.
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Figure 3.5 Deconvoluted ATR-FTIR spectra: NT solution at pH 10.8 (a), NTmontmorillonite system at pH 6.5 (b).
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3.2.4 Surface complexation modeling
The proposed model for the sorption of NT to montmorillonite and kaolinite, summarized
in Table 3.2, provided a good fit to the sorption edge and isotherm data for both substrates
as is shown in Figures 3.1 and 3.2 respectively. NT uptake by kaolinite was modeled by
assuming two outer-sphere surface species. Surface species included: a singly coordinated
complex [(X-NTH+)]0, and a negatively charged, doubly coordinated complex, [(X-)2
(NTH+).NT]-. The first has protonated NTH+ bound electrostatically to one permanent
negatively charged site on the silica-like face (X-), while the second species consisted of
one protonated NT molecule (NTH+) bound electrostatically to a X- site adjacent to one
neutral NT molecule bound to a second X- site through nonpolar interactions. The model
provided a good fit to the sorption edge (Figure 3.6) and isotherm (Figure 3.2 dotted line)
data for the binary NT-kaolinite systems. The distribution of the proposed complexes and
their total sorption are shown in Figure 3.7b. The surface complex [(X-NTH+)]0 was the
principal sorbed species below pH 6 while [(X-)2 (NTH+).NT]-, was the dominant species
above pH 9.
In order to model NT sorption onto montmorillonite, spectroscopic data was taken into
account. Here, two neutral singly coordinated surface complexes were proposed: [(XNTH+)]0 and [(X-NTH+).NT4]0. The second surface complex, [(X-NTH+).NT4]0, consists of
four NT molecules bound by van der Waals forces to a protonated NTH+ species already
sorbed to the surface. The complex [(X-NTH+)]0 was the major species at lower pH, while
[(X-NTH+).NT4]0 dominated at pH values above 5.5 (Figure 3.7a).
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Table 3.2
Reactions and equilibrium constants NT binary sorption onto montmorillonite and kaolinite
from surface complexation modeling. Equilibrium constants are listed as log10 K.

Reactions

Log10 K

Protonation constants of NT a
NT + H+ ↔ NTH+

9.7

Kw b

-14.00

Surface reactions

Montmorillonite

Kaolinite

7.17

7.17

-11.18

-11.18

XNa + H+ ↔ XH + Na+ d

2.5

2.5

X2Ca + 2H+ ↔ 2XH + Ca2+ e

4.1

SOH + H+ ↔ SOH2+ c
SOH ↔ SO- + H+ c

NT sorption reactionsf
XNa + NT + H+ ↔ [(X-NTH+)]0 + Na+

12.34

2XNa + 2NT + H+ ↔ [(X-)2 (NTH+).NT]- + 2Na+
XNa + 5NT + H+ ↔ [(X-NTH+).NT4]0 + Na+
a
Clarke (1975).
b

Lide (2012).

c

Ruyter-Hooley et al. (2015).

d

Ruyter-Hooley et al. (2017).

e

Ikhsan et al. (2005c).

f

This work.
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10.51
17.09

53.49

Figure 3.6 Sorption of 0.10 mM NT onto 100 m2 L-1 montmorillonite (●), and kaolinite (○)
at 25°C. Lines show the best fit obtained from surface complexation modeling with
parameters given in Table 3.2.
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Figure 3.7 Speciation of 0.10 mM NT sorbed to 100 m2 L-1: (a) montmorillonite, and (b)
kaolinite predicted by surface complexation modeling at 25 °C; the parameters are given in
Table 3.2.
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3.3 Discussion
3.3.1 NT sorption
The pH dependence found for NT in this study is similar to that found in previous studies
conducted with AT, another drug from the same class of antidepressant (TCA) with a
similar structure. Both Lv et al. (2013) and Chang et al. (2014) found that solution pH had
little effect on the sorption of AT (pKa = 9.4) on either kaolinite or Ca-montmorillonite in
the pH range 2-10. In contrast, Harris et al. (2006) found that tricyclic organic dye
molecules remained sorbed by kaolinite at pH values above their pKa values only if the
molecules had a permanent positive charge. Where the molecules were uncharged above
their pKa values the amount sorbed decreased to zero by pH 12.5.
While the pH dependence was similar, Chang et al. (2014) found that the maximum amount
of AT sorbed on montmorillonite was 11 μmol m-2, which is significantly less than that
found in this study for NT (19 μmol m-2). The amount of AT sorbed on kaolinite found by
Lv et al. (2013) was 0.6 μmol m-2, which is ten times less than that found here for NT.
These results suggest that although the pH dependence is similar, different sorption
mechanisms may operate for these two tricyclic molecules.
Sorption of organic molecules to mineral surfaces is thought to occur through interactions
between the sorbate and surface functional groups including hydrophobic siloxane sites on
the faces of the crystal sheets and pH dependent hydroxyl groups (Guan et al. 2006).
Electrostatic interaction with permanently charged groups on the faces of alumino-silicate
minerals is also possible. The small effect of pH on sorption seen in Figure 3.1, suggests
that hydrophobic interactions play an important role in the sorption of NT to
montmorillonite, kaolinite and gibbsite. At pH values below the pKa of NT, where the
molecules are mostly protonated, electrostatic interaction with the permanent negativelycharged sites on the silica-like faces of montmorillonite and kaolinite may also play a role
in sorption. Since NT is a large molecule, which occupies about 0.9 nm2 if lying flat on the
surface, the sorbate interaction with sites on mineral surfaces cannot be treated as a point
charge interaction so that sorption simply involving cation exchange at the variable charge
Al-OH sites or permanent negatively-charged sites on the silica-like face is unlikely. In
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fact, the pHPZC of gibbsite is 9.0 (Rosenqvist et al. 2002a) so that the variable-charge Al2OH sites on the gibbsite basal faces will be positively charged over much of the pH range
and therefore unlikely to interact with the NTH+ cations as can be seen in Figure 3.1. Since
the alumina-like face of kaolinite has a similar structure to the basal faces of gibbsite,
electrostatic interaction with the alumina-like face on kaolinite is also unlikely over most
of the pH range.
While simple electrostatic interaction with permanent negatively charged sites on
montmorillonite could, in principle, account for the amount of NT sorbed (CEC = 76.4
meq/100g and specific surface area = 31.8 m2 g-1 (Clay Minerals Society 2018) so that the
negatively charged site concentration is 24 μmol m-2), this is not true for kaolinite. There
the CEC and specific surface area of kaolinite are 3.3 meq/100g and 23.5 m2 g-1 respectively
(Clay Minerals Society 2018) resulting in a negatively charged site concentration of less
than 0.7 μeq m-2 if we assume that the silica-like faces comprise less than half of the total
specific surface area of kaolinite. This is about 10 times less than the maximum amount of
NT sorbed to kaolinite. In addition, the total amount of NT that could be sorbed flat on any
surface would be about 1.8 μmol m-2, which is substantially less than the amount sorbed to
either kaolinite or montmorillonite.
Any proposed sorption mechanism must also account for the S-shape observed in the initial
phase of NT sorption isotherm in the montmorillonite system. A number of possible
mechanisms can account for isotherms with this shape. Rodda et al. (1996) proposed that
the anomalous S-shaped sorption of Cu(II) on goethite resulted from its atypical hydrolysis
behaviour where the dimeric species Cu2(OH)22+ is a significant hydrolysis product
together with CuOH+. The results indicated that the dimer sorbed preferentially. At low
solution concentrations the monomer, which was the dominant solution species under those
conditions, sorbed weakly. As the solution concentration of Cu(II) increased the relative
concentration of the more strongly sorbing dimer increased resulting in a marked increase
in sorption of Cu(II) species which generated the S-shaped isotherm. Pura and Atun (2009)
found similar S-shaped isotherms for dye sorption on fly ash, and proposed that at low
concentrations the molecules are sorbed as monomers while at higher concentrations
sorption of dimers and higher dye aggregates may occur. They suggested that the sorbed
monomers may behave as nucleation sites for other dye molecules.
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Because of their hydrophobic character, many organic bases tend to form aggregates in
aqueous solution to minimise their hydrophobic interaction with water, particularly at
higher concentrations (Bujdák et al. 2002; Wang & Wang 2008; Yagub et al. 2014). The
mechanism for aggregation is thought to be π stacking (Yagub et al. 2014) and has been
seen in cationic dye molecules with a similar structure to NT. It is likely that the presence
of mineral surfaces with both charged and hydrophobic character will provide a template
for sorption of these aggregates. Condensation products may range from dimers to
polymers with many hundreds of molecules (Walker & Weatherley 2001).
Studies on the sorption of substituted anilines and benzylamines onto montmorillonite
(Vasudevan et al. 2013), revealed the importance of intermolecular cation-π interactions.
These interactions occurred between the π system of a compound sorbed to the surface and
the cationic amine group of a neighbouring molecule. Compounds with greater amine
charge, and electron-donating substituents that allowed for greater electron density at the
centre of the aromatic ring, showed a greater potential for cation-π interactions on
montmorillonite surfaces (Vasudevan et al. 2013). Cation-π interactions of this type are
likely for the NT system and would result in aggregation in solution and on the surface of
substrates with hydrophobic character like montmorillonite and kaolinite.
The greater sorption of NT on montmorillonite than on kaolinite results from two factors.
First, there are approximately twice as many hydrophobic sites on montmorillonite since
both faces of the crystal are silica-like. While sorption of NT to montmorillonite at low
solution concentrations involves a favourable electrostatic interaction with the negatively
charge on the surface, the hydrophobic interaction is likely to be less favourable than for
kaolinite because of the greater surface charge on montmorillonite. However, at higher NT
concentrations, sorption of larger aggregates will occur more readily on montmorillonite
because the presence of additional positive charge on the aggregates increases the
interaction with the more highly charged montmorillonite surface, while simultaneously
reducing the net charge on the surface-sorbed complex thereby increasing the hydrophobic
interaction. The charge on the aggregates is likely to remain at pH values above the pKa
due to the protective influence of the π electron system of the hydrophobic rings, which
results in continued sorption at pH values above the NT pKa on both montmorillonite and
kaolinite. The positive charge on the aggregates is the probable cause of the slight increase
in sorption on gibbsite at high pH where the surface has a net negative charge.
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3.3.2 XRD analysis
The XRD results (Figure 3.3) support the proposition that the NT is present as a multilayer
on the surface of montmorillonite. There is no evidence of sorption in the interlayer space
such as that found in previous studies investigating the sorption of other TCA
antidepressants onto montmorillonite (Chang et al. 2014; Thiebault et al. 2015). In addition,
the presence of lines which correspond to crystalline NT at 9.7°, 11.0° and 16° in the sorbed
spectrum clearly indicates that the NT is present as a multilayer on the surface.
Sorption of AT on montmorillonite (Chang et al. 2014) has been proposed to occur largely
in the interlayer space, with the intercalated AT molecules forming a horizontal monolayer
or bilayer conformation. This resulted in a significant increase in the d-value for AT
sorption determined by XRD analysis. No such increase in interlayer space was found for
the sorption of NT in this study (Figure 3.3) indicating that intercalation may not occur on
montmorillonite with this species. However, the maximum amount of NT sorbed on
montmorillonite from the isotherm experiments is significantly greater than that found by
Chang et al. (2014) for AT and, in addition as stated above, the amount of NT sorbed on
kaolinite was much greater than that found for AT.

3.3.3 ATR-FTIR analysis
By comparing the ATR-FTIR spectra of the NT and NT-montmorillonite systems,
information on the type of interactions between NT and the surface can be obtained.
Molecules may sorb to a surface by forming inner- or outer-sphere surface complexes
(Persson et al. 1998). Where outer-sphere surface complexes are formed, molecules
generally coordinate to the surface via a physical, or Van der Waals attraction. This places
the sorbate in a similar environment to that found in solution, and so that the sorbed
spectrum in largely unchanged from that found in solution (Persson et al. 1998). In contrast,
inner-sphere complexes involve molecules directly bound to the surface, and involves the
breaking and forming new chemical bonds, causing significant band shifts, and often the
presence of new bands. Generally, with outer-sphere complexation the bands are shifted a
little (3-6 cm-1) and significantly broadened, while for inner-sphere complexation larger
shifts (10-30 cm_1) are expected (Yoon et al. 2004; Gulley-Stahl et al. 2010). In our spectra,
both of the sorbed samples showed almost identical band positions to those of the NT
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solutions which suggests that the sorbed species are held to the surface by physical (outersphere) rather than chemical (inner-sphere) forces.
Surprisingly the sorbed spectra at pH 6 is very similar to that of NT solution at pH 10.8,
with strong bands at 1485, 1454 and 1362 cm-1, may indicate that the sorbed species are
deprotonated, or that the cation-π interaction in the NT aggregates effectively traps the
proton so that the molecular bands are more like NT than NTH+. The spectral deconvolution
in Figure 3.5 indicates that not only the band positions but also the band widths are similar
in the sorbed and solution spectra suggesting that sorbate condensation on the surface is
occurring with no chemical interaction with the surface. These results are consistent with
an earlier work done on the sorption of aromatic amine dye molecules on the hydrophobic
silica faces of kaolinite, that indicated that dye molecules were sorbed to the surface as
aggregates, held by physical interactions (Harris et al. 2001).

3.3.4 Surface complexation modeling
The sorption results reported in this study were modeled using an ECCM. ECCMs have
been used previously to model the sorption of a number of metal ions as well as organic
species to mineral surfaces (Nilsson et al. 1996; Nordin et al. 1998; Lackovic et al. 2003b;
Angove et al. 2006a; Angove et al. 2006b; Hwang & Lenhart 2009). These models aim to
find a set of reactions that fit the experimental sorption data; they are not intended to
provide a complete description of all surface processes occurring. The proposed reactions,
presented in Table 3.2, fitted both edge and isotherm sorption data reasonably well.
Since there was no evidence of pH dependency in the uptake of NT by kaolinite (Figure
3.1), in order to model the sorption data, it was assumed that NT interacted with permanent
negatively charged sites on the faces of kaolinite crystal sheets. A similar argument was
made by Ikhsan et al. (2005b), who found no evidence of interaction between
aminopyridine ions and pH dependent Al-OH sites on the edge of montmorillonite crystals,
by means of infra-red spectroscopy and modeling.
As a result, a singly coordinated complex [(X-NTH+)]0, and a negatively charged doubly
coordinated complex [(X-)2 (NTH+).NT]- were proposed. Below pH 8, [(X-NTH+)]0 was the
dominant sorbed species, suggesting that protonated NTH+ ions interacted readily with the
permanent negatively charged sites. Above pH 9 however, [(X-)2 (NTH+).NT]- was the
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dominant species Here the deprotonated NT molecules form a weak bond with the NT
molecules already sorbed to the silica faces. The tendency of hydrophobic molecules to
interact with each other and form aggregates has been discussed in a number of studies
(Bujdák et al. 2002; Wang & Wang 2008; Yagub et al. 2014). Yagub et al. (2014), reported
behaviour of this sort in the sorption of cationic dye molecules with similar structure to NT.
They suggested that sorbed monomers may behave as templates for the sorption of the
remaining dye molecules in solution.
NT sorption in the binary montmorillonite system was modeled based on spectroscopic
results. Inclusion of complexes interacting with interlayer sites (X2Ca) delivered poor fits
to the model of sorption data. Which is consistent with XRD results (Figure 3.3), which
indicated that no intercalation occurred in the montmorillonite system. The ATR-FTIR
spectra (Figure 3.4), which showed that the band positions on the sorbed samples matched
those of NT solutions, indicated that the sorbed species were bound to the surface by outersphere forces. Hence, complexes involving outer-sphere interactions with permanently
negative charged sites X- were tested including, two singly coordinated species: [(XNTH+)]0 and [(X-NTH+).NT4]0. Another finding regarding the FTIR spectra, pointed to the
fact that at pH 6 the sorbed species were mostly deprotonated, therefore [(X-NTH+).NT4]0
was included in the modeling. Subsequently, as shown in Figure 3.7a, [(X-NTH+).NT4]0 is
the main specie contributing to the total sorption at pH values above 5.5. The higher
intensity of the [(X-NTH+)]0 speciation curve witnessed in Figure 3.7a, compared to that of
the same specie in the kaolinite system, might have largely resulted from the higher total
negative charge appointed to montmorillonite (Clay Minerals Society 2018).
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3.4 Conclusions
The sorption of NT to the three substrates studied was largely independent of pH with no
decrease in sorption at pH values above the pKa of NT. Sorption to montmorillonite and
kaolinite was much greater than to gibbsite, suggesting that hydrophobic interactions with
the silica-like faces of the alumina-silicates played an important role. The S-shape of the
sorption isotherm of NT on montmorillonite, together with the large Langmuir K value
indicated that sorption to montmorillonite was different from that on the other substrates.
However the X-ray diffraction results clearly indicated that no intercalation occurred, but
rather that the NT was present as a multilayer on the montmorillonite surface.
The results suggest that sorption onto the alumino-silicates occurred by interaction between
NT aggregates, held by cation-π stacking, and the negatively-charged, silica-like, faces of
those minerals. The relatively high positive charge on the aggregates results in a stronger
interaction with the montmorillonite surface than kaolinite because of the larger permanent
negative charge on montmorillonite. Cation-π stacking shields the positive charge on the
NT molecules so that it persists at pH values above the pKa of NT so that there is no
reduction in sorption at high pH. It also effectively traps the proton of NTH+ so that the IR
spectrum of the sorbed species resembles that of the deprotonated NT molecule.
In summary, sorption complexation modeling results for NT-kaolinite and NTmontmorillonite binary systems, indicated that NT sorbed as protonated cations to
permanent charge X- sites at siloxane faces of both kaolinite and montmorillonite. There
was no evidence of NT sorption to interlayer regions of montmorillonite, or to the variable
charge SOH sites available on the edges of both surfaces. For the NT-montmorillonite
system, these results were consistent with the spectroscopic data.
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4 Sorption of NT to some soil minerals in the
presence of HA
4.1 Introduction
Sorption of organic compounds from natural systems is almost always affected by the
natural organic content of soils and sediments. Consequently interactions between organic
matter and pharmaceuticals are important in understanding the mechanism involved in the
sorption of these emerging pollutants to minerals. Although current literature contains
extensive studies on the influence of HA on the sorption of polar compounds and metal
ions to clay minerals (Spark et al. 1997a; Singh et al. 2009; Yang et al. 2009; Singh et al.
2011; Zhang et al. 2013; Unuabonah et al. 2016), relatively few studies investigate the
effect of HA on the sorption of organic compounds in particular pharmaceuticals.
The work presented in this chapter sought to determine whether there were significant
competitive interactions in sorption of NT and HA to three mineral surfaces with different
properties; gibbsite, kaolinite and Na-montmorillonite. The data presented here studied the
effect of pH on the sorption of NT and HA in both binary and ternary systems. For the
ternary systems the order of addition of the sorbates was also investigated.

