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ABSTRACT

Adsorption has been one of the most used methods for the removal of organic pollutants from
wastewater owing to its low economic costs, availability and simplicity in application. Different
surfactants have however been used for the modification of these materials to improve their
adsorptive capacities. lonic liquids (IL) have recently been considered as a replacement of many
surfactants due to its environmentally friendly properties. The aim of this study was to synthesize
new ILs that could be used as a replacement for known surfactants in the area of material
modification and application for removal of organic pollutants from aqueous media. Two new ILs
(1-methyl, 3-decahexyl imidazolium and 1-hexyl, 3-decahexyl) were synthesised, and
characterised by various instrumental techniques. The ILs were thereafter used to modify different
types of materials which included: clay (montmorillonite (Mt) and kaolin (K)), biomass (peanut
shell (NS) and kigelia pinnata (KP) plant species, and activated carbon derived from peanut shell
(AC)). Instrumental and titrimetric standard techniques were used to characterise the unmodified
and modified materials. The different modified materials were used in batch and column
adsorption studies, for different organic pollutants. These pollutants include pharmaceuticals
(tetracycline (TC), sulfamethoxazole (SMZ), nalidixic acid (NAD), chloramphenicol (CHL),
ibuprofen (IBU), ketoprofen (KET), ampicillin (AMP), and diclofenac (DCL)), dyes (amaranth,
acid red (AR), congo red (CR) and reactive blue (RB)) and polyaromatic hydrocarbon
(phenanthrene). lonic liquid (1-methyl, 3-decahexyl imidazolium) was used to modify
montmorillonite (Mt-IL), and was used for the adsorption of amaranth dye. Pseudo-second-order
Kinetics and the Langmuir adsorption isotherm best described the adsorption process, with a
maximum adsorption capacity (qge) of 263.2 mg g* at pH 2. Adsorption studies of Mt-1L with TC,
SMZ, NAD and CHL showed ¢ values of 765.7, 504.1, 150.3 and 30.9 mg g™* respectively and an
optimum pH of between 3 and 10. Kaolin intercalated with 1-hexyl, 3-decahexyl (K-IL) was also
studied and used for both column and batch adsorption studies of phenanthrene and AR. The ge of
phenanthrene and AR on K-1L were 188.9 and 842.7 mg g*. The ge for column studies at the same
flow rate and different concentrations (50, 100, 200 mg L) for phenanthrene were 222.9, 611.8
and 1093.5 mg g, while AR were 877.0, 1337.4 and 1350.7 mg g*. IL (1-methyl, 3-decahexyl
imidazolium) was used in the modification of NS (ILNS) and AC (IL-AC) and were used in the
adsorption of CR and RB. ILNS and IL-AC had ge values of 136.4 and 150.0 mg g for CR and
290.0 and 364.4 mg g for RB respectively. Adsorption was pH dependant, with optimum



adsorption of CR and RB onto ILAC at pH 1 — 6, while CR and RB onto ILNS was optimum at
pH 7 — 9. Adsorption of pharmaceuticals on 1-methyl, 3-decahexyl imidazolium modified kigelia
pinnata (IL-KP) was studied. Optimum adsorption was obtained at pH 2.5 for AMP and pH 5 for
IBU, KET and DCL. The values for ge were 251.2, 197.1, 276.8 and 73 mg g for KET, DCL,
IBU and AMP respectively. The ge of all the materials investigated were higher compared with the
corresponding unmodified materials as well as some materials modified with other surfactants as
reported in literature. The use of IL modified adsorbents has potential for the adsorption of organic
pollutants from aqueous media.
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CHAPTER 1: INTRODUCTION

1.1 BACKGROUND

Environmental issues such as climate change, carbon emission, green environment and organic
pollutants e.g. dyes, pharmaceuticals, polycyclic aromatic hydrocarbons and other harmful
pollutants have, in recent times, received increasing global attention. Water is fundamental to the
existence of all living creatures, and contamination of water bodies with organic chemicals remains
a pervasive risk. High concentrations of organic wastes which include industrial chemicals,
pesticides, dyes, polycyclic aromatic hydrocarbons and pharmaceuticals, are discharged, either
intentionally or unintentionally, on a daily basis into water ways, leading to accumulation of these
contaminants in the aquatic environment (Luo et al., 2011; Kimmerer, 2009). Most of these
organic pollutants are man-made chemicals and are found in ecosystems globally far away from
point of manufacture (Ericson Jogsten et al., 2012). These pollutants have been shown to have
many adverse health effects on living organisms, hence for remediation of polluted water.

Dyes are discharged into water bodies through several industrial usages. They are also an integral
part of many manufacturing processes sources include, leather tanning (Kabdasli et al., 1999),
textile (Sokolowska-Gajda et al., 1996), printing and dye, food processing, plastics, cosmetics,
rubber (Bensalah et al., 2009; Wrobel et al., 2001; Dawood et al., 2014) and the paper and pulp
industry (Ivanov et al., 1996). Dyes have been reported to be a source of chemical pollution and
have been listed in Annex C of the Stockholm Convention along with polychlorinated dibenzo-p-
dioxins (PCDD) and polychlorinated dibenzofurans (PCDF) (Salthammer et al., 1995; Halling-
Sgrensen et al., 1998). Dyes are highly coloured compounds which are visible even at very low
concentrations (Banat et al., 1996; Mittal and Gupta, 1996; Fu and Viraraghavan, 2001; Chu and
Chen, 2002; Clarke and Anliker, 1980). They are generally complex in nature, carcinogenic,
mutagenic and cause kidney dysfunction; may affect the reproductive system, cause damage to the
liver, brain and the central nervous system (Kadirvelu et al., 2003; Mishra and Tripathy, 1993,
Banat et al., 1996; Clarke and Anliker, 1980). Aquatic organisms are generally the first line of
exposure to dyes in the environment and they are affected by the dyes ability to prevent light



penetrating to the bottom of the sea or river bed. In addition, the metals or aromatic components

of the dye can also have negative effects on some aquatic life (Yagub et al., 2014).

Pharmaceutical compounds are used globally in medical service deliveries, human healthcare and
in livestock rearing as veterinary drugs in treating animals. Over 3,000 compounds have been
approved as constituents of pharmaceuticals and medicinal products (Loffler and Ternes, 2003).
The presence of pharmaceuticals in the environment has recently drawn much attention due to an
increase in its reported toxicity (Murray et al., 2010; Xie and Ebinghaus, 2008). Pharmaceuticals
and other personal care products have been categorised as part of emerging organic contaminants
(EOC:s), because they have not been classified as risk prone compounds. Some of their potential
adverse effects are resistance to antibiotics, sterility, and feminization of aquatic animals, as well
as drug resistance of pathogenic organisms amongst others (Carucci et al., 2006; Bolong et al.,
2009; Schriks et al., 2010).

There has also been global concern about polycyclic aromatic hydrocarbons, PAHs. The US EPA
has listed some PAHSs as priority pollutants, some of which are suspected to be possible human
carcinogens (Van Metre et al., 2006). Their detection in the environment and potential risks to
human health have been the focus of much attention (Registry, 1995). PAHSs find their way into
the environment through atmospheric fallout, urban run-off, municipal effluents, industrial
effluents, and oil spillage or leakage (Manoli and Samara, 1999).

Due to the toxicity and the risk of the presence of these organic pollutants (dyes, pharmaceuticals
and PAHS), frantic efforts have been made by the global scientific community to remove these
harmful pollutants from the environment. Several methods have been used in the removal of these
pollutants from water-bodies. They include chemical treatment (coagulating and flocculating
agents) (Shi et al., 2007; Zhou et al., 2008; Mishra et al., 2006; Mishra and Bajpai, 2006; Hai et
al., 2007; Wang et al., 2007; Yue et al., 2008), oxidation (Gupta et al., 2007; Lin and Peng, 1994;
Dogan and Tiirkdemir, 2005; Faouzi et al., 2007; Lopes et al., 2004), and ultrasonic irradiation.
Photo degradation, coagulation, precipitation, biodegradation, membrane separation and
adsorption (Crini and Badot, 2008; Peternel et al., 2007; Eckenfelder, 2000). Of all of these,
adsorption is widely applied for the removal of organic compounds in wastewater due to its high



removal efficiencies, availability, relative cheapness and simplicity in application (Eckenfelder,
2000).

Activated carbon has been the most widely used adsorbent because of its high capacity for
adsorption of heavy metals and organic pollutants. However, due to difficulties in regeneration
and affordability, clays and biomasses are now being considered as alternative low cost adsorbents.

Studies showed that the adsorption capabilities of clays are due to a net negative charge on the
silicate mineral which is neutralized by the adsorption of positively charged cations such as
cationic dyes, heavy metals and some organic pollutants like phenyls or alkylphenyl groups.
Another reason for the high adsorption capacity of clays is the large surface area which can be as
high as 800 m? g* (Boyd et al., 2001). These all enhance the adsorption process because the
sorption mechanism of organics includes electrostatic attraction, and hydrophobic interaction
(Zhou et al., 2010).

Generally clay has a lower affinity for hydrophobic organic compounds due to its hydrophilic
surface (Hassett and Banwart, 1989). However, clays can be activated for hydrophobic sorption
via simple ion exchange reactions using organic cations which convert it to organo-clays (Boyd et
al., 1988; El-Nahhal et al., 1998). The adsorption of organic cations on clays (organo-clays)
transforms the clay-mineral surface from hydrophilic to hydrophobic, thereby enhancing its
affinity for neutral organic molecules of hydrophobic characteristics (Xu et al., 1997). When the
loading of the organic cations exceeds the cation exchange capacity (CEC) of the clay, it becomes
positively charged and potentially suitable for the adsorption of certain anions, such as
triazolinones, sulfonylurea, aromatic carboxylic acids, humic acid or fulvic acid, antibiotics or
their mixtures (Nir et al., 2006), nitrobenzene, phenol, and m-nitrophenol (Borisover et al., 2008).
Organo-clays are powerful adsorbents of organic pollutants and are thus useful for the remediation
of wastewater and are capable of removing oil and grease at 5-7 times the rate of activated carbon
or at 50% of its dry weight (Alther, 1995). The adsorption of organic molecules (ionic and non-

ionic) on organo-clays has been extensively studied (Theng, 1974; Boyd et al., 1988).



Biomasses are also currently used for biosorption processes of both organic and inorganic
pollutants, and are able to replace conventional treatment methods of pollutants removal from
aqueous solutions (Vijayaraghavan and Yun, 2008; Daneshvar et al., 2012). Bacteria, fungi, algae,
byproducts of food, beverage or pharmaceutical production, are all examples of biomass that may
be viable alternatives for the development of inexpensive adsorption processes (Reddad et al.,
2002; Yun et al., 2001). Low sorption capacity has been the drawback of native biomass due its
poor mechanical strength (Pagnanelli et al., 2000; Skowronski et al., 2001). Therefore researchers
have improved the sorption capacity of these biomasses by modifying the surface of the biomass
with surfactants.

Surfactants known to activate surfaces, do not exist in nature but are manufactured by chemical
reactions (Aksu et al., 2010). Surfactants have both hydrophilic and hydrophobic components in
one molecule and can be classified into four groups depending on the charge of the hydrophilic
part: non-ionic (0), anionic (—), cationic (+) and zwitterionic () (Aksu et al., 2010). Researchers
have reported an increase in sorption capacity after modification of biomass with different types
of surfactants for the adsorption of both organic and inorganic pollutants (Bingol et al., 2009;
Loukidou et al., 2003; Xi and Chen, 2014; Montazer-Rahmati et al., 2011; Li et al., 2010; Feng et
al., 2011; Brandao et al., 2010; Ansari et al., 2012; Zhou et al., 2011; Ibrahim et al., 2010; Ibrahim
etal., 2012; Zhou et al., 2012b; Zhou et al., 2012a; Akar et al., 2015; Aksu et al., 2010; Deng and
Ting, 2005; Akar and Divriklioglu, 2010).

lonic liquids (ILs) have attracted an increasing amount of interest, due to their low volatility, non-
flammability, high chemical and thermal stabilities, high ionic conductivity and broad
electrochemical windows (Zhang et al., 2006). lonic liquids are low-melting-point salts, thus
forming liquids that consist only of cations and anions. lonic liquids are often considered as green
solvents capable of replacing traditional organic solvents and have been extensively studied in
materials chemistry, electrochemistry, and catalysis (Welton, 1999). IL’s uniqueness is due to its
constituents, where it has molecular ions as its building blocks. ILs (molten salts) are also known
as liquids that are composed of only ions, either at room temperature or at elevated temperatures
but below 100 °C (Shukla et al., 2011).



In this research ionic liquids (ILs) were synthesized and used to modify clays, biomasses and
activated carbon from biomass for the adsorption of organic pollutants.

1.2 STATEMENT OF PROBLEM/JUSTIFICATION

The US EPA’s Science Advisory Board suggested that pharmaceuticals, one of the classes of
compounds regarded as emerging organic contaminants (EOC), are possible human carcinogens,
liver toxicant and also exerts hormonal effects including alteration of thyroid hormone levels (Lau
et al., 2007; Takagi et al., 2008). Likewise, PAHs and dyes have been reported to be possible

human carcinogens as well (Van Metre et al., 2006).

Most developing countries import these organic pollutants either directly or as products made from
them. Organic pollutant wastes are normally not disposed off in environmentally friendly ways.
They are at most times dumped in waterways or open waste dumps without proper control.
Furthermore, these organic pollutants often make their way into waterbodies via runoff and as
leachates from dump sites which seep into ground water. This constitutes a very serious
environmental pollution nuisance that jeopardizes the health of humans and other animals dwelling
within the vicinities of these dumps.

There is also a global shortage of water which has led to a need for water recycling (Falkenmark
et al., 1989). Recycled water must be rid of organic pollutants if it is to be considered safe for
human consumption. If these pollutants are not removed by wastewater treatment plant processes
and make their way back into rivers and lakes, as well as contaminate water sources, they will
eventually lead to poor quality of drinking water. In addition, these pollutants may travel several
thousands of miles away from the source posing a danger to populations that use the water directly
without proper treatment. Efforts have been made within the scientific community to clean up
these compounds from polluted water bodies, but the existing methods seem to be exorbitantly
expensive. It has therefore become critically important to develop sustainable methods that can
reduce the concentrations of these pollutants by removing them from polluted water. Therefore,
this study aims to develop sorbents that are effective, cheap and readily able to adsorb organic
pollutants from aqueous media.


http://en.wikipedia.org/wiki/Hormonal
http://en.wikipedia.org/wiki/Thyroid_hormone

1.3 HYPOTHESIS

lonic liquids have the characteristic of a surfactant owing to their molecular arrangement

(hydrophilic and hydrophobic) (Maclay, 1956). lonic liquids are able to modify a specific type of

clay, biomass and activated carbon from biomass, and can improve the adsorption capacities for

some selected organic pollutants.

1.4 OBJECTIVES OF THE STUDY

The general aim of this research was to investigate the suitability of ionic liquid modified materials

for adsorption of organic pollutants from aqueous media.

The specific objectives were:

(i)

(i)

(iii)

(iv)

(v)

To synthesize and characterize two ionic liquids (1-methyl, 3-decahexyl imidazolium
and 1-hexyl, 3-decahexyl)

To prepare and characterize ionic liquid modified sorbents - clays (montmorillonite and
kaolin), biomass (kigelia pinnata and peanut shell) and activated carbon derived from
peanut shell.

To optimize the adsorption of organic pollutants, such as, pharmaceuticals (tetracycline
(TC), sulfamethoxazole (SMZ), nalidixic acid (NAD), chloramphenicol (CHL),
ibuprofen (IBU), ketoprofen (KET), ampicillin (AMP), and diclofenac (DCL)), dyes
(amaranth, acid red (AR), congo red (CR) and reactive blue (RB)) and a polyaromatic
hydrocarbon (phenanthrene) onto the sorbents by varying adsorbent dose, initial
concentration, pH and temperature.

To study the mechanism of adsorption based on existing models (Langmuir,
Freundlich, Dubinin-Radushkevich, and Temkin models).

To use the Adams-Bohart, Yoon-Nelson model flow and Thomas sorption model to

determine adsorption capacities.
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CHAPTER 2: LITERATURE REVIEW

2.1 INTRODUCTION

Adsorption has been reported as one of the most viable means for removal of pollutants in virtually
all known matrices such as drying air, water treatment, air purification, removal of odours, or for
the separation of components from mixtures (Ritter, 2008). Many materials have been used to
adsorb organic and inorganic compounds from wastewater, ranging from clay, activated carbon,
biomass, silica, nano materials, Mobil Catalytic Materials (MCM)-family and so on. These
materials are applicable because of their high surface area and porosity that enhances its ability to
trap contaminants, which is the reason activated carbon is widely used as an adsorbent. However,
these materials also have their limitations, especially when applied to adsorption of organic
pollutants, due to the complex nature of these pollutants. Surface area and porosity alone, can only

support physical adsorption but not chemical adsorption.

Activated carbon is not efficient in removing oil, grease, natural organic matter, and other large
organic molecules because the pores of activated carbon are easily blocked by oil and large organic
molecules which results in reduced adsorption of organic molecules (Alther, 1995). Therefore,
modification of these porous materials (organo-materials) is essential to make them more suitable
for the adsorption of organic pollutants. Many organo-materials have been prepared and applied
in the removal of organic pollutants such as pharmaceuticals, dyes, phenols, polyaromatic
hydrocarbons (PAHSs), polychlorinated biphenyls (PCBs), and so on. Several modifiers, such as,
cetylpyridinium chloride (CPC), hexadecyltrimethyl ammonium bromide (HTAB) and
dodecyltrimethyl ammonium bromide (DTAB) have been found to be suitable modifiers. lonic
liquids are another type of modifier that has the potential to improve the efficiency of adsorbents.
They are green solvents that are capable of replacing traditional organic solvents and have been
extensively studied in materials chemistry, electrochemistry and catalysis (Welton, 1999). The aim
of this review is to show the efficiency of ionic liquids in substituting the traditional known

modifiers for the purpose of adsorption of organic pollutants.
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2.2 IONIC LIQUIDS

lonic liquids (ILs) have attracted an increasing amount of interest, owing to their low volatility,
non-flammability, high chemical and thermal stabilities, high ionic conductivity and broad
electrochemical windows (Zhang et al., 2006). ILs are low-melting-point salts, thus forming
liquids that consist only of cations and anions. lonic liquids can be used as green solvents with the
potential of substituting traditional organic solvents in materials chemistry, electrochemistry,
catalysis (Welton, 1999), spectroscopy, as well as extraction and separation processes. The
defining characteristic of ILs is based on its constituent makeup where it has molecular ions as its
building blocks as opposed to molecules in the traditional solvents. In other words, ILs or molten
salts in general are defined as liquids composed of ions only, either at room temperature or at
elevated temperatures but below 100 °C. ILs are also unique in the sense that in addition to ionic
and covalent interactions, there are relatively weaker interactions such as H-bonding, and 7-
stacking, which are not commonly found in conventional solvents (Shukla et al., 2011).

lonic liquids are composed of an organic cation and an inorganic anion, and their properties, such
as melting point, density, viscosity, and miscibility with other substances, can be adjusted by
selecting specific anions and/or cations (Turner et al., 2003). The cations in some ionic liquids are
organic-based moieties such as imidazolium, N-alkyl pyridinium, tetraalkyl ammonium, and
tetraalkyl phosphonium ions. The anions can be organic or inorganic, such as halides, nitrates,
acetates,  hexafluorophosphate,  tetrafluroborate, trifluoromethylsulfonate and  bis
(trifluoromethanesulfonyl) imide (Balasubramanian and Venkatesan, 2012). The anion mainly
controls their water miscibility (Huddleston et al., 2001), whereas the length of the alkyl chain of
the cation influences all the other properties (Jess et al., 2005). Over two hundred ionic liquids are
known and a significant number are commercially available (Poole, 2004; Forsyth et al., 2004).
There are many types of ILs but the main types are alkyl ammonium, tetraalkyl ammonium,
tetraalkyl phosphonium, 1,3-dialkyl imidazolium, and N-alkyl pyridinium salts formed with weak
nucleophilic anions such as bis(trifluoromethylsulfonyl) imide, hexafluorophosphate,
tetrafluoroborate, perfluoroalkylsulfonate and many more (Poole, 2004). Researchers believe that
1 trillion ILs could be possible because of its flexibility in cation and anion combinations (Holbrey
and Seddon, 1999).
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ILs have attracted interest as green solvents for chemical processes, for minimizing solvent waste,
reducing exposure to hazardous vapors, and are considered environmentally friendly (low toxicity)
(Poole and Poole, 2010). They are also considered to be highly solvating (Welton, 1999). They are
referred to as “designer solvents” because their physical properties, such as melting point, density,
viscosity, and hydrophobicity, can be varied by changing the cation and anion to tailor it for a
given end use (Earle and Seddon, 2000). These adjustable physical properties have led to the
application of ILs as solvents for synthesis (Chiappe et al., 2001; Stark et al., 1999) and catalysis
(Sheldon, 2001; Carmichael et al., 1999), biocatalytic transformation (Sheldon et al., 2002; van
Rantwijk and Sheldon, 2007; Park and Kazlauskas, 2003; Reetz et al., 2002; Lozano et al., 2014),
electrochemical device designs (MacFarlane et al., 2007), analytical and separation processes
(Pandey, 2006; Pei et al., 2007) and as an alternative medium for extractions (Chun et al., 2001;
Pei et al., 2009) and purifications (Fadeev and Meagher, 2001; Wasserscheid and Keim, 2000).
They are also used as templates or stabilizers for nanostructures (Antonietti et al., 2004; Zhang et
al., 2006), and as supported catalysts for organic and electrochemical reactions.

Their negligible vapor pressure minimizes environmental contamination through evaporation
which is a major concern of conventional organic solvents. In addition their specificity, yield and
rate has made them very good replacements for conventional organic surfactants (Olivier-
Bourbigou and Magna, 2002; Dupont and Suarez, 2006; Mallakpour and Kolahdoozan, 2008;
Leclercg and Schmitzer, 2009).