4.1.1 Natural organic matter and humic substances
Natural soil systems are highly diverse in their nature and composition and generally
contain natural organic matter which can influence sorption of other organic compounds
onto soil and mineral particles. Natural organic matter is a major component of soil and
terrestrial water (Kaiser & Guggenberger 2003). Humic substances are a complex and
diverse group of organic compounds produced as by-products of microbial metabolism,
which are among the most widely distributed organic materials on the planet (Stevenson
1994b).They account for 40-90 % of organic matter in soils (Hur & Schlautman 2004).
Based on chemical and physical differences, such as solubility under different pH
conditions, humic substances are effectively separated into the following three fractions;
humin, the insoluble fraction of humic substances (Stevenson 1994b; Sutton & Sposito
2005); humic acid (HA), the fraction soluble under alkaline conditions but not acidic
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conditions and fulvic acid, the fraction soluble under all pH conditions. Acid-base
properties of humic and fulvic acids play an important role in the buffering capacity of
soils, in addition to transport of nutrients, toxic metal ions, and xenobiotic organic cations
in soil systems (Plaza et al. 2005). HA contains both aliphatic and aromatic moieties (Figure
1.2), with a diverse set of functional groups such as phenol, amine and carboxyl (Christl &
Kretzschmar 2001; Piccolo 2002). The dissociation of carboxyl and phenolic OH groups
can lead to HA becoming negatively charged above pH 3 (Tan 2003).

4.1.2 HA sorption to soil minerals
Numerous studies have focused on the sorption of HA onto clay and mineral surfaces.
Sorption of HA to mineral surfaces can affect the physical, chemical and biological
characteristics of soils. A range of modes of binding between HA and mineral surfaces have
been proposed. The key mechanisms of HA sorption to mineral surfaces have been
suggested to include electrostatic interaction and ligand exchange between surface
hydroxyl groups and HA functional groups such as carboxyl groups (Greenland 1971;
Tipping 1981; Davis 1982; Murphy & Zachara 1995; Tombácz et al. 2004).
Sorption of HA onto mineral surfaces depends on the properties of the surfaces, the pH of
the system, the ionic strength, the temperature, and particle surface area (Parfitt et al. 1977;
Tipping 1981; Schlautman & Morgan 1994; Spark et al. 1997b; Illés & Tombácz 2003; Hur
& Schlautman 2004; Antelo et al. 2007). It has been shown that the uptake of HA by soil
minerals generally decreases with increasing pH as a result of changes in electrostatic
interactions between mineral surface and the negatively charged HA functional groups
(Abraham & Anirudhan 2003). For example, Schlautman and Morgan (1994) found that
sorption of HA and fulvic acid on aluminium oxide decreased with increasing pH at
constant ionic strength. However the study showed higher HA sorption at high ionic
strengths at fixed pH values. Similar results have been obtained by Illés and Tombácz
(2003) who found that sorption of HA onto magnetite increased with increasing ionic
strength. Spark et al. (1997b) studied HA sorption to goethite, alumina, kaolinite and silica
and observed an increase in HA sorption where the mineral surfaces were positively
charged. They also noted that the effect of increasing ionic strength was dependent on the
mineral, with goethite, kaolinite and silica showing little change while HA sorption on
alumina decreased at higher ionic strength.
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A number of studies have focused on the mode of binding of HA to various mineral surfaces
(Schulthess & Huang 1991; Zhou et al. 1994; Kaiser 2003). Zhou et al. (1994) proposed
that the sorption of HA by iron and aluminium oxides generally occurs by complex
formation between the surface hydroxyl groups and HA carboxyl and hydroxyl groups.
Schulthess and Huang (1991) found that sorption of humic and fulvic acid to Al sites on
kaolinite was higher than that to Si sites on montmorillonite. In another study, focused on
the sorption of a range of natural organic matter fractions to goethite, it was suggested that
the number of carboxylic acid groups present on humic and fulvic acid structures played a
major role in their sorption to the goethite surface (Kaiser 2003).

4.1.3 The effect of HA on the sorption of organic compounds
It has been established that the uptake of nonpolar organic compounds from aqueous
solutions can be strongly influenced by the presence of natural organic matter (Shareef
2005). The aromatic moieties of HA have been found to make HA coated minerals more
hydrophobic (Zhou et al. 1994). HA sorption to mineral surfaces can therefore influence
the extent of interaction of hydrophobic pollutants present in soil systems with soil and
mineral surfaces (Katsoyiannis & Samara 2005; Schwarzenbach et al. 2006). The presence
of organic matter can either suppress or enhance the sorption of organic ligands on various
clay minerals (Kile et al. 1995; Li et al. 2003).
Several studies have focused on the sorption of hydrophobic organic molecules on to
mineral surfaces coated with HA (Murphy & Zachara 1995; Shareef 2005; Zermane et al.
2013). Murphy et al. (1990), who investigated the sorption of some organic compounds on
hematite and kaolinite coated with HA, found that the highest sorption was seen with the
more hydrophobic species. Zermane et al. (2013) investigated the influence of HA on the
sorption of basic yellow 28 dye, a cationic organic molecule, onto some synthesized clays
and found that HA increased the uptake of the dye molecule. Similar results were obtained
in a study conducted on the sorption of some endocrine disrupting chemicals on selected
soil minerals (Shareef 2005). They was found that the presence of HA generally increased
the uptake of the chemicals, with the effect greater in kaolinite and goethite systems than
in montmorillonite, suggesting that HA prevented intercalation of endocrine disrupting
molecules in montmorillonite system.
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4.2 Results
A range of experiments was conducted to study the effect of HA on the sorption of NT to
the studied surfaces. In some experiments the order of addition of HA and NT was
investigated, and so when presenting these results the following nomenclature was adopted.
HA-NT indicates that HA is added first, followed by NT, while NT-HA indicates that NT
was added before HA.

4.2.1 Solubility and sorption of HA
Figure 4.1 shows the solubility of HA as a function of pH. The results indicate that colloidal
HA is present across the entire pH range studied, with the solubility of HA increasing with
pH as expected.
A comparison between the amount of HA sorbed to gibbsite, kaolinite and montmorillonite
is shown in Figure 4.2. HA sorbed more readily at low pH values to all three surfaces, with
almost 100 % sorption to gibbsite at pH 3. As the pH increased there was a decrease in
sorption to all three substrates, especially in gibbsite and kaolinite where sorption was
decreased to less than 30 % at pH values higher than 11. Montmorillonite had the lowest
amount of HA sorbed to its surface, with almost none sorbed at pH values higher than 9.
The amount of HA sorbed onto montmorillonite is virtually identical to the amount of solid
HA in the studied pH range.
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Figure 4.1 Solubility of 100 mg L-1 HA as a function of pH in 10 mM NaCl solution.

Figure 4.2 Sorption of 100 mg L-1 HA at 25 °C to 100 m2 L-1 gibbsite (○), kaolinite (●)
and montmorillonite (▼). Background electrolyte 1 mM NaCl.
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4.2.2 Precipitation of HA and NT
The precipitation of HA with and without NT when no mineral surface is present is shown
in Figure 4.3. While the amount of solid HA decreased with pH, in the presence of NT the
amount of both HA and NT precipitated remained approximately constant from pH 4 to 9,
before decreasing at higher pH NT is soluble when present alone in solution under these
experimental conditions. While these results provide evidence of the amount of insoluble
complexes formed between NT and HA, and indirectly point to the existence of soluble
complexes, they provide no information about the concentration of soluble complexes.
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Figure 4.3 Precipitation of NT-HA complexes from a solution containing 0.10 mM NT and
100 mg L-1 HA in the absence of mineral.
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4.2.3 Sorption of NT and the effect of HA
The effect of the presence of humic acid on NT sorption to gibbsite is shown in Figure 4.4
(a). In the absence of HA, pH had little effect on NT sorption to gibbsite with less than 10
% sorbed across the entire pH range studied. However, in the prescence of HA the amount
of NT sorbed increased to about 50 % with pH having the effect on the amont sorbed. The
order of addition of HA and NT also had little effect on NT sorption to gibbsite, although
slightly more NT sorbed when it was added before HA.
Figure 4.4 (b) shows that the presence of HA also increased NT sorption to kaolinite. NT
sorption to kaolinite in the absence of HA showed only a small increase with increasing
pH, but, in the presence of HA, the increase in sorption with pH was more obvious. When
NT was added first, more NT was sorbed than when NT was added to the HA covered
kaolinite suspension.
In Figure 4.4 (c), the sorption of NT to montmorillonite is shown without and with HA. NT
sorbs strongly to montmorillonite over the entire pH range studied. Unlike kaolinite and
gibbsite, a slight suppression in the sorption of NT was observed when HA was present
while the order of addition of the sorbates had little effect on NT sorption to
monmorillonite. pH also caused little or no change to the amount of NT sorbed.

4.2.4 Increasing HA concentration
In order to investigate the effect of different concentrations of HA, we conducted
experiments where the pH and total NT concentration were held constant while the HA
concentration was increased. The amount of NT sorbed onto all three surfaces at pH 6 is
shown in Figure 4.5 (a) and indicates that increasing the HA concentration had no
significant effect on NT uptake by kaolinite or montmorillonite. For gibbsite however there
is a slight increase in the initial stages of the isotherem when HA concentration is lower
than 50 mg L-1. Figure 4.5 (b) shows the corresponding amount of HA sorbed in these
systems, which increased markedly on all three substrates at higher HA concentrations.
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Figure 4.4 Sorption of NT to 100 m2 L-1; gibbsite (a), kaolinite (b), and Na-montmorillonite
(c) in the presence of 100 mg L-1 HA under a range of conditions; NT alone (○), HA added
first (HA-NT) (●), and NT added first (NT-HA) (▲)
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Figure 4.5 (a) Sorption of 0.10 mM NT onto 100 m2 L-1 kaolinite (o), gibbsite () and
montmorillonite (▲) at pH 6 in the presence of increasing concentrations of HA. (b) The
amount of HA sorbed during the experiment.
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4.3 Discussion
4.3.1 Sorption of HA
HA adsorbed strongly at low pH to both montmorillonite and kaolinite, but there was little,
if any, sorption to gibbsite. The results also indicated a marked decrease in HA sorption to
gibbsite and kaolinite with increasing pH which has been noted previously for HA sorption
to soil minerals (Shareef 2005; Ruyter-Hooley et al. 2016; Chen et al. 2017). Sorption of
HA to mineral surfaces has been proposed to occur through a combination of electrostatic
interaction between the negatively charged carboxylate groups on HA molecules and
positively charged surface hydroxyl groups on the mineral, and hydrophobic interactions
(Tombácz et al. 2004; Guan et al. 2006; Celi & Barberis 2007).
Gupta and Miller (2010) showed that the isoelectric point of the alumina octahedral face of
kaolinite was between 6 and 8, while that for gibbsite is 9.0 (Rosenqvist et al. 2002a). Thus,
at lower pH values the surface hydroxyl groups on these substrates will be positively
charged and readily interact with the deprotonated carboxyl groups of HA, while at higher
pH the surface hydroxyls will be progressively deprotonated, reducing HA sorption. Both
gibbsite and kaolinite also have AlOH groups on the crystal edges which will be protonated
at lower pH values and therefore attract dissociated carboxylate groups on HA molecules.
The smaller amount of HA sorbed on kaolinite than on gibbsite results from the difference
in the amount of silica-like faces present on the surface, resulting in lower attraction of HA
to said surfaces.
The results for sorption of HA on SWy-3 montmorillonite followed the curve for solid HA
suggesting that there was little or no interaction between HA and the surface.In contrast to
this study, Chen et al. (2017) found significant sorption of a soil HA to montmorillonite
(SWy-2) which had been oxidised with peroxide to remove residual organic carbon and
treated with KCl to bring the clay to the K+ form. The difference between these results may
result from the presence of Ca as a major exchangeable cation in our SWy-3
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4.3.2 Precipitation of HA and NT
Figure 4.3 indicates the formation of a complex between NT and HA which increases the
solubility of HA below pH 4. While the figure provides information on the formation of
insoluble complexes, it is likely that soluble complexes between HA and NT also exist
because HA contains carboxyl and hydroxyl functional groups which can deprotonate
giving HA a negative charge (Feng et al. 2005) while NT, having a secondary amine group,
tends to protonate resulting in the molecules being positively charged at pH values below
its pKa (9.7).
Numerous studies have been conducted on the complexation between HA and positively
charged metal ions (Pompe et al. 2000; Štamberg et al. 2003; Benes et al. 2004; Baker &
Khalili 2005; Companys et al. 2007), but few have investigated HA complexation with
organic molecules such as pharmaceuticals. Recently Gu et al. (2007) studied complexation
between the antibiotic, tetracycline, and HA using equilibrium dialysis and modeling. They
showed that HA-tetracycline complexation was pH dependent with the maximum
complexation occurring at pH 4.3, close to the pKa of tetracycline (3.3) indicating that
tetracycline speciation strongly influenced the amount bound to HA. A similar result was
previously found by Sithole and Guy (1987) where complexation between tetracycline and
humic substances was found to decrease above pH 4.
Above pH 10, the amount of HA in solution was unaffected by the presence of NT, which
indicates a decrease in complexation between HA and above the pKa of NT (9.7), where
the NT molecules are largely deprotonated.