ILs can be divided into different groups such as imidazolium, pyridinium, tetraalkyl ammonium,
tetraalkyl phosphonium, and so on (Wasserscheid and Waffenschmidt, 2000; Welton, 1999).
Imidazolium ILs are the most stable, most commonly used, and most studied. Hydrophilicity and
hydrophobicity of ILs are determined by the type and structure of anions and cations. Shorter alkyl
side chains result in stronger hydrophilicity of ILs, while longer alkyl side chains result in stronger
hydrophobicity (Zheng et al., 2014).
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2.3 METHODS OF REMOVING ORGANIC POLLUTANTS

Organic pollutants have been removed from aqueous solutions by several methods which include,
sedimentation (Cheremisinoff, 2002b), filtration, microfiltration, ultrafiltration, (nanofiltration,
and reverse osmosis) (Cheremisinoff, 2002a; Avlonitis et al., 2008; Marmagne and Coste, 1996;
Al-Bastaki, 2004; Marcucci et al., 2001; Sostar-Turk et al., 2005), chemical treatment such as use
of coagulating and flocculating agents (Shi et al., 2007; Zhou et al., 2008; Mishra et al., 2006;
Mishra and Bajpai, 2006; Hai et al., 2007; Wang et al., 2007; Yue et al., 2008), oxidation and
ozonation (Hsu et al., 2001; Omura, 1994; Hage and Lienke, 2006; Wang, 2008; Kim et al., 2004;
Gregor, 1993; Perkins et al., 1996; Soares et al., 2006; Wu et al., 2008), electrochemical
oxidation/reduction (Gupta et al., 2007; Lin and Peng, 1994; Dogan and Tiirkdemir, 2005; Faouzi
et al., 2007; Lopes et al., 2004), advanced oxidation processes (AOPs) (Bandala et al., 2008;
Muruganandham and Swaminathan, 2004; Aguedach et al., 2005; Akyol et al., 2004; Arslan-
Alaton, 2003; Behnajady et al., 2006; Aarthi and Madras, 2007; Chen, 2009; Kansal et al., 2007)
and biological treatment (Barragan et al., 2007; Bromley-Challenor et al., 2000; dos Santos et al.,
2007; Frijters et al., 2006; Van der Zee and Villaverde, 2005; Zhang et al., 1998; Rai et al., 2005;
Przystas et al., 2012; Knapp et al., 1995; Wesenberg et al., 2003; Bumpus and Brock, 1988; Radha
et al., 2005; Husain, 2006; Stolz, 2001; Pandey et al., 2007; Senan and Abraham, 2004; Brown
and Laboureur, 1983; Bhattacharyya and Sarma, 2003; Crini, 2006; Robinson et al., 2001; Razo-
Flores et al., 1997).

Adsorption is presently widely used for the removal of organic pollutants from wastewaters.
Adsorption refers to a process whereby a substance is transferred from a liquid or gaseous phase
onto a solid surface, or a surface phenomenon where adsorbate molecules or ions (liquid or gas)
are concentrated on the surface of a solid (adsorbent) (Gupta and Suhas, 2009). Adsorption
processes can be classified as physisorption or chemisorption depending on how the adsorbate
species are adsorbed onto the adsorbent surface (Gupta and Suhas, 2009). In adsorption processes,
dye molecules may be adsorbed on the surface of an adsorbent through several forces such as
hydrogen bonding, electrostatic interactions, van der Waals forces, hydrophobic interactions etc.
(Kumar et al., 2014; Ahmad et al., 2015).
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Adsorption as a means of water purification was used as early as 1550 B.C as documented in an
ancient Egyptian papyrus and later by Hippocrates and Pliny the Elder, mainly for medicinal
purposes. In the 18th century purification of liquids was achieved by using carbon from blood,
wood and animal materials (Cheremisinoff, 2001). There are several absorbents in use today,
which include alumina, fly ash, silica gel, zeolites, sludge, red mud, biomass, chitosan, clay,
activated carbon, etc. The most used adsorbents are clays (Alkan et al., 2005), activated carbon
(McKay et al., 1998; Walker and Weatherley, 2001), chitosan and chitin (Juang et al., 1997;
Longhinotti et al., 1998), as well as cellulosic materials (Bousher et al., 1997). The commonly
used adsorbent for the removal of organic pollutants from water is activated carbon (AC), but its
drawback is the high regeneration cost and the generation of activated carbon fines, owing to the
brittle nature of carbon used for the removal of organic compounds (Alther, 1995). Also, AC has
little ability to adsorb oil, grease, natural organic matter, and other large organic molecules (Alther,
2002). Meanwhile, surfactants or organic-modified materials have been reported to adsorb oil and
grease at 57 times that of unmodified AC (Alther, 1995).

2.4 SURFACTANTS

The primary objective of the adsorbent is to remove pollutants thus cleaning-up the environmental
matrix. Many traditional organic surfactants are often used for the modification of absorbents to
increase their adsorptive capacity. Most of these surfactants are hazardous, flammable, and toxic
to the environment (Esrafili et al., 2011).

Surfactant or surface-active agents have been in existence for a long time (Moradi and Yamini,
2012) and their uses span across a wide range of industries (Doren and Goldfarb, 1970; Schott et
al., 1984). Surfactants are chemicals that are active at surfaces, or interfaces of two physical phases
and are made up of two parts or groups; the water liking end (hydrophilic) and the oil-liking or
lipophilic or water-hating end (hydrophobic) (Maclay, 1956). These make them soluble in both
organic solvents and water. lonic liquids possess all these characteristics which make them good
surfactants. lonic surfactants adsorb onto oppositely-charged materials through electrostatic
interaction between the surfaces. Adsorption of ionic surfactants on a like-charged material is less
understood, but can occur through hydrogen bonding or attractive dispersion forces (Rosen and
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Kunjappu, 2012; Buckley, 1998). Surfactants are classified into four groups depending on the
charge of the hydrophilic part: non-ionic (0), anionic (—), cationic (+) and zwitterionic (£).

Many organic surfactants have been used for the modification of materials for the purpose of
adsorption of organics where the cationic surface-active bonding agent may be quaternary
ammonium, phosphonium and arsonium bases, or primary, secondary or tertiary organic amines
or salts. Dimethyl dihydrogenated tallow ammonium was used for the modification of
montmorillonite (Ho et al., 2001); ammonium surfactant and phosphonium surfactant were used
to modify montmorillonite (Calderon et al., 2008; Singla et al., 2012); polypropylene was used to
modify bentonite (Du et al., 2009); hexadecyltrimethyl ammonium (HDTMA) was used to modify
montmorillonite and smectite (Boyd et al., 1988; Kim et al., 1996) and many more. ILs have been
recently used for the modification of montmorillonite (Takahashi et al., 2013), nanoparticles
(Sajjadi et al., 2013), Fe304 magnetic nanoparticles for removal of reactive red 141 and reactive
yellow 81 (Kamran et al., 2014b) and the removal of phenolic compounds from aqueous solutions
by emulsion liquid membrane containing ionic liquids (Balasubramanian and Venkatesan, 2012).

2.5 DIFFERENT TYPES OF ADSORBENTS AND MODIFIERS USED

Several surfactants have been used to modify different materials for the removal of organic
compounds.

2.5.1 Activated Carbon

Activated carbon (AC) has been studied by many researchers for the adsorption of both anionic
and cationic surfactants (Wu and Pendleton, 2001; Xiao et al., 2005; Gonzalez-Garcia et al., 2001;
Gonzalez-Garcia et al., 2004a; Gonzalez-Garcia et al., 2004b). However, application of surfactant
modified AC for adsorption of organic pollutants from aqueous solution has been reported to a
lesser extent. In the work of Choi and co-workers, reactive black 5 was adsorbed from aqueous
solution using activated carbon modified by cetylpyridinium chloride (CPC) and their results
showed that modification of AC using surfactants enhanced the sorption of reactive black 5 (Choi
et al., 2008). Cota-Espericueta (2003) modified AC with hexadecyltrimethyl ammonium bromide
(HTAB) dodecylethyldimethyl ammonium bromide (DEDAB) cetyl pyridium bromide (CPB),
dimethyl-dioctadecyl ammonium bromide (DDOAB) and dodecyltrimethyl ammonium bromide
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(DTAB) for the adsorption of 2,4-dinitrophenol (2,4-DNP) and 2,4-dinitrotoluene (2,4-DNT).
An increase in adsorption capacity of AC was observed when modified with DTAB, DEDAB or
HTAB. Meanwhile, the adsorptive capacity of AC decreased when modified with CPB or
DEDAB.

2.5.2 Clay

Clay is currently one of the most used adsorbents and is considered as one of the potential
alternatives to activated carbon because of its adsorption capabilities which comes from its high
surface-area and exchange capacity. Clay can be classified by the differences in its layered
structures. There are several classes of clays such as smectites (montmorillonite, saponite), mica
(illite), kaolinite, serpentine, pylophyllite (talc), vermiculite and sepiolite (Shichi and Takagi,
2000). Raw clay cannot adsorb organic compounds efficiently as it is hydrophilic in nature,
whereas organics are generally hydrophobic (Shen et al., 2009). Surfactants are therefore used as
a modifier to alter the surface property of the clay from hydrophilic to hydrophobic (Estevinho et
al., 2007) thus increasing the affinity of clays for organics (Ralston and Kitchener, 1975; Van
Olphen and Fripiar, 1981; Manne and Gaub, 1995). Modification of different types of clay with
different modifiers (surfactants) has yielded a significant increase in adsorption capacity towards
organic compounds. The surfactant modified clay is also known as organo-clay, which transforms
an organophobic clay surface to strongly organophilic, thus increasing its adsorption capacity
toward organic compounds (Li and Bowman, 2001). Organo-clays are able to hold on to their low
permeability in the presence of nonpolar liquids (Li et al., 1996), and are also stronger and less
compressible than unmodified clay (Soule and Burns, 2001). These characteristics has made them
good additives to waste containment facilities, landfill liners (Smith and Jaffe, 1994), slurry walls,
and wastewater treatment processes (Sheng and Boyd, 2000; Park and Jaffe, 1993) and as

adsorbents for air sampling of airborne organic contaminants (Harper and Purnell, 1990).

These organically modified clays are mostly modified with quaternary amines (Mortland, 1970),
where the nitrogen end of the quaternary amine, which has a positive charge, is exchanged onto
the clay surface for sodium and calcium (Mortland, 1970). This results in ionic bonding with the
free chloride ions from the amines, forming salts which are washed out during the initial washing

of the material (Mortland et al., 1986). The amine chains extend into the water, removing the oils

23



and other nonpolar or slightly polar organics by a partition phenomenon (Alther, 1999; Street and
White, 1963; Stockmeyer, 1991).

Most organically modified clays adsorb nonionic organic compounds more strongly than
unmodified clay with the molecular structure of the organic cation influencing adsorption capacity
and its mechanism. Studies have shown high adsorption capacities for clays modified with
quaternary ammonium cations that have one or more long-chain alkyl functional groups (e.g.,
hexadecyltrimethyl ammonium) (Smith and Jaffe, 1994; Smith et al., 1990; Smith and Jaffé, 1994;
Deitsch et al., 1998; Jaynes and Boyd, 1991; Jaynes and Vance, 1999; Smith and Jaffe, 1991).

Sepiolite modified with dodecyl ethyl dimethyl ammonium (DEDMA) bromide showed a very
high adsorption capacity of 425.0 mg g* as reported by Ozcan and Ozcan for the adsorption of
acid red 57 (AR57) (Ozcan and Ozcan, 2005), compared to the adsorption capacity of Na—
bentonite and DTMA-bentonite (dodecyltrimethyl ammonium bromide-modified bentonite). The
latter showed an adsorption capacity of 740.5 mg g%, while the former had an adsorption capacity
of 67.1 mg g* for the adsorption of acid blue 193 (Ozcan et al., 2004). Sorption of benzene,
trichloroethene, and 1,2-dichlorobenzene onto hexadecyltrimethyl ammonium bentonite
(HDTMA bentonite) and benzyltriethyl ammonium bentonite (BTEA bentonite) were investigated
and showed that the adsorption capacity increased as the total organic-carbon content of quaternary
ammonium cation on the clay increased (Bartelt-Hunt et al., 2003).

Adsorption of acid dye onto organo-bentonite was reported by Baskarakingam and co-workers,
who used cetyldimethylbenzyl ammonium chloride and cetylpyridinium chloride to modify
bentonite resulting in adsorption capacities of 357.14 and 416.66 mg g' for the
cetyldimethylbenzyl ammonium chloride-bentonite (CDBA-bent) and cetylpyridinium chloride-
bentonite (CP-bent), respectively (Baskaralingam et al., 2006).

Smectite modified with benzyltrimethyl ammonium (BTMA) and hexadecyltrimethyl ammonium
(HDTMA) ion was used in the removal of phenol (Shen, 2004). This study showed that exchanged
organic cations affected the adsorptive behavior of smectite based on the size and molecular
arrangement of the exchanged organic cations in the clay. Tetraphenylphosphonium chloride
(TPP) and crystal violet (CV) modified montmorillonite was used for the adsorption of 2,4,5-
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trichlorophenol, 2-chlorophenol, picric acid, 4-nitrophenol, phenol, and naphthalene, which
proved to be more efficient absorbers of these organic pollutants compared to unmodified
montmorillonite (Rytwo et al., 2007). Rytwo and co-workers showed the efficiency of
montmorillonite modified with crystal violet as an absorber of fast green and erythrosin-B (Rytwo
et al., 2006).

Adsorption of phenol and dichlorophenols (2,5 DCP and 3,4 DCP) from water by a porous clay
heterostructure (hexadecyltrimethyl ammonium bromide (HDTMA), dodecylamine (PCH)) was
reported High adsorption capacities of 14.5 mg g* for phenol, 48.7 mg g for 3,4-DCP and 45.5
mg g for 2,5-DCP onto PCH were observed for both phenol and DCPs from water (Arellano-
Cérdenas et al., 2005). Similarly, Lawrence and co-workers studied the adsorption of phenol,
2-,3- and 4-chlorophenol from water onto smectite modified by tetramethyl ammonium (TMA)
and tetramethyl phosphonium (TMP) (Lawrence et al., 1998).

Adsorption of phenols onto 1,1'-dimethyl-4,4'-bipyridinium-smectites (Okada and Ogawa, 2002),
mono, bis and tris(2,2'-bipyridine) nickel(ll)- and tris(ethylenediamine)nickel(ll)-saponite
intercalated compounds from aqueous solution were examined by Okada and co-workers (Okada
et al., 2004). The adsorption of alkylbenzenes and phenols on aliphatic ammonium smectite was
also reported (Barrer, 1989; Xu et al., 1997). Organo-bentonites prepared by modifying natural
bentonite by quaternary amines which included tetramethyl ammonium bromide (TMAB),
hexadecyltrimethyl ammonium bromide (HDTMAB), benzyltriethyl ammonium bromide
(BTEAB), tetraethyl ammonium bromide (TEAB) and cetylpyridinium bromide (CPB) were used
to investigate the adsorption of phenol and m-chlorophenol (Brosillon et al., 2000). Bentonite
modified by polyhydroxy ferric solution was used to adsorb pentachlorophenol from aqueous
solutions (Bouras et al., 2001). Cationic surfactant modified Al-pillared montmorillonite also
showed high adsorption capacity for the adsorption of chlorophenolic derivatives (Bouras et al.,
1999; Srinivasan and Fogler, 1990; Srinivasan and Scott, 1990).

Na-montmorillonite  modified  with  monoalkyl-(dodecyltrimethyl ~ ammonium  and
octadecyltrimethyl ammonium), and dialkyl ammonium (didodecyldimethyl ammonium and
ioctade-cyldimethyl ammonium) bromides was used to adsorb 2,4-dichlorophenol (DCP)
(Witthuhn et al., 2005). Studies by Mortland and co-workers used hexadecylpyridinium (HDPY+),
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hexadecyltrimethyl ammonium (HDTMA+), trimethylphenyl ammonium (TMPA+) and
tetramethyl ammonium (TMA+) to modify clay (smectite) for the adsorption of phenol and several
of its chlorinated congeners (Mortland et al., 1986). It was further established that the complexes
containing alkyl long-chains (hexadecyl) were the most hydrophobic and adsorbed the phenolics
from water in proportion to their hydrophobicities, which increased with the number of chlorines
(phenol < chlorophenol < dichloropohenol < trichlorophenol). Bentonite modified
dodecylammonium (DDAB) was also studied for the adsorption of p-chlorophenol (p-CP) and p-
nitrophenol (p-NP) (Akcay and Akgay, 2004).

The adsorption of phenols from aqueous solutions was studied using three different adsorbents,
clinoptilolite, montmorillonite and hydrotalcite (HT) (Yapar and Yilmaz, 2005). Clinoptilolite was
modified using cetyltrimethyl ammonium bromide (CTAB) and hydrotalcite was calcined by
heating to 550 °C. The comparison of five different modified bentonite adsorbents with
unmodified bentonite showed that CTAB/AI-bentonite had the highest adsorption capacity
followed by Al-bentonite, CTAB bentonite, thermal-treated bentonite, cyclohexane-treated
bentonite and natural bentonite (Al-Asheh et al., 2003). Barhoumi and co-workers worked on
kaolinite and montmorillonite modified with parateroctyl benzene polyethoxy (TX100) and
paranonyl benzene polyethoxy (TN101) (Barhoumi et al., 2003). An increase in adsorption
capacity was observed compared to the unmodified kaolinite and montmorillonite. Organo-clays
made from the modification with hexadecyltrimethyl ammonium (HDTMA) and
didodecyldimethyl ammonium (DDDMA) were also studied for the adsorption of
trichloroethylene and showed a high affinity for trichloroethylene (Zhao and Vance, 1998).

Four different surfactants were used in the modification of bentonite. Hexadecyltrimethyl
ammonium (HDTMA) modified bentonite showed the highest adsorption capacity for the
adsorption of 2,4-dichlorophenol (2,4-D) from aqueous solution with a removal efficiency of
97.0% compared with raw bentonite that had a removal efficiency of less than 60% (Ruan et al.,
2014). Also, adsorption of phenol from wastewater by organo-bentonite was investigated by
Anirudhan and Ramachandran (2014). Their results showed that adsorption of 2,4,6-
trichlorophenol (TCP) on to Na-bentonite modified by exchanging Na* ions with the cationic
surfactant, hexadecyltrimethyl ammonium (HDTMA) chloride, was significantly enhanced (2.3
times) through surfactant treatment of bentonite. Cao et al. (2013) reported an increase in
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adsorption capacity when Na-bentonite was modified with hexadecyl trimethyl ammonium
bromide (CTAB) and used in the adsorption of phenol. Improved adsorption capacity of organo-
clay (montmorillonite modified hexadecyltrimethyl ammonium) compared to Na-montmorillonite
was observed in the sorption of nitrobenzene, phenol, and m-nitrophenol from water and n-
hexadecane (Borisover et al., 2008). Zhu and co-workers investigated a series of dual-cation
organo-bentonites synthesized by replacing the metal ions in bentonite with both long-chain alkyl
quaternary ammonium cations (dodecyltrimethyl ammonium (DTMA), benzyl dimethyl tetradecyl
ammonium (BDTDA), cetyltrimethyl ammonium (CTMA), octodecyltrimethyl ammonium
(OTMA)), and short-chain alkyl quaternary ammonium cations, such as tetramethyl ammonium
(TMA) (Zhu et al., 2000). They reported that sorption of organic compounds onto dual-cation
organo-bentonite was dominated by adsorption at low concentrations and by partitioning at high
concentrations, making the organo-bentonites powerful sorbents for organic contaminants over a

wide range of concentrations.

Lee and co-workers studied a high-charged smectite and a low-charged smectite modified with
tetramethyl ammonium (TMA), to form a TMA-clay complex (Lee et al., 1989; Lee et al., 1990).
The adsorption of benzene, toluene, and o-xylene as vapors by the dry TMA-clays and as solutes
from water by the wet TMA-clays showed potential versatility for the removal of organic
compounds in agueous systems. Eight organo-clays were prepared and used for the adsorption of
naphthalene and phenanthrene. The organo-clays were made from sodium-rich bentonite and
dodecylpyridinium chloride, with loading levels ranging from 0.25-2.00 times the cation exchange
capacity (CEC) of bentonite (Changchaivong and Khaodhiar, 2009). The sorption of benzene to
bentonite, on two organo-clays synthesized from quaternary ammonium organic cations
hexadecyltrimethyl ammonium (HDTMA) and benzyltriethyl ammonium (BTEA) were
investigated. It was discovered that organo-clays adsorbed more benzene than the unmodified
bentonite (Redding et al., 2002). Seven organo-clays were reportedly prepared by modification of
bentonite with benzyl triethyl ammonium chloride (BTEA) at 50, 75, and 100% and with
hexadecyl trimethyl ammonium bromide (HDTMA) at 25, 50, 75, and 100% of the bentonite’s
cation exchange capacity (Upson and Burns, 2006). It was reported that the organo-clays absorbed
more 2,4,6-trinitrotoluene (TNT), 2-amino-4,6-dinitrotoluene (2-A-4,6-DNT) and 4-amino-2,6-
dinitrotoluene (4-A-2,6-DNT) than the unmodified bentonite. Kaolinite and montmorillonite

modified with aromatic organic constituents have higher adsorption capacities to adsorb
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naphthalene and phenanthrene than those modified with aliphatic organic compounds (Huang et
al., 2005).

Batch and column experiments investigated the efficiency of the adsorption of chlorobenzenes on
cationic surfactant (dodecylpyridinium (DP)) modified soil (Wagner et al., 1994). Wagner and co-
workers concluded that treatment of surfaces with cationic surfactants showed potential as a
suitable adsorber in both batch and column experiments. Adsorption of naphthalene, p-
nitrotoluene, nitrobenzene and m-dinitrobenzene from water onto bentonite, bentonite modified
by KCI solutions and organo-bentonite (i.e., 100 CTMAB) were also investigated. The affinities
of these sorbates with bentonite were extremely weak and similar compared with 100 CTMAB
(Chen et al., 2008). The enhancement in the adsorption capacity was said to be due to strong
retention of the CTMA+-derived organic phase and the exposed-siloxane surfaces. The Kq values
increased 5360, 780, 200 and 40 times, respectively, for naphthalene, p-nitrotoluene, m-
dinitrobenzene and nitrobenzene (Chen et al., 2008). Sheng et al. (1998) investigated smectitic
modified with hydrophobic cationic surfactants (hexadecyl trimethyl ammonium (HDTMA))
which showed that at higher loadings of HDTMA the material adsorbed trichloroethylene and
chlorobenzene by both ion exchange and hydrophobic bonding. Sorption coefficients for
trichloroethylene and chlorobenzene on HDTMA-modified soils (0.7 CEC) were 20 - 60 and 100

- 350 times higher, respectively, than those on the corresponding unmodified soils.