4.3.3 Effect of HA on NT uptake
The presence of organic matter can supress or enhance the sorption of organic ligands on
various clay minerals (Kile et al. 1995; Li et al. 2003). The effect of humic substances on
the uptake of ionic organic species by minerals can depend on the nature and charge of both
the sorbate and mineral (Shareef 2005).
Gibbsite
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In the presence of HA, NT sorption to gibbsite was substantially increased (Figure 4.4 (a))
with the % NT sorbed increasing from near zero in the absence of HA to 50 % after the
addition of HA. HA sorbs readily to the gibbsite surface (Figure 4.2), especially at lower
pH values, due to interaction between positively charged surface sites and negatively
charged carboxylate groups on the HA molecules. The sorbed HA will then reduce the
repulsion between positively changed NT species and the surface, removing the
electrostatic barrier to NT sorption. Sorption of NT is then the result of both electrostatic
interaction between positively charged NT cations and residual carboxylate groups of
sorbed HA, and hydrophobic interactions between NT and HA and the surface, whose
charge has been neutralised by the sorbed HA.
There is no decrease in NT sorption at higher pH values even though Figure 4.2 shows that
there is a reduction in the amount of HA sorbed, and above the pKa of NT a reduction in
the positive charge on the NT molecules is expected. The strong NT sorption at pH values
above the pKa has previously been noted for sorption of NT on montmorillonite and
kaolinite (Sadri et al. 2018). They proposed that cation-π stacking of NT molecules shields
the positive charge on the NT molecules which then persists at pH values well above the
pKa. In addition, Fig. 7a shows that a small amount of HA is all that is needed to provide a
sufficient surface coverage to enhance NT sorption. The positively charged NT aggregates
are then sorbed to the negatively charged HA molecules on the surface, maintaining
sorption at high pH.
Kaolinite
The addition of HA also increased the amount of NT that sorbed to kaolinite (Figure 4.4
b), although to a lesser extent than on gibbsite. The smaller effect of HA on NT sorption
on kaolinite is most probably because less HA sorbed to kaolinite than to gibbsite as noted
earlier. NT sorption to kaolinite in the presence of HA is then due to a combination of NT
sorption to the negatively charged silica-like face and edge sites noted previously, plus
sorption to both negatively charged carboxylate groups and hydrophobic sites on HA
molecules sorbed to the positively charged alumina-like sites. Hydrophobic sorption onto
humic acid coated minerals has previously been found to vary with the mineral surface.
Murphy et al. (1990), investigated the sorption of three hydrophobic compounds on
hematite and kaolinite substrates coated with HA, and found that the sorptivity of the HA
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for the hydrophobic organic compounds was different for the two minerals., They
suggested that the interfacial configuration of the humic coating on a given mineral may
affect both the size and accessibility of the hydrophobic domains that control sorption of
hydrophobic species.
The increase in NT sorption on addition of HA to the gibbsite and kaolinite systems is
consistent with previous studies that have investigated the uptake of hydrophobic species
in the presence of organic matter in the soil or sediments (Angove et al. 2002; Spark &
Swift 2002; Li et al. 2003). Angove et al. (2002) studied the uptake of anthracene by
goethite and kaolinite in the presence of organic acids and found that the sorption of
anthracene increased when the organic species were added to the system. The effect of the
solid and dissolved organic matter fractions in soil systems on the sorption behaviour of
pesticides, was studied by Spark and Swift (2002). The authors found that the major factor
enhancing the sorption of these pesticides was the solid state organic fraction of the clay
mineral, while the dissolved organic carbon fraction of the total organic carbon in the soil
appeared to have little or no effect on the sorption of these pesticides.
For kaolinite, an increase in the pH of the system also increases the amount of NT sorbed
in the presence of HA. As was the case for NT sorption onto gibbsite, this is likely to be
due to sorption of positively charged cation-π NT aggregates, which persists at pH values
above the pKa of NT, onto both the negatively charged HA anions remaining on the surface
and the silica-like face and edge sites.
While the order of addition had little effect on the gibbsite system, for kaolinite, NT
sorption was greater when HA was added second. The effect of the order of addition for
the kaolinite system might occur because of differences in binding sites of NT and HA. HA
has been reported to interact mostly with mineral edges (Chen et al. 2017) as well as basal
sites. Therefore when added first, NT tends to sorb to hydrophobic sites without the
disturbance from competing HA species, while the addition of NT second results in lower
NT sorption. HA is sorbing to crystal faces by hydrophobic interaction and then blocking
negatively charged sites on the surface. The conformation of the HA then becomes
important. At low pH it is coiled so that the few negatively charged sites on the HA are
shielded from NTH+ reducing the electrostatic attraction and thus the NT sorption. Murphy
et al. (1990), who investigated the sorption of some hydrophobic compounds on hematite
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and kaolinite coated with HA, found that the amount of organic species sorbed was different
on HA coated minerals, suggesting that the orientation of humic substances on a given
mineral may affect the accessibility of hydrophobic domains that control sorption.
Montmorillonite
Figure 4.4(c) showed a slight suppression in NT sorption onto montmorillonite after the
introduction of HA to the system. While competition for hydrophobic sites on the
montmorillonite surface is likely as both HA and NT have rather large nonpolar moieties,
given that HA sorption to montmorillonite was negligible (Figure 4.2), competitive sorption
is unlikely. Therefore the decrease in NT sorption in the presence of HA to montmorillonite
most probably arises from the formation of soluble HA-NT complexes that have a lower
affinity for the surface. While Li et al. (2003) also found that the sorption of 4,6,-dinitro-ocresol onto Ca saturated montmorillonite could be decreased by the presence of humic
acids, they suggested that this resulted from either some of the mineral surface being
obscured by HA or the HA preventing access into interlayer sites. These mechanisms are
unlikely to be important in this study because HA sorption was found to be negligible and
there was no evidence of NT sorption in interlayer sites.
Further investigation is needed in this area, as there is hardly any study done on the effect
of organic species on HA sorption to minerals, and the limited studies that are available
mainly focus on the influence of HA on the sorption of non-polar compounds.
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4.4 Conclusions
For the ternary HA-NT-mineral systems, pH and the nature of the mineral were found to
be important in influencing both NT and HA sorption. The addition sequence of HA and
NT had no effect on HA uptake, and only affected the uptake of NT by kaolinite.
The presence of HA generally increased the uptake of NT by gibbsite and kaolinite,
primarily due to HA sorption creating a more negatively charged surface sites for the
sorption of NT. For montmorillonite however, the presence of HA in the system reduced
the amount of NT sorbed to the surface, probably because of the formation of a soluble
HA-NT complex that had a lower affinity for the surface.
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5 Sorption of GA to soil minerals and the effect
of the presence of GA and NT in the system
5.1 Introduction
Given the complex nature of humic substances, an approach toward better predicting
interactions and understanding the role played by these building blocks, is to use small
organic molecules as models of the humic macromolecules (Evanko & Dzombak 1998;
Angove et al. 2002). In numerous studies the use of carboxylic and aromatic molecules
have provided significant insight in the possible interactions of HA with minerals and clays
(Ali & Dzombak 1996; Evanko & Dzombak 1998, 1999; Angove et al. 2002; Kreller et al.
2003).
In this chapter, the sorption of GA, a simple benzene carboxylic acid, on some common
soil minerals: kaolinite, gibbsite, and montmorillonite, was investigated, to further identify
the nature of the interactions between humic substances and mineral surfaces, and better
understand how these humic-like coatings impact on the sorption of NT.

5.1.1 Organic acids as models for HA sorption
Humic substances, comprise more than 70 % of natural organic matter (NOM) in soils (Hur
& Schlautman 2004), many studies have focused on their effects on the uptake of organic
molecules (Murphy et al. 1990; Spark & Swift 2002; Li et al. 2003). NOM contains both
humic and fulvic acids, which generally comprise of oligomers and polymers containing
phenolic building blocks (Araujo et al. 2005).The main functional groups involved in more
than half of the aromatic mass of humic substances is thought to be COOH and OH groups
(Huang & Schnitzer 1986). The use of carboxylic aromatic molecules have provided insight
in the possible interactions of HA-minerals (Ali & Dzombak 1996; Evanko & Dzombak
1998, 1999; Angove et al. 2002; Kreller et al. 2003). Evanko and Dzombak (1999)
described the sorption of a wide range of organic acids containing both carboxyl and
phenolic groups to goethite by surface complexation modeling. Surface complexation
modeling was also performed to fit sorption data for fulvic acid. The data could be
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described well using reactions and constants similar to those for simple carboxylic acids,
making them potential models for humic and fulvic acid with respect to sorption.
One of the simplest possible models for NOM is gallic acid (3,4,5-trihydroxybenzoic acid)
(Araujo et al. 2005). GA (Figure 1.3b) is a trihydroxy-benzoic acid, found both free and as
part of hydrolysable tannins (Rice-Evans et al. 1996). GA is a phenolic acid naturally found
in different plant constituents (Cuvelier et al. 1992). In a recent study conducted by
Giannakopoulos and Deligiannakis (2011), it was demonstrated that gallic acid can be an
appropriate analogue for determination of humic sorption on a chargeable hydrophobic
surface.

5.1.2 Organic acid sorption onto soil minerals
There have been numerous studies of the sorption of simple organic acids onto clay
minerals. All show much less sorption to clay substrates than to oxides. For example,
Benyahya and Garnier (1999) investigated the sorption of salicylic acid to alumina and
kaolinite and found that sorption to kaolinite was unmeasurably small. In contrast, sorption
occurred readily to alumina, especially in acidic solutions. Similar results were found in a
study of 2,4-dichlorophenoxy-acetic acid (2,4-D) sorption onto montmorillonite and
ferrihydrite (Celis et al. 1999). While no 2,4-D sorbed to montmorillonite (there was, in
fact, an apparent increase in the concentration of 2,4-D in bulk solution as the dried clay
sorbed water preferentially), S-shaped isotherms were observed on ferrihydrite. The lack
of sorption on the clay substrate in this case may have been due in part to the relatively high
pH of the experiment (pH > 7) where the organic anion would be repelled by the negative
charges on both face and edge surfaces.
Angove et al. (1999a) also found greater sorption of a range of benzene carboxylic acids to
goethite than to kaolinite when similar surface areas of the substrates were used. The pattern
of sorption to kaolinite of all acids involved in that study was similar, with a peak in the
amount sorbed at about pH 5.5 (near the pHPZC of the kaolinite sample). Above pH 9, while
a significant amount of phthalic acid remained on the surface, there was no evidence of
sorption for the other benzene carboxylates. A more comprehensive study of the sorption
of mellitic acid onto kaolinite (Angove et al. 2006b), which also included an investigation
of the effect of temperature on sorption, confirmed the results of the previous investigation.
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The temperature effects found illustrate the importance of surface charge for this system.
Below pH 5.5, where pH-dependent charge sites have a net positive charge, an increase in
temperature resulted in an increase in the concentration of positively charged surface sites
which caused increased sorption of negatively charged mellitic acid species. Above pH 5.5
an increase in temperature increased the net negative charge at the surface and therefore
decreased the amount of mellitic acid sorbed.
When Ward and Brady (1998) investigated the sorption of formic, acetic and oxalic acids
to kaolinite they found that, while very little formic or acetic acid was removed from
solution, a significant amount of oxalic acid was sorbed, especially at pH values below 6.
If surface binding was assumed to occur to Al-OH sites, even at low pH only one in five of
the available sites were occupied by oxalate ions. The results were successfully modeled
by use of a triple-layer surface complexation model with deprotonated oxalate ions bound
to neutral Al-OH sites as outer-sphere complexes.
Kubicki et al. (1997) investigated the bonding of salicylic acid sorbed onto illite, using
FTIR spectroscopy. They proposed that at pH values around 7 a monodentate complex was
favored, while at lower pH a bidentate complex was dominant. In another study focused on
the sorption of a range of carboxylic acids including, acetic, oxalic, citric, benzoic, salicylic
and phthalic acid onto a set of common mineral substrates (quartz, albite, illite, kaolinite
and montmorillonite), Kubicki et al. (1999) found that citric acid sorbed very weakly to
only illite and kaoilinite at pH 3 and 6. Overall, the results of experiments studying organic
acids indicate that sorption occurs largely through electrostatic attraction and hydrogen
bonding. In addition, generally at least two acidic moieties are required for effective
interaction between organic acids and clays.
The sorption of citric acid onto both kaolinite and goethite was investigated through batch
experiments (Singh et al. 1996; Redden et al. 1998). Redden et al. (1998) found that much
more citric acid was sorbed to goethite than to kaolinite. The sorption however, followed
the same trend in both minerals, with maximum sorption occurring between pH 4 and pH
7, and then less citric acid sorption at pH values higher than 7. Similarly Singh et al. (1996)
found that citric acid sorption onto kaolinite was much greater at pH 4 than at pH 6 or pH
8, suggesting that repulsion between the negatively charged citrate ions and the negatively
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charged surface of kaolinite in the pH range. None of the mentioned studies attempted using
surface complexation modeling to describe the sorption of citric acid to the studied surfaces.

5.1.3 The effect of organic acids on hydrophobic sorption
While several studies have shown a correlation between sorption of nonpolar substances
with the amount of soil organic matter (Li et al. 2003; Shareef 2005), underlying
mechanisms leading to sorption, and the effect of simple organic acids as building blocks
of large molecules known as soil organic matter are not yet entirely known.
The effect of organic ligands on metal ion sorption onto soil minerals have been
investigated previously, their influence on the sorption of nonpolar compounds including
pharmaceuticals are not well understood. Only few studies have accentuated the importance
of organic acid in hydrophobic sorption. For example, Angove et al. (2002) studied the
uptake of anthracene from diluted aqueous solutions onto goethite and kaolinite first in the
absence and then in the presence of three benzene carboxylic acids. It was proposed that
the enhancement of anthracene sorption in the presence of phthalic acid is due to an increase
in the hydrophobicity of the mineral surface once phthalic acid molecules sorbed.

5.1.4 Surface complexation modeling of organic acids
Surface complexation modelling can be used to describe the sortpion process through
suggesting various possible surface reactions. Despite the fact that adjustable parameters
used in surface modelling can result in several models that are consistent with experimental
data, surface complexation models have been applied to the sorption of a number of organic
ligands onto mineral surfaces. There have been rather more studies on the sorption of
organic acids onto iron oxide minerals such as goethite than other minerals. For example
Ali and Dzombak (1996) studied the sorption of phthalic and chelidamic acids onto goethite
as function of pH, finding that both acids sorbed rather strongly at pH 3, with sorption
decreasing as pH was increased to pH 8. Both the sorption experiment and titration results
were modeled using a two layered surface complexation model, where only inner-sphere
complexes are allowed to be used. In another study with a focus on the sorption of several
hydroxyl benzoic acids onto goethite, Evanko and Dzombak (1999) found that maximum
sorption for all of the studied sorbates occurred between pH 3 and pH 5, with a rapid incline
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to almost zero percent at higher pH values. In describing the sorption edge results, again
the proposed two layered model did not allow the possibility of outer-sphere complexes.
Boily et al. (2000b) applied surface complexation modeling to investigate the uptake of
some benzene carboxylic acids by goethite. By linking the FTIR results together with
adsoprion experimetal data, the sorption of three studied carboxylic acid; phthalate,
trimellitate and pyromellitate, was modelled using a combination of inner- and outer-sphere
surface complexes. Using an ECCM, Nilsson et al. (1996) modelled the sorption of ophthalate in the presence of phosphate onto goethite using two outer-sphere complexes
which differed in protonation. Lackovic et al. (2003b), also used the ECCM, to model the
sorption of citric acid onto goethite, kaolinite and illite. While the citric acid sorption to
goethite was fitted using both inner- and outer-sphere surface complexes, citric acid
sorption to kaolinite and illite was modelled assuming only the formation of outer-sphere
surface complexes.
The nature of the interaction between mellitic acid and goethite has been investigated as a
function of pH and ionic strength by use of ATR-FTIR spectroscopy by Johnson et al.
(2004). They found that sorption of mellitic acid to goethite involves two outer-sphere
complexes. They argued that, while there is no evidence of inner-sphere complexation,
increasing the ionic strength did not displace the sorbed species, indicating the significance
of hydrogen bonding interactions as a sorption method for carboxylic acids, when sorbed
to hydroxide surfaces. The idea was further investigated in forthcoming studies focusing
on the surface complexation modeling of mellitic acid sorption onto goethite (Angove et
al. 2006a) and kaolinite (Angove et al. 2006b). All of the sorption results were effectively
modeled with ECCM involving just two outer-sphere surface complexes, [(SOH2)+(LH)5]4- and [(SOH)(L)6-]6- for kaolinite, and another set of outer-sphere complexes,
[(SOH2)+(LH2)4-]3- and [(SOH2)22+(L)6−]4− for goethite systems.
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5.2

Results

As with NT sorption, a number of experiments were conducted to determine the sorption
of GA to clay minerals. The sorption results for both GA-mineral binary systems, and GANT-mineral ternary systems reported in this chapter were modeled using an ECCM.

5.2.1 GA sorption to minerals
Sorption edges and isotherms
GA sorption edges for the studied surfaces are shown in Figure 5.1. These results indicate
that more GA sorbs onto gibbsite than onto the other two surfaces, particularly at low pH.
Maximum GA sorption onto gibbsite occurs at pH ˂ 6, with sorption reaching around 70
% at the pH range of 4 to 5. Kaolinite however has a lower uptake for GA compared to
gibbsite, with sorption levels around 40 % at pH 8. The amount of GA sorbed to
montmorillonite was nearly zero throughout the entire pH range studied.
The effect of GA concentration on sorption at pH 6 is shown in Figure 5.2. As was indicated
for the sorption edge, GA sorption to gibbsite was much greater than to kaolinite and
montmorillonite. The isotherms could be readily fitted with the Langmuir equation with Nm
and K values given in Table 5.1. The Nm values reflect the differences seen in the sorption
edges between gibbsite and kaolinite, with gibbsite having higher total sorption per surface
area. Solid lines (Figure 5.2) show the fit of the Langmuir equation to the GA sorption
results, while dotted lines represent the fit obtained by surface complexation modeling.
Since GA sorption to montmorillonite was insignificant, both sorption edge and sorption
isotherm data were not treated neither with Langmuir nor with surface complexation
techniques.
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Figure 5.1 Sorption of 0.10 mM GA onto 100 m2 L-1 gibbsite (●), kaolinite (□) and
montmorillonite (▲) at 25°C. Lines show the best fit obtained from surface complexation
modeling with parameters given in Tables 5.2.
Table 5.1
Langmuir constants from GA sorption isotherms a pH 6. (± Standard error in the non-linear
regression analysis)
Surface

Nm (µmol m-2)

K (m3 mol-1)

Gibbsite

1.1 ± 0

40 ± 6

Kaolinite

0.40 ± 0.02

26 ± 4
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Figure 5.2 GA sorption isotherms onto 100 m2 L-1 gibbsite (●), kaolinite (□) and
montmorillonite (▲) at 25°C and pH 6.0. Solid lines show the fit of the Langmuir equation
to the results with the constants given in Table 5.1. Dotted lines show best fit obtained from
surface complexation modeling with parameters found in Table 5.2.
GA surface complexation modeling
The proposed model for the sorption of GA to gibbsite and kaolinite, summarized in Table
5.2, provided a good fit to both sorption edge and isotherm data shown in Figures 5.1 and
5.2 respectively. For gibbsite, the model consists of two inner-sphere surface species: a
doubly coordinated complex S2L- and a singly coordinated complex SLH2, where S
represents a metal atom of the surface and L3- a gallate ligand.
For GA-kaolinite system, two species were found to provide the best fit: a singly
coordinated outer-sphere [(SOH2)+ (LH2)-]0 and the S2L- complex also used in modeling
the GA-gibbsite system. The relative concentrations of surface complexes for GA sorption
to gibbsite and kaolinite is shown in Figure 5.3a and 5.3b respectively. S2L- was the
dominant sorbed species above pH 4 for both gibbsite and kaolinite.
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Figure 5.3 Speciation of 0.10 mM GA sorbed to 100 m2 L-1: gibbsite (a) and kaolinite (b)
as predicted by surface complexation modeling at 25 °C; the parameters are given in Table
5.2.
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Table 5.2
Reactions and equilibrium constants for GA binary and GA-NT ternary sorption onto
gibbsite and kaolinite from surface complexation modeling. Equilibrium constants are
listed as log10 K.