A series of organo-bentonites synthesized by exchanging organic cations such as dodecyl tri-
methyl ammonium (DTMA), benzyl dimethyl tetradecyl ammonium (BDTDA), cetyltrimethyl-
ammonium (CTMA) and octodecyl trimethyl ammonium (OTMA) on bentonite was also
investigated by Chen and Zhu (Chen and Zhu, 2001). They reported that the Koc values of
phenanthrene, anthracene, naphthalene and acenaphthene were 2.621 x 10°, 2.106 x 10°, 2.247 x
10* and 5.085 x 10%, respectively. They further suggested that, since the Ko values for the organo-
bentonites were about ten to twenty times larger than the values on the soils and sediments, organo-
bentonite was good for remediation of polluted soil and groundwater. Inorgano—organo-bentonite
(10B) synthesised from bentonite modified with both Fe polycations and cetyltrimethyl
ammonium bromide (CTMAB) was studied for the simultaneous removal of phosphate and
phenanthrene from water (Ma and Zhu, 2006). Ma and Zhu found that 10B had a strong affinity
for both phosphate and phenanthrene in water compared to unmodified bentonite. It was further
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reported that more than 95% phosphate and 99% phenanthrene were removed from water within
30 minutes. They concluded that IOB was a favorable sorbent that could simultaneously remove
non-biodegradable organic pollutants such as phenanthrene and phosphate after the bioprocessing
of wastewater (Ma and Zhu, 2006).

Bentonite was modified with cetyltrimethyl ammonium bromide (CTMAB), and used for the
adsorption of benzene, toluene, ethylbenzene, nitrobenzene, aniline, phenol, and p-nitrophenol in
water (Zhu et al., 1998). Removal efficiencies and sorption capacities of organo-bentonites for
organic compounds in water increased with increasing amounts of associated quaternary

ammonium cations in the bentonite.

Tetramethyl ammonium (TMA+) ion was used to modify bentonite, which resulted in an increase
in the adsorptive properties of the TMA-bentonite in direct proportion to the exchange reaction
below 60% of the CEC of the clay (Cadena, 1989). Cadena’s studies showed that the ability of the
modified clay to remove benzene decreased at doses higher than 150% of the CEC of the clay
(Cadena, 1989). Organo-clay sorbents were also prepared by modifying montmorillonite with four
different quaternary ammonium compounds (tetramethyl ammonium chloride (TMA),
hexadacecyl benzyl dimethyl ammonium chloride (HDBDMA), hexadecyl trimethyl ammonium
bromide (HDTMA) and dioctodecyl dimethyl ammonium bromide (DDDMA)) (Dentel et al.,
1998). The researchers concluded that the use of these organo-clays for removal of 1,2,4-
trichlorobenzene from water was satisfactory as a result of its enhanced sorption capacity.
Phenanthrene adsorption on different organo-clay complexes was investigated (El-Nahhal and
Safi, 2004). The adsorbed amounts of phenanthrene on this montmorillonite modified with
tetraheptyl ammonium, benzyl trimethyl ammonium, hexadecyl trimethyl ammonium and
tetraphenylphosphonium were several times higher than those obtained using montmorillonite clay
without surface modification. Cetyltrimethyl ammonium chloride (CTAC) modified bentonite was
used in the adsorption of petroleum hydrocarbons emulsified in agqueous solution. Emam (2013)
discovered that modified bentonite was an excellent alternative for the removal of hydrocarbons

from oil-water emulsions.

Modified bentonite (bentonite-dimethyl dihydrogenated) has been used for the sorption of
benzene, toluene, ethylbenzene, and o-xylene (BTEX compounds) in contaminated liquids.
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Sorption isotherms and column leach tests were performed to assess the efficiency of the clay in
adsorbing organics from liquid solutions. The efficiencies of the clays in removing BTEX
compounds were 75%, 87%, 89%, and 89%, respectively (Gitipour et al., 1997). Gitipour and co-
workers further suggested that the modified bentonite can be used as a practical organic adsorbent
for wastewater treatment systems, landfill liners, slurry walls, and underground storage tank
barriers.

2.5.3 Biosorbents

Biosorbents, which include bark and wood chips, chitosan, peat, sugarcane bagasse, straw and rice
husks, activated bamboo and many more, are one of the recent low-cost materials used for the
removal of pollutants from water bodies because they are cheap, easy to use and readily available
compared to other techniques such as ion exchange, reverse osmosis, electrochemical treatment,
evaporation recovery, solvent extraction, and adsorption (Olu-Owolabi et al., 2012). Low
adsorption capacity has been the limitation of biosorption being used industrially for cleaning up
of toxic pollutants in wastewater (Deng and Ting, 2005). This has led to the modification of
biosorbents to enhance its adsorption capacity. Treatments range from acid treatment (Montazer-
Rahmati et al., 2011; Li et al., 2010), base, acetone and ethanol treatments (Feng et al., 2011) as
well as formaldehyde treatment (Feng et al., 2011; Montazer-Rahmati et al., 2011).

Recent trends in the modification of biosorbent with surfactants has increased (Brandéo et al.,
2010). It was confirmed that surfactant-modified solid surfaces improved removal of some organic
contaminants from aqueous solutions (Adak et al., 2006). Ansari and co-workers investigated
batch and fixed-bed column sorption of methylene blue dye (MB) from aqueous solutions, using
sawdust modified with surfactant (sodium dodecyl sulfate (SDS/SD)) (Ansari et al., 2012). They
obtained breakthrough from continuous sorption experiments, with the highest column capacity of
129.68 mg g (Ansari et al., 2012). Their results also showed that surfactant-modified sawdust is
much more effective for basic MB dye removal compared to untreated sawdust (SD). The sorption
capacity of peat increased significantly after modification with quaternary ammonium surfactant
(hexadecyltrimethyl ammonium bromide (HTAB)), for the sorption of bisphenol (Zhou et al.,
2011). They further observed that hydrophobic interaction between the modified peat and
bisphenol played a significant role during the process. They concluded that sorption capacity of
natural peat can be significantly improved by surfactant modification (Zhou et al., 2011).
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Barley straw was chemically modified using a cationic surfactant hexadecylpyridinium chloride
monohydrate (CPC) to obtain a biosorbent for removal of emulsified mineral oil from aqueous
solution. It was also found that addition of CPC created a non-polar layer on barley straw surface
thus giving surfactant modified barley straw a much better adsorption capacity for oil removal
from water than unmodified barley straw (Ibrahim et al., 2010). Barley straw was modified with
cetylpyridinium chloride and used for the adsorption of acid blue 40 and reactive black 5 in
aqueous solution. Surfactant modified barley straw exhibited higher adsorption of acid blue 40 and
reactive black 5 than the unmodified barley straw (Oei et al., 2009). Removal of phenanthrene
(PHE) from agueous solution by adsorption onto quaternary ammonium surfactant modified peat
(MP) was also studied (Zhou et al., 2012). Three different quaternary ammonium surfactants,
tetrabutyl ammonium bromide (TBAB), hexadecylpyridinium bromide (HPB) and hexadecyl
trimethyl ammonium bromide (HTAB) were used in the modification. The results showed that
surfactant modification improved the PHE adsorption capacity of peat and that peat modified with
long carbon chain surfactants performed better than peat modified with short carbon chain
surfactants. The magnitude of PHE adsorption capacity followed the order of MP-HPB > MP-
HTAB > MP-TBAB > raw fibric peat.

Sugar-beet pulp’s potential application in decolorization of wastewater was reportedly improved
by modification with quaternary ammonium-salts. Acid red 1 (AR1) dye biosorption performance
onto quaternary ammonium-salt (cetrimonium bromide) modified sugar-beet pulp was
investigated. Their results showed that AR1 biosorption onto surfactant modified sugar-beet pulp
could also be successfully used for remediation of wastewater in continuous systems (Akar et al.,
2015). The biosorption characteristics of a surfactant modified macro fungus were also
investigated for the removal of reactive red 2 contaminated solutions (Akar and Divriklioglu,
2010). Biosorption efficiency was improved with a small amount of fungal biomass after the
modification process. Akar and Divriklioglu concluded from the overall, batch and continuous
mode data that the CTAB-modified fungal biomass is better than that of unmodified dried biomass,
and that the biosorbent may be useful for the removal of reactive dyes from aqueous media (Akar
and Divriklioglu, 2010). The biosorption of methylene blue onto dried Rhizopus arrhizus, a
filamentous fungus, was investigated in the absence and in the presence of increasing
concentrations of sodium dodecylsulfate (SDS) (Aksu et al., 2010). Literature reported that it
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followed a Langmuir model with a maximum adsorption capacity of 370.3 mg g of dried biomass
in the absence of the surfactant. However the addition of 1 mM (288.4 mg L) of SDS increased
the adsorption capacity to 1666.6 mg g™* leading to a 4.5-fold increase in the adsorption capacity.

2.5.4 Alumina

Alumina modified with anionic surfactants has also been used for the adsorption of organic
pollutants. Anionic surfactants behave as normal electrolytes in very dilute aqueous solutions, but
at higher concentrations its behavior changes. This behavior is explained in terms of the formation
of organized aggregates of large molecules called micelles, in which the hydrophobic parts of the
surfactant face inwards leaving the hydrophilic portion to face the agueous medium. The surfactant
concentration at which micelles are formed is called the critical micelle concentration (CMC). The
micelles have the ability to preferentially absorb organic solutes from the solution. This process is
called solubilization. The adsorption of ionic surfactants on oppositely charged surfaces is
generally different from the ordinary adsorption process. At low surfactant concentrations
monolayer and bilayer structures are formed. These structures act as micelles and have the
potential to solubilize the organics into the three dimensional structures. The process is called
adsolubilization which is the surface phenomenon analogous to solubilization with adsorbed
surfactant bilayers playing the role of the micelles. The monolayer structure is called the
hemimicelle and the bilayer structure is called the admicelle. Fig. 2.1 shows a cationic surfactant
adsorbed gradually on the negatively charged material through electrostatic attraction to form a
monolayer (hemimicelle). After the formation of the monolayer on the surface of the material,
additional cationic surfactant forms a second layer due to the hydrophobic attraction between their
organic tails (admicelles).

The adsolubilization process can be efficiently used for the removal of different organic pollutants
such as dyes, phenolic compounds, and so on from the water environment (Adak and Pal, 2006).
At high anionic surfactant concentration, the adsorption of the surfactant on the alumina surface
occurs via electrostatic attraction between the anionic head group of the surfactant and the
positively charged alumina surface as well as the interaction between the hydrocarbon chains,
which is responsible for the formation of micelle-like aggregates on the alumina surface (Adak
and Pal, 2006; Adak et al., 2006).
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Fig. 2.1a Hemimicelle and 1b admicelle structures of the cationic surfactant aggregates

formed on the surface of a negatively charged material

Batch and fixed bed studies of alumina modified with anionic surfactant (AS) as an efficient
adsorbent for the removal of phenol from aqueous solutions, showed that surfactant-modified
alumina (SMA) possessed the ability to remove organic solutes from aquatic environments (Adak
and Pal, 2006). Adak and co-workers also reported fixed bed column studies for the removal of
crystal violet (CV), known as basic violet 3, from wastewater using surfactant-modified alumina
(SMA) as an adsorbing medium (Adak et al., 2006). The SMA was found to be a very efficient
medium for the removal of dye from wastewater.

Prepared surfactant-modified alumina (SMA) was used to remove malachite green (MG) from
aqueous media. Sodium dodecyl sulfate (SDS) was used as the modifier, and batch and fixed bed
column studies were carried out with surfactant-modified alumina (SMA) for MG removal from
aqueous environments. SMA was found to be an efficient adsorbent of MG compared to the
unmodified alumina (Das et al., 2009a; Das et al., 2009b).

2.5.5 Natural Zeolites

Natural zeolites are highly porous hydrated alumina silicate materials with three dimensional
crystal structures. There are more than 40 natural zeolites identified in the world (Crini, 2006).
Natural zeolite modified with hexamethylenediamine (HMDA) was found to be a good adsorbent
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for the removal of reactive red 239 (RR-239) and reactive blue 250 (RB-250). Batch adsorption
experiments showed a substantial improvement in adsorption of reactive dyes on modified zeolites
(HMDA-Z) compared to natural zeolites (Alver and Metin, 2012). Surfactant-modified zeolite
(SMZ) was used to remove remazol brillant blue R and remazol yellow reactive dyes from aqueous
solutions. SMZ was prepared by allowing the hexadecyltrimethyl ammonium bromide (HDTMA)
adsorbed onto the negatively charged surface of the zeolite to form a monolayer (Kuleyin and
Aydin, 2011). As the concentration of the surfactant solution increased, the surfactant molecules
with large tail groups adsorbed through hydrophobic (tail-tail) interactions, forming a bilayer or
admicelles. The study showed that SMZ was an effective sorbent for the removal of remazol
brilliant blue R and remazol yellow from aqueous solutions.

Two zeolites synthesized from coal fly ash (ZFA) were prepared and then modified using
hexadecyl trimethyl ammonium (HDTMA). Both ZFAs and surfactant modified ZFAs (SMZFAs)
were investigated for their ability to adsorb humic acid (HA) from water. The results indicated
that, while ZFA had little affinity for HA, SMZFA showed a greatly enhanced adsorption capacity
for humic acid (Li et al., 2011). The adsorption of HA by SMZFA was primarily attributed to
HDTMA loading onto the zeolite surface. Surfactant-modified zeolite (SMZ) was also studied for
the adsorption of BTEX with batch and column experiments (Ranck et al., 2005; Altare et al.,
2007). Bowman worked on the application of surfactant-modified zeolites for environmental
remediation (Bowman, 2003). Their results indicated that SMZ was able to adsorb all major classes
of water contaminants (anions, cations, organics, and pathogens), thus making it amenable to a
variety of water treatment applications.

2.5.6 Nanomaterials

2.5.6.1 Titanate nanotubes (TNT)

Titanate nanotubes (TNT) have also been modified with surfactants for the purpose of adsorption.
The potential of adsorptive removal of acid dyes from aqueous solutions using surfactant modified
TNT was investigated by Juang and co-workers (Juang et al., 2008). The modified material was
prepared by the hydrothermal method and subsequently washed with a 10* N HCI aqueous
solution. The prepared TNT was then modified with a quaternary amine, hexadecyl trimethyl
ammonium chloride (HDTMA), through the cation exchange process. It was found that
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hydrophobic bonding by conglomeration of large Cis alkyl groups associated with HDTMA
produced a dense packing of HDTMA with positively charged hydrophobic tails, which adsorbed
14 times higher than that of unmodified TNT (Juang et al., 2008). Adsorptive removal of basic
dyes and acid dyes by TNTs modified with hexadecyl trimethyl ammonium chloride (HDTMA)
were also investigated (Lee et al., 2007). Lee and co-workers noted an improved adsorptive
capacity in modified TNT and suggested that surfactant modified TNT may be a good adsorbent
for the removal of basic dyes and acid dyes from aqueous solution through the cation and anion

exchange mechanism, respectively.

2.5.6.2 Carbon nanotubes

Carbon nanotubes (CNTSs) are highly popular due to their novel properties such as high aspect
ratio, high thermal, electrical and mechanical properties. Its large surface area, high porosity and
layered structure make it suitable for adsorption of harmful pollutants (Ghobadi et al., 2013) such
as cationic, anionic and other organic and inorganic impurities including 1,2-dichlorobenzene,
trihalomethanes, dyes, microcystins, fluoride, nickel, arsenate and so on (Lu et al., 2005; Gong et
al., 2009; Yan et al., 2006; Li et al., 2002; lijima, 1991). Modification of multi-walled carbon
nanotubes (MWCNTS) with a cationic surfactant, cetyl trimethyl ammonium bromide (CTAB) and
its application for removal of direct red 80 (DR80) and direct red 23 (DR23) dyes were investigated
(Ghobadi et al., 2013). The results showed that CTAB was efficiently immobilized on the surface
of the MWCNT. The Langmuir adsorption capacities of surfactant-functionalized carbon
nanotubes (SF-CNTs) for DR23 and DR80 were found to be 188.68 and 120.48 mg g%,
respectively. Ghobadi and co-workers concluded that the adsorption capacity of SF-CNT was more
significant than unmodified-CNT (Ghobadi et al., 2013).

Magnetic adsorbent nanoparticles (zinc ferrite nanoparticles) were modified using cetyl trimethyl
ammonium bromide for the removal of direct green 6 (DG6), direct red 31 (DR31) and direct red
23 (DR23) (Mahmoodi et al., 2014). Mahmoodi and co-workers concluded that zinc ferrite
nanoparticles modified with cetyl trimethyl ammonium bromide, being a magnetic adsorbent with
high dye adsorption capacity, may be a suitable alternative for the removal of dyes from colored
aqueous solutions (Mahmoodi et al., 2014).
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2.5.7 Other Adsorbents

Fly ash modified with surfactants has also been studied. Pansuk and Vinitnantharat (2011) studied
unmodified fly ash (Un-G) and surfactant modified granules (Mo-G) for the adsorption of acid
brown 75 (AB 75) and direct yellow 162 (DY 162) from aqueous solutions. Preparation was by
wet granulation of fly ash powder which was agglomerated into porous granules and modified
with hexadecyl trimethyl ammonium bromide (HDTMA-Br). The adsorption of the aqueous
anionic dyes onto Mo-G’s was significantly increased compared with the unmodified granule (Un-
G).

2.6 IONIC LIQUIDS AS A SURFACTANT

Lesser work has been reported on the usage of ILs as surfactants, but the few reports published
have shown ILs as a promising potential replacement for commonly used surfactants. Kamran et
al. (2014b) studied FesOs magnetic nanoparticles modified with 1-octyl-3-methylimidazolium
bromide ([CsMIM]-Fe304) and used it for the removal of reactive red 141 (RR141) and reactive
yellow 81 (RY81) from aqueous solutions. The maximum adsorption capacity of [CsMIM]-Fe304
for the Langmuir model was 71.4 mg g and 62.5 mg g™* for RR141 and RY81, respectively. Their
results indicated that magnetic nanoparticles of [CsMIM]-FesO4 have potential application in the
removal of RR141 and RY81 from wastewaters compared to the unmodified nanoparticles. Short
contact time, high adsorption capacity, stability and reusability of the adsorbent were attributed to
the surface electrostatic and/or hydrophobic interactions between dyes and adsorbent (Kamran et
al., 2014b). An experimental study on the removal of phenolic compounds from aqueous solutions
using ionic liquid mixed carrier (ILMC) containing 1-butyl 3 methylimidazolium
hexafluorophosphate [BMIM]*[PF6]" dissolved in tributyl phosphate (TBP) in an emulsion liquid
membrane (ELM) was also carried out (Balasubramanian and Venkatesan, 2012). It was found
that addition of 0.02% (v/v) of [BMIM][PF6]  in the membrane phase enhanced the emulsion
stability 5 times.

Adsorption of reactive red-120 (RR) and 4-(2-pyridylazo) resorcinol (PAR) from aqueous
solutions by FezO4 magnetic nanoparticles using ionic liquid as a modifier was studied in a batch
reactor (Absalan et al., 2011). The results indicated that the IL-Fe304 nanoparticles had removed
more than 98% of both dyes. The maximum adsorption capacity of IL-FesO4 was 166.67 and 49.26
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mg g for RR-120 and PAR, respectively. The IL-Fe3O4 nanoparticles were quite efficient as a
magnetic nano-adsorbent for the fast removal of dyes from aqueous solutions compared to the
unmodified form. Adsorption of folic acid, riboflavin, and ascorbic acid from aqueous samples by
FesO* magnetic nanoparticles using ionic liquid as a modifier was also investigated (Kamran et
al., 2014a). Maximum adsorption capacities of folic acid, riboflavin and ascorbic acid were 22.5,
4.8 and 6.9 mg g* of the adsorbent, respectively.

In this research two novel ionic liquids were synthesized and used in the modification of clay
(montmorillonite and kaolin), biomass (kigelia pinnata and peanut shell) and activated carbon
derived from peanut shell. The modified adsorbents were thereafter used in the adsorption of some
selected organic pollutants and the optimization and kinetic studies of the adsorption were
undertaken. This work is novel in that these two ionic liquids have not been previously synthesized
and characterized and this is the first report of these newly synthesized surfactants. No previous
reports of ionic liquid modified clay and biomass used for the purpose of removal of organic
pollutants have been identified. This work is therefore novel in that this is the first experimental
work and discussion of results obtained showing the adsorption of IL modified clay, biomass and
activated carbon from biomass as well as the optimization and kinetic studies of the adsorption of
selected organic pollutants using these materials. This work provides important knowledge and

results in the field of developing new adsorbents for the removal of organic pollutants.
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CHAPTER 3: MATERIALS AND METHODOLOGY

This study is divided into three parts which include: (i) synthesis and characterization of two ionic
liquids (i) modification of different materials with ionic liquids and its characterization (iii)
adsorption studies of pharmaceuticals, a polyaromatic hydrocarbon and dyes with the modified
materials

3.1 REAGENTS AND MATERIALS

Methyl-imidazole, 1-bromodecahexane (CAS Number 1318-93-0), imidazole (CAS Number
288-32-4), 1-bromohexane (CAS Number 111-25-1), benzyl bromide (CAS Number 602-057-
002) and phenanthrene (CAS Number 85-01-8) were purchased from Merck. Montmorillonite
powder (CAS Number: 1318-93-0), kaolin (CAS Number 1318-747), DMSO (CAS Number 67-
68-5), amaranth (CAS Number 915-67-3), congo red (CAS Number 573-58-0) and reactive blue
(CAS Number 13324-20-4), and NaCl, ketoprofen (CAS Number 22071-15-4), diclofenac sodium
salt (CAS number 15307-79-6), ibuprofen (CAS Number 15687-27-1), sulfamethoxazole (CAS
Number: 723-46-6), tetracycline (CAS Number: 60-54-8), nalidixic acid (CAS Number 389-08-
2), chloramphenicol (CAS Number: 56-75-7) and ampicillin (CAS Number 69-53-4) were all
purchased from Sigma Aldrich. Double distilled deionized water was used for all sample
preparation. Raw peanut shell (species Arachis hypogaea), and mature sausage fruit (Kigelia
pinnata) were sourced in Durban.