Reactions

Log10 K

Protonation constants of GA a and NT b
L3- + H+ ↔ LH2-

11.12

L3- + 2H+ ↔ LH2-

8.98

L3- + 3H+ ↔ LH3

4.33

NT + H+ ↔ NTH+

9.8

Kwc

-14.00

Surface reactions d
SOH + H+ ↔ SOH2+
SOH ↔ SO- + H+

Gibbsite

Kaolinite

7.17

7.17

-11.18

-11.18

XNa + H+ ↔ XH + Na+

2.5

GA sorption reactions e
2SOH + L3- + 2H+ ↔ S2L- + 2H2O

27.95

SOH + L3- + 3H+ ↔ SLH2 + H2O

29.52

SOH + L3- + 3H+ ↔ [(SOH2)+ (LH2)-]0

28.12

26.02

NT sorption reactions e
XNa + NT + H+ ↔ [(X-NTH+)]0 + Na+

10.51

2XNa + 2NT + H+ ↔ [(X-)2 (NTH+).NT]- + 2Na+

17.09

Ternary sorption reactions e
GA cosorption
SOH + L3- + NT+ 4H+ ↔ [(SLH2)-(NTH)+]+ + H2O
2SOH + L3- + NT + 3H+ ↔ [(S2L-NTH+)]0 + 2H2O
a
Giannakopoulos et al. (2005).
b

Clarke (1975).

c

Lide (2012).
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45.18
42.67

d

Ruyter-Hooley et al. (2015).

e

This work.

5.2.2 Sorption of NT to gibbsite and kaolinite in the

presence of GA
Sorption edges and isotherms
The results of NT sorption edges on the studied substrates with and without GA at 0.10
mM concentration, are shown in Figure 5.4, with open symbols displaying the amount of
NT sorbed to surfaces without the addition of GA, and closed symbols representing NT
uptake in the presence of the organic acid. GA was found to increase NT uptake by gibbsite
mostly at pH ˂ 8, with sorption having a 20 % increase from pH 5. As with gibbsite, the
amount of NT sorbed onto kaolinite increased with the addition of GA to the system. As
shown in Figure 5.4, sorption increased by almost 10 % from pH values 6 to 9, leading in
a slight drop towards the higher pH values.
NT sorption isotherms for both surfaces in the presence of GA are shown in Figure 5.5. As
seen in the sorption edges, the sorbed amounts in the presence of GA are greater for
kaolinite than gibbsite. With the addition of GA to NT-gibbsite system, NT sorption
increased dramatically compared to NT sorbed without GA present. The isotherms could
be readily fitted with surface complexation modeling displayed by dotted lines in Figure 8
with constants given in Table 5.2.
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Figure 5.4 Sorption of 0.10 mM NT onto 100 m2 L-1 gibbsite (○) and kaolinite (□) at 25°C.
Closed symbols present NT sorption with added GA. Lines show the best fit obtained from
surface complexation modeling with parameters given in Table 5.2.

Figure 5.5 NT sorption isotherms in the presence of GA onto 100 m2 L-1 gibbsite (●) and
kaolinite (□) at 25°C and pH 6.0. Dotted lines show best fit obtained from surface
complexation modeling with parameters found in Table 5.2.
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Surface complexation modeling of GA-NT-mineral ternary systems (GA cosorption)
The proposed model for the ternary systems for both GA-NT-gibbsite and GA-NTkaolinite, which provided a reasonable fit to all of the ternary sorption data is shown in
Table 5.2. For gibbsite, in addition to the two reactions used to model the GA-gibbsite
system, an extra ternary surface species was required. Given the nearly zero amount of NT
uptake by gibbsite (Figure 5.5), it was assumed that NT molecules interacted with gallate
already sorbed at the surface. The [(SLH2)-(NTH)+]+ surface complex represents a
deprotonated NT molecule bound via outer-sphere complexation to an inner-sphere GA
complex. [(SLH2)-(NTH)+]+ is displayed by a single dashed line in Figure 5.6 (a), as the
only surface species present in solution in the GA-NT-gibbsite ternary system.
Both NT-kaolinite and GA-kaolinite model complexes were included in the surface
complexation modeling of the kaolinite ternary system. In addition to the four species
proposed in the binary system fits, a complex interacting with the doubly coordinated
complex S2L- was introduced. S2L- complex was proposed in both gibbsite and kaolinite
binary systems, suggesting a possible GA interaction with the charged sites located on the
edges of both surfaces. Assuming NT molecules interact with gallate already sorbed to the
surface, a doubly coordinated inner-sphere complex [(S2L-NTH+)]0 was proposed, where a
protonated NT molecule is engaged in an electrostatic interaction with the gallate ions
already sorbed to the edge sites . The relative concentrations of predicted surface species
for NT sorption to kaolinite with addition of GA is shown in Figure 5.6 (b). As with NT
sorption in the kaolinite binary system, the dominant sorbed species at pH ≤ 7 was [(XNTH+)]0, while [(X-)2 (NTH+).NT]- was mostly present at higher pH values. The ternary
complex [(S2L-NTH+)]0 mostly contributed to the total sorption in the middle section of the
studied pH range.
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Figure 5.6 Speciation predicted by surface complexation modeling at 25 °C of 0.10 mM
NT sorbed to 100 m2 L-1 kaolinite in the presence of 0.10 mM GA. The parameters are
given in Table 5.2.
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5.3

Discussion

5.3.1 Binary systems
GA sorption
As seen in Figures 5.1 and 5.2 both the sorption edge and the sorption isotherm results
indicated that GA sorbed less to kaolinite than to gibbsite. It is generally thought that the
sorption of polar organic compounds to mineral surfaces occur through interactions with
surface hydroxyl groups (Boily et al. 2000b; Angove et al. 2002). Both gibbsite and
kaolinite have active hydroxyl groups on the edges. However, unlike gibbsite, the edges of
kaolinite crystals contain both Si-OH and Al-OH sites, with the Si-OH sites being
permanently deprotonated throughout the entire pH range studied (Greenland & Hayes
1978; Brady et al. 1996). As a result, lesser amounts of GA carboxyl groups will interact
with the non-hydroxylated siloxane faces abundant on kaolinite. These results are in
agreement with those of other authors who have investigated the sorption of organic
molecules to metal hydroxides and clay minerals. Lackovic et al. (2003b), for example,
found far more citric acid sorbed onto goethite than onto kaolinite across the pH range of 3
to 10. Other studies also reported similar results indicating that humic acid (Zachara et al.
1994; Ruyter-Hooley et al. 2016) and some benzene carboxylates (Ali & Dzombak 1996;
Redden et al. 1998; Evanko & Dzombak 1999; Angove et al. 2002) sorbed more strongly
to hydroxides than to aluminosilicates such as kaolinite.
The amount of GA sorbed onto both gibbsite and kaolinite is shown to decrease with
increasing pH. This is consistent with previous studies focusing on the sorption of humic
acid (Spark et al. 1997a; Ruyter-Hooley et al. 2016), as well as some organic acids such as
phthalic, trimesic, chelidamic and mellitic acid (Ali & Dzombak 1996; Redden et al. 1998;
Evanko & Dzombak 1999; Angove et al. 2002). The decrease in GA sorption with
increasing pH most likely results from changes in electrostatic interactions at the surface.
At low pH the surface will be positively charged leading to favourable electrostatic
attractions between the negatively charged GA and the surface. At high pH the surface will
become negatively charged leading to electrostatic repulsion and resulting in a decrease in
sorption (Ruyter-Hooley et al. 2015).
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The sorption of GA to all three surfaces somewhat resembled that of HA sorption (Figure
4.2), with gibbsite having the highest amount of GA sorbed and montmorillonite having
the lowest. The negligible sorption of GA to montmorillonite compared to the other
surfaces was interesting, particularly given that HA did sorb to montmorillonite (Chapter
4). The lower affinity of GA compared to HA for montmorillonite suggests that
hydrophobic interactions play an important role in the sorption of HA to the
montmorillonite surface. Of course, the fact that montmorillonite carries a high permanent
negative charge will mean that interactions between negatively charged GA and the surface
will be less likely because of electrostatic repulsion.
Surface complexation modeling
The sorption results reported in this study were modeled using an ECCM. ECCM has been
used previously to model the sorption of a number of metal ions as well as organic species
(Nilsson et al. 1996; Nordin et al. 1998; Lackovic et al. 2003b; Angove et al. 2006a; Angove
et al. 2006b; Hwang & Lenhart 2009) to mineral surfaces. Kaolinite as a 1:1 clay mineral,
comprises an active Al-OH sheet bound to a silica sheet, which are held together strongly
by hydrogen bonds (Greenland & Hayes 1978). As the silica sites will be permanently
charged negative over the pH range studied, it is unlikely that GA will interact with these
surface sites. Therefore, in this work, only surface reactions involving the interaction of
GA with variable charged sites available on the crystal edges of kaolinite were considered
during the modelling process. These models tend to find a set of reactions somewhat
matching to the experimental sorption data, and are not intended to provide a complete
description of all occurring surface processes. The proposed reactions, presented in Table
5.2, provided the best fit for both edge and isotherm sorption data.
GA sorption to kaolinite was best modeled assuming one inner-sphere surface species: a
doubly coordinated complex S2L- and an outer-sphere species: singly coordinated complex
[(SOH2)+ (LH2)-]0. The inner-sphere singly coordinated species, analogues to those
proposed for the gibbsite system, presented poor fits to kaolinite sorption data. The
speciation of these complexes shown in Figure 3, indicated that the inner-sphere surface
complex S2L-, was present throughout the pH range 3 to 11, peaking at pH 7. The outersphere species was mostly present at pH ≤ 4, and contributed to the slight uprise in GA
sorption at lower pH (Figure 5.3 b). Outer-sphere complexes have previously been
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associated with kaolinite by Ikhsan et al. (2004), proposing that aspartic acid sorbed to
kaolinite through two outer-sphere species, both of which comprised a negatively charged
sorbate bound to the protonated surface hydroxyl group (SOH2+).
The suggested sorption model for the binary gibbsite system consisted of two inner-sphere
surface species: a doubly coordinated complex S2L- and a singly coordinated complex
SLH2 (Table 5.2). Outer-sphere complexes did not present a suitable fit to both sorption
edge and isotherm data. This set of surface species indicated that inner-sphere complexation
was more significant in gibbsite binary systems compared to kaolinite. This was most likely
due to the higher positive charge on gibbsite particles, which might lead to a direct
interaction between the surface and deprotonated organic ions, enabling the formation of
inner-sphere complexes (Angove et al. 2002). It was similarly concluded in previous
studies, by means of spectroscopic data and modeling, that inner-sphere complexes
dominated the sorption of a number of simple organic acids, including phthalic acid, onto
metal hydroxides such as goethite (Filius et al. 1997; Persson et al. 1998). Johnson et al.
(2004) who investigated the nature of the interactions between mellitic acid and the mineral
goethite, found that although there was no evidence of inner-sphere complexation,
increasing the ionic strength did not displace the sorbed species, suggesting that the
interaction was still relatively strong and that hydrogen bonds might have played a
significant role in the binding method.

5.3.2 Ternary systems
The effect of GA on the uptake of NT
In agreement with previous works on the effect of organic matter on the sorption of
hydrophobic species to mineral surfaces (Angove et al. 2002; Spark & Swift 2002; Li et al.
2003), NT sorption to both gibbsite and kaolinite increased with the addition of GA to the
system. This was noticeable in both edge and isotherm results displayed in Figures 5.4 and
5.5 respectively. The increase in NT sorption may result from changes at the surface
following GA sorption including an increase in hydrophobicity of the surface and also
reduce the net positive charge of the surface. Interestingly, the enhancement in NT sorption
to gibbsite, by almost 20 % at lower pH values, somewhat followed a similar trend to that
of the SLH2 sorbed species, a non-charged surface species. This result suggests that for
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gibbsite, the increase in NT sorption may result from an increase in hydrophobicity of the
surface upon GA sorption. This idea was previously proposed by Angove et al. (2002), who
established that the sorption of anthracene in the presence of phthalic acid was greater onto
goethite in comparison to kaolinite.
Sorption of NT to kaolinite has been proposed to occur on permanently negative-charged
sites. At low pH, where NT is mainly protonated, the edge sites are most likely protonated
leading to an electrostatic repulsion between NT molecules and the edge sites of the surface.
Contrarily GA is negatively charged at lower pH, and therefore the sorption of GA to
kaolinite edge sites could increase the total negative surface charge, and lead to possible
interactions between protonated NT and the sorbed GA on edges, increasing the overall
amount of NT sorbed. This behaviour is mostly common in mineral ternary systems
involving metal ions and organic ligands. Collins et al. (1999) for example, investigated
the influence of some organic substances including humic acid, citrate and oxalate on Cd(II)
sorption to goethite. They found that no ternary complexes formed between Cd(II) and
phosphate at the surface, suggesting that the observed increase in sorption resulted from
possible changes in electrostatic interactions at the surface.
A similar effect was observed when investigating the effect of HA on NT sorption (Figure
4.4). Like GA, HA increased the amount of NT uptake by both gibbsite and kaolinite. The
effect of HA however, was more pronounced compared to that of GA in the ternery gibbsite
systems, suggesting that the hydrophobic fraction of HA is responsible for a major amount
of NT sorbing to the surface of gibbsite.
Surface complexation modeling (GA cosorption)
When modeling the ternary system, initially a surface model including only the surface
reactions already established for the binary NT- and GA-kaolinite systems was tested, and
since NT sorption to gibbsite was negligible only GA-gibbsite complexes were included.
This model, however did not provide acceptable fit to ternary sorption data. To improve
the fit of the model, several ternary surface complexes were tested during the modeling
process with some offering sensible fits. The ternary constants presented in Table 5.2 are
consistent to both the sorption edge and isotherm data.
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Since NT sorption onto gibbsite was negligible, modeling the GA-NT-gibbsite ternary
system was based on the assumption that NT merely interacted with already sorbed GA
molecules. Similarly in order to model the uptake of anthracene by goethite in the presence
of phthalic acid, Angove et al. (2002) proposed a two-step process in which phthalate
sorbed to the surface first, and by creating a more favourable surface for hydrophobic
interactions, aided the sorption of anthracene molecules in the second step.
As the uptake of NT by gibbsite was pH dependent in the presence of GA, and the NT
sorption edges in the ternary system somewhat resembled the general shape of SLH2
speciation curves (Figure 5.3 a), [(SLH2)-(NTH)+]+ was tested as a potential ternary
complex. As expected, in addition to the binary complexation species, the proposed ternary
complex [(SLH2)-(NTH)+]+ with the parameters presented in Table 5.2, provided a good fit
to both edge and isotherm sorption data. The addition of [(S2L- NTH+)] did not improve the
model fit. This may reflect on the fact that at lower pH values NT molecules, even though
being mainly protonated, are interacting through relatively weak hydrophobic interactions
with the uncharged GA sorbed to the surface.
In order to model the kaolinite ternary system, the inclusion of all NT- and GA-kaolinite
binary complexes was not sufficient in fitting the experimental data. Thus, a number of
species interacting with the binary surface complexes were tested. Initially, the surface
complex, [(SLH2)-(NTH)+]+, used in the gibbsite ternary system was tested in the model
however it did not provide an appropriate fit to the sorption data. For the GA-kaolinite
system, the inner-sphere complex S2L- tended to dominate sorption above pH 4 (Figure 5.3
b). Therefore, ternary complexes involving the interaction of NT with S2L- were tested. The
surface species [(S2L-NTH+)]0 was found to provide the best fit to the experimental data.
As in the NT-kaolinite binary system, doubly coordinated species [(X-)2 (NTH+).NT]-,
contributed mostly to the NT sorption levels at pH ≥ 9, while the species [(X-NTH+)]0 was
dominant at lower pH. The ternary species [(S2L-NTH+)]0 accounted for the increase in NT
sorption between pH 5 to pH 10.
There are relatively few references on surface complexation modeling of organic sorption
and co-sorption to clay minerals. As clay-organic sorption modeling is complex in the sense
of describing surface properties, producing a model that defines the sorption process
entirely might involve the inclusion of far more surface species, which for simplicity in this
100

work was limited to the least possible number of species with the best possible fit to the
model across the studied pH range. It is also important to note that it is impossible in the
framework of the surface complexation approach to account of hydrophobic interactions,
and other non-specific process.
Recent work involving the interactions of GA and non-polar compounds such as
pharmaceuticals are mostly studied in vitro, as GA is known to have synergic effects if
combined with antibiotics (Martinez-Castanon et al. 2008; Lee et al. 2014), as well as some
antibacterial effects when administered by itself (Akiyama et al. 2001; Chanwitheesuk et
al. 2007; Kang et al. 2008; Borges et al. 2013; Sun et al. 2014).
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5.4

Conclusions

Among the studied surfaces, gibbsite sorbed more GA than both kaolinite and
montmorillonite, with sorption capacity increasing in the order, montmorillonite < kaolinite
< gibbsite. The amount of GA sorbed to montmorillonite was nearly zero throughout the
entire pH range studied, as a result of permanently negative-charged sites repulsing
deprotonated GA ions. GA sorption to both gibbsite and kaolinite decreased with increasing
pH, mostly due to the potential electrostatic interactions occurring at the variable-charged
sites on the edges of the crystal sheets of both minerals. The uptake of GA by gibbsite was
modeled using two inner-sphere complexes, S2L- and SLH2. For kaolinite however, one
inner-sphere S2L- and one outer-sphere species [(SOH2)+ (LH2)-]0 were included, with
inner-sphere complexation dominating sorption at higher pH, while outer-sphere
complexation played an important role at lower pH.
In the presence of GA, NT sorption to both gibbsite and kaolinite increased. The effect of
GA on NT sorption was more pronounced at higher pH in the gibbsite ternary system. The
surface complexation model for GA-NT-kaolinite included a surface reaction on Al-OH
edge sites of kaolinite crystals forming the sorbed species [(S2L-NTH+)]0. Similarly, for GA
sorption to gibbsite in the presence of NT, species [(SLH2)-(NTH)+]+, which associated
with the edge sites of the crystal was included.
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6 Overview
The research described in this work was undertaken in regards of the recent increased
concern about the impact of pharmaceuticals on the environment. Numerous studies are
emerging in relation to the rise in the amount of these micro-pollutants found in receiving
waters. Most of these studies focused on environmental impact, while the behaviour and
transport of these compounds in the environment has received relatively little attention.
Interactions between pharmaceuticals and mineral surfaces play an important role in the
cycling and transport of these compounds in soil environments. However there is very little
information available related to the extent and mechanism of their sorption to mineral and
oxide surfaces.
The studies in this thesis mostly focused on predicting possible surface reactions involved
in the binding of NT to gibbsite, kaolinite, and montmorillonite and its likely availability
in the environment, particularly aqueous sediments. In order to determine the influence of
the natural organic matter present in soil, on the availability and sorption of NT in the soil
environment, the effect of HA on the sorption of NT to gibbsite, kaolinite, and
montmorillonite was investigated. This research also looked at the sorption of NT to all
studied surfaces in the presence of GA, with GA posing as the soluble portion of HA. This
chapter gives a brief summary of the significant findings of chapters 3 to 5, together with
some of the limitations of this research and suggestions for future study areas.