3.2 SYNTHESIS OF IONIC LIQUIDS (IL)

3.2.1 Synthesis of 1-hexyl, 3-decahexyl Imidazolium lonic Liquids

1-hexyl, 3-decahexyl imidazolium is a salt consisting of imidazolium (a five ring compound with
two nitrogen atom with one of them a quaternary ammonium) at the center with a hexyl group and
decahexyl alkyl (16 carbon) chain attached to the ammonium and the quaternary ammonium in the
ring respectively. The preparation was in two stages, formation of the 1-hexyl imidazole and
thereafter formation of the salt.
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The formation of the 1-hexyl imidazole was prepared by modification of the method used by
Starikova and co-workers (Starikova et al., 2003). Briefly, KOH (0.84 g, 0.015 mmol) was added
to the solution of imidazole (0.01 mol) in DMSO (30 mL) and stirred at room temperature for 2
hours. Freshly distilled alkyl halide (0.01 mol) was added drop wise to the mixture with vigorous
stirring and thereafter cooled in a water bath. After 5 h the mixture was diluted with distilled water
and extracted with dichloromethane (10 x 10 mL), the organic layers were washed with distilled
water to pH 7, and dried over MgSOas. After removal of chloroform the residue was distilled under
vacuum. Column chromatography was used for product purification. Before formation of the salt,
the product was characterised by *H and *C NMR to ascertain its purity. (Spectral data can be
found in Appendix C 2.0).

Formation of the salt was achieved using the Dzyuba and Bartsch (2001) method. An oil bath with
a stirred flask containing equimolar amounts of 1-hexyl imidazole and the primary alkyl bromide
(bromodecahexane) was heated at 140 °C for 10-15 min and thereafter cooled. The solution was
heated again in the oil bath at 140 °C for another 10-15 min, followed by drying under vacuum at
100-120 °C to give the desired product of a highly viscous golden liquid that solidified at room
temperature. Characterization and spectral data are reported in chapter 5.4.1.

CeH1s o _~CieHss
NN KOH  NZ N7 NN CygHagBr SN
| | _|_ C5H138r ﬁDMS L —_— L

Scheme 1. Synthesis of 1-hexyl, 3-decahexyl imidazolium

3.2.2 Synthesis of 1-methyl, 3-decahexyl Imidazolium

1-methyl, 3-decahexyl imidazolium is a salt which consists of imidazolium (a five ring compound
of two ammonium with one of them a quaternary ammonium) at the centre and a methyl group
and decahexyl alkyl chain attached to the ammonium and the quaternary ammonium in the ring
respectively. The method used by Dzyuba and Bartsch (2001) was modified for the synthesis of
the salt. An oil bath with a stirred flask containing equimolar amounts of N-imidazole and the
primary alkyl bromide (bromodecahexane) was heated at 140 °C for 10-15 min and thereafter
cooled. The solution was heated again in the oil-bath at 140 °C for another 10-15 min, followed
by drying under vacuum at 100-120 °C to give the desired product of a highly viscous golden
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liquid that solidified at room temperature. Characterization and spectral data are reported in
chapter 4.4.1.

N/ +  CigHasBr ~— &e/C16H33
—_— N N

\—/ \—/

Scheme 2. Synthesis of 1-hexyl, 3-decahexyl imidazolium

3.3 PREPARATION OF THE ADSORBENT

3.3.1 Preparation of the Sodium-clay and Modification with IL

Montmorillonite was soaked in deionised water for 24 h and thereafter centrifuged. The upper
layer having very fine clay, was decanted and converted to sodium—clay using the method
employed by Zaghouane-Boudiaf and Boutahala (Zaghouane-Boudiaf and Boutahala, 2011).
Briefly, 10 g of clay was mixed with 1 M NaCl solution and stirred for 24 h. Thereafter, it was
dialyzed in deionized water until it was free of chloride and dried at 80 °C. The sodium—clay was
further passed through a 53 um sieve allowing for the fine sodium—clay (Na*-clay) particles to be
collected. The cation exchange capacity (CEC) of clay and clay modified ionic liquid were
determined using the Gillman and Sumpter method (Gillman and Sumpter, 1986).

The Na*—clay was then modified by adding IL in excess of the CEC of the clay to form clay-IL.
Newman (1987) reported that clay can adsorb more than its CEC, and in the work of Xu and Boyd
(1995) and Zhao et al. (1996) addition of organic cations greater than the CEC of clay, led to the
adsorption of the organic cations on the external surface of the material through cation exchange
and hydrophobic bonding, which generated positive charges on the surface. The mass of IL
required was calculated and explained in chapters 4 and 5.

3.3.2 Preparation of Nut Shell (NS)

The peanut was removed from the shell and the shell was washed successively with tap water and
double distilled deionized water to remove any unwanted particles and membranes. Thereafter, the
shell was dried in an oven at 85 °C till dryness, ground in an Angstrom TE250 ring and puck
pulveriser and sieved through a 120 micron sieve. A mass of 50 g powdered peanut shell was
mixed with 100 mL of 1 M sodium hydroxide and then stirred for approximately 3 h at room
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temperature. Thereafter, it was filtered off and washed repeatedly with double distilled deionised
water until a neutral pH was achieved. The material was then dried in an oven at 85 °C until dry
and was labelled NS and stored in a desiccator until further use.

3.3.3 Preparation of Activated Carbon from NS

NS was calcined in a furnace under constant nitrogen flow, at a heating rate of 10 °C min until a
temperature of 500 °C was reached. The temperature was then maintained for a further 2 h. After
2 h the calcined material was activated by increasing the temperature to 800 °C (under nitrogen)
for a further 1 h 30 mins. The activated carbon obtained from the calcination was stored in a
desiccator and labelled AC.

3.3.4 Modification of NS and AC

The AC was modified with the same ionic liquid in the same manner as ILNS. The modification
of NS and AC by ionic liquid was done by adding ionic liquid in excess of its CMC (critical micelle
concentration). A desired portion (in grams) of NS or AC powder was added into a known amount
of ionic liquid already dissolved in methanol. The mixture was stirred at room temperature for 24
h, and thereafter, dried in an oven at 80 °C overnight. The resulting modified material was cooled
and washed several times with double distilled deionized water and dried in an oven. The resulting

materials were labelled ILNS and ILAC respectively and stored in a desiccator until ready for use.

3.3.5 Preparation of KP-IL

Mature sausage fruit (Kigelia pinnata), KP, collected from a number of sausage trees in Durban,
KwaZulu-Natal, was washed with distilled water to remove impurities and thereafter dried in an
air circulating oven at 70 °C till dry. The dried KP was ground, sieved through a 53 pum sieve and
labeled KP. Modification with ionic liquid (IL) was achieved using the procedure by Ibrahim et
al. (2010). Briefly, KP (5 g) was soaked in 200 mL of 1-methyl, 3-decahexyl imidazolium (0.25
mmol L) in a methanol solution. The suspension was shaken on an orbital shaker for 24 h at room
temperature (25 °C). The modified KP was separated from the aqueous solution by vacuum
filtration and thereafter washed with distilled water several times to remove surface retained IL. It

was oven dried at 70 °C overnight and was labelled as KP-IL.
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3.4 ADSORPTION EXPERIMENTS

3.4.1 Batch Adsorption

All the experiments were carried out in glassware. To prevent sample contamination, all the
containers were rinsed once with methanol and thrice with double distilled deionized water before
use.

Adsorption experiments were performed in batch mode to investigate the effects of various process
parameters such as pH, adsorbent and initial dye concentrations, contact time, and temperature on
different materials. The effect of adsorbent dose was carried out with varying masses (g) of the
adsorbents in constant volume (mL) of organic sample and constant concentration. Subsequent
parameters (effect of concentration, pH, and temperature) were carried out using the same
concentration and volume as in the case of dose. A blank was also determined under the same
conditions but without the adsorbent. The concentration of the sample was measured using a
UV—Vis—NIR spectrophotometer or LC-UV before and after the adsorption. All experiments were
run for 24 h, to allow sufficient time for the adsorption to reach equilibrium conditions and were
carried out in duplicate. The equilibrium adsorption capacities of the materials were calculated
from the following relationship:

Ge = “2V..3.1

Where g is the equilibrium adsorption capacity (mg g*), Co and C. are the sample initial and
equilibrium concentrations respectively (in mg L), V is the volume of solution (L), and W is the
weight of adsorbent (g).

3.4.1.1 Kinetic study

Adsorption kinetics were determined by analysing the adsorptive uptake of samples from its
aqueous solution of different concentrations (mg L) at different times. The equilibrium data for
developing the isotherms were obtained at different temperatures (20, 30, and 40 °C) by mixing a
known mass (g) of adsorbent with pollutants for 36 h. After equilibrium, the aqueous phase
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concentration of dye in the solution was determined by a double beam UV-Vis—NIR

spectrophotometer or LC-UV.

In order to determine the mechanism and potential rate-controlling steps involved in the process
of adsorption, the data obtained was fitted into pseudo first order (Lagergren, 1898) and pseudo
second order (Ho and McKay, 1999) models. The pseudo first order kinetic model equation is:

In(qg. — q;) =Ilng, — K, t..3.2

Where g is the amount of adsorption at time t in (mg g%), ki is the rate constant of the equation in
(min), and ge is the amount of adsorption equilibrium in (mg g*). The adsorption rate constant
(k1) can be determined experimentally by plotting In (qe-qt) versus t.

The pseudo second order kinetic model is expressed as:

¢ 1 ¢
— = + —..33
qac  (k29%) ' qe

t/qt

Slope = 1/ge

} Intercept = 1/(k,q,)

Fig. 3.1 Relation of constants in pseudo-second-order model

Where kz is the equilibrium rate constant of pseudo second order adsorption in (g mg™* min™). The
values of ko and ge can be determined from the slope and intercept of the plot t/g: versus t,
respectively.
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The data were also fitted into the Weber—Morris model, to evaluate the possibility of intra-particle
diffusion as the rate limiting step; it is given by (Weber and Morris, 1963):

G = kigt'/2 + C..3.4
Where kig (mg g™ h'*2) is the intra-particle diffusion rate constant.

3.4.1.2 Isotherm study

Adsorption data were fitted to Freundlich, (Freundlich, 1906) Langmuir, (Langmuir, 1916)
Temkin and Dubinin—Raduskevich, (Dubinin and Radushkevich, 1947) isotherms. Linear
equations of all the applied models are explained in chapters 4-8.

3.4.2 Column Studies

Column studies were conducted using glass columns of 1.5 cm internal diameter and 55 cm length.
The columns were packed with a known quantity of the modified adsorbent between two
supporting layers of glass wool to prevent the adsorbent floating from the outlet. The mass of the
adsorbent was kept constant throughout the experiment. The flow rate was varied from 2 mL min-
1 t0 8.4 mL min and influent concentration from 50 to 200 ppm. At different intervals, aliquots

were removed from the effluent collected from the column for quantification.

3.4.2.1 Analysis of column data

Shape and time for breakthrough curve are very important characteristics for determining the
operation and the dynamic response of adsorption in a column. The loading behavior of solute to
be removed from solution in a column is shown by its breakthrough curve and is expressed in
terms of adsorbed solute concentration (Cad), influent concentration of solute (Co), effluent
concentration of solute (Ct) or normalized concentration defined as the ratio of effluent of solute
concentration to influent solute concentration (Ct/Co) as a function of time or volume of effluent
for a given bed height (Guo and Lua, 2003).
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Total adsorbed quantity of solute gtwotar (Mg) in the column, for a given influent concentration and
flow rate, is calculated as described by Aksu and Gonen (2004). The equation and its parameters
are explained in chapters 4 and 5.

3.4.2.2 Column models

Thomas model

The data obtained were fitted into the Thomas model (Thomas, 1944) in order to predict the
adsorptive curve of breakthrough of the effluent and the determination of the maximum adsorption
capacity of the adsorbent in the column. The linearized form and parameters are explained in
chapters 4 and 5.

Adams-Bohart model

The data were also fitted into Adams-Bohart model (Bohart and Adams, 1920). This model
assumes that the concentration of the adsorbing species and residual capacity of the adsorbent are
both proportional to the adsorption rate. The Adams—Bohart model is used for the description of
the initial part of the breakthrough curve. The linearized equation of the Adams-Bohart model is
explained in chapters 4 and 5.

Yoon-Nelson model

The Yoon—Nelson model is straight forward unlike other models and also requires no detailed data
concerning the characteristics of the adsorbate, the type of adsorbent, and the physical properties
of the adsorption bed. The Yoon—Nelson is based on the assumption that the rate of decrease in
the probability of adsorption for each adsorbate molecule is proportional to the probability of
adsorbate adsorption and the probability of adsorbate breakthrough on the adsorbent (Yoon and
Nelson, 1984). The linearized Yoon—Nelson equation is explained in chapters 4 and 5.

The data from the column was fitted into Thomas model (Thomas, 1944), Adams—Bohart model
(Bohart and Adams, 1920) and Yoon—Nelson model (Yoon and Nelson, 1984)
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3.5 PREPARATION OF STANDARDS, SAMPLE PRETREATMENT AND ANALYSIS
OF INSTRUMENT

3.5.1 Standards

A 1000 mg L stock solution of pharmaceuticals, PAH (phenanthrene)and dye standards were
prepared by transferring 1 g of each standard to a 1000 mL volumetric flask and dissolving it in a
small amount of methanol or double distilled deionized water as the case may be. After complete
dissolution, the solution was made up to the mark with double distilled deionized water and
homogenised by capping the flask and inverting a few times. The stock solution was stored in an
amber glass bottle (to prevent degradation) and kept in a fridge at 4 °C prior to use. Thereafter,
desired working concentrations were made from the stock solution using appropriate dilutions.

3.5.1.1 Preparation of working standard solutions
From the stock solution (1000 mg L™?) the desired working standards were prepared using the
dilution factor. The dilution factor is represented by the following equation:

C1V1 = C2V235

For example, a 50 mg L solution of dye was prepared from a stock solution of 1000 mg L by
transferring a 1.50 mL aliquot of the stock solution to a 30 mL volumetric flask and making it up

to mark with double distilled deionized water.
From equation 5

1000 mg Lt xV1=50mg L1 x0.03 L

50 %X 0.03L

V1:

1000 mg/L
V:=0.0015L
V1=150mL

Therefore, 1.50 mL of stock solution was required to prepare a 50 mg L™ solution of dye in a 30
mL volumetric flask. Similarly, calibration standards in the range 0.50 — 200.00 mg L* were
prepared and used to obtain a calibration graph.
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3.5.2 Sample Pretreatment

Samples collected from the experiment as filtered through a 0.45 um filter. The filtrates were
further diluted with double distilled deionized water where necessary to fit in the range of the UV-
Vis or the LC-UV.

3.5.3 Instrumental Analyses

Pharmaceuticals and polyaromatic hydrocarbon concentrations were determined by HPLC
equipped with a UV detector. The summarized conditions used in the LC-UV instrument are
presented in Table 3.1 and the concentrations of dyes and some pharmaceuticals (TC and NAD)
were determined by double beam UV—Vis—NIR spectrophotometer (Shimadzu Model UV 3600,
Japan) at Amax ranging from 600 nm to 200 nm. The calibration curves with correlation coefficients
(R?) larger than 0.995 were used for the study as shown in Appendix A

74



Table 3.1 HPLC- UV method parameters for IBU, KET, DCL, AMP, SMZ, PHN and CHL

Parameters IBU KET DCL AMP SMz PHN CHL
Column type Agilent C18,4.6 x 150 mm, 5 pum
Injection volume
10.00
(uL)
] Methanol: ] ]
Elution solvent o Ag. acetic o 0.05 M phosphoric o o
acetonitrile ] o acetonitrile: H.O . o acetonitrile: acetonitrile:
system acid:acetonitrile acid : acetonitrile (83:
_ : H20 (40:60) H.0O (40:60) | H20 (40:60)
(Volume in %) (57:43) 17,V :V)
(85:15:5)
Wave length (nm) 230 260 277 230 265 254 230
Flow rate (mL mint) 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Retention time (min) 9.89 8.36 3.10 3.04 11.20 4.45 2.81
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3.6 CALCULATIONS

3.6.1 Determination of the Actual Concentrations of the Analytes

In calculating the actual concentration (mg L) of the samples based on UV-Vis analysis, the
absorbance (see Appendix B 3 for all absorbance spectra) obtained from the instrument (UV-Vis)
was used.

From the calibration graph obtained from analysis of the standards, a straight line equation is
obtained (see Appendix A1-A3).

y =mx +c...3.6

Where m = slope

X= concentration

Y= absorbance or peak area from the instrument
C = intercept

For example if the absorbance from the instrument is 50 and slope is 0.9997 (see Fig. 3.2) the
actual sample concentration is calculated to be 1.576 mg L.

50 = x31.722
X =1.576 mg L.
C=0

In the same way the actual concentration for all the samples were calculated.

While for LC-UV the peak area (see Appendix B 1 for samples) obtained from the instrument was
used to determine the concentration of the analyte using the equation of the straight line as
described in UV-vis. The dilution factors were taken into account where necessary and an average
of the duplicate results was taken as the concentration.
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Fig. 3.2 Calibration curve for sulfamethoxazole

3.7 CHARACTERIZATION OF ADSORBENTS

3.7.1 Cation Exchange Capacity (CEC)
CEC of montmorillonite and kaolin were determined using the Gillman and Sumpter method

(Gillman and Sumpter, 1986).

Procedure:

A centrifuge tube (30 mL) was weighed to the nearest mg, 2.00 g of the clay and 20 mL of 0.1 M
BaCl».2H,0O was added, capped and shaken for 2 h. The mixture was centrifuged at about 10 000
rpm and decanted carefully. A 20 mL aliquot of 2 mM BaCl».2H>0 was added, capped, and shaken
for an additional 1 h. It was centrifuged and the supernatant discarded.

These steps (adding 20 mL of 2 mM BaCl..2H:0, capped, shaken for an additional 1 h, centrifuged
and the supernatant discarded) were repeated twice. The slurry pH was obtained before the third
centrifugation. After the third decantation of supernatant, 10.00 mL of 5 mM MgSOs was add and
gently shaken for 1 h. Conductivity of the 1.5 mM MgSQj solution was determined (~300 umhos),
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and the conductivity of the sample solution was adjusted to make it approximately 1.5 times the
value of 1.5 mM MgSOg, with the addition of 0.100 mL increments of 0.1 M MgSOQO4 (keeping
track of the amount of 0.1 M MgSO4 added). The pH of the solution was determined and adjusted
with 0.05 M H.SO4 drop-wise until the pH was approximately 0.1 unit away from the previous
measure. Double distilled deionized water was added and the solution mixed until the solution
conductivity was equal to that of 1.5 mM MgSOa. The solution pH and conductivity were adjusted

alternately until the endpoint was reached. The outside of the tube was wiped dry and weighed.

CEC was calculated using this equation:

meq
100 g

CEC (

) = (c—b)X50..3.7

Where

b = total solution (mL) x 0.003 (meq mL™) [1.5 mM MgSO4 had 0.003 meq mL™]
[total solution (mL) = final tube weight (g) - tube tare weight (g) - 2 g (weight of soil used)]
¢ = Total Mg added (meq) = 0.1 meq (meq in 10 mL of 5 mM MgSOQO4) + meq added in 0.1 M
MgSO4 (mL of 0.1 M MgSOs) x 0.2 meq mL™* (0.1 MMgSOx has 0.2 meq mL™?)

Example:
If a tube weighed 15.258 g, the final weight of the tube was 50.591 g, and 11.20 mL of 0.1 M
MgSO4 was added.

Total solution (mL)
=50.591 (final tube wt.) - 15.258 (tube wt.) - 2.00 g (clay wt.) = 33.333 mL
b = Mg in solution (meq)
=33.333 mL x 0.003 meq mL™ [1.5 mM MgSO4] = 0.100 meq
¢ = Total Mg added (meq)
= 0.1 meq (10 mL of 5 mM MgSOa) + 11.20 mL x 0.2 meq mL™? (0.1 M MgSOa)
= 2.340 meq
CEC (meq 100 g*) = 2.340 meq (added) - 0.100 meq (final) x 50 = 112 meq 100 g*
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3.7.2 Critical Micelle Concentration (CMC)

The CMC of 1-hexyl, 3-decahexyl imidazolium ionic liquids and 1-methyl, 3-decahexyl
imidazolium ionic liquids were determined using a conductometric method described by Mandavi
et al. (2008). Varying concentrations from 0.5 x 10 to 0.1 mol dm= of the ionic liquids were
prepared and were plotted against their respective conductivities. The CMC value is the point
where the intercept of two linear functions with mutually different slopes occurs (see sample graph
in Appendix F 2.2).

3.7.3 Instrumentation

All the instruments used in this work are explained in detail in chapters 4 — 8.
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The removal of amaranth dye using montmorillonite modified with an ionie liguid (IL) was investigated. An
ionic liquid (1-methyl, 3-decahexyl imidazolium) was synthesised, and characterised by nuclear magnetic
resonance ['H and C NMR), Fourler transform infrared (FT-IR) spectroscopy, high resolution mass
spectroscopy [HR=MS) as well as thermal gravimetric analysis and differential thermal (TGA/DCS) analysis.
The ionic liquid was thereafter used to modify sodium montmorillonite (Ma*-Mt) to form a hydrophobic
montmorillonite that has a positively charged surface, by adding IL in excess of the cation exchange
capacity (CEC) of Na*-ML Energy dispersive X-ray analyser (EDX) was used to determine the chemical
composition of Na*-Mt. Modified montmor illonite (Mi=1L) and Ma®-Mt was characterised using FT-IR,
scanning electron microscopy (SEM), X-ray diffraction (XRD) and Brunauer-Emmett=Teller (BET)
method, and used in the adsorption study of an anlonic amaranth dye. A higher CEC of the Mt=IL (112
meg per 100 g) than Ma*-Mt (89 meq per 100 g) was observed. The effects of sorbent dosage, dye
concentration, solution pH and contact time were investigated in order to determine optimal
experimental conditions. Optimum adsorption was obtained at pH 2 and adsorption data was better
described by the pseudo-second-order kinetics and Langmuir adsorption sotherm. A maximum
adsorption capacity of 263.2 mg g~ was calculated. The thermodynamic parameters AG®, AH® and AS®
were also investigated at temperatures of 313, 303 and 293 K Column studies were performed on the
modified material and the data generated was applied to the Thomas model where high colurmn
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4.1 ABSTRACT

The removal of amaranth dye using montmorillonite modified with an ionic liquid (IL) was
investigated. An ionic liquid (1-methyl, 3-decahexyl imidazolium) was synthesised, and
characterised by nuclear magnetic resonance (1H and 13C NMR), fourier transform infrared (FT-
IR) spectroscopy, high resolution mass spectroscopy (HR-MS) as well as thermal gravimetric
analysis and differential thermal (TGA/DCS) analysis. The ionic liquid was thereafter used to
modify sodium montmorillonite (Na*—Mt) to form a hydrophobic montmorillonite that has a
positively charged surface, by adding IL in excess of the cation exchange capacity (CEC) of Na™—
Mt. Energy dispersive X-ray analyser (EDX) was used to determine the chemical composition of
Na*—Mt. Modified montmorillonite (Mt-IL) and Na*~Mt was characterised using FT-IR, scanning
electron microscopy (SEM), x-ray diffraction (XRD) and Brunauer—Emmett—Teller (BET)
method, and used in the adsorption study of an anionic amaranth dye. A higher CEC of the Mt-IL
(112 meq per 100 g) than Na™-Mt (89 meq per 100 g) was observed. The effects of sorbent dosage,
dye concentration, solution pH and contact time were investigated in order to determine optimal
experimental conditions. Optimum adsorption was obtained at pH 2 and adsorption data was better
described by the pseudo-second-order kinetics and Langmuir adsorption isotherm. A maximum
adsorption capacity of 263.2 mg g-1 was calculated. The thermodynamic parameters AG°®, AH®
and AS° were also investigated at temperatures of 313, 303 and 293 K. Column studies were
performed on the modified material and the data generated was applied to the Thomas model where
high column adsorption capacities of 393.7, 580.9 and 603.6 mg g-1 at different concentrations
were obtained.