6.1 Conclusions
6.1.1 Sorption of NT to soil minerals
NT sorption to three studied surfaces was largely independent of pH with no decrease in
sorption at pH values above the pKa. Sorption to montmorillonite and kaolinite was much
greater than to gibbsite, indicating that hydrophobic interactions with the silica-like faces
of the alumina-silicates played an important role. The S-shape of the sorption isotherm of
NT on montmorillonite, together with the large Langmuir K value suggested that sorption
to montmorillonite was different from that on the other substrates. However the X-ray
diffraction results clearly indicated that no intercalation occurred, but rather that the NT
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was present as a multilayer on the montmorillonite surface. Cation-π stacking shields the
positive charge on the NT molecules so that it persists at pH values above the pKa of NT so
that there is no reduction in sorption at high pH. It also effectively traps the proton of NTH+
so that the IR spectrum of the sorbed species resembles that of the deprotonated NT
molecule.
Sorption complexation modeling results for NT-kaolinite and NT-montmorillonite binary
systems could be successfully modeled assuming three surface reactions:
XNa + NT + H+ ↔ [(X-NTH+)]0 + Na+
2XNa + 2NT + H+ ↔ [(X-)2 (NTH+).NT]- + 2Na+
XNa + 5NT + H+ ↔ [(X-NTH+).NT4]0 + Na+
These complexes indicated that NT sorbed as protonated cation to permanent charge Xsites at siloxane faces of both kaolinite and montmorillonite. There was no evidence of NT
sorption to interlayer regions of montmorillonite, as well as sorption to variable charge
SOH sites available on the edges of both surfaces. For the NT-montmorillonite system,
these results were consistent with the spectroscopy data.

6.1.2 HA-NT-mineral systems
In this section, firstly the uptake of HA by the surfaces was investigated, followed by the
determination of the influence of HA on the sorption of NT in a ternary system. In the
ternary HA-NT-gibbsite, kaolinite and montmorillonite systems the effect of HA on NT
sorption was studied together with the complexation between HA and NT as a function of
pH, as colloidal particles of HA may interact directly with NT in solution. For the ternary
HA-NT-mineral systems, pH and the nature of the mineral were found to be important in
influencing both NT and HA sorption. The addition sequence of HA and NT only slightly
affected the uptake of NT by kaolinite.
HA sorption to minerals
In agreement with earlier work on HA sorption to mineral surfaces, HA sorption to gibbsite
and kaolinite decreased with increasing pH, proposing that sorption of HA to mineral
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surfaces occur through electrostatic interactions between the negatively charged
carboxylate groups on HA molecules and surface hydroxyl groups on the mineral. At lower
pH values these surface hydroxyl groups may be positively charged and thus readily
interact with deprotonated carboxyl groups of HA. The amount of HA sorbed was less on
kaolinite than on gibbsite because of the presence of more silica-like groups on kaolinite.
There was little, if any, sorption to montmorillonite, while previous studies proposed that
hydrophobic interactions may also play a role in HA sorption to montmorillonite. The
silica-like faces have a significant negative charge from isomorphous substitution so that it
is unlikely that hydrophobic interactions will overcome the electrostatic repulsion between
the negative charges on both the HA molecules and the surface.
NT sorption in the presence of HA
In the presence of HA, NT sorption to gibbsite was significantly increased due to the
reduction of repulsion between positively charged NT species and the surface, with HA
removing the surface electrostatic barrier to NT sorption. Sorption of NT was then the result
of both electrostatic interaction between positively charged NT cations and residual
carboxylate groups of sorbed HA, and hydrophobic interactions between NT and HA. The
absence of a decrease in NT sorption at pH values above the pKa of NT showed the
importance of hydrophobic interactions.
The addition of HA increased the amount of NT that sorbed to kaolinite as well, although
to a lesser extent than on gibbsite, most probably because less HA sorbed to kaolinite. As
was the case for gibbsite, the presence of sorbed HA provides both negatively charged
carboxylate groups and hydrophobic sites to which NT can sorb. Unlike gibbsite, in the
kaolinite system, NT sorption was greater when HA was added second. The effect of the
order of addition for the kaolinite system occurred because of differences in binding sites
of NT (basal hydrophobic sites) and HA (active hydroxyl edge groups) on kaolinite. Given
the size of HA, its sorption to mineral edges could block binding sites on kaolinite basal
faces reducing the amount of NT able to sorb when added second. There was slight
suppression in NT sorption onto montmorillonite in the presence of HA, which most
probably arises from the formation of a soluble HA-NT complex that has a low affinity for
the surface.
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6.1.3 GA sorption to soil minerals
GA sorption edges indicated that more GA sorbs onto gibbsite than onto the other two
surfaces, particularly at low pH. Maximum GA sorption onto gibbsite occurs at pH ˂ 6,
with sorption reaching around 70 % at the pH range of 4 to 5. Kaolinite however has a
lower uptake for GA compared to gibbsite. The amount of GA sorbed to montmorillonite
was nearly zero throughout the entire pH range studied.
GA sorption to both gibbsite and kaolinite decreased with increasing pH, mostly due to the
potential electrostatic interactions occurring at the variable-charged sites on the edges of
the crystal sheets of both minerals. The uptake of GA by gibbsite was modeled using two
inner-sphere complexes, S2L- and SLH2. For kaolinite however, one inner-sphere S2L- and
one outer-sphere species [(SOH2)+ (LH2)-]0 were included, with inner-sphere complexation
dominating sorption at higher pH, while outer-sphere complexation played an important
role at lower pH.
The sorption of GA to the minerals was studied as a model to assess the actual sorption of
HA when only bonded through electrostatic interactions. The results resembled that of HA
sorption to the surfaces, revealing that the ionisable portion of HA which was represented
by GA is mostly responsible for how HA is affected when in contact with minerals.

6.1.4 GA-NT-mineral systems
In the ternary GA-NT-mineral systems the effect of both GA and NT on the sorption of one
another was investigated. NT sorption to both gibbsite and kaolinite increased with the
addition of GA to the system, which was evident in both edge and isotherm results. GA
sorption to montmorillonite was enhanced with the addition of NT to the system. These
results were then modeled, using ECCM methods.
NT sorption to gibbsite generally increased in the presence of GA especially below pH 8,
suggesting that the increase in NT sorption may result from an increase in hydrophobicity
of the surface upon GA sorption. Given the nearly zero amount of NT uptake by gibbsite,
it was assumed that NT molecules interacted with gallate already sorbed at the surface. The
surface complexation model proposed for this systems includes [(SLH2)-(NTH)+]+ surface
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complex together with the NT and GA reactions in gibbsite binary systems. [(SLH2)(NTH)+]+ represents a deprotonated NT molecule bound via outer-sphere complexation to
an inner-sphere GA complex.
As with gibbsite, the amount of NT sorbed onto kaolinite increased with the addition of
GA to the system. NT sorption increased by almost 10 % from pH values 6 to 9, leading in
a slight drop towards the higher pH values. Sorption of NT to kaolinite has been proposed
to occur on permanently negative-charged sites. The initial ECCM, which included the
proposed solution reactions together with the binary NT and GA reactions, could not fit the
sorption data so ternary surface complexes were included. The addition of an extra surface
species [(S2L-NTH+)]0 was found to provide the best fit to the experimental data. As in the
NT-kaolinite binary system, doubly coordinated species [(X-)2 (NTH+).NT]-, contributed
mostly to the NT sorption at high pH, while the species [(X-NTH+)]0 was dominant at lower
pH. The ternary species [(S2L-NTH+)]0 accounted for the increase in NT sorption between
5-10.
The addition of NT to the system clearly enhanced GA sorption to montmorillonite, with
an increase of almost 20 percent at lower pH. As the uptake of GA by montmorillonite was
nearly zero, it was generally assumed that GA interacted merely with NT already bound to
the surface. In modeling GA sorption results, it was noted as GA sorption onto pure
montmorillonite was small, potential GA-montmorillonite interactions were discounted.
Thus, in addition to the two reactions used to model the NT-montmorillonite binary system,
two extra ternary surface species were included: a singly coordinated outer-sphere complex
[(X-NTH+) LH2-]2-, together with a second singly coordinated outer-sphere complex [(XNTH+).LH3]0.

6.2 Limitations
A major practical limitation encountered during the work described in this thesis was
XRD and ATR-FTIR measurements were only obtained for NT-montmorillonite systems.
Because less sorbed to kaolinite, the accumulation time required to obtain reasonable 31P
MAS NMR spectra was excessive, making it impractical to complete an NMR study of IP6
sorption to kaolinite in this work.
125

Because environmental conditions such as salinity, temperature and the nature of natural
organic matter are highly variable from one location to another, the experimental data
obtained at constant ionic strength, temperature and using one HA type restricts the
applicability of the information that can be obtained from sorption experiments. Some of
the other factors reported to have an effect on sorption processes, such as sorbent to sorbate
ratio, temperature and different ionic strengths have not been investigated.
Even though the models described the experimental data well, overall the approach adopted
in this work treated the surface and surface charge in a very simplistic fashion. for example,
the fact that the polarity of the water phase changes when carboxylates are introduced was
ignored. This may effect the degree of partitioning between the aqueous and solid phases,
though the effect will be small at the relatively low substrate concentrations used in this
study. Any direct intercations between the surface and NT was ignored in ternary systems
involving GA, NT and gibbsite. However, the models might be improved if direct uptake
of NT by the surface was allowed. Hence the range of surface processes that occur is likely
to be significantly more complicated than represented by the models.

6.3 Future work
Both GA binary and ternary sorption systems could be analysed using ATR-FTIR. ATRFTIR measurements may provide information on sorption mechanisms involved in the
binary systems and also provide more insight into the interactions occurring in the ternary
systems.
In modeling NT sorption to minerals, one difficulty was the definition of the NT sorption
sites and determination of their concentration. Site concentrations can be measured by
constructing sorption isotherms for hydrophobic compounds in order to find saturation
densities.
Given antidepressants have been detected around the world at alarming concentrations,
there are still no systematic monitoring studies on the sorption of these complunds to soils
and sediments. Studeis of the sorption of a range of antidepressants from solutions with
typical envirommental concentrations is essential to our understanding of the fate and
transport of these emerging polloutants in the environment.
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Appendix: Publications
As a result of the work described in this thesis the following papers have been submitted or
accepted for publication:
Sadri S, Johnson BB, Morton DW, Angove MJ 2018, ‘The effect of humic acid on the
adsorption of nortriptyline to selected soil minerals’ ,Journal of Colloids and Surfaces A.
Sadri S, Johnson BB, Ruyter-Hooley M & Angove, MJ 2018, ‘The adsorption of
nortriptyline on montmorillonite, kaolinite and gibbsite’, Journal of Applied Clay Science.
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Abstract
Nortriptyline (NT) is an antidepressant commonly prescribed throughout the world.
Recent detection of this substance in water systems indicates the inefficacy of wastewater
treatment processes in its removal, therefore the adsorption of NT to mineral surfaces is
of interest. Adsorption of organic compounds such as pharmaceuticals from natural
systems is almost always affected by natural organic content of soils and sediments. This
study sought to determine whether the presence of humic acid (HA) had an effect on the
adsorption of NT to three mineral surfaces with different properties; gibbsite, kaolinite
and Na-montmorillonite. The adsorption of HA to all studied surfaces decreased with
increasing pH, with high adsorption capacities in low pH values for both gibbsite and
kaolinite. However, for Na-montmorillonite, the amount of HA adsorbed corresponded to
the colloidal HA present in solution, suggesting poor interaction between HA and the clay
mineral surface. The presence of HA generally increased the uptake of NT by gibbsite
and kaolinite, principally because HA sorption created a more hydrophobic surface to
which NT could adsorb. However, for Na-montmorillonite, the presence of HA in the
system reduced the amount of NT sorbed to the surface.

Keywords: Adsorption, Antidepressant, Gibbsite, Humic acid, Kaolinite,
Montmorillonite, Nortriptyline
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1. Introduction
Nortriptyline (NT) is a tricyclic antidepressant (TCA) commonly prescribed in the
treatment of a number of mood disorders such as depression and anxiety [1]. Large TCA
consumption over the past few decades has led to their widespread detection in surface
water and natural soil and sediments [2]. Studies on antidepressants have reported major
adverse effects on aquatic organisms [3-6]. Only recently have studies been conducted on
the adsorption of TCAs to soil and sediments [7-10]. Lv, Stockwell, Niles, Minegar, Li
and Jiang [7], investigated the adsorption of a common TCA, amitriptyline, onto
kaolinite. Based on the strong correlation between the amount of amitriptyline adsorbed
and cations desorbed, these authors suggested that cation exchange was a dominant
mechanism in amitriptyline adsorption to kaolinite. The adsorption of amitriptyline onto
Ca-montmorillonite has also been studied using a combination of adsorption experiments,
X-ray diffraction and FTIR [11]. From the X-ray diffraction patterns, which showed
significant expansion of the interlayer spacing, it was proposed that amitriptyline
molecules adsorbed by intercalation. In contrast, Sadri et al. (2018) showed that there was
no evidence of intercalation of NT on montmorillonite, and proposed that NT adsorption
occurred by a combination of electrostatic and hydrophobic interactions with the silicalike faces of montmorillonite and kaolinite. A recent study by Thiebault, Guégan and
Boussafir [9], investigated the adsorption of Doxepin, a member of the TCA family, onto
Na-montmorillonite. Doxepin adsorption was also suggested to involve both electrostatic
and hydrophobic interactions. Most of these studies have been conducted on mineral
systems which, unlike natural soils and sediments, contain little or no natural organic
matter.
Humic substances, which comprise 40-90 % of the organic matter in soils [12],
contain both aliphatic and aromatic moieties, together with a diverse set of functional
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groups such as phenol, amine and carboxyl [13, 14]. They play a particularly important
role in adsorption in soil and sediment systems both through adsorbing to sites on the
mineral, which may otherwise adsorb other species, and through their interaction with
both inorganic and organic species in the soil or sediment. The key mechanisms of HA
adsorption to mineral surfaces have been suggested to include electrostatic interaction and
ligand exchange between surface hydroxyl groups and HA functional groups [15, 16].
Numerous studies have focused on the relationship between adsorption of HA to soil
minerals and system properties such as pH, ionic strength, temperature and surface area
[12, 17-20]. It has been shown that the uptake of HA by soil minerals generally decreases
with increasing pH as a result of changes in electrostatic interactions between mineral
surfaces and the negatively charged HA functional groups [21]. For example,
Schlautman and Morgan [17] found that adsorption of HA and fulvic acid on aluminium
oxide decreased with increasing pH at constant ionic strength. However, the study
showed higher HA adsorption at high ionic strengths at fixed pH values. Similar results
have been obtained by Illés and Tombácz [19] who found that adsorption of HA onto
magnetite increased with increasing ionic strength. Another study involving the
adsorption of HA to goethite, alumina, kaolinite and silica [22], indicated that increasing
ionic strength decreased HA adsorption on alumina while the effect was minor on the
other three mineral surfaces.
The aromatic moieties of HA have been found to make HA coated minerals more
hydrophobic [23]. HA adsorption to mineral surfaces can therefore influence the extent of
interaction of hydrophobic pollutants present in soil systems, with previous studies
showing the uptake of hydrophobic organic compounds depends on the organic matter
content of natural sediments [24, 25]. Several studies have focused on the adsorption of
hydrophobic organic molecules on to mineral surfaces coated with HA [15, 26]. Zermane,
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Cheknane, Basly, Bouras and Baudu [26] investigated the influence of HA on the
adsorption of basic yellow 28 dye a cationic organic molecule, onto some synthesized
clays and found that the presence of adsorbed HA increased the uptake of dye molecules.
Although current literature contains extensive studies on the influence of HA on
the adsorption of polar compounds and metal ions to clay minerals [27-30], relatively few
studies have investigated the effect of HA on the adsorption of organic compounds and
even fewer on pharmaceuticals. This study seeks to determine whether there are
significant competitive and/or cooperative interactions in the adsorption of NT and HA to
three mineral surfaces with different properties; gibbsite, kaolinite and montmorillonite.
The data presented here investigates the effect of pH on the adsorption of both NT and
HA in binary and ternary systems. The ternary systems studied the effect of the presence
of HA on the adsorption of NT.

2. Materials and Methods

2.1 Reagents

All solutions used in these experiments were prepared using Milli-Q water
(Millipore, Bedford USA). Nortriptyline (NT) or [3-(10,11-dihydro-5H-dibenzo [a,d]
cyclohepten-5-ylidene)-N-methyl-1-propanamine] in an HCl form, was purchased from
Sigma-Aldrich, Australia. It had a formula weight of 299.84 g mol-1, with a pKa value of
9.7 [31]. Humic acid (HA) (Sigma-Aldrich, Australia) as the sodium salt was used in all
experiments. All other chemicals used were of analytical reagent grade.

2.2 Adsorbents
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The clay samples were obtained from the Clay Mineral Society Source Clays
Repository, with Na-montmorillonite (SWy-3) from Wyoming, USA, and kaolinite (KGa2) from Warren County, Georgia. Both minerals were used without further treatment. The
surface areas of the Na-montmorillonite and kaolinite were 31.82 m2 g-1 and 23.5 m2 g-1
respectively [32].
Gibbsite was prepared using the synthesis method described by Ruyter-Hooley et
al. [33]. The BET surface area of the gibbsite powder was found to be 44.1 m2 g-1 [33].
The pHpzc for gibbsite prepared by this method has been determined to be 9.0 [34]. This
gibbsite was used in all experiments.

2.3 Adsorption experiments

Adsorption experiments were carried out in duplicate at 25 °C, with all
experimental data shown in the accompanying figures. Preliminary kinetic experiments
on the three surfaces over 48 hours indicated little change in the amount sorbed after 10
minutes. Samples were therefore left for 30 minutes to equilibrate. All experiments were
performed under an atmosphere of N2 (g) to reduce possible contamination with CO2. pH
measurements used an Orion Sureflow pH electrode coupled to a Metrohm model 691 pH
meter. The pH electrode was calibrated before each experiment using 0.05 M potassium
hydrogen phthalate, 0.025 M phosphate and 0.01 M borax buffers.
For adsorption experiments, sufficient mineral, to provide a surface area of 100 m2
L-1, was added to a glass reaction vessel containing 300 mL of 1 mM NaCl, and stirred
for at least 12 hours for the surface to fully hydrate. For ternary systems, HA was added
first, and allowed to equilibrate for 30 minutes, followed by the addition of NT. The NT
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concentration of filtered solutions was determined with a High Performance Liquid
Chromatograph (HPLC, Agilent 1220 infinity LC) equipped with a Phenomenex C18
reverse phase column (Kinetex 2.6 µm, 100 × 2.1 mm) (Phenomenex, Australia) and a
UV–Vis detector set at a wavelength of 240 nm. The mobile phase consisted of 60% (v/v)
acetonitrile in 25 mM phosphate buffer with a final pH of 7; the flow rate was 1.5 mL
min-1. HA concentrations were measured by a UV-Vis spectrophotometer (Perkin Elmer
Lambda XLS) at 400 nm based on the method of Spark, Wells and Johnson [22].

2.4 Adsorption Edges

Adsorption edge experiments investigated changes in adsorption as a function of
dispersion pH. The pH of the equilibrated mineral dispersion was adjusted to 3.0 with
HCl and then either an aliquot of HA, or NT, was added to provide the required
concentration of 100 mg L-1, or 0.1 mM respectively. The pH was readjusted to 3.0 and
the dispersion left for 30 minutes to equilibrate. In ternary experiments, the required
concentration of NT was added and left to equilibrate for 30 minutes before the addition
of HA. After 30 min a 5 mL sample was taken and filtered using 25 mm Whatman 0.22
μm Glass Microfibre filter paper. The pH of the remaining suspension was then increased
by approximately 1.0 unit with NaOH, left for 30 minutes to equilibrate, and another 5
mL sample taken and filtered. This process was repeated until samples were obtained
over the pH range from 3 to 12. The HA concentrations of filtered solutions were
measured by UV-Vis spectrophotometry while NT concentrations were determined using
HPLC.
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2.5 Complexation between HA and NT

As colloidal particles of HA may be present, the complexation between HA and
NT as a function of pH was investigated. For these experiments the required amounts of
100 mg L-1 HA and 0.1 mM NT were added to 300 mL of 1 mM NaCl solution. The pH
of the solution was adjusted to 3.0 using 1 mM HCl, and left for 30 minutes to equilibrate.
A 5 mL sample was taken and filtered, and pH of the remaining solution then increased
by approximately 1.0 unit, left for a further 30 minutes to equilibrate, and another 5 mL
sample taken. This process was repeated until 10 samples were obtained over the pH
range from 3 to 12. The HA concentrations of filtered solutions were then measured by
UV-Vis spectrophotometry while NT concentrations were determined using HPLC.

3. Results

3.1 Adsorption of NT and the effect of HA

The effect of HA on NT adsorption to gibbsite is shown in Fig. 1. pH had little
effect on NT adsorption to gibbsite with less than 10 % adsorbed across the entire pH
range studied. However, when HA was added to the system, NT adsorption increased
substantially, with about 50 % adsorbed across the entire pH range studied.
Fig. 2 shows that the presence of HA also increased the amount of NT adsorbed to
kaolinite. While NT adsorption to kaolinite in the absence of HA was largely unaffected
by pH, adsorption increased significantly with increasing pH in the presence of HA.
NT adsorbed strongly to montmorillonite with between 90 and 100% adsorption from the
0.10 mM NT solution over the whole pH range studied (Fig. 3). In contrast to the results
8

for gibbsite and kaolinite, the addition of HA caused a slight suppression in the amount of
NT adsorbed (c.a. 10%) at all pH values.
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Fig. 2. Adsorption of 0.10 mM NT to 100 m2 L-1 gibbsite in the presence of 100 mg L-1
HA.
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Fig. 3. Adsorption of 0.10 mM NT to 100 m2 L-1 kaolinite in the presence of 100 mg L-1
HA.
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Fig. 3. Adsorption of 0.10 mM NT to 100 m2 L-1 montmorillonite in the presence of 100
mg L-1 HA.

3.2 HA adsorption

Results for HA solubility and HA adsorption to gibbsite, kaolinite and
montmorillonite are shown in Figs. 4, 5 and 6 respectively. Solubility experiments
showed that colloidal HA was present across the entire pH range studied, with more than
30% present in the solid state at pH 2. The solubility of HA then increased with pH with
most dissolved by pH 12.
Fig. 4 shows that in addition to the HA that is not soluble, there is a significant
amount of HA sorbed to gibbsite, especially at low pH.The amount adsobed was pH
dependent, decreasing from 90% at pH 4 to about 30% at pH 11. Adsorption of HA to
kaolinite was somewhat less than that to gibbsite, but showed a similar decrease with
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increasing pH (Fig. 5). Fig. 6 indicates that virtually no HA was adsorbed to
montmorillonite, with the amount apparently adsorbed following the results for colloidal
HA over the whole pH range.
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Fig. 4. Adsorption of 100 mg L-1 HA to 100 m2 L-1 gibbsite.
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Fig. 5. Adsorption of 100 mg L-1 HA to 100 m2 L-1 kaolinite.
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Fig. 6. Adsorption of 100 mg L-1 HA to 100 m2 L-1 montmorillonite.

3.3

Effect of amount of HA on NT adsorption
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The effect of changing the concentration of HA on the adsorption of 0.1 mM NT
to the three substrates at pH 6.0 is shown in Fig. 7a. While the amount of HA adsorbed in
these systems is shown Fig. 7b. For kaolinite and montmorillonite there is little change in
the uptake of NT with increasing HA (Fig. 7a), suggesting that only a small amount of
adsorbed HA is required to affect NT adsorption. For gibbsite, the amount of NT
adsorbed increased as the HA concentration was increased to about 30 mg L-1 there was
little impact at higher HA concentrations.
The amount of HA adsorbed in the presence of 0.10 mM NT increased with
increasing HA concentration with no sign of surface saturation on any of the substrates.
As noted previously in Figs. 4 to 6, much more HA adsorbs to gibbsite and kaolinite than
to montmorillonite at pH 6.

Fig. 7. (a) Adsorption of 0.10 mM NT onto 100 m2 L-1 kaolinite (o), gibbsite () and
montmorillonite (▲) at pH 6 in the presence of increasing concentrations of HA.

3.4 Precipitation of HA and NT
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Fig. 8 shows the extent of removal of HA and NT in the absence of a mineral
substrate, together with the results for the precipitation of HA from a 100 mg L-1 HA
solution shown previously in Figures 4, 5 and 6 (open symbols) . The most interesting
aspect of these data is the apparent increase in the solubility of HA below pH 4. The
similarity in the trend of the HA and NT suggests that NT may form a complex with HA
which may increase the HA solubility at pH values below 4.
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Fig. 8. Precipitation of NT-HA complexes from a solution containing 0.10 mM NT and
100 mg L-1 HA in the absence of mineral.
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4. Discussion

4.1 Adsorption of NT

The results for adsorption of NT onto the three surfaces, shown in Figs. 1-3, were
presented and discussed in a previous paper, which included additional information from
XRD and ATR-FTIR studies [35]. Together, the results indicated that aggregates of NT
molecules, held together by cation-π stacking, were adsorbed to the negatively charged,
silica-like faces of kaolinite and montmorillonite by a combination of electrostatic and
hydrophobic forces. Although montmorillonite adsorbed significantly more than the other
substrates, there was no evidence of intercalation within the interlayer as had been
previously found for the adsorption of amitriptyline, a similar TCA, onto montmorillonite
[7, 8]. Gibbsite, having no hydrophobic surfaces and a positive charge over much of the
pH range, adsorbed very little NT.

4.2 Adsorption of HA

While Figs. 4-6 show that HA adsorbed strongly to both gibbsite and kaolinite at
low pH, there was little, if any, adsorption to montmorillonite. The results also indicated a
marked decrease in HA adsorption to gibbsite and kaolinite with increasing pH, a feature
observed previously for the adsorption of HA to many different soil minerals [33, 36, 37].
Such adsorption has been proposed to occur through a combination of electrostatic
interaction between the negatively charged carboxylate groups on HA molecules and
charged surface hydroxyl groups on the mineral, and by various hydrophobic and
hydrogen-bond interactions [16, 38, 39].
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Gupta and Miller (2010) showed that the isoelectric point of the alumina
octahedral face of kaolinite was between 6 and 8, while that for gibbsite is 9.0 [34]. Thus,
at lower pH values the surface hydroxyl groups on these substrates will be positively
charged and readily interact with the deprotonated carboxyl groups of HA, while at higher
pH the surface hydroxyls will be progressively deprotonated, reducing HA adsorption.
Both gibbsite and kaolinite also have AlOH groups on the crystal edges, which will be
protonated at lower pH values and also attract dissociated carboxylate groups on HA
molecules. The smaller amount of HA adsorbed on kaolinite than on gibbsite is because
50% of the kaolinite surface groups comprises silica-like faces, and isomorphous
substitution of Al3+ for Si4+ on these faces results in a small, but significant, negative
charge; thus these faces tend to repel HA.
The results for adsorption of HA on SWy-3 montmorillonite followed the curve
for HA solubility (Figure 4, 5 and 6 open symbols), suggesting that there was little or no
interaction between HA and the surface.In contrast to this study, Chen et al. (2017) found
significant adsorption of a soil HA to montmorillonite (SWy-2) which had been oxidised
with peroxide to remove residual organic carbon and treated with KCl to bring the clay to
the K+ form. The difference between these results may result from the presence of Ca as a
major exchangeable cation in the SWy-3 sample used in this study, which may prevent
HA entering the interlayer region by binding the 2:1 layers more strongly.

4.3 Precipitation of HA and NT

One of the more fascinating aspects of these results is the fact that there is an
apparent increase in the solubility of the HA when NT is present (Fig. 8). Interaction
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between HA and NT is likely to occur between the positively charged amine groups on
NT and the negatively charged acid groups of HA.
Numerous studies have been conducted on the complexation between HA and
positively charged metal ions [40-44], but few have investigated HA complexation with
organic molecules such as pharmaceuticals. Recently Gu, Karthikeyan, Sibley and
Pedersen [45] studied complexation between the antibiotic, tetracycline, and HA using
equilibrium dialysis and modelling. They showed that HA-tetracycline complexation was
pH dependent with the maximum complexation occurring at pH 4.3, close to the pKa of
tetracycline (3.3). This suggests that tetracycline speciation strongly influenced the
amount bound to HA. A similar result was previously found by Sithole and Guy [46]
where complexation between tetracycline and humic substances was found to decrease
above pH 4.
Above pH 10, the amount of HA in solution was unaffected by the presence of
NT, which may indicate a decrease in complexation between NT and HA and above the
pKa of NT (9.7), where the NT molecules are largely deprotonated.

4.4. The effect of the presence of both HA and NT in the system

4.4.1. Gibbsite

NT adsorption to gibbsite was substantially increased (Fig. 1) from near zero in
the absence of HA to 50 % after the addition of HA (Fig. 1). HA adsorbs readily to the
gibbsite surface (Fig. 4), especially below pH 8, due to interaction between positively
charged surface sites and negatively charged carboxylate groups on the HA molecules.
Once adsorbed the HA will reduce the repulsion between positively changed NT species
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and the surface by reducing the positive charge on the gibbsite, removing the electrostatic
barrier to NT adsorption. Adsorption of NT is then the result of both electrostatic
interaction between positively charged NT cations and residual carboxylate groups of the
adsorbed HA, and hydrophobic interaction between NT and HA molecules adsorbed to
the surface.
There was no decrease in NT adsorption at higher pH values, even though Fig. 4 shows
that there is a reduction in the amount of HA adsorbed, and, above the pKa, the NT
molecules lose their positive charge. The continuing strong NT adsorption at pH values
above the pKa has previously been noted for adsorption of NT on montmorillonite and
kaolinite (Sadri et al. 2018). They proposed that cation-π stacking of NT molecules
shields the positive charge on the NT molecules which then persists at pH values well
above the pKa of gibbsite In addition, Fig. 7a shows that only a small amount of HA is
needed to provide a sufficient surface coverage to enhance NT adsorption. At high pH the
positively charged NT aggregates are adsorbed either to the negatively charged HA
molecules that remain on the surface or to the gibbsite which has a net negative charge
above pH 9.

4.4.2. Kaolinite

Addition of HA to kaolinite also increased the amount of NT adsorbed (Fig. 2),
although to a lesser extent than on gibbsite. The effect is smaller on kaolinite because less
HA adsorbed to kaolinite than to gibbsite. NT adsorption to kaolinite in the presence of
HA is then due to a combination of NT adsorption to the negatively charged silica-like
face and edge sites, and adsorption to both negatively charged carboxylate groups and
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hydrophobic sites on the HA molecules adsorbed to the positively charged alumina-like
sites.
Hydrophobic adsorption onto humic acid coated minerals has previously been found to
depend on the mineral surface. Murphy, Zachara and Smith [47], investigated the
adsorption of three hydrophobic compounds on hematite and kaolinite substrates coated
with HA, and found that the amount adsorbed was different for the two HA-covered
minerals. They suggested that the interfacial configuration of the humic coating on a
given mineral may vary, affecting both the size and accessibility of the hydrophobic
domains that control adsorption of hydrophobic species on these minerals.
The increase in NT adsorption on addition of HA to the gibbsite and kaolinite
systems is consistent with previous studies that have investigated the uptake of
hydrophobic species in the presence of organic matter in the soil or sediments [48-50].
Angove, Fernandes and Ikhsan [48] studied the uptake of anthracene by goethite and
kaolinite in the presence of organic acids and found that the adsorption of anthracene
increased when the organic acids were added to the system.
For kaolinite, an increase in the pH of the system increases the amount of NT
adsorbed in the presence of HA, even though HA adsorption decreases markedly with
increasing pH (Fig. 5). As was the case for NT adsorption onto gibbsite we propose that
this is due to adsorption of positively charged cation-π NT aggregates, which persists at
pH values above the pKa of NT onto the negatively charged HA anions remaining on the
surface, the negatively charged silica-like face and edge sites, and any exposed negatively
charged alumina sites.