Keywords: lonic liquid, 1-methyl 3-decahexyl imidazolium, montmorillonite, column studies,
adsorption, Amaranth.

84



4.2 INTRODUCTION

Montmorillonite has been extensively used for the adsorption of organic compounds.(Avisar et al.,
2010; Meleshyn and Tunega, 2011; Wu et al., 2013) Recently, research has focused on the
modification of montmorillonite using a variety of methods and modifiers. Montmorillonite has
been modified using dimethyl dihydrogenated tallow ammonium, ammonium and phosphonium
surfactants.(Ho et al., 2001; Singla et al., 2012) Other modifiers include polypropylene on
bentonite,(Du et al., 2009) hexadecyltrimethylammonium (HDTMA) on montmorillonite,
montmorillonite  intercalated  with  cetyltrimethylammonium  octadecylamine  and

cetylpyridinium(Boufatit et al., 2008; Pospisil et al., 2002; Pospisil et al., 2001) among others.

These modifications have been based on the high cation exchange capacity (CEC) of
montmorillonite, its swelling capacity and high surface area, all resulting in strong adsorption and
adsorption capacities.(Zaghouane-Boudiaf and Boutahala, 2011; Huang et al., 2004) The
aluminosilicate layer of montmorillonite has a ratio of 2:1 type structure, with an octahedral Al2—
3(OH)6 layer.(Newman, 1987) The position of the aluminosilicate results in a weak interaction
between adjacent lamellae (Si-O---O-Si). As a result, montmorillonite easily separates and coupled
with its high cationic exchange capacity ensures favourable conditions for intercalation reactions.
Si** substituted with AI** in the tetrahedral layer and Mg?* substituted for AI** in the octahedral
layer results in a net negative charge on the clay surfaces. The deficit in charge is balanced by the
exchangeable Na* or Ca* cation in the interlayer.(Zaghouane-Boudiaf and Boutahala, 2011) If the
inorganic cations of montmorillonite are replaced by large alkyl ammonium ions, the physical
properties of the montmorillonite changes and the hydrophilic nature of montmorillonite is
converted to a hydrophobic form (organo-montmorillonite). (Lee and Kim, 2002b) Organo-
montmorillonite has been used for the adsorption of dye,(Lee et al., 2001; Vakili et al., 2014)
phenolic compounds and other aromatic compounds(Upson and Burns, 2006) as well as pesticides
(Hsu et al., 2000).

lonic liquids (ILs) have recently been used for the modification of montmorillonite (Takahashi et
al., 2013) and nanoparticles (Sajjadi et al., 2013). There is presently limited information on the
adsorption of organics (including dye) using IL modified materials. To the best of our knowledge
the only reported studies are for the adsorption of reactive red-120 (RR) and 4-(2-pyridylazo)
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resorcinol (PAR) from aqueous solution by FesO4 magnetic nanoparticles using ionic liquid as a
modifier which was recently studied by Absalan and co workers(Absalan et al., 2011) and who
reported a significant increase in adsorption capacity. Also, adsorption of folic acid, riboflavin,
and ascorbic acid from aqueous samples by FesO" magnetic nanoparticles using ionic liquid as
modifier was also investigated (Kamran et al., 2014) but no reports have been reported on IL
modified montmorillonite. This lack of research on IL modified montmorrilonite for the adsorption
of dyes has prompted our investigation into the adsorption behaviour of dyes on IL modified

montmorillonite.

They (ILs) are low-melting-point salts and form liquids that consist only of cations and anions.
lonic liquids are often considered as green solvents capable of replacing traditional organic
solvents (Welton, 1999), composing of an organic cation and an inorganic anion (Turner et al.,
2003). The anion mainly controls their water miscibility (Huddleston et al., 2001) whereas the
length of the alkyl chains of the cations influences all the other properties(Jess et al., 2005) such
as the hydrophobicity of the material.

In this work, cationic IL (1-methyl, 3-decahexzyl imidazolium) was synthesised (the choice of 16
carbon atoms was guided by the work of Beall (Beall, 1985)) and used in modifying
montmorillonite which was then used to adsorb anionic amaranth dye. Amaranth is a class of azo
dye, which is toxic, and its removal from wastewaters is very important as its presence, even in
very low concentration, affects aquatic life and invariably affects the food chain. To the best of
our knowledge this is the first report of the use of ionic liquid modified montmorillonite for the

adsorption of dye.

4.3 EXPERIMENTAL SECTION

4.3.1 Materials

Montmorillonite K 10 powder (CAS Number 1318-93-0) used in the present study was purchased
from Sigma Aldrich. Its chemical formula is Naz2/3Sig(Al103Mg2/3)O20(OH)4. Methyl-imidazole, 1-
bromodecahexane, montmorillonite, NaCl and amaranth (CAS Number 915-67-3) were purchased

from Sigma Aldrich. Double distilled deionized water was used for all sample preparation.
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4.3.2 Apparatus

'H and 3C NMR spectra of the derivatives were recorded on an AVANCE DPX-400 (400 MHz)
spectrophotometer (Bruker, U.S.A.) with tetramethylsilane (TMS) as the internal standard. High-
resolution mass data were obtained using a Bruker micro TOF-Q Il ESI instrument operating at
ambient temperature. Thermal gravimetric analysis and differential thermal analysis (TGA-
DTA/DSC) (SDT Q 600 V 20.9 Build 20 instrument) was used to measure changes in chemical
and physical properties of the material. This was measured as a function of increasing temperature
from ambient to 1000 °C (with a constant heating rate of 5 °C min™t) under nitrogen atmosphere
with a flow rate of 50 mL min’. FT-IR spectra of the IL - sodium montmorillonite (Na*—Mt) and
sodium montmorillonite modified with 1-methyl, 3-decahexyl imidazolium (Mt-IL) samples were
recorded on a Perkin Elmer 100 series FT-IR spectrometer. BET Tri-star 11 3020.V1.03 was used
to determine the surface area, pore-size, pore volume and pore size distribution. The material was
degassed using (Micromeritics vacprep 061, sample degas system) at 90 °C for 1 hr and was
increased to 200 °C for 12 hr. The sample was then analysed by Tri-star 11 3020.V1.03 under
nitrogen atmosphere at 77 K. The surface morphology of the material was examined by scanning
electron microscopy (SEM) using the Leo 435 VP model. Chemical composition analysis of
montmorillonite was determined using on a Leo 1450 Scanning Electron Microscope equipped
with energy dispersive X-ray analyser (EDX). The interlayer spacing of Na*~Mt and Mt-IL was
measured by X-ray powder diffraction (XRD, Shimadzu XRD-6000, Japan, Cu Ka radiation, 40
kV, 40 mA, Japan), and data were collected for 20 ranging from 1.3° to 10° with the scan speed of

1° min?,

4.3.3 Preparation of lonic Liquid (IL), 1-methyl, 3-decahexyl Imidazolium

1-methyl, 3-decahexyl imidazolium is a salt which consists of imidazolium (a five ring compound
of two ammonium with one of them a quaternary ammonium) at the centre, a methyl group and
decahexyl alkyl chain attached to the ammonium and the quaternary ammonium in the ring
respectively. The method used by Dzyuba and Bartsch (Dzyuba and Bartsch, 2001) was modified
for the synthesis of the salt. An oil bath with a stirred flask containing equimolar amounts of N-
imidazole and the primary alkyl bromide (bromodecahexane) was heated at 140 °C for 10-15 min
and thereafter cooled. The solution was heated again in the oil-bath at 140 °C for another 10-15
min, followed by drying under vacuum at 100-120 °C to give the desired product, a highly viscous
golden liquid that solidified at room temperature.
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Table 4.1 Properties of the surfactant and amaranth used in this study

Molecular ]
] Melting
Compound Formula Structure Weight (M.W.)  Appearance )
point (°C)
g mol?
1-methyl, 3- A Golden/solid
decahexyl C20H39N2* N\JN 307.311 at room 62-64
imidazolium = temperature
HO SO3Na
NaOsS Q N=N Q
O O Powder/Dark
Amaranth C20H11N2Naz010S3 604.473 d
SO3Na re

4.3.4 Preparation of Sodium-montmorillonite (Na*~Mt) and Modification with IL
Montmorillonite was soaked in deionised water for 24 hr and thereafter centrifuged. The upper
layer having very fine clay, was decanted and converted to sodium montmorillonite (Na*-Mt) using
the method employed by Zaghouane-Boudiaf and Boutahala (Zaghouane-Boudiaf and Boutahala,
2011). Briefly, 10 g of montmorillonite was mixed with 1 M NaCl solution and stirred for 24 hr.
Thereafter, it was dialyzed in deionized water until it was free of chloride and dried at 80 °C. Na*—
Mt was further passed through a 53 pum sieve allowing for the fine Na*-Mt particles to be collected.
The cation exchange capacity (CEC) of Na™~Mt and Mt-IL were determined using the Gillman
and Sumpter method (Gillman and Sumpter, 1986), with a CEC value of 89 meq per 100 g.

The Na™—Mt was then modified by adding IL in excess of the CEC of the clay to form Mt-IL.
Newam (Newman, 1987) reported that clay can adsorb more than its CEC and in the work of Xu
and Boyd (Xu and Boyd, 1995; Zhao et al., 1996), addition of an organic cation greater than the
CEC of clay, led to the adsorption of the organic cation on the external surface of the material
through cation exchange and hydrophobic bonding, which generated positive charges on the
surface. The mass of IL required was calculated using the following equation (Soule and Burns,
2001):

mc=f*CEC*X*GMW..41
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Where mc is the mass of organic cation required to achieve the desired fraction of CEC (g), f is the
fraction of cation-exchange capacity satisfied by the organic cation (no unit), CEC is the cation
exchange capacity of the clay (mmol g* clay), X is the mass of clay (g) and GMW is the gram
molecular weight of IL (g mol™).

The desired IL was slowly added to the desired mass of Na*~Mt dispersed in methanol. The
mixture was stirred overnight and the modified montmorillonite was washed several times with
double distilled deionized water and thereafter dried in an oven at 100 °C overnight.

4.3.5 Batch Adsorption Studies

Adsorption experiments were performed in batch mode to investigate the effects of various process
parameters such as pH, adsorbent and initial dye concentrations, contact time, and temperature on
Na*-Mt and Mt-IL. The effect of dose of the adsorbent was carried out with 0.005 g to 0.1 g in
30 mL of amaranth dye having a concentration of 50 mg L!; subsequent parameters (effect of
concentration, pH, and temperature) were carried out using the same concentration and volume as
in the case of dose. A blank was also determined under the same conditions but without the
adsorbent. The concentration of the dye was always measured before and after the adsorption. All
experiments were run for 24 hr, to allow sufficient time for the adsorption to reach equilibrium
conditions and were carried out in duplicate.

Adsorption kinetics were determined by analysing the adsorptive uptake of amaranth dye from its
aqueous solution of 20 mg L, 50 mg L%, 100 mg L and 200 mg L* concentrations at different
times. The equilibrium data for developing the isotherms were obtained at different temperatures
(20, 30, and 40 °C) by mixing 0.05 g of Mt-IL with amaranth for 36 hr. After equilibrium, the
aqueous phase concentration of dye in the solution was determined by a double beam
UV—Vis—NIR spectrophotometer (Shimadzu Model UV 3600, Japan) at Amax 520 nm. The
equilibrium adsorption capacity of Mt-IL and Na*-IL were calculated from the following
relationship:

Ge = “22V..4.2
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Where ge is the equilibrium adsorption capacity in (mg g*), Co and Ce are the dye concentrations
at initial and at equilibrium respectively, in mg L, V is the volume of solution in (L), and W is
the weight of adsorbent in (g).

Adsorption data were fitted to Freundlich (Freundlich, 1906), Langmuir (Langmuir, 1916),
Temkin and Dubinin—Raduskevich (Dubinin and Radushkevich, 1947) isotherms. Linear
equations of all the applied models are:

Langmuir model: Ce_fey 1 43

Je dm Amb’

Freundlich model: Ing, = InK; +% InC, ..4.4
Temkin model: q. = BIn A + BInC,...4.5
Dubinin—Raduskevich model: Inq, = Inq,, — BY2...4.6

1
Y = RT In [1 + C—e]...4. 7

1

E = 4.8

g

Where Ce is the equilibrium dye concentration in the solution in mg L, b is the Langmuir
adsorption constant (L mg™), and gm is the theoretical maximum adsorption capacity (mg g1). Ks
(L mg™) and n are Freundlich isotherm constants indicating the capacity and intensity of the
adsorption, respectively. A is the equilibrium binding constant (L mg?) and B is the heat of
adsorption. B is the Dubinin—Raduskevich model constant (mol? ki) related to the mean free
energy of adsorption per mole of the adsorbate and ) is the polanyi potential. E is the mean free

energy of adsorption (kJ mol™).

In order to determine the mechanism and potential rate-controlling steps involved in the process
of adsorption, pseudo first order,(Lagergren, 1898) pseudo second order (Ho and McKay, 1999).
The pseudo first order kinetic model equation is:

In(q. — q;) =Inq, — K; t...4.9
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Where ¢ is the amount of adsorption at time t in (mg g), ki is the rate constant of the equation in
(mint), and ge is the amount of adsorption equilibrium in (mg g*). The adsorption rate constant
(k1) can be determined experimentally by plotting In (ge-qt) versus t.

The pseudo second order kinetic model is expressed as:

t 1 t

@ o + q—e...4.10

Where k; is the equilibrium rate constant of pseudo second order adsorption in (g mg™* min™). The
values of ko and ge can be determined from the slope and intercept of the plot t/g: versus t,

respectively.

The data was also fitted into the Weber—Morris model, to evaluate the possibility of intra-particle
diffusion as the rate limiting step; it is given by (Weber and Morris, 1963):

g = kigt'2 + C..411
Where kia (mg g™* h™/?) is the intra-particle diffusion rate constant.

4.3.6 Fixed Bed Column Studies

Fixed bed column studies were conducted using glass columns of 1.5 cm internal diameter and 55
cm length. The column was packed with the modified montmorillonite between two supporting
layers of glass wool to prevent the adsorbent floating from the outlet. The mass of the adsorbent
and the flow rate (3.2 mL min™t) were kept constant while the influent concentration was varied
from 50 to 200 ppm. The data was fitted into the Thomas model (Thomas, 1944) in order to predict

the adsorptive curve of breakthrough in a fixed-bed.

The Thomas expression is represented by equation 12:

Ct _ 1
Co  1+explkrn(qox—CoVer)/v

412
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Where kqy, is the Thomas rate constant (mL min™ mg?), q, is the equilibrium uptake of the the
dye per g of the adsorbent (mg g?), x represents the mass of adsorbent in the column (g), Ver is
the effluent volume (mL), Coand C; is the dye influent concentration and effluent concentration at
time t (mg L) respectively, and v is the flow rate (mL m™in). The value of C/Co is the ratio of
effluent and influent of the dye concentrations. The value of time t (min) is t = Ves/v. The Kinetic
coefficient kth and the adsorption capacity of the column q,, can be determined from a plot of C+/Co
against t at a given flow rate using non-linear regression from equation 13:

Co _ KkrnqoX
In (C—t —1) = % o Cot 413

4.4 RESULTS AND DISCUSSION

4.4.1 Characterization of IL, Mt, Na*~Mt and Mt-IL

'H NMR, C NMR and FT-IR analyses were carried out and thermal stabilities were confirmed
by TGA-DTA/DSC (see supporting information (SI)). *H NMR of IL (400 MHz, CDCls): & (ppm)
0.81 (t, 3H), 1.2 (m, 26H), 1.8 (g, 2H), 4.0 (s, 3H), 4.2 (t, 2H), 7.4 (d, 1H), 7.5 (d, 1H) and 10.2 (s,
1H). 3C NMR of IL (400 MHz, CDCls) at § (ppm): 14.1, 22.7, 26.3, 29.0, 29.3, 29.4, 29.5, 29.58,
29.6, 29.7, 30.3, 31.9, 36.7, 50.2, 121.7, 121.5, and 137.6). FT-IR of IL v = 3477 and 3430 (N-H
stretch, 2° amines), 3145, 3083 and 3063 (C—H stretch, aromatics), 2950, 2915, 2850 (C—H stretch,
alkanes), 2051, 1631, 1573 (C—C stretch (in—ring), aromatics), 1473, 1427 (C—H bend, alkanes),
1381, 1343, 1313 (C-H rocking, alkanes), 1175 (C—N stretch, aromatic amines), 1022, 862, 792,
739, 716, 662, 623, 512, 481, 434, 401 (C—H aromatics).

High-resolution mass spectroscopy was used to confirm the mass of the IL. The result of the
HRMS is as follows: HRMS of [C20H13N2]" (m/z): 307.3110; calculated mass is 307.3113 g mol*
(see Sl for the HRMS spectra). Thermogravimetric analysis (TGA) showed that the ionic liquid is
thermally stable up to 350 °C (additional spectral data can be found in the supporting information).
Other properties are shown in Table 4.1.
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4.4.2 Chemical Composition of Montmorillonite

EDX analysis was used in determining the chemical composition of Na*-Mt. Table 4.2 indicates
that silica and alumina are the main components of the Na*-Mt, with others such as sodium,
potassium, iron, magnesium, and calcium in trace amounts. SiOz and Al;Os will be the main
adsorbing site (Ozcan et al., 2004).

Table 4.2 showing the chemical composition of montmorillonite

Constituent % weight
SiO» 63.51
Al>O3 21.9
Na.O 4.11
Fe203 3.1
CaO 3.22
K20 2.1
MgO 2.06

The XRD of Na*™~Mt was compared with IL intercalated montmorillonite (Mt-IL) as shown in
Figs. 4.1a and 4.1b. IL intercalation of the Mt has decreased the intensity of the spectra compared
to the unmodified and made the width of the peak at half-peak height broader, suggesting that IL
intercalation caused extensive delamination (Li et al., 2010; Kulshrestha et al., 2004; Porubcan et
al., 1978). A similar result has been reported by Lee and Kim.(Lee and Kim, 2002a) Also the peaks
at 001, 002 and 020 reflect at 9.53 A, 4.87 A and 4.18 A, respectively which are an integral part
of montmorillonite, and the sharp reflection at the 20 value of 27.15 (3.28 A) corresponds to quartz
in Na*™~Mt (Takahashi et al., 2013). When no water molecules are intercalated between the unit
layers of montmorillonite the interlayer distance is at (001) and reflection around 9.53 A (Grim,
1953).

When intercalation of IL in the interlayer of Na*™~Mt occurs, 001, 002 and 020 reflections shift to
11.65, 6.24, and 4.79 A respectively. A similar trend had been reported by Singla and co-workers
and Takahashi and co-workers (Takahashi et al., 2013; Singla et al., 2012). IL does not show any
XRD peak due to its liquid nature. Furthermore, comparing Na*~Mt with Mt-IL, the (001) d-

spacing value increases from 9.53 to 11.65 A and signifies the intercalation of IL in Mt-IL
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(crystalline swelling). Fig 4.1c shows that the intensity of all the peaks in the Mt-IL spectrum after
adsorption of amaranth dye has increased significantly compared to Mt-IL before adsorption. This
suggests that the amaranth dye has been intercalated along with IL already within the Mt.
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Fig. 4.1a, 4.1b and 4.1c showing the XRD of Na*-Mt, Mt-IL and Mt-IL after adsorption of
amaranth

To ascertain that IL in excess of CEC of Na*™~Mt is arranged in the silicate layer of Na*—Mt, the
cation exchangeable capacity of Mt—IL was determined to be 112 meq per 100 g. Comparing the
CEC with that of Na™~Mt (89 meq per100 g), it shows that all exchangeable cations present in the
Na*—Mt had been exchanged in excess for IL, indicating 125% increase of the Na*~Mt CEC
resulting in an aggregation on the surface of the clay and an overall positive surface.
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Takahashi and co-workers have also reported the intercalation of ionic liquid in the interlayer of
montmorillonite (Takahashi et al., 2013). To further ascertain that quaternary ammonium cations
in 1-methyl, 3-decahexyl imidazolium were intercalated into the silicate lattice of Na*Mt, FT-IR
of the pure montmorillonite, Na*~Mt and Mt-IL spectra were recorded in the region 3804000
cm™ as shown in Fig. 4.2.

The presence of peaks in the region of 3392-3314 and 1639 cm, represent the stretching and
bending modes respectively of the —-OH of water within the montmorillonite.(Boufatit et al., 2008)
It is observed that the 3314 cm™ band intensity on Mt-IL decreases when compared with Na*-Mt
which implies that water of hydration is lost as the cation (Na*) is replaced by the cationic
surfactant (alkyl chain). A similar result was also reported by Zaghouane-Boudiaf and Boutahala
(Zaghouane-Boudiaf and Boutahala, 2011). The peaks at 2920 and 2851 cm™ are assigned to
symmetric and asymmetric stretching vibrations of the methylene groups in the ionic liquid while
peaks 1573 and 1467 cm™ are their bending vibrations respectively (Zhou et al., 2007), showing
the intercalation of ionic liquid molecules between the silica layers. These peaks were not present

in the unmodified montmorillonite.
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Fig. 4.2 FT-IR spectra of Mt, Na*-Mt and Mt-IL
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The peaks at 1029 and 459 cm™ are the bands for Si-O-Si stretching and bending respectively
(Adam et al., 2013; Endud and Wong, 2007; Kirschhock et al., 1999; Flanigen et al., 1974). There
is little difference between the spectra for Mt-1L before after adsorption of amaranth dye (Mt-IL-
amaranth). There was a slight shift in the peaks after adsorption of dye from 2921.70 and 2852.30
cm™ to 2919.60 and 2851.87 cm™ (symmetric and asymmetric stretching vibrations of the
methylene groups), also from 1574.73 and 1467.42 cm™ to 1573.37 and 1468.12 cm™ (bending
vibrations of the methylene groups) respectively. The presence of the OH peak is noticed after
adsorption of dye signifying presence of water in the interlayer of Mt (3341.31 cmY).

EHT = 10.00 4V Signel A= SE2
— WD = 42mm Mag® 2007KX Dite 28 Nov- 2014 ﬂ

Fig. 4.3 SEM images of Na*-Mt (a) and Mt-1L (b) before adsorption and (c) after
adsorption

The surface morphologies of the Na™~Mt and Mt-IL samples are analysed by SEM, with Mt-IL
in Fig 4.3b showing more porosity and irregularity than Na*~Mt in Fig. 4.3a. The modified
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montmorillonite is slightly expanded, which indicates delamination of the layers of the
montmorillonite due to the presence of cations of the salt (dos Santos et al., 2013). Fig. 4.3a (Na*-
Mt) also shows a clump like morphology with smooth surface as compared with Fig. 4.3b that
shows agglomerated sheet like morphological characteristic with rough surface. Similar results
have been reported by Anggraini and co-workers (Anggraini et al., 2014). Fig. 4.3c shows the
morphology of the Mt—IL after adsorption and indicates that the adsorbed dye has blocked the

pores of the material.

Fig. 4.4a shows the N2 adsorption desorption isotherm of Na*~Mt, where the material exhibited a
type IV isotherm which is a characteristic of mesoporous material according to IUPAC
classification (material having pores ranging from 1.5-100 nm) (Allen, 1997). The adsorbent also
showed a Hsz hysterisis loop over the range of relative pressure P/Po 0.40 - 1.00 which signifies that
the material has pore blocking (forming slit shaped pores) with non-uniform pore size distribution
and shape. The average pore diameter of the sample was within the mesoporous and macroporous
range, with most of it being mesoporous. In Fig. 4.4b Na*-~Mt shows narrow pore size distribution
with most pores centred at about 7.62 nm and a very broad range of pores from 7.62-249 nm.

The surface area of Na*-~Mt was 183.2 m? g and with a pore volume of 0.52 cm® g*. There is a
decrease in the surface area (175 m? g'*) and pore volume (0.32 cm?® g% for Mt-IL, which is due
to blocking of the pores by the ionic liquid cations. Also, Mt-IL in Figs. 4.5a and 4.5b also showed
a type IV isotherm and Hs hysterisis, but due to the modification by 1-methyl, 3-decahexyl

imidazolium, the pore size has increased and is more macroporous than mesoporous.

The thermal study of the material shows loss of water observed in the Mt—IL TG-DTA spectra (see
SI) which is due to the removal of the externally adsorbed and interlayer water at about 100 °C.
The decomposition of the IL was observed in the range of 300 to 450 °C and an endothermic peak
is observed around 700 °C which corresponds to the decomposition of the structural hydroxyl
groups in the aluminosilicate (Bastow et al., 1991; Takahashi et al., 2013).
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4.4.3 Batch Adsorption

The effect of amaranth on Na*—Mt and Mt-IL doses from 0.005-0.1 g was carried out and showed
an increase in adsorption of amaranth on Na'—Mt and Mt—IL as their masses increased. This could
be attributed to electrostatic attraction between the amaranth dye ion and the positively charged
surface of the materials (Na*—Mt and Mt—IL). Interaction between the rings on the amaranth dye
molecule and the Mt—IL may also occur (m — rr interraction). Adsorption reached its maximum at
about 0.01 g with 90% of the dye adsorbed (Fig. 4.6a). It was also observed that after adsorption
reached equilibrium, the adsorbed dye showed a continuous decline as the amount of sorbent
increased. Daneshvar and Ghosh (Daneshvar et al., 2012; Ghosh and Bhattacharyya, 2002),
reported the same trend (Daneshvar et al., 2012) and suggested that it was as a result of increasing
particle interaction and aggregation, leading to a reduction of total surface area. On the other hand,
there is a gradual increase in the percentage removal of amaranth dye as the mass of Na*™—Mt
increases which is due to the increase in surface area with a high dosage of the adsorbent. Na*-Mt
could adsorb about 30% at 0.1 g which could be attributed to fewer adsorption sites and lack of
electrostatic interaction (Yoshida et al., 1993) between amaranth dye and Na™—Mt. Since the
optimized dose is 0.01 g for Mt-IL, all other optimization experiments were performed with 0.01

g of sorbent.

The effect of pH showed that maximum adsorption was at pH 2, and decreases gradually as the
pH tends towards basic medium (Fig. 4.6b). Other researchers reported similar trends for
adsorption of anionic dye (Ozcan et al., 2004; Ahmad and Kumar, 2011). This can be explained
by electrostatic attraction between the negatively charged adsorbate and positively charged
adsorbent. At low pH levels a positively charged ion dominates the surface of the adsorbent
because of the activities of the functional group on the adsorbent and the presence of IL in excess
on the adsorbent. Amaranth is an anionic dye with predominantly negative charges at low pH. This
negative charge on the dye at low pH results in a significantly high electrostatic attraction between
the positive and negative charges on the adsorbent and the dye respectively (Ahmad and Kumar,
2011; Baskaralingam et al., 2006). Therefore, an increase in adsorption of the dye will occur at the
Mt-IL surface. When pH is increased there will be more negative ions on the surface of the
adsorbent, causing repulsion which will reduce adsorption. Also, at higher pH values excess of
OH" is present in the solution, which can lead to competition of adsorption sites with amaranth

ions. Nevertheless, there is still significant amount of dye adsorbed onto Mt-IL at higher pH
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values. This can be attributed to chemisorption (Ozcan et al., 2004), i.e. chemical reaction between
the adsorbent aromatic ring and the ring of the amaranth dye. All other experiments were carried
out on Mt-IL only at pH of approximately 2. The adsorption capacity of Na*~Mt (6 mg g?) is
much lower than Mt-IL.
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Fig. 4.6a and 4.6b showing the effect of dose of adsorbent and pH respectively

4.4.4 Adsorption Kinetics of Amaranth

The effect of contact time on the extent of amaranth adsorption of different concentrations in the
plot of removal efficiency against time as shown in Fig. 4.7 indicated that the adsorption of
amaranth on the adsorbent increased with time. Equilibrium time for 20 mg L, 50 mg L™, 100
mg L* and 200 mg L was about 120 min. Ahmad, also reported equilibrium times of 120 min for

amaranth onto alumina reinforced polystyrene (Ahmad and Kumar, 2011).

It was also observed that the adsorption of amaranth is very rapid in the first 10 min at all
concentrations but later decreased with time until equilibrium was reached. A large number of free
adsorbent sites available for sorption are likely to be responsible for the high removal of the
amaranth dye at the beginning of the experiment. The decrease in adsorption rate was as a result
of a reduction in available sites and also because of repulsive forces among adsorbed dye

molecules and unmodified adsorption sites present in the solution (Smaranda et al., 2009).
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Fig. 4.7 Plot of removal efficiency % against time (min) for four different concentrations at
pH 2

To have a better understanding of the adsorption kinetics, mechanism and the potential rate-
controlling step involved in the process of adsorption, several kinetic models were used. These
include Lagergan-first-order model, pseudo-second-order kinetic model and intra-particle
diffusion. Table 4.3 showed that pseudo-second-order fitted best with R? > 0.99 for all the
concentrations at different temperatures. From the result in the above models, amaranth adsorption
on to Mt—IL was most probably chemisorption and took place through exchange of ions on the
surface of the active sites which is in agreement with other studies (Ahmad and Kumar, 2011; Ho
and McKay, 1998; Liao etal., 2013; Shen et al., 2009). Also, the adsorption capacity (ge) calculated
for all the concentrations were very close to ge experimental as shown in Table 4.3. Similar results
were reported by Ahmad and Zargar (Ahmad and Kumar, 2011; Zargar et al., 2009; Mittal and
Gupta, 2005). According to Ho and co-workers and Liao and co-workers (Ho and McKay, 1999;
Liao et al., 2013), three steps were involved in the pseudo second order kinetic model, which are:
(i) the dye molecules diffuse from liquid phase to liquid—solid interface; (ii) the dye molecules
move from liquid-solid interface to solid surface; and (iii) the dye molecules diffuse into the
particle pores.
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The data were further fitted into the intra-particle diffusion model to examine the relative
contribution of surface and intra-particle diffusion to the kinetics process. The plot not passing
through the origin indicated some degree of boundary layer control which further showed that the
intra-particle diffusion was not the only rate controlling step, but other processes also controlled
the rate of adsorption (Ahmad and Kumar, 2011; Liao et al., 2013; Crini et al., 2007), Surface
diffusion mechanism is likely attributed to electrostatic attraction, since amaranth will be

negatively charged at pH 2 and the surface of the material is positivity charged.

Table 4.4 showed that Langmuir was best fitted for the data with R? > 0.99 for all the temperatures.
This further confirmed the previous statement that the adsorption process of the dye onto Mt-IL
was chemisorbed onto its surface. The Langmuir isotherm fitted the experimental data for all the
temperatures very well, which implied that the active sites on Mt-IL were homogeneously
distributed, since the Langmuir equation assumed that the surface was homogeneous. Furthermore,
the maximum sorption capacities (qm) were 243.902, 238.095 and 263.158 mg g™* at temperatures
313 K, 303 K and 313 K respectively, and it was concluded that Langmuir is the best fit isotherm.
To the best of the authors’ knowledge the adsorption capacity is high compared with other previous
research carried out on amaranth which the authors attribute to the ionic liquid used in the
modification of the montmorillonite. Also, from Dubinin-Raduskevich the mean sorption energy
(E) derived from the D-R isotherm model can be used to distinguish chemical and physical
adsorption. Table 4.4 showed E values of 10.00, 7.91 and 8.34 kJ mol?, which were in the range
of 8-16 kJ mol* which suggested a dominating chemisorption (Helfferich, 1962) effect which is
in agreement with other kinetics models. This is also evident in the XRD studies (Fig. 4.1c) where
the intensity of the peaks increased which suggested a chemical reaction between IL on the Mt and
the amaranth dye after adsorption.

Thermodynamic studies showed negative values of AG at temperatures 313, 303 and 293 K. The
values of AH, AS and the R? are listed in the supplemental information. The positive value of AH
indicated that the adsorption process was endothermic in nature and the positive value of AS may
be due to the increase in the dye concentration at the solid phase (Gupta et al., 2006; Ahmad and
Kumar, 2011; Liao et al., 2012; Bhatnagar and Jain, 2005; Lin and Juang, 2009). The negative

values of AG showed that the process was thermodynamically feasible and spontaneous. This is
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Table 4.3 Experimental values for ge (mg L) and parameters for pseudo-first-order, pseudo-second-order and intra-particle

diffusion.

Concentrations Temp

Pseudo-first-order

Pseudo-second-order

Weber—Morris model

e, €XP O, cal Ke R? Ofe,Cal K R? Qe Kid R?

(mg L) (mgg?) (mgg?h (hh) (mggh) (gmg*h™) (mgg?") (mgg*h™?)

200 313k 239.360  6.869  0.002 0.697 222.222  0.000 0987 142790 4525 0.519
100 199.787 0714  0.002 0.817 181.818  0.004 0998  174.480 0.652 0.170
50 168.853  2.115  0.004 0.157 178571  0.003 0999  159.710 0.566 0.278
20 73.493 3492 0004 0671 74074 0.000 0999  47.640 1611 0.747
200 303k 224853 4119  -0.008 0.455 196.078  0.001 0995  255.000 -2.720 0.217
100 192.853  3.650  0.098 0.817 227.273  0.000 0996 165590 2.026 0.468
50 165440  4.268  0.004 0.768 166.667  0.001 0999  126.030 2.454 0.721
20 60.267 3160  0.004 0.824 60.606  0.002 0998 41449  1.164 0.739
200 293k 246613 5933  -0.008 0.190 238.095  0.000 0923  194.990 3.843 0.276
100 204587  100.324 0.098 0.545 227.273  0.000 0996  156.100 3.791 0.699
50 173973  2.883 0005 0.912 178571  0.003 0999  164.810 0.757 0.651
20 60.480 4147 0001 084 66.667  0.002 0.998  50.656  0.865 0.886
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Table 4.4 The gm and b values in Langmuir equation, the Krand 1/n values in Freundlich equation, gs and p values in Dubinin-

Radushkevich, bT and AT values in Temkin models and their respective correlation coefficients values.

Temp Langmuir model Freundlich model Dubinin—Radushkevich model Temkin model
Om b R? Kt n(-) R? Om B E R? bT AT R?
(mgg?l) (Lmg?l) (Lmgh) (gLh (molgt)  (mol’kJ?) (k] mol?) (g kI mgt molt) (L/mg)
313k 243.902 0.0229 0.996 77657 4.08 0.862  205.799 5x10° 10.000 0.939 75.53 8.044 0.935
303 k 238.095 0.099 0.995 54.435 325 0.654  250.711 9x10° 8.452  0.797 41.165 0.836 0.851
293 k 263.158 0.091 0.992 59.973 3.305 0598  250.711 8x10° 7.906 0.831 56.875 2.302 0.861
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similar to reports by other researchers (Liao et al., 2012; Ahmad and Kumar, 2011; Ghosh and
Bhattacharyya, 2002).

Table 4.5 Comparison of adsorption capacities of MT-IL with other materials

Adsorption capacity

pH Nt Material Refercene
me.g) (R. Ahmad &
: . . Ahma
2 10.00 Alumina reinforced polystyrene Kumar, 2011)
(Gong et al.,
2 14.90 Peanut hull 2005)
3.9 105 Iron o>_<ide nanopartic!es coated_with (Zargar et al.,
' cetyltrimethylammonium bromide 2009)
2-11 18.80 Activated carbon and (Jain & Sikarwar,
2 100.17 Activated de-oiled mustard 2011)
(Ali, Egzar,
Kamal,
3 3.44 Pomegranate Peel abdulsaheb, &
Mashkour, 2013)
6-12 65.04 tamarind pod shells (Naidu, 2014)
9 95.12 Activated Carbon (J.-J. Lee, 2011)
2 263.20 MT-IL Present work
2 6.00 MT-IL Present work

Table 4.5 indicate that the adsorption capacities obtained from this study were far higher having

0e Value (263.20 mg g*) compared to that reported in previous literatures for the adsorption of

amaranth dye from other adsorbents.

4.4.5 Column Studies
The effect of different concentrations from 50 to 200 mg L™ of amaranth dye influent with a

constant mass of Mt-IL and constant solution flow rate of 3.2 mL min? is shown in the

breakthrough curve in Fig. 4.8. Fig. 4.8 showed increased breakthrough times with decreased

influent concentrations of amaranth dye and steeper breakthrough curves at increased influent

concentrations. The reason for this is because at higher influent concentrations, transportation of

amaranth dye to the adsorbent is faster because of an increased diffusion coefficient or mass
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transfer coefficient which is the driving force for the adsorption process.(Tan et al., 2008) As a
result this leads to higher gradients of the breakthrough curves at increased concentrations. The
larger the influent concentration, the steeper the slope of the breakthrough curve and the shorter
the breakthrough time (Aksu and Goénen, 2004). These results also showed that a change in
concentration of influent affects the saturation rate, and implies that the diffusion process is
concentration dependent. Similar trends were obtained from other work (Han et al., 2007; Ahmad
and Hameed, 2010; Lin et al., 2004).

08}
A 50 mg L’
o 06 B 100 mg L'

&)
)

0.4 ® 200 mg L’

0.2

O 1 1 1 1
0 200 400 600 800
TIME (mins)

Fig. 4.8 The effect of influent concentration on dye

The column data were fitted into the Thomas model to determine the Thomas rate constant krn,
and equilibrium uptake of amaranth dye per gram of the adsorbent (mg g*) go. Table 4.6 showed
the parameters of the Thomas model, with R? values ranging from 0.941 to 0.998. This showed
that the Thomas model is suitable for the adsorption of amaranth on Mt-IL. Also, from Table 4.6,
as the influent concentration increased the value of column adsorption capacity go increased
(393.63, 580.89 and 603.60 mg g* at 50, 100 and 200 mg L respectively). The increased
concentrations of solute in solution resulted in increased rates of transportation of solutes to the
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adsorbent thus leading to increased adsorption capacities (Aksu and Gonen, 2004; Vijayaraghavan
et al., 2004; Ahmad and Hameed, 2010). Thus column studies also confirmed the high adsorption
capacity of IL modified montmorillonite for the adsorption of amaranth dye.

Table 4.6 Thomas model parameters at different concentrations using non-linear regression

analysis
Co(mgL?Y) v(mLminY) Km(mLmintmg"') q,(mgg?h R?
50 3.2 1.4 x 10 393.64 0.941
100 3.2 0.86 x 10 580.89 0.998
200 3.2 0.95x 10 608.60 0.996

4.5 CONCLUSION

In this study, a novel, cationic ionic liquid was synthesized for the modification of sodium-
montmorillonite. The modified material is hydrophobic with a large pore volume to trap pollutants
and is a mixture of mesoporous and macroporous. Adsorption of Mt—IL studies showed that 1-
methyl, 3-decahexyl imidazolium intercalated in the interlayer of montmorillonite is a possible
good alternative for the removal of anionic amaranth dye from wastewater. The maximum removal
percentage was > 90% at an optimum pH of 2. The adsorption behaviour was best described by
the Langmuir isotherm with a high adsorption capacity of 263.2 mg g-1 and the kinetics by pseudo-
second-order. Positive values of enthalpy change suggested the endothermic nature of the process,
while the negative free energy proved its thermodynamic feasibility and spontaneity. Column
experiments using the Thomas model also showed high adsorption capacities of 393.64, 580.89
and 603.60 mg g-1 at different concentrations. From the result in this research, ionic liquid
modified montmorillonite is a good alternative for adsorption of dye from wastewater.
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5.1 ABSTRACT

Batch and column adsorption studies were carried out to determine the efficiency of kaolin
modified with a novel long chain ionic liquid (IL) 1-hexyl, 3-decahexyl imidazolium. Synthesis of
1-hexyl, 3-decahexyl imidazolium was carried out and subsequently characterised by nuclear
magnetic resonance (*H and *C NMR) and fourier transform infrared (FT-IR) spectroscopy. The
chemical composition of kaolin (K) was determined using energy dispersive x-ray analyzer (EDX).
Kaolin was modified with IL to form hydrophobic kaolin (K-IL) by adding IL in excess of the
cation exchange capacity (CEC) of K. This (K-IL) was then characterised using FT-IR, x-ray
diffraction (XRD), Brunauer—Emmett—Teller (BET), thermal gravimetric analysis and differential
thermal (TGA/DCS) analysis, and scanning electron microscopy (SEM). The CEC of K-IL (21
meq per 100 g) and K (18 meq per 100 g) were also determined. K-IL was subsequently used in
column and batch adsorption studies for both polyaromatic hydrocarbon (phenanthrene) and dye
(acid red). These studies revealed that K-IL was an efficient material for the removal of both
phenanthrene and acid red dye. For column studies, the adsorption capacity, depth of exchange
zone, time required for exchange zone to move its own height and adsorption rates were
investigated using Adams-Bohart, Yoon-Nelson model flow and Thomas sorption model. The
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effect of flow rate and influent concentration on breakthrough curves were also investigated. The
column adsorption capacity at the same flow rate and different concentrations for phenanthrene
were 222.9, 611.8 and 1093.5 mg g, while that of acid red dye were 877.0, 1337.4 and 1350.7
mg g*. Thomas and Yoon—Nelson models best explained the column studies. Data from both batch
studies fitted well to pseudo-second order for the rate determining step. The Langmuir isotherm
had the best fit with an adsorption capacity of 842.7 mg g™ for dye and the Freundlich isotherm

best described phenanthrene with an adsorption capacity of 188.9 mg g.

Keywords: lonic liquid, 1-hexyl 3-decahexyl imidazolium, kaolin, column studies, adsorption,
polycyclic aromatic hydrocarbon, phenanthrene, acid red.

5.2 INTRODUCTION

Water pollution with organic compounds such as polycyclic aromatic hydrocarbons (PAHs) and
dyes are a worldwide concern. PAHSs are considered possible human carcinogens by the US EPA
(Van Metre et al., 2006). Much attention has been drawn to their distribution in the environment
and potential risks to human health (Registry, 1995). Phenanthrene (PHN), which is a PAH is an
abundant component of crude oil and can enter natural water through oil spillage or leakage,
industrial effluents, urban run-off, and municipal effluents (Manoli and Samara, 1999). Dyes get
into wastewater from various industries such as dyestuff, textile, leather, paper and plastics. Dyes
are difficult to remove, they resist aerobic breakdown, and are stable with oxidizing agents.
Moreover, wastes generated from dyes are not just considered toxic, but they are also potentially
carcinogenic (Crini and Badot, 2008). Therefore, removal of these organic pollutants from
effluents becomes environmentally important.

A number of methods have been used for the removal of PAHs and dyes from wastewater including
chlorination, oxidation, and ultrasonic irradiation. Photo degradation, coagulation, precipitation,
biodegradation, membrane separation and adsorption have also been utilized (Crini and Badot,
2008; Peternel et al., 2007). Adsorption is commonly applied in the removal of organic compounds
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and dyes from wastewater due to its high removal efficiency (Eckenfelder, 2000). Activated carbon
is the most commonly used adsorbent, but it does have limitations in application which includes
its inefficiency in removing oil, grease, natural organic matter, and other large organic molecules
(Alther, 2002). Organoclays are however capable of removing oil and grease at 57 times the rate
of activated carbon or at 50% of its dry weight (Alther, 1995). The affinity of clay for hydrophobic
organic compounds is generally considered less significant due to its hydrophilic surface (Hassett
and Banwart, 1989). However, clays can be activated for hydrophobic sorption via simple ion
exchange reactions using organic cations (Boyd et al., 1988; El-Nahhal et al., 1998) thus
converting it to organoclay.