4.4.3. Montmorillonite
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Fig. 3 shows a slight suppression in NT adsorption onto montmorillonite after the
HA was added to the system. In principle competition for hydrophobic sites on the
montmorillonite surface may occur as both HA and NT have rather large nonpolar
moieties. However, as HA adsorption to montmorillonite was negligible (Fig. 6)
competitive adsorption is unlikely. Therefore, the decrease in NT adsorption in the
presence of HA to montmorillonite most probably arises from the formation of soluble
HA-NT complexes that have a relatively low affinity for the surface. While Li et al.
(2003) also found that the adsorption of 4,6-dinitro-o-cresol onto Ca saturated
montmorillonite could be decreased by the presence of humic acids, which obscured
some of the mineral surface or prevented access into interlayer sites these mechanisms are
unlikely to be important in this study because HA adsorption was found to be negligible.

5. Conclusions
For all the clay surfaces investigated (gibbsite, kaolinite, and montmorillonite),
HA adsorption decreased with an increase in pH. HA absorbed readily (~80%) to both
gibbsite and kaolinite at low pH for both gibbsite and kaolinite, but for montmorillonite
the amount of HA adsorbed corresponded to the amount of colloidal HA present in
solution, suggesting weak interactions between HA and the montmorillonite surface. The
presence of HA increased the uptake of NT by gibbsite and kaolinite by providing
adsorbed HA to which NT could adsorb. And increasing the net negative charge on the
surfaces. Adsorption above the pKa of NT most probably continued because of the
presence of cation-π stacking of NT molecules which maintained the positive charge on
the aggregates allowing interaction with negatively charged surface species. For
montmorillonite however, the presence of HA in the system reduced the amount of NT
sorbed to the surface, most probably due to the formation of soluble NT-HA complexes.
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Nortriptyline (NT) is a tricyclic antidepressant in common use in many countries. Its presence in drinking water
indicates that current wastewater treatment practices fail to remove it eﬀectively from eﬄuents with consequent
adverse eﬀects on aquatic organisms. Since mineral surfaces readily remove many organic substance from efﬂuent streams, this research sought to study the adsorption of NT on montmorillonite, kaolinite and gibbsite.
Adsorption edge and isotherm experiments were performed to determine the relative eﬀectiveness of the three
substrates for NT removal, and X-ray diﬀraction (XRD) and attenuated total reﬂectance Fourier transform infrared (ATR-FTIR) spectroscopy were used in order to gain an understanding of the mode of adsorption.
Adsorption of NT on all three substrates was eﬀectively independent of pH in the range from 3 to 12. Both
montmorillonite and kaolinite proved to be excellent adsorbents of NT with maximum adsorption capacities of
19.3 and 6.4 μmol m−2 respectively at pH 6.0, but gibbsite adsorbed relatively little. The XRD and ATR-FTIR
results indicated that NT formed as a multilayer on montmorillonite with no evidence of intercalation. Both
electrostatic and hydrophobic interactions appeared to play important roles in the adsorption.

1. Introduction
Nortriptyline (NT) is a commonly prescribed tricyclic antidepressant
(TCA) and is used in the clinical treatment of mood disorders such as
depression and anxiety, as well as neuropathic pain (AMH, 2009). A
number of studies on antidepressants have reported signiﬁcant adverse
eﬀects on aquatic organisms (Brooks et al., 2003; Calisto and Esteves,
2009; Sanderson et al., 2003; van der Ven et al., 2006). Since TCAs are
associated with the majority of deaths from antidepressant overdose
(Thanacoody and Thomas, 2003), they are considered one of the most
toxic substances aﬀecting the central nervous system directly and thus
disrupting neuro-endocrine signalling (Sanderson et al., 2003). The
large quantity of TCA used over the past few decades has led to their
widespread detection in surface water and bio-solids (Li et al., 2013).
Pharmaceuticals not completely removed in wastewater treatment
plants are often discharged, resulting in the contamination of streams,
groundwater, and sometimes, drinking water. In 2008, alarming
amounts of TCA were found in drinking water (Snyder, 2008), revealing
the ineﬃciency of water treatment plants in removing these chemicals.
The main concern with psychoactive products is not necessarily the
high volume of a certain drug, but the environmental persistence and
critical biological activity of both the drug, and their metabolites (Fent
et al., 2006).
In wastewater treatment, adsorption to solid particles plays an

⁎

important role in the removal of pollutants. Both hydrophobic and
electrostatic interactions between adsorbents and adsorbates have signiﬁcant inﬂuence on adsorption (Hörsing et al., 2011). Clay minerals
are one of the major materials used for the treatment of wastewater
(Park et al., 2011), due to their high cation exchange capacity (CEC),
and high speciﬁc surface areas (Adebajo et al., 2003). Both organic and
inorganic pollutants can be removed rather eﬃciently via adsorption
onto mineral surfaces (Park et al., 2011). Since clay minerals have a
range of charged surface sites, including permanent negatively charged
sites resulting from isomorphous substitution, and pH-dependent
charged sites resulting from protonation or deprotonation of surface
hydroxyl groups, a range of adsorption mechanisms is possible for ionic
organic compounds (Sposito et al., 1999). In order for hydrophobic
organic compounds to adsorb, adsorbents with higher hydrophobicity
are needed. For ionisable substances solution pH plays an important
role in their aﬃnity to the solid surfaces (Adebajo et al., 2003). TCAs
are organic bases containing amine groups. Generally compounds with
higher pKa values have been found to adsorb more readily to negatively-charged substrates like most clay minerals, as these compounds
have a positive charge when the solution pH is below their pKa,
(Gilchrist et al., 1993).
While previous work has been carried out on the persistence of TCAs
in agricultural soils (Li et al., 2013), there has been limited research
conducted on their adsorption behaviour. The important role of clay
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areas of the Na-montmorillonite and kaolinite were 31.82 m2 g−1 and
23.5 m2 g−1 respectively (Clay Minerals Society, 2018).
Gibbsite was prepared using the same synthesis method detailed by
Ruyter-Hooley et al. (2016). The BET surface area of the gibbsite
powder was found to be 44.1 m2 g−1 (Ruyter-Hooley et al., 2016). The
pHPZC for gibbsite prepared by this method has been determined to be
9.0 (Rosenqvist et al., 2002).

minerals aﬀecting the release and transport of pharmaceutical compounds in environmental situations is reﬂected by the fact that clays are
used extensively in pharmaceutical products to modify release and
absorption proﬁle (Carretero and Pozo, 2010). In addition, modiﬁed
clays have been investigated by Radian et al. (2015) as a means of
removing pharmaceuticals from contaminated water systems. Only recently the uptake of Amitriptyline (AT), another member of the TCA
family, was investigated on kaolinite (Lv et al., 2013) and Ca-montmorillonite (Chang et al., 2014), two major soil mineral components.
The uptake of AT on kaolinite was found to be very rapid, suggesting
surface adsorption, instead of intercalation (Lv et al., 2013). However,
for Ca-montmorillonite X-ray diﬀraction patterns showed a signiﬁcant
increase in the d-spacing and characteristic FTIR (Fourier transform
infrared spectroscopy) band shifts toward higher wavelengths after AT
adsorption, implied that the adsorbed drug molecules were intercalated
into the interlayer of the mineral (Chang et al., 2014). Correlation between the desorbed cations and the concentration of the AT remaining
in solution suggested cation exchange as the main adsorption mechanism in both kaolinite and Ca-montmorillonite (Chang et al., 2014;
Lv et al., 2013). The adsorption of Doxepin, a relatively new member of
the TCA family with a tertiary amine functional group (AMH, 2009), on
a Na-montmorillonite was studied, and adsorption was found to be
mainly driven by electrostatic interactions together with hydrophobic
interactions (Thiebault et al., 2015).
The widespread use of TCAs over the past few decades, their increased detection in water supplies (Calisto and Esteves, 2009), as well
as their high persistence in the environment and toxicity to non-target
organisms (Snyder, 2008), justify the growing concern about these
pollutants and the need to study their fate in the environment. The goal
of this research was to study the interactions between NT and three
minerals, Na-montmorillonite, kaolinite and gibbsite, with diverse
properties, including speciﬁc surface area, cation exchange capacity
(CEC), and hydrophobic content. Experiments studying the eﬀect of pH
and concentration of NT, together with XRD and ATR-FTIR measurements, aimed to understand the mechanism of NT removal by these
substrates.

2.3. Equipment
All experiments were conducted in air-tight borosilicate glass waterjacketed reaction vessels with a total volume of about 400 mL. Water,
maintained at 25 °C, was circulated through the water jacket of the
reaction vessel by use of a Haake K15 circulator to maintain a constant
temperature during experiments. The suspensions were stirred continuously with a magnetic stirrer and pH measurements were performed using an Orion Sureﬂow pH electrode coupled to a Metrohm
model 691 pH meter. pH adjustments were made with either HCl or
NaOH solution while the pH electrode was calibrated at the reaction
temperature before each experiment using 0.05 M potassium hydrogen
phthalate and 0.025 M phosphate buﬀers.
2.4. Adsorption experiments
Adsorption experiments were carried out in duplicate with all experimental data shown in the accompanying ﬁgures. Preliminary kinetic experiments indicated that the adsorption process was complete
within 10 min; hence all experiments were left for 30 min to reach
equilibrium.
For adsorption edge experiments, suﬃcient of the chosen mineral to
provide a surface area of 100 m2 L−1 was added to a glass reaction
vessel containing 1 mM NaCl, and stirred for at least 12 h to equilibrate.
The pH of the equilibrated mineral dispersion was adjusted to 3.5 with
HCl and a NT aliquot added to provide a concentration of 0.10 mM. The
pH was readjusted to 3.5 and the dispersion left for 30 min to reach
equilibrium. A 3 mL sample was taken with a disposable syringe and
ﬁltered using 25 mm Whatman 0.22 μm Glass Microﬁber ﬁlter paper.
The pH of the remaining dispersion was then increased by approximately 1.0 unit, left for 30 min to equilibrate, and another 3 mL sample
taken and ﬁltered. This process was repeated until 10 samples were
obtained over the pH range from 3 to 12. The NT concentration of each
ﬁltered dispersion sample was determined with a High Performance
Liquid Chromatograph (HPLC, Agilent 1220 inﬁnity LC) equipped with
a Phenomenex C18 reverse phase column (Kinetex 2.6 μm,
100 × 2.1 mm) and a diode array UV–vis detector at a wavelength of
240 nm. The mobile phase consisted of 60% (v/v) acetonitrile in 25 mM
phosphate buﬀer with a ﬁnal pH of 7; the ﬂow rate was 1.5 mL min−1.
Isotherm experiments were conducted at pH 6 following a similar
procedure to that used for the adsorption edge experiments. Suﬃcient
of the chosen mineral to provide a surface area of 100 m2 L−1 was
added to a glass reaction vessel, containing 1 mM NaCl, the pH adjusted
to 6.0, and the dispersion stirred for at least 12 h to equilibrate. A NT
aliquot was added to the equilibrated mineral dispersion to provide an
initial solution concentration of 50.0 μM. The pH was re-adjusted to 6.0
and left for 30 min to reach equilibrium. A 3 mL sample was taken and
ﬁltered into a HPLC vial. Another NT aliquot was then added, the pH
adjusted, and the process repeated until 10 samples were obtained with
the total amount of NT the range from 15 mmol to 375 mmol. NT
concentrations of the ﬁltered dispersions were determined using HPLC.

2. Materials and methods
2.1. Reagents
All solutions used in these experiments were prepared with Milli-Q
water (Millipore, Bedford USA). NT or [3-(10, 11-dihydro-5H-dibenzo
[a, d] cyclohepten-5-ylidene)-N-methyl-1-propanamine] in an HCl
form, was purchased from Sigma–Aldrich, Australia. It has a molar mass
of 299.84 g mol−1 and its pKa value is 9.7 (Clarke, 1975). Its chemical
structure is illustrated in Fig. 1. All other chemicals were of analytical
reagent grade.
2.2. Adsorbent
The clay samples were obtained from the Clay Mineral Society
Source Clays Repository, with Na-montmorillonite (SWy-3) from
Wyoming, USA, and kaolinite (KGa-2) from Warren County, Georgia.
Both minerals were used without further treatment. The speciﬁc surface

2.5. FTIR spectroscopy
ATR-FTIR spectra were collected for the NT-SWy-3 system. All
spectra were measured using a Bruker Equinox 55 FT-IR spectrometer
equipped with a SensIR Technologies DurasamplIR horizontal ATR attachment incorporating a diamond coated, 9-bounce ZnSe ATR crystal.

Fig. 1. The chemical structure of Nortriptyline HCl.
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Spectra of 10 mM NT solutions at several pH values were obtained by
collecting 1500 scans at a resolution of 4 cm−1. Suﬃcient solution was
added to cover the crystal, and the sample covered by a concave lens to
prevent evaporation and CO2 contamination. The spectrum of Milli-Q
water was then subtracted using the OPUS software. Similarly, spectra
of both pure SWy-3 paste at pH 6.0 and of SWy-3 to which diﬀerent
amounts of NT had been adsorbed at pH 6.0 were obtained, together
with their associated supernatant solutions. The resulting spectra were
manipulated using the OPUS software to yield the spectra of the adsorbed NT.
2.6. XRD analysis
Powder XRD analysis was performed on the NT-SWy-3 system only.
XRD measurements were taken of pure NT, SWy-3 and adsorbed NTSWy-3 samples. Adsorbed samples for XRD analysis were prepared at
pH 6.0. Following the completion of the isotherms, the remaining dispersion was transferred to 50 mL centrifuge tubes and centrifuged at
16,000 rpm for 30 min. Following centrifugation, the supernatant was
removed from each sample and the pastes dried by drawing air through
them using a vacuum pump for 30 h. The dry solid samples were ground
with a mortar and a pestle and then analysed using a Bruker X-ray
Diﬀractometer (D2 Phaser), without secondary monochromators and a
1.5° Soller slit. Radiation source was CuKα at the wavelength of 1.54 Å.
Measurements were taken between 3 and 30 degrees (2θ) with step
increments of 0.01 and a reading duration of 1.00 s for each step.

Fig. 2. Adsorption edges of 0.1 mM NT solutions at 25 °C onto 100 m2 L−1
gibbsite (▲), KGa-2 (○) and SWy-3 (●). Fraction of NT present as NTH+ as a
function of solution pH is indicated by the dashed line (pKa of 9.7). Background
electrolyte 1 mM NaCl.

2.7. Modelling of adsorption results
All isotherms were modelled using the Langmuir equation which
can be written as:

N=

Nm KC
1 + KC

where N is the amount adsorbed, Nm is the amount adsorbed when
monolayer coverage is achieved, K is the equilibrium constant for the
overall adsorption process and C is the equilibrium solution concentration.
3. Results
Fig. 3. NT isotherms measured at 25 °C and pH 6 on 100 m2 L−1 of three surfaces: (a) gibbsite (▲), KGa-2 (○) and SWy-3 (●). Lines show the best ﬁt obtained from the Langmuir equation. (b) Isotherm for adsorption on SWy-3 at NT
concentrations below 7 mmol m−3.

3.1. Adsorption edges and isotherms
The molar percent of NT adsorbed from 0.10 mM solutions onto the
three substrates as a function of pH at 25 °C is shown in Fig. 2. The
uptake of NT by all three substrates showed little dependence on pH
between pH 3 to 12. While NT is protonated at lower pH values, above
pH 9 it is progressively deprotonated (dashed line), but there was no
signiﬁcant change in the amount of NT adsorbed.
NT, at the concentration of 0.1 mM, had a much higher aﬃnity for
SWy-3 than for the other two minerals. The amount adsorbed to Swy-3
was approximately double the amount adsorbed to KGa-2 and more
than ten times that adsorbed to gibbsite. These diﬀerences result from
the diﬀerent mineral structures and surface properties. All three of the
minerals studied have reactive Al-OH groups on the edges of the crystals, however only KGa-2 and SWy-3 have permanent negativelycharged sites on silica-like faces which also have signiﬁcant hydrophobicity. The permanent negative charge on the montmorillonite due
to isomorphous-substitution is signiﬁcantly larger than that on kaolinite. While SWy-3 has two silica-like faces, KGa-2 has only one such
face, so that the number of hydrophobic surface sites available to interact with NT on SWy-3 is approximately twice that on KGa-2. Gibbsite
has no such sites. However, the faces of the gibbsite particles contain
only doubly coordinated AlOH groups with similar structure to the
doubly coordinated AlOH groups on the alumina-like face of kaolinite.
Hence kaolinite has surface features in common with both

montmorillonite and gibbsite.
Adsorption isotherms were conducted at 25 °C and pH 6 with the
results shown in Fig. 3. As was the case for the adsorption edges, NT
adsorption to SWy-3 was much greater than on either KGa-2 or gibbsite.
Of particular interest is the result on SWy-3 for concentrations lower
than 7 mmol m−3 (Fig. 3b), where adsorption of NT displayed an Sshaped isotherm. This deviation from the normal adsorption isotherm
shape may result from cooperative adsorption, caused by interaction
between NT molecules, forming multiple layers of adsorbates stacking
on top of each other at the surface of the adsorbent (Liu, 2015), or from
the adsorption from solution of multimers (NTn), but is absent on the
other two mineral surfaces.
While the S-shaped isotherm found at low NT concentrations, indicates that the assumption of monolayer coverage required for strict
application of the Langmuir isotherm equation is not followed at very
low concentrations (< 2 × 10−6 M) on SWy-3, over most of the concentration range the results followed Langmuir-type adsorption
behaviour.Therefore the Langmuir equation was ﬁtted to the adsorption
isotherms for all three minerals with the results shown in the lines on
Fig. 3. While the results for Nm in Table 1 reﬂect the diﬀerences seen in
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Table 1
Langmuir constants from isotherms conducted at pH 6 on surfaces.
( ± Standard error in the non-linear regression analysis).
Surface

Nm (μmol m−2)

K (m3 mol−1)

SWy-3
KGa-2
Gibbsite

19.3 ± 0.6
6.4 ± 0.3
2.4 ± 0.1

108 ± 13
3±1
2±0

the adsorption edges, the diﬀerence between the value of K for SWy-3
and the other two minerals may indicate that a diﬀerent adsorption
mechanism is operating for SWy-3. In fact, the values of K for both KGa2 and gibbsite are small, indicating a weak interaction with the surface
for both of these minerals while the value for SWy-3 is quite large.
3.2. XRD analysis
A possible explanation for the larger adsorption of NT on Swy-3
than the other minerals is adsorption within the interlayer of that mineral. Changes in basal spacing of swelling clays have often been used
as evidence for intercalation of solutes (Gemeay et al., 2002; Sabah and
Çelik, 2002). The XRD analysis of dried samples of SWy-3 dispersions
given in Fig. 4 suggests that the basal spacing of the raw SWy-3 crystals
was unchanged (2θ ≈ 8.6°, d ≈ 1 nm) after NT adsorption, indicating
that NT did not intercalate, but rather adsorbed to the external surfaces.
The strongest line for crystalline NT was at 2θ = 15.8°, with other lines
of signiﬁcant strength at 2θ = 9.7° and 11.0° (Fig. 4c). The dispersion of
NT adsorbed to SWy-3 exhibited a distinct line at 2θ = 16° (Fig. 4b)
which is not found for the Swy-3 sample (Fig. 4a) but corresponds to the
line for crystalline NT, There is also evidence of lines at about 9.7° and
11.0° for the NT-SWy-3 system that also correspond to lines for crystalline NT (Fig. 4c). These results indicate that NT is present as a
multilayer on the SWy-3 crystals.
The results are supported by kinetic experiments (data not shown),
that showed that adsorption of NT onto SWy-3 was essentially complete
within 10 min. Which would not happen if intercalation of NT were
occurring.