The adsorption of organic molecules (ionic and non-ionic) on organoclays has been extensively
studied (Theng, 1974; Boyd et al., 1988). Also, previous studies showed that organoclays are good
adsorbents for the removal of organic pollutants (Smith et al., 1990; Zhu et al., 1997; Dentel et al.,
1998; Upson and Burns, 2006; Sheng and Boyd, 2000). The adsorption mechanism and capacity
depend on the molecular structure, amount of exchanged organic cations or ammonium cation,
chemical properties of the organic compounds, and the CEC of the clay mineral (Smith et al., 1990;
Sheng Guangyao and Stephen, 1997; Zhu et al., 1997; Bartelt-Hunt et al., 2003; Upson and Burns,
2006; Gullick and Weber, 2001). Long hydrocarbon chains that are greater than 12 carbon atoms
have proven to be very good modifiers of clay for the purpose of adsorbing ionic and non-ionic
compounds (Gullick and Weber, 2001; Lee et al., 1989b; Nir et al., 2007).

The alkyl chains create an organic partition medium that can adsorb organic pollutants through
hydrophobic interaction (Rodriguez-Cruz et al., 2008). In the work of Upson and co-workers as
well as other researchers, hexadecyltrimethylammonium was used for the adsorption of organic
pollutants (Redding et al., 2002; Bartelt-Hunt et al., 2003; Upson and Burns, 2006). A similar
result was reported for the adsorption of xylene onto smectite modified with
tetramethylammonium (Lee et al., 1989a). Huang and co-workers reported that kaolin and
montmorillonite modified with aromatic organic constituents have higher adsorption capacities for
naphthalene and phenanthrene than those modified with aliphatic organic compounds (Huang et
al., 2005). Organo-montmorillonite has also been used for the adsorption of dye (Lee et al., 2001;
Ozcan et al., 2004).
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lonic liquids have also been used to modify adsorbents for the adsorption of organic pollutants.
Recently, Lawal and Moodley (Lawal and Moodley, 2015) adsorbed amaranth dye using
montmorillonite modified with 1-methyl, 3-decahexyl imidazolium. Absalan and co-workers
reported the adsorption of reactive red-120 and 4-(2-pyridylazo) resorcinol from aqueous solution
by ionic liquid modified FesO4 magnetic nanoparticles (Absalan et al., 2011). Also, the adsorption
of folic acid, riboflavin, and ascorbic acid has been reported using ionic liquid modified FesO*
magnetic nanoparticles (Kamran et al., 2014). There is presently limited information on the
adsorption of organics using IL modified materials and to the best of our knowledge there are no
reports on IL modified kaolin for the adsorption of either polycyclic aromatic hydrocarbons
(phenanthrene) or dye (acid red). This lack of research on IL modified kaolin for the adsorption of
phenanthrene or acid red dyes has therefore prompted our investigation into the adsorption

behaviour of these two organic pollutants on IL modified kaolin.

In this work, cationic IL (1-hexyl, 3-decahexzyl imidazolium) was synthesised and used in
modifying kaolin. The modified kaolin was then used to adsorb phenanthrene and acid red dye
(ARD) using column and batch studies.

5.3 EXPERIMENTAL SECTION

5.3.1 Materials

Kaolin (CAS Number 1318-747) used in the study with chemical formula of Al.07SiO2..H20
DMSO (CAS Number 67-68-5) were purchased from Sigma Aldrich. 1-bromodecahexane (CAS
Number 1318-93-0), imidazole (CAS Number 288-32-4), 1-bromohexane (CAS Number 111-25-
1), benzyl bromide (CAS Number 602-057-002), acid red dye and phenanthrene were purchased
from Merck. Double distilled water was used for all sample preparation.

5.3.2 Apparatus
1-hexyl, 3-decahexyl imidazolium (IL) is a salt consisting of imidazolium (a five membered ring
compound with two nitrogen atoms with one of them a quaternary ammonium) at the center with

a hexyl group and decahexyl alkyl (16 carbon) chain attached to the ammonium and the quaternary
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ammonium in the ring respectively. The preparation was in two stages, formation of the 1-hexyl
imidazole and formation of the salt.

The formation of the 1-hexyl imidazole was achieved by modification of the method used by
Starikova and co-workers (Starikova et al., 2003). Briefly, KOH (0.84 g, 0.015 mmol) was added
to the solution of imidazole (0.01 mol) in DMSO (30 mL) and stirred at room temperature for 2 h.
Freshly distilled alkyl halide (0.01 mol) was added drop wise to the mixture under vigorous stirring
and thereafter cooled in a water bath. After 5 h the mixture was diluted with distilled water and
extracted with dichloromethane (10 x 10 mL), the organic layers were washed with distilled water
to pH 7, and dried over MgSOa. After removal of chloroform the residue was distilled under
vacuum. Column chromatography was used for product purification. Before formation of the salt,
the product was characterised by *H and *C NMR to ascertain its purity. (Spectral data can be
found in Appendix C 2 and C 2.0).

Formation of the salt was achieved using the Dzyuba and Bartsch method (Dzyuba and Bartsch,
2001). An oil bath with a stirred flask containing equimolar amounts of 1-hexyl imidazole and the
primary alkyl bromide (bromodecahexane) was heated at 140 °C for 10-15 min and thereafter
cooled. The solution was heated again in the oil-bath at 140 °C for another 10-15 min, followed
by drying under vacuum at 100-120 °C to give the desired product of a highly viscous golden
coloured liquid that solidified at room temperature.

CeH Cy6H
PN AN /\/\/\C HaaBr 613\N/\ﬁ/ 16M33
N| |N _|_ CgH13Br KOH N N 167133

; DMSO - _

Scheme 1. Synthesis of 1- hexyl, 3-decahexyl imidazolium

5.3.3 Preparation of Modified Kaolin

Kaolin (K) was soaked in deionized water overnight and thereafter centrifuged. The fine upper
clay layer was decanted, dried and thereafter passed through a 53 pmsieve. The cations
exchangeable capacity, CEC, was determined using the Gillman and Sumpter method (Gillman
and Sumpter, 1986) resulting in a CEC of 18 meq per 100 g. K was modified by adding IL in
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excess of its CEC to make the surface of the material positively charged (Newman, 1987). K and
1-hexyl, 3-decahexyl imidazolium IL were thoroughly mixed with methanol, stirring for about 1
h and then oven dried overnight at 80 °C. Newman (Newman, 1987) reported that clay can adsorb
more than its CEC and in the work of Xu and Boyd (Xu and Boyd, 1995; Zhao et al., 1996),
addition of the organic cation greater than the CEC of the clay leads to the adsorption of the organic
cation on the external surface of the material, through cation exchange and hydrophobic bonding,
which generates positive charges on the surface. The mass of IL required was calculated using the
following equation (Soule and Burns, 2001):

Mc = f* CEC * X * GMW...5.1

Mc is the mass of organic cation required to achieve the desired fraction of CEC (g), f is the fraction
of cation-exchange capacity satisfied by the organic cation (no unit), CEC is the cation exchange
capacity of the clay (mmol per g clay), X is the mass of clay (g) and GMW is the gram molecular
weight of IL (g mol™)

5.3.4 Column Studies

Column studies were conducted using glass columns of 1.5 cm internal diameter and 55 cm length.
The columns were packed with a known quantity of the modified kaolin between two supporting
layers of glass wool to prevent the adsorbent floating from the outlet. The mass of the adsorbent
was kept constant all through the experiment. The flow rate was varied from 2 mL min"to 8.4 mL
min and influent concentration varied from 50 to 200 mg L™* for both PHN and ARD. Aliquots
were removed at different intervals, from the phenanthrene and dye column for quantification.

5.3.5 Analysis of Column Data

The shape and time for breakthrough curve are very important characteristics for determining the
operation and the dynamic response of adsorption in a column. The loading behavior of solute, to
be removed from solution, in a column is shown by its breakthrough curves and is expressed in
terms of adsorbed solute concentration (Cad), influent concentration of solute (Co), effluent
concentration of solute (Ct) or normalized concentration defined as the ratio of effluent of solute
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concentration to influent solute concentration (Ct/Co) as a function of time or volume of effluent
for a given bed height (Guo and Lua, 2003).

Effluent volume (Vefr) can be calculated as:
Vetr = Qtrotar--9.2

Where tioral and Q are the total flow time (min) and volumetric flow rate (mL min™) respectively.
The plot of the area under the breakthrough curve (A) obtained by integrating the adsorbed
concentration (Cad in mg L) versus t (min), and can be used to find the total adsorbed quantity
of solute (maximum column capacity). Total adsorbed quantity of solute gotal (MQ) in the column
for a given influent concentration and flow rate is calculated as (Aksu and Gdnen, 2004):

Q t=ttotal
Qrotal = Togg Jeeo  Cad dt..5.3

Equilibrium uptake geq (Mg g™) or maximum capacity of the column is defined as the total amount
of pollutant adsorbed (qrtal) per gram of adsorbent w (g), at the end of total flow time (Aksu and
Gonen, 2004):

__ Qtotal
qeq = 754

5.3.6 Column Models

5.3.6.1 Thomas model

The data obtained were fitted into the Thomas model (Thomas, 1944) in order to predict the
adsorptive curve of breakthrough of the effluent and the determination of the maximum adsorption
capacity of the adsorbent in the column.

The Thomas expression is represented by equation 5.5.

Ct _ 1

= .55
Co 1+exp[krn (Qox—CoVerfr) /v
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Where ki, is the Thomas rate constant (mL mintmg™), q, is the equilibrium uptake of PHN and
ARD per g of the adsorbent (mg g1), x represents the mass of adsorbent in the column (g), Ve is
the effluent volume (mL), Coand C is the solute influent concentration and effluent concentration
at time t (mg L) respectively, and v is the flow rate (mL min™). The value of Ci/Cq is the ratio of
effluent and influent of the dye concentrations. The value of time t (min) is t = Ves/v. The Kinetic
coefficient kT and the adsorption capacity of the column q,, can be determined from a plot of C/Co
against t at a given flow rate using non-linear regression from equation 6.

Co _ krthgoX
In (E - 1) = “TB%_ ey Cot.. 5.6

5.3.6.2 Adams—Bohart model

The data were also fitted into the Adams-Bohart model (Bohart and Adams, 1920). This model
assumes that the concentration of the adsorbing species and residual capacity of the adsorbent are
both proportional to the adsorption rate. The Adams—Bohart model is used for the description of
the initial part of the breakthrough curve.

C Z
C_t = eXp (kABCOt - kABNO E)57

0

ln& = kABCOt — kABNO z58
Co F

Where Co and C are the initial concentration and concentration at a given time (mg L), F is the
velocity (mL min™), Kag is the kinetic constant (mL min® mg ™), N, (mg L) is the maximum
adsorption capacity and Z is the bed height of the column. From the linearized equation, values
describing the characteristic operational parameters of the column can be determined from a plot
of In C¢/Cp against t at a given bed height and flow rate.
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5.3.6.3 Yoon-Nelson model

The Yoon—Nelson is based on the assumption that the rate of decrease in the probability of
adsorption for each adsorbate molecule is proportional to the probability of adsorbate adsorption
and the probability of adsorbate breakthrough on the adsorbent (Yoon and Nelson, 1984). The
Yoon—Nelson equation is expressed as in equation (9) and as the linearized form in equation (10).

= exp (ky]vt - TkYN) 59

CoC

] c

nm = kYNt - TkYN...5.10

Where kyn is the rate constant (min); t is the time required for 50% adsorbate breakthrough in
min and t is the breakthrough sampling time also in min. The calculation of theoretical
breakthrough curves for a single-component system requires the determination of the parameters
kyn and t for the adsorbate of interest. The parameters in the equation can be determined from
available experimental data by plotting In (C/Co—C) versus sampling time (t). If the theoretical
model accurately characterizes the experimental data, this plot will result in a straight line with

slope of kyn and intercept T kyn

5.3.7 Kinetics and Equilibrium Studies

Adsorption kinetics were determined by analyzing the adsorptive uptake of PHN and ARD from
its aqueous solutions ranging from 25 mg L to 500 mg L* at different times with no pH
adjustment for PHN and at pH 2 for ARD. The equilibrium data for developing the isotherms were
obtained by mixing 0.1 g and 0.08 g of K-IL with PHN and ARD respectively for 36 h. After
equilibrium, the aqueous phase concentration of PHN was determined by an Agilent high-pressure
liquid chromatography (HPLC) system equipped with a UV detector. The mobile phase used was
acetonitrile/water in a ratio of 80:20 in isocratic mode. A Cig column was used with an 1.D. of 4.6
mm and a length of 150 mm. The flow rate was 1 mL min™ and the detection wavelength was 254
nm. ARD was determined by a double beam UV—Vis—NIR spectrophotometer (Shimadzu Model
UV 3600, Japan) at Amax 532. The equilibrium adsorption capacity of K-IL was calculated from the
following relationship:
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qe =2V 511

Where ¢ is the equilibrium adsorption capacity in (mg g*), Co and Ce are the dye concentrations
at initial and at equilibrium respectively (in mg L), V is the volume of solution in (L), and W is
the weight of adsorbent in (g).

Adsorption data from both PHN and ARD were fitted to the Freundlich (Freundlich, 1906),
Langmuir (Langmuir, 1916), Temkin and Dubinin—Raduskevich (Dubinin and Radushkevich,
1947) isotherms. Linear equations of all the applied models are:

Langmuir model: fe_ley 1 512

Je dm amb’

Freundlich model: Ing, = InK; +% InC,...5.13

Temkin model: q. = BInA + BInC,...5.14
Dubinin—Raduskevich model: Inq, = Inq,, — BX2...5.15

Y = RT In [1 + Cie]...s.le

1
E=-—=—.517
J2B

Where Ce is the equilibrium dye concentration in the solution in mg L™, b is the Langmuir
adsorption constant (L mg™), and gm is the theoretical maximum adsorption capacity (mg g). Ks
(L mg™) and n are Freundlich isotherm constants indicating the capacity and intensity of the
adsorption, respectively. A is the equilibrium binding constant (L mg™) and B is the heat of
adsorption. B is the Dubinin—Raduskevich model constant (mol? ki) related to the mean free
energy of adsorption per mole of the adsorbate and Y is the polanyi potential. E is the mean free
energy of adsorption (kJ mol™).

In order to determine the mechanism and potential rate-controlling steps involved in the process
of adsorption, both data were also fitted into pseudo first order (Lagergren, 1898), pseudo second
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order (Ho and McKay, 1999), and intra-particle diffusion models. The pseudo first order Kinetic
model equation is:

In(q. — q;) = Inq, — k;t..5.18

Where ¢ is the amount of adsorption at time t in (mg g2), ki is the rate constant of the equation in
(L min), and ge is the amount of adsorption equilibrium in (mg g*). The adsorption rate constant
(k1) can be determined experimentally by plotting In (ge-qt) versus t.

The pseudo second order kinetic model is expressed as:

t 1

t
+ —..5.19
qc k2495 qe

Where k; is the equilibrium rate constant of pseudo second order adsorption in (g mg™* min 1). The
values of ko and ge can be determined from the slope and intercept of the plot t/q: versus t,
respectively.

The data were further fitted into the Weber—Morris model, to evaluate the possibility of intra-
particle diffusion as the rate limiting step; it is given by equation 20 (Weber and Morris, 1963):

gt = kigtY2...5.20

Where kig (mg g* h'*”2), is the intra-particle diffusion rate constant.
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5.4 RESULTS AND DISCUSSION

5.4.1 Characterization of 1-hexyl, 3-decahexyl Imidazolium lonic Liquid

Characterization was done using *H NMR and *C NMR.

'H NMR (400 MHz, CDCls): & (ppm) 0.85 (t, 6H), 1.2 (m, 32H) 1.88 (q, 4H), 4.33 (t, 4H), 7.3 (d
2H), 10.6 (s, 1H). 3C NMR (400 MHz, CDCls): § (ppm) 13.90, 14.10, 22.37, 22.68, 25.88, 26.26,
28.17, 28.76, 29.00, 29.34, 29.43, 29.53, 29.64, 29.68, 30.24, 30.30, 31.06, 31.91, 32.84, 34.06,
50.19, 50.21, 121.59, 121.57, 137.61. FT-IR v = 3406 (N—H stretch, 2° amines), 3125, 3087 and
3061 (C—H stretch, aromatics), 2981, 2945, 2916, 2849 (C—H stretch, alkanes), 1667, 1605, 1561,
(C—C stretch (in—ring), aromatics), 1495, 1471, 1464 (C-H bend, alkanes), 1367, 1336, 1327 (C-
H rocking, alkanes), 1207, 1197, 1146, 1088, 1030, 1001 (C—N stretch, aromatic amines), 835,
815, 778, 734, 710, 678, 616, 568, 474, 401 (C—H aromatics). Further information is shown in
Table 5.1 and additional spectral data can be found (Appendix C 2.2, C 2.3 and D 1.0).

Table 5.1 Properties of the surfactant and pollutants used in this study

Molecular
Compound Formula Structure Weight (M.W.) ¢
mol*
1-hexyl, 3-decahexyl
imidazolium CosHs2N2* AT I A 380.69

ionic liquid

Phenanthrene CiaH10 OQ‘ 178.23

C18H13N3Na20gS» Q/
Acid red dye 1 o O 509.42
O 7
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5.4.2 Characterization of K and K-IL
EDX analysis was used to determine the chemical composition of kaolin. Table 5.2, indicates that

silica and alumina are the main components of kaolin, with impurities such as sodium, potassium,

iron, magnesium, calcium, and titanium oxides in trace amounts. SiO2 and Al>Oz will therefore be

the main adsorbing sites (Ozcan et al.

, 2004).

Table 5.2 Chemical composition of kaolin

Composition % weight
SiO2 52.7
Al>O3 38.6
K20 1.9
TiO2 1.3
CaO 1.1
Fe203 0.9
MgO 0.8
Na2O 0.6
500
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Fig. 5.1 XRD spectra of (a) K and (b) K-IL

The XRD of K was compared with IL intercalated kaolin (K—IL) as shown in Figs. 5.1a and 1b.

IL intercalation of the kaolin decreased the intensity of the spectra compared to the unmodified
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kaolin and made the width of the peak at half-peak height broader. A similar trend was observed
in the modification of montmorillonite with ionic liquid (Lawal and Moodley, 2015) and similar
results have been reported with other surfactants (Lee and Kim, 2002; Yahaya et al., 2009; Domka
et al., 2008).

The CEC of modified kaolin (K-IL) was determined to be 21 meq per 100 g, which implies that
IL is in excess of CEC of K in the interlayer silicate layer of K-IL when compared with the CEC
of K (18 meq per 100 g) which further proved that K had been modified by IL.
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Fig. 5.2 FT-IR spectra of K and K-IL

FT-IR of K and K-IL was recorded in the region of 380-4000 cm™ as shown in Fig 5.2. These
spectra further showed that IL actually intercalated into the silicate lattice of K-IL. The presence
of peaks in the region of 3695-3607 cm™* represent the OH stretching of inner-surface hydroxyl
groups within the clay (Boufatit et al., 2008). There was a significant reduction of these peaks
when IL was added, indicating that the water of hydration is lost as the OH is replaced by cationic
surfactant (alkyl chain). The same trend was reported when ionic liquid was modified with
montmorillonite (Lawal and Moodley, 2015). The peaks at 2917 and 2851 cm™ represent the
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symmetric and asymmetric stretching vibrations of the methylene groups in the ionic liquid while
peaks 1573 and 1472 cm are their bending vibrations respectively (Zhou et al., 2007). The peak
at 1113 cm? is assigned to Si-O stretching (longitudinal mode), while that at 1024-1019 cm™ is
the in-plane Si-O stretching. The peak at 909 cm™ is the OH deformation of the inner-surface
hydroxyl group, while 788 cm™ is assigned to Si-O.

The surface morphologies of the K and K-IL samples were analyzed using SEM. Different
morphologies were observed for both materials and a higher porosity was noticed for K (Fig 5.3a).
K-IL showed delamination of the layers of the clay mineral due to the presence of cations of the
salt (dos Santos et al., 2013). K and K-IL indicated dominant layers of groups of hexagonal sheets
which is characteristic of kaolin (Murray, 2000). Also, a smoother surface morphology for K-1L
can be observed compared with K. Similar results have been reported by Sunardi and co-workers
(Sunardi et al., 2011).

. ENT = 5.00 %V
Mag= 1000Kx  CUF™ SHOK

Fig. 5.3a and 5.3b SEM images (mag 10 000x) of (a) K and (b) K-IL

The surface area was determined using Brunauer—Emmett—Teller (BET). K has a surface area of
12.63 m? g* and a pore volume of 0.21 cm® g and K-IL has a surface area of 10.52 m? g** and
pore volume of 0.19 cm?® g*. The decrease in the surface area and pore volume of K-IL further
confirmed modification of the adsorbent (blocking of the pores by the ionic liquid cation).
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Fig. 5.4 TGA spectra of K and K-IL

The thermal study (TGA) of the material showed loss of water from K (Fig 5.4) at about 100 °C
which is due to the removal of the externally absorbed and interlayer water, leaving behind the
kaolin, which gives rise to a near straight line. The TGA for K-IL showed no decomposition below
150 °C. This indicated that the alkyl chain in the IL has exchanged all the water of hydration in
the interlayer of the K. The decomposition of K-IL was observed in the range of 180 to 550 °C
which is due to the decomposition of the alkyl chain on IL. Similar results have been reported by
other researchers (Bastow et al., 1991; Takahashi et al., 2013; Lawal and Moodley, 2015). The
TGA results further confirmed that kaolin had been modified with IL.

5.4.3 Column Studies

5.4.3.1 Effect of initial concentration

The effect of different concentrations (50 to 200 mg L) of phenanthrene and acid red influent
with the same mass of K-IL (0.5 g) and solution flow rate of 5 mL min? is shown in the
breakthrough curves in Fig. 5.5a and 5b. As shown in these figures, the breakthrough time
increases with a decrease in the influent concentration for both PHN and ADR. Sharper
breakthrough curves were also observed at increased influent concentration. At higher influent
concentrations, transport of the two solutes to the adsorbent are faster, leading to higher gradients

133



due to increased diffusion coefficients or mass transfer coefficients which are the driving force
for the adsorption process (Tan et al., 2008). The larger the influent concentration, the steeper the
slope of breakthrough curve and the smaller the breakthrough time (Aksu and Gonen, 2004).
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Fig. 5.5a and 5.5b Breakthrough curves of the (a) effect of initial concentration of
phenanthrene and (b) acid red dye adsorption onto modified Kaolin

These results also show that changes in concentrations of the influent affects the saturation rate
and breakthrough time, or in other words, the diffusion process is concentration dependent. Similar
trends were obtained from other studies (Han et al., 2007; Ahmad and Hameed, 2010; Lin et al.,
2004). Also the adsorption capacity increases with increasing influent concentrations due to the
fact that high concentration provides a higher driving force for the adsorption process, as shown
in Table 5.3.