Fig. 5. ATR-FTIR spectra of NT solutions under diﬀerent pH conditions, and
SWy-3 with diﬀerent amounts of NT adsorbed.

NaOH was required to change the pH, indicating that the NT was
changing from the protonated to the non-protonated state and the nonprotonated NT was aggregating in solution. Thus the spectrum at pH 6.0
represents protonated NTH+ while that at pH 10.8 is the spectrum of
the deprotonated molecule. Because of the aggregates present, the
spectrum at pH 10.8 was much more intense than those for the other
samples and has therefore been normalised to match the intensities of
the other three spectra. There are signiﬁcant diﬀerences in the solution
NT spectra at the two pH values but of particular note is the increase in
the intensity of the band at 1362 cm−1. This band is most probably due
to CeN stretching, while the other bands shown are likely to be aromatic ring bands, with the band at 1485 cm−1 possibly including a
contribution from NeH bending. The adsorbed spectra also show a
signiﬁcant band at 1362 cm−1. Harris et al. (2006) found a similar band
at about 1340 cm−1, corresponding to CeN stretching, when studying
the adsorption of amino acridines to kaolinite. They also noted a band
at about 1480–1490 cm−1 which they ascribed to NeH bending for
–NH. The NeH bending band for –NH2+ was found at about 1640 cm−1
for the acridines, but was not obvious in the NT solution spectrum at
pH 6.0, most probably due to the diﬃculty in subtracting water from
the very weak NT solution spectrum.
In order to compare the spectra of the solution and adsorbed NT
species, the spectra were deconvoluted, with the results for the solution
spectrum at pH 10.8 and the more concentrated NT-SWy-3 adsorbed
spectrum shown in Fig. 6. The pattern of bands for the adsorbed
spectrum is similar to that for the NT solution at pH 10.8 although the
band at 1485 cm−1 is weaker in the adsorbed than the solution spectrum.

3.3. ATR-FTIR analysis
The FTIR spectra of a 10 mM solution of NT at pH 6.0 and 10.8,
together with the spectra of two amounts of NT adsorbed to SWy-3 at
pH 6.5 is shown in Fig. 5. When the pH of the NT solution was raised to
10.8 it became cloudy, and the addition of a signiﬁcant amount of

4. Discussion
4.1. Adsorption edges
The pH dependence found for NT in this study is similar to that
found in previous studies conducted with AT, another drug from the
same family of antidepressant (TCA) with a similar structure. Both Lv
et al. (2013) and Chang et al. (2014) found that solution pH had little
eﬀect on the adsorption of AT (pKa = 9.4) on either kaolinite or Camontmorillonite in the pH range from 2 to 10. In contrast, Harris et al.

Fig. 4. X-ray diﬀraction patterns. (a) dried SWy-3 dispersion; (b) SWy-3 dispersion with added NT at 1.20 mM concentration; (c) crystalline NT.
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Electrostatic interaction with permanently charged groups on the faces
of alumino-silicate minerals is also possible. The small eﬀect of pH on
adsorption seen in Fig. 2, suggests that hydrophobic interactions play
an important role in the adsorption of NT to SWy-3, KGa-2 and gibbsite.
At pH values below the pKa of NT, where the molecules are mostly
protonated, electrostatic interaction with the permanent negativelycharged sites on the silica-like faces of SWy-3 and KGa-2 may also play
an important role in adsorption. Since NT is a large molecule, which
occupies about 0.9 nm2 if lying ﬂat on the surface, the adsorbate interaction with sites on mineral surfaces cannot be treated as a point
charge interaction so that adsorption simply involving cation exchange
at the variable charge AlOH sites or permanent negatively-charged sites
on the silica-like face is unlikely. In fact, the pHPZC of gibbsite is 9.0
(Rosenqvist et al., 2002) so that the variable-charge Al2-OH sites on the
gibbsite basal faces will be positively charged over much of the pH
range and therefore unlikely to interact with the NTH+ cations as can
be seen in Fig. 2. Since the alumina-like face of kaolinite has a similar
structure to the basal faces of gibbsite, electrostatic interaction with the
alumina-like face on kaolinite is also unlikely over most of the pH
range.
Adsorption of AT on montmorillonite (Chang et al., 2014) has been
proposed to occur largely in the interlayer space, with the intercalated
AT molecules forming a horizontal monolayer or bilayer conformation.
This resulted in a signiﬁcant increase in the d-value for AT adsorption
determined by XRD analysis. No such increase in interlayer space was
found for the adsorption of NT in this study (Fig. 4) indicating that
intercalation does not occur on SWy-3 with this species. However, the
maximum amount of NT adsorbed on montmorillonite from the isotherm experiments is signiﬁcantly greater than that found by Chang
et al. (2014) for AT and, in addition, as stated above the amount of NT
adsorbed on kaolinite was much greater than that found for AT.
While simple electrostatic interaction with the permanent negatively-charged sites on the montmorillonite could account for the
amount of NT adsorbed (CEC = 76.4 *10−5 eq g−1 and speciﬁc surface
area = 31.8 m2 g−1 (Clay Minerals Society, 2018) so that the negatively-charged site concentration is 24 μmol m−2), this is not true for
kaolinite. There the CEC and speciﬁc surface area of KGa-2 are 3.3
*10–5 eq g−1 and 23.5 m2 g−1 respectively (Clay Minerals Society,
2018) resulting in a negatively-charged site concentration of < 0.7 μeq
m−2 if we assume that the silica-like faces comprise less than half of the
total speciﬁc surface area of kaolinite. This is about 10 times less than
the maximum amount of NT adsorbed to kaolinite. In addition, the total
amount of NT that could be adsorbed in a ﬂat monolayer on any surface
would be about 1.8 μmol m−2, which is substantially less than the
amount adsorbed to either KGa-2 or SWy-3.
Fig. 6. Deconvoluted ATR-FTIR spectra. (a) NT solution at pH 10.8; (b) NTSWy3 system at pH 6.5.

4.2. Adsorption isotherms

(2006) found that tricyclic organic dye molecules remained adsorbed
by kaolinite at pH values above their pKa values only if the molecules
had a permanent positive charge. Where the molecules were uncharged
above their pKa values the amount adsorbed decreased to zero by
pH 12.5.
While the pH dependence was similar, Chang et al. (2014) found
that the maximum amount of AT adsorbed on montmorillonite was
11 μmol m−2, which is signiﬁcantly less than that found in this study
for NT (19 μmol m−2). The amount of AT adsorbed on kaolinite found
by Lv et al. (2013) was 0.6 μmol m−2, which is ten times less than that
found for NT in this study. These results suggest that although the pH
dependence is similar, diﬀerent adsorption mechanisms may operate
for these two tricyclic molecules.
Adsorption of organic molecules to mineral surfaces is thought to
occur through interactions between the adsorbate and surface functional groups including hydrophobic siloxane sites on the faces of the
crystal sheets and pH dependent hydroxyl groups (Guan et al., 2006).

Any proposed adsorption mechanism must also account for the Sshape observed in the initial phase of NT adsorption isotherm in the
montmorillonite system. A number of possible mechanisms can account
for isotherms with this shape. Rodda et al. (1996) proposed that the
anomalous S-shaped adsorption of Cu(II) on goethite resulted from its
atypical hydrolysis behaviour where the dimeric species Cu2(OH)22+ is
a signiﬁcant hydrolysis product together with CuOH+. The results indicated that the dimer was adsorbed preferentially. At low solution
concentrations the monomer, which was the dominant solution species
under those conditions, adsorbed weakly. As the solution concentration
of Cu(II) increased the relative concentration of the more strongly adsorbing dimer increased resulting in a marked increase in adsorption of
Cu(II) species which generated the S-shaped isotherm. Pura and Atun
(2009) found similar S-shaped isotherms for dye adsorption on ﬂy ash,
and proposed that at low concentrations the molecules are adsorbed as
monomers while at higher concentrations adsorption of dimers and
higher dye aggregates may occur. They also suggested that the adsorbed monomers may behave as nucleation sites for other dye
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clearly indicates that the NT is present as a multilayer on the surface.
Adsorption of AT on montmorillonite (Chang et al., 2014) has been
proposed to occur largely in the interlayer space, with the intercalated
AT molecules forming a horizontal monolayer or bilayer conformation.
This resulted in a signiﬁcant increase in the d-value for AT adsorption
determined by XRD analysis. No such increase in interlayer space was
found for the adsorption of NT in this study (Fig. 4) indicating that
intercalation does not occur on SWy-3 with this species. However, the
maximum amount of NT adsorbed on both montmorillonite and kaolinite from the isotherm experiments is signiﬁcantly greater than that
found by Chang et al. (2014) for AT suggesting physical adsorption of
multiple layers of NT molecules on the surface of both minerals.

molecules.
As NT is a relatively hydrophobic molecule one would expect aggregates to form in solution at higher NT solution concentrations. These
aggregates adsorb at solution concentrations above 2 × 10−6 M, resulting in the excellent ﬁt of the Langmuir equation to the isotherm data
for SWy-3. The aggregates also have a larger net positive charge below
the pKa of NT which would result in a relatively strong attraction with
the permanent negative charge on the montmorillonite surface. Since
the charge on the kaolinite surface is much smaller, the attraction for
that surface would be weaker which is reﬂected in the smaller K value
for kaolinite found in Table 1. Because of their hydrophobic character,
many organic bases tend to form aggregates in aqueous solution to
minimise their hydrophobic interaction with water, particularly at
higher concentrations (Bujdák et al., 2002; Wang and Wang, 2008;
Yagub et al., 2014). The mechanism for aggregation is thought to be π
stacking (Yagub et al., 2014) and has been seen in cationic dye molecules with a similar structure to NT. It is likely that the presence of
mineral surfaces with both charged and hydrophobic character will
provide a template for adsorption of these aggregates. Condensation
products may range from dimers to polymers with many hundreds of
molecules (Walker and Weatherley, 2001). Studies on the adsorption of
substituted anilines and benzylamines onto montmorillonite
(Vasudevan et al., 2013), revealed the importance of intermolecular
cation-π interactions. These interactions occurred between the π system
of a compound adsorbed to the surface and the cationic amine group of
a neighbouring molecule. Compounds with greater amine charge and
electron-donating substituents that allowed for greater electron density
at the centre of the aromatic ring showed a greater potential for cationπ interactions on montmorillonite surfaces (Vasudevan et al., 2013).
Cation-π interactions of this type are likely for the NT system and would
result in aggregation in solution and on the surface of substrates with
hydrophobic character like montmorillonite and kaolinite. While it is
likely that aggregates formed in solution adsorb, our results cannot
distinguish between the adsorption of aggregates, and aggregation
through adsorption of NT onto molecules already adsorbed to the surface.
The greater adsorption of NT on montmorillonite than on kaolinite
results from two factors. First, there are approximately twice as many
hydrophobic sites on montmorillonite since both faces of the crystal are
silica-like. While adsorption of NT to montmorillonite at low solution
concentrations involves a favourable electrostatic interaction with the
negatively charge on the surface, the hydrophobic interaction is likely
to be less favourable than for kaolinite because of the greater surface
charge on montmorillonite. However, at higher NT concentrations,
adsorption of larger aggregates will occur more readily on montmorillonite because the presence of additional positive charge on the aggregates increases the interaction with the more highly charged montmorillonite surface, while simultaneously reducing the net charge on
the surface-adsorbed complex thereby increasing the hydrophobic interaction. The charge on the aggregates is likely to remain at pH values
above the pKa due to the protective inﬂuence of the π electron system of
the hydrophobic rings, which results in continued adsorption at pH
values above the pKa of NT on both montmorillonite and kaolinite. The
positive charge on the aggregates is the probable cause of the slight
increase in adsorption on gibbsite at high pH where the surface has a
net negative charge.

4.4. ATR-FTIR analysis
By comparing the ATR-FTIR spectra of the NT and SWY-3-NT systems, information on the type of interactions between NT and the
surface can be obtained. Molecules may adsorb to a surface by forming
inner- or outer-sphere surface complexes (Persson et al., 1998). Where
outer-sphere surface complexes are formed, molecules generally coordinate to the surface via a physical, or Van der Waals attraction. This
places the adsorbate in a similar environment to that found in solution,
and so that the adsorbed spectrum in largely unchanged from that
found in solution (Persson et al., 1998). In contrast, inner-sphere
complexes involve molecules directly bound to the surface, which
generally involves changes in chemical bonding, causing signiﬁcant
band shifts, and often the presence of new bands. Generally, with outersphere complexation the bands are shifted a little (3–6 cm−1) and signiﬁcantly broadened, while for inner-sphere complexation larger shifts
(10–30 cm_1) are expected (Gulley-Stahl et al., 2010; Yoon et al., 2004).
In our spectra, both of the adsorbed samples showed almost identical
band positions to those of the NT solutions which suggests that the
adsorbed species are held to the surface by physical (outer-sphere) rather than chemical (inner-sphere) forces. Surprisingly the adsorbed
spectra at pH 6 is very similar to that of NT solution at pH 10.8, with
strong bands at 1485, 1454 and 1362 cm−1, may indicate that the
adsorbed species are deprotonated, or that the cation-π interaction in
the NT aggregates eﬀectively traps the proton so that the molecular
bands are more like NT than NTH+. The spectral deconvolution in
Fig. 6 indicates that not only the band positions but also the band
widths are similar in the adsorbed and solution spectra suggesting that
adsorbate condensation on the surface is occurring with no chemical
interaction with the surface. These results are consistent with an earlier
work done on the adsorption of aromatic amine dye molecules on the
hydrophobic silica faces of kaolinite, that indicated that dye molecules
were adsorbed to the surface as aggregates, held by physical interactions (Harris et al., 2001).
5. Conclusion
The adsorption of NT to the three substrates studied was largely
independent of pH with no decrease in adsorption at pH values above
the pKa. Adsorption to montmorillonite and kaolinite was much greater
than to gibbsite, indicating that hydrophobic interactions with the silica-like faces of the alumina-silicates played an important role. The Sshape of the adsorption isotherm of NT on montmorillonite, together
with the large Langmuir K value suggested that adsorption to montmorillonite was diﬀerent from that on the other substrates. However
the X-ray diﬀraction results clearly indicated that no intercalation occurred, but rather that the NT was present as a multilayer on the
montmorillonite surface.
The results suggest that adsorption onto montmorillonite and kaolinite occurred by interaction between positively charged NT aggregates, held together by cation-π stacking, and the negativelycharged, silica-like, faces of those minerals. The relatively high positive
charge on the aggregates results in a stronger interaction with the

4.3. XRD analysis
The XRD results (Fig. 4) support the proposition that the NT is
present as a multilayer on the surface of montmorillonite. There is no
evidence of adsorption in the interlayer space such as that found in
previous studies investigating the adsorption of other TCA antidepressants, AT and doxepin, onto montmorillonite (Chang et al., 2014;
Thiebault et al., 2015). In addition, the presence of lines which correspond to crystalline NT at 9.7°, 11.0° and 16° in the adsorbed spectrum
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montmorillonite surface than with kaolinite because of the larger permanent negative charge on montmorillonite. Cation-π stacking shields
the positive charge on the NT molecules so that it persists at pH values
above the pKa of NT with the result that the amount of NT adsorbed
does not decrease at high pH. It also eﬀectively traps the proton of
NTH+ so that the IR spectrum of the adsorbed species resembles that of
the deprotonated NT molecule.
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