5.4.3.2 Effect of the solution flow rate

The effect of the flow rate on the adsorption of phenanthrene and dye on modified kaolin was
investigated by varying the flow rate (2, 5 and 8.4 mL min) with a K-IL mass (0.5 g) and the
influent concentrations (100 mg L) for both PHN and ARD (Fig. 5.6a and 5.6b). Faster
breakthrough was observed as the flow rate increased. This was because at a slow flow rate the
influent had more contact time with the adsorbent material in the column, which in turn led to
higher removal of PHN and ARD in the column. This resulted in slope variation of the
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breakthrough curve and adsorption capacity as shown Fig. 5.6 and Table 5.3. Mass transfer
explains why at higher flow rate, adsorption of PHN and ARD onto K-IL is increased leading to
quick saturation (Ko et al., 2000). As shown in Table 5.3, the faster the flow rate, the lower the
adsorption capacity. This is due to insufficient contact time of the solute (PHN and ARD) with the
material in the column, and therefore the adsorbate leaves the column before equilibrium occurs.
These results were in agreement with other studies carried out on adsorption of metal ions on bone
char and Pinus sylvestris sawdust (Ko et al., 2000; Taty-Costodes et al., 2005).
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Fig. 5.6a and 5.6b Breakthrough curves of the effect of flow rate of (a) phenanthrene and (b)
acid red dye adsorption onto modified kaolin

5.4.4 Column Models

5.4.4.1 Thomas model

The column data were fitted into the Thomas model to determine the Thomas rate constant ki and
equilibrium uptake (qo) of PHN and ARD per g of the adsorbent (mg g*). Table 5.3 shows the
parameters of the Thomas model, with R? values ranging from 0.894 to 0.966 for PHN, and 0.928
to 0.979 for ARD. Also, from Table 5.3, as the influent concentration increased the value of qo
increased, while the values of krn decreased. This can be attributed to the driving force for
adsorption which is the concentration difference between the solutes on the adsorbent and the
solutes in the solution (Aksu and Gonen, 2004; Vijayaraghavan et al., 2004; Ahmad and Hameed,
2010). Furthermore, as the flow rate increased, the value of go decreased and the values of kn
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Table 5.3 Column ge, Thomas, Adams-Bohart, and Yoon-Nelson model parameters using linear regression analysis for PAH

adsorption with varying concentrations and flow rates

Column Thomas model Adams-Bohart model Yoon-Nelson model
Co Vv | Oe Kth | Jo ) Kas | No - Kyn | C(min) R?
(mgLY (MLminY) (mggl) (mLmintmg?!) (mgg?l) (mL mintmg?) (mgL?) (L min)
50 5.0 222.92 0.000452 2054  0.900 0.00022 242.77 0.900 0.0115 711.60 0.900
100 2.0 927.35 0.000134 562.4 0.894 0.00009 338.55 0.888 0.0132 668.58 0.887
PHN 100 5.0 611.78 0.000185 334.7 0.964 0.00011 426.50 0.904 0.0185 334.74 0.964
100 8.4 382.62 0.000195 231.0 0.964 0.00014 155.17 0.677 0.0174 22580 0.871
200 5.0 1093.49 0.000088 419.8 0.966 0.00004 1157.03 0.749 0.0176  209.88 0.966
50 5.0 877.00 0.000452 766.3  0.928 0.000082 444,98 0.919 0.0077  1532.59 0.927
100 2.0 1601.10 0.000184 1083.3 0.959 0.00005 703.69 0.935 0.0077 1908.83 0.964
ARD 100 5.0 1337.43 0.000217 1019.7 0.976 0.000104 613.84 0.872 0.0097 1019.67 0.976
100 8.4 918.35 0.000277 763.5  0.965 0.000112 429.96 0.657 0.0184 644.84 0.959
200 5.0 1350.74 0.000432 1263.5 0.979 0.000182 939.81 0.919 0.0216 52699 0.978
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increased. Therefore, the column performed better at higher concentrations and slower flow rates
of PHN and ARD.

5.4.4.2 Adam’s—Bohart model

The values of No, kag and R? were calculated from the Adam’s-Bohart model for PHN and ARD
and are presented in Table 5.3. This model was applied to experimental data for both PHN and
ARD to describe the initial part of the breakthrough curve. The adsorption capacity of the
adsorbent No for both solutes increased, as the influent concentration increased. Also, as the
concentrations and flow rate of both solutes increased kag increased, but the adsorption capacity
of the adsorbent No decreased for the two solutes. This signified that the overall system kinetics
was dominated by external mass transfer in the initial part of adsorption in the column (Aksu and
Gonen, 2004). This also, indicated that the Adams—Bohart model is valid for the relative
concentration region up to 50%. Similar results have been reported by Han and co-workers (Han
et al., 2009).

5.4.4.3 The Yoon-Nelson model

The values of Kyn, t and R? for PHN and ARD are listed in Table 5.3. It was observed that the rate
constant kyn and time required for 50% adsorbate breakthrough, t, increased and decreased
respectively as both flow rate and influent concentrations of both PHN and ARD increased. Table
5.3 shows that the correlation coefficient value (R?) for both PHN and ARD are best fitted to the
Thomas and Yoon-Nelson models with a least R? value of 0.887. Therefore, both Thomas and
Yoon-Nelson models can be used to describe the behavior of the adsorption on to K-IL in a
column. The value of R? in the Adam’s—Bohart model is slightly lower than Thomas and Yoon—
Nelson models under the same experimental conditions. The Adam’s—Bohart model is best fitted
to the relative concentration up to 0.5 (Ct/Co) and only used for describing the initial part of the
breakthrough curve. Studies conducted by other researchers showed similar results (Han et al.,
2008; Han et al., 2009; Ahmad and Hameed, 2010).
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5.4.4.4 Adsorption kinetics and equilibrium of phenanthrene and acid red dye

The effect of contact time on the extent of PHN and ARD removal at different concentrations is
shown in Fig. 5.7a and 7b, where the removal efficiency is plotted against time. Fig. 5.7a and 5.7b
indicates that the adsorption of PHN and ARD on the adsorbent increased with time and reached
equilibrium in less than 2 min. For acid red dye, equilibrium is reached in less than 5 min as shown
in Fig. 5.7b. It is further noticed that at higher concentrations of 500 ppm, 300 ppm and 200 ppm,
the % removal efficiency were 67%, 86% and 100% respectively. This trend was expected because
at higher concentrations, the adsorption sites are blocked by the pollutant therefore leading to lower

removal %.
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Fig. 5.7a and 5.7b Removal efficiency % of (a) PHN and (b) ARD

The reasonably high adsorptive capacity of PHN and ARD on K-IL indicates that both molecules
could penetrate through the three-dimensional channels of the K-IL complex or be adsorbed onto
the surface via physical forces (EI-Nahhal and Safi, 2004). Phenyl rings on both systems PHN and
ARD can also interact with the IL on the surface of the K-IL. The possible electronic n—7
interaction between the pollutants and K-IL may significantly lead to higher removal % as well
(EI-Nahhal and Safi, 2004). Similar outcomes have been reported by several researchers
(Diagboya et al., 2014; Xu et al., 2012; Changchaivong and Khaodhiar, 2009; Olu-Owolabi et al.,
2014). In the case of acid red, it was observed that the removal efficiency decreased at lower
concentrations of the dye. At 100 mg g the removal % was 67 %, while for 50 mg g* the removal
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efficiency reduced from 100 % after 5 - 14 min to 40 %. This reduction in % removal at lower
concentration can be attributed to increasing particle interaction and aggregation of the adsorbent,
leading to a reduction of total surface area of the adsorbent (Daneshvar et al., 2012). Furthermore,
at low adsorbate concentration, the excess cationic charge on the adsorbent repels each other and
may diminish the hydrophobic character of the interlayer spacing of the clay, thereby leading to a
reduction in the adsorption of acid red dye (Bonczek et al., 2002).

In order to ascertain the kinetic mechanism(s) and potential rate-controlling step involved in the
sorption of PHN and ARD onto K-IL, data from the effect of time experiments were fitted into the
Lagergren-first-order model, pseudo-second-order kinetic model and intra-particle diffusion
kinetic model. The pseudo-second order kinetics fitted the data better than the pseudo-first order
kinetics as shown in Table 5.4. The experimentally determined adsorption capacities (qeexp) and
the calculated adsorption capacities (qeca)) for pseudo — second order is closer than that of pseudo-
first order and with R? values very close to unity. Acid red dye adsorption onto K-IL is most
probably chemisorption and took place through exchange of ions on the surface of the active sites
which is in agreement with other researchers (Ahmad and Kumar, 2011; Ho and McKay, 1998;
Liao etal., 2013; Shen et al., 2009). The Weber and Morris (1963) intra—particle diffusion kinetics
model was used to determine whether the rate limiting step is film diffusion or intra-particle
diffusion. The Weber Morris model suggests that if the sorption mechanism is not only through
intra-particle diffusion, the plot of gt versus t% will be linear, but if intra-particle diffusion is the
sole rate-limiting step the plot will pass through the origin.

Since the plot does not pass through the origin, it indicates some degree of boundary layer control.
Therefore, intra-particle diffusion is not the only rate controlling step, but other processes are also
controlling the rate of adsorption for both phenanthrene and acid red dye (Ahmad and Kumar,
2011; Liao et al., 2013; Crini et al., 2007). Adsorption experiments for acid red dye took place at
pH 2, since preliminary experiments showed that it adsorbed best at lower pH. At pH 2, surface
diffusion mechanism is likely attributed to electrostatic attraction, since acid red dye will be
negatively charged and the surface of the material is positively charged. On the other hand, non-
adjusted pH was used in the adsorption experiment of phenanthrene because previous studies have
shown that pH values of the solution do not significantly affect the adsorption process of PAHs
(Zeledon-Toruiio et al., 2007) phenanthrene inclusive.
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Table 5.4 Experimental values for ge (mg L) and parameters for pseudo-first-order, pseudo-second-order and intra-particle diffusion.

Concentrations Pseudo-first-order Pseudo-second-order Weber—Morris model
(mg LY Oe,EXP Oe, cal  Kex10®  R? O, cal Kx10* R? Qe Kid R?
(mgg")  (mgg?h) (h?) (mgg") (gmg*th?) (mgg?’) (mgg'h'?)

100 167.034 6.869 2.000 0.697 222.222 -1x10* 0.987 149.67 0.012 7x10°
BHN 80 131.738 0.714 2.000 0.817 181.818 38x10* 0.998 163.43 -2.723 0.799

50 90.597 2.115 4,000 0.157 178,571 -25x10* 0.999 86.71  0.692 0.230

25 44,713 3.492 4,000 0.671 74.074 -17 x 10*  0.999 4259 0.396 0.052

500 842.703 40.516 -1.000 0.056 714.286 2.613 0.997 753.00 -0.489 0.011

300 667.883 2.645 -0.500 0.105 625.000 2.813 0.999 649.35 -0.038 0.049
ARD 200 491.746 1.417 -0.600 0.135 475.191 6.041 0.999 488.67 0.297 0.114

100 240.072 5.804 0.900 0.244 232558 1.422 0.989 159.84 1.859 0.819

50 88.7559 1.5728 1.000 0.314 95.238 0.479 0.788 24.22  1.409 0.175
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Table 5.5 The gm and b values for the Langmuir equation, the Ks and n values for the Freundlich equation, gs and B values in

the Dubinin-Radushkevich, bT and AT values in the Temkin model and their respective correlation coefficient values

Langmuir model Freundlich model Dubinin—Radushkevich model Temkin model
Om b R? Kt n R? Om B E R? bT AT R?
(mgg") (Lmg?) (Lmg®) (gL (mol g*) (mol*ky?) (k) mol™) (9kImg™* mol™) (L mg*)
PHN  263.158 0.088 0.910 27.762 1.59  0.925 1.643  2x10°% 5.000 0.947 42.45 1.142 0.948
ARD  909.091 0.057 0.954 141925 274 0.468 1545 9x10° 8.453 0.455 16.29 1.705 0.716
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This is due to the inertness and chemical stability of PAHs which is as a result of their bond
linkages. Therefore, pH has a lesser effect on heavier PAHs containing more carbon double bonds.
In addition, phenanthrene does not have ionizable groups that can be influenced by the pH (Raber
et al., 1998; Zeledon-Torufio et al., 2007; De Paolis and Kukkonen, 1997). Hydrophobic
interaction is probably the major interaction between phenanthrene and K-IL, that is, the
interaction between the phenanthrene ring and that of ionic liquid intercalated between the
interlayer spaces of kaolin (through n—m interactions) (EI-Nahhal and Safi, 2004; Huang et al.,
2005). Huang and co-workers and Smith and co-workers had hypothesized similar observations
(Smith and Jaffe, 1991; Huang et al., 2005; Smith and Galan, 1995).

Langmuir, Freundlich, Dubinin—Raduskevich and Temkin models were used to ascertain which
adsorption isotherm best described the sorption. Values of the isotherm parameters for the models
are presented in Table 5.5. The R? values indicated that the Langmuir isotherm with an adsorption
capacity of 909.00 mg g* best described acid red dye adsorption on K-IL. This further confirmed
the previous statement that the adsorption process of the acid red dye onto K-IL is chemisorbed
onto its surface. Meanwhile, adsorption of phenanthrene can be best described by Freundlich and
Langmuir with R? values of 0.925 and 0.91 respectively but Freundlich is the best fit. This confirms
the earlier statement that intra-particle diffusion is not the only rate-controlling step, but other
processes are responsible for controlling the rate of adsorption of phenanthrene. The small “n”
values for the Freundlich equation (Table 5.5), indicates the non-linearity of the isotherms,
meaning sorption of phenanthrene is predominantly on heterogeneous adsorption sites (Olu-
Owolabi et al., 2014; Weber Jr et al., 1992) which is in agreement with Zhang et al., (Zhang et al.,
2011). Langmuir and Freundlich adsorption capacities (ge) of phenanthrene onto K-IL (Table 5.5)
are higher than unmodified kaolin as reported by Zhang and co-workers who reported a ge value
less than 6 mg g* (Zhang et al., 2011). Hundal and co-workers reported ge values of < 60 to < 15
ug gt on different types of modified smectites (Hundal et al., 2001), and a ge value of 12 mg kg
! was reported by Huang and co-workers (Huang et al., 2005).

Also, from the Dubinin-Raduskevich model the mean sorption energy (E) can be used to
distinguish chemical and physical adsorption. Table 5.5 shows that the E value for phenanthrene

is 5 kJ mol, meaning adsorption is mostly physisorption, i.e. adsorption onto the pores of the
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material. The E value for acid red dye is 8.5 kJ mol™, which is within the range of 8-16 kJ mol*

for chemisorption (Helfferich, 1962) which is in agreement with other kinetics models.

5.5 CONCLUSION

This is the first report of the synthesis of 1-hexyl, 3-decahexyl imidazolium ionic liquid and its use
in the modification of kaolin. The ionic liquid and the modified kaolin were characterised and
adsorption studies using both column and batch processes for the removal of both phenanthrene
and acid red dye were carried out. The column adsorption system was found to perform better at
higher influent concentrations and a lower influent flow rate. Column adsorption capacity at the
same flow rate and different concentrations of phenanthrene was 222.0, 611.7 and 1093.4 mg g,
and 877.0, 1337.4 and 1350.7 mg g* for acid red dye. The column models show that the data were
best fitted into the Thomas and Y oon—Nelson models with R? values close to unity for both solutes.
The kinetics of the two were well described by pseudo-second-order adsorption, but the Langmuir
isotherm best described acid red dye with an adsorption capacity of 909 mg g and the reaction is
likely to be chemisorption based on the D-R value of 8.5 kJ mol™. Meanwhile, Freundlich and
Langmuir models described phenanthrene adsorption with an adsorption capacity of 263 mg g*
with 77 interactions as the means of sorption. Therefore, 1-hexyl, 3-decahexyl imidazolium can
potentially be used as a modifier of adsorbents for the removal of phenanthrene and acid red dye

from wastewater.
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6.1 ABSTRACT

This study evaluates the adsorption of four pharmaceuticals, tetracycline (TC), sulfamethoxazole
(SMZ), nalidixic acid (NAD) and chloramphenicol (CHL) on ionic liquid modified
montmorillonite (Mt—IL). Previously modified montmorillonite with ionic liquid (1-methyl, 3-
decahexyl imidazolium) was used in batch adsorption experiments to examine the effects of pH
and contact time and the data were fitted into kinetics and isotherm models. All the
pharmaceuticals investigated adsorbed maximally between pH range 3 and 10. The maximum
adsorption capacities (qe) of TC, SMZ, NAD and CHL were 765.7, 504.1, 150.4 and 30.9 mg g*
respectively onto Mt-IL. These were considerably higher than the ge of unmodified
montmorillonite clay and of other materials reported in literature. The equilibrium experimental
data were best fitted into the Freundlich model. The pseudo-second-order kinetic model was the
best fit for all the pharmaceuticals adsorbed onto Mt—IL.

Keywords: lonic liquid, 1-methyl 3-decahexyl imidazolium, montmorillonite, pharmaceuticals,
adsorption
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6.2 INTRODUCTION

Pharmaceuticals are extensively used world-wide in human therapy and in the animal farming
industry. They are used in livestock rearing as veterinary drugs, in medical service deliveries and
human healthcare globally. They have attracted increasing concern in recent years, because they
have proven to be a class of potent emerging pollutants in the environment (Ji et al., 2010b). The
occurrences of these pharmaceuticals in the environment have started to raise serious concerns for
both the scientific community and the general public due to their undesirable effects even at trace
concentrations (Fent et al., 2006). Pharmaceuticals are generally used to treat diseases in animals
and are incorporated into animal feeds to promote growth efficiency (Sarmah et al., 2006).
However poor absorption of these drugs in the digestive tracts of animals results in it often being
excreted in feces or urine as a mixture of the parent compound and its metabolites (Kulshrestha et
al., 2004; Ji et al., 2009; Ji et al., 2010a; Li et al., 2011). Together with this and the application of
feces to agricultural land as fertilizer, it has been reported that residues of these antibiotics from
agricultural runoff and municipal wastewater treatment plants have been detected in water systems
and the environment at large (Sun et al., 2010). The global use of antibiotics has become a serious
concern because of its various potential adverse effects when present in the environment.
Antibiotics are regarded as ‘‘pseudopersistent’” contaminants due to their continuous introduction
into the ecosystem (Caliskan and Goktiirk, 2010). Acute and chronic toxicity, impact on aquatic
photosynthetic organisms, disruption of indigenous microbial populations, and dissemination into
antibiotic-resistant genes in microorganisms amongst others have been reported (Li et al., 2011;
Sun et al., 2010). Therefore removal of these pharmaceuticals is important and necessary in the
study of water remediation.

In this study adsorption of tetracycline (TC), sulfamethoxazole (SMZ), nalidixic acid (NAD) and
chloramphenicol (CHL) were investigated. Tetracycline is among the commonly used antibiotics
and has been shown to disrupt microbial soil respiration (Boleas et al., 2005), Fe(l1l) reduction
(Thiele-Bruhn and Beck, 2005), nitrification (Halling-Sgrensen, 2001), and phosphatase activities
(Boleas et al., 2005). TC has different charges on different sites depending on the solution pH. At
pH below 3.3, TC exists in a cationic form of + 0 0 due to protonation of the dimethylammonium

group. It is predominantly a zwitterion + — 0 between pH 3.3 and 7.7 due to the loss of the proton
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from the phenolic diketone moiety. But at pH above 7.7, it is present as a monovalent anion, + —
—, or a divalent anion, 0— —, resulting from the loss of protons from the tricarbonyl system and
phenolic diketone moiety. Its pKaz, pKaz and pKas values in aqueous solutions are 3.3, 7.7 and 9.7
respectively (Kulshrestha et al., 2004).

Sulfamethoxazole (SMZ) is a sulfonamide bacteriostatic antibiotic commonly used to treat urinary
tract infections. Sulfamethoxazole (SMZ) may exist as a cation, anion and/or neutral molecule
depending on the pH of the solution because of its two pKa values. It has a pKa1 value of 1.7 and
pKa2 value of 5.6 (Lucida et al., 2000). SMZ is among the most frequently detected antibiotics in
streams and groundwater (Barnes et al., 2004; Kolpin et al., 2002). SMZ is characterized as a low
reactive antibiotic (Holten Litzhgft et al., 2000). Park and Choi (Park and Choi, 2008) reported
that SMZ could cause acute toxicity as well as chronic toxic effects with low milligrams per liter
level exposure and mutagenic effects of SMZ has also been reported (Isidori et al., 2005).

Nalidixic acid (NAD) and chloramphenicol (CHL) are also widely used in human and veterinary
medicine. Researchers (Lin et al., 2008; Tamtam et al., 2011; Watkinson et al., 2009) have reported
the presence of NAD in hospital effluents, wastewater treatment plant effluents, and environmental
waters and soils. NAD concentrations of 0.04, 0.45 and 0.75 pg L™ were detected in hospital
effluents, municipal sewage treatment plant effluents, and environmental waters, respectively
(Watkinson et al., 2009). A separate study reported that the NAD concentrations in the effluents
of hospital and sewage treatment plants were up to 0.178 and 0.186 pg L%, respectively (Lin et al.,
2008). NAD was detected with a concentration up to 22 pg kg in eight of nine samples collected
from soils 4 years after cessation of 100 years irrigation with urban wastewater from the Paris
agglomeration (Tamtam et al., 2011).

Various concentrations of CHL have also been reported in wastewater from different countries.
Singh and coworker (Singh et al., 2012) reported concentrations of CHL as high as 9.74 pg L™! in
surface and wastewater in India. Some negative effects in humans, such as bone marrow
depression (aplastic anemia) have been linked to CHL in some individuals (Woodward and
Watson, 2004). This has led to its proscription in animal food production in many countries
(Regulation, 1994).
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Since there is no total removal of pharmaceuticals by conventional water and wastewater treatment
technologies (Gao et al., 2012; Nam et al., 2014; Ternes et al., 2002; Rudder et al., 2004), improved
technologies for effective removal of residual pharmaceuticals needs to be developed. Scientists
have investigated the adsorption and removal of pharmaceutical antibiotics using several
adsorbents, amongst them: smectite (Li et al., 2010a), montmorillonite (Liu et al., 2011; Wu et al.,
2013; Gao and Pedersen, 2005; Avisar et al., 2010; Wang et al., 2008; Chang et al., 2009b; Zhao
et al., 2012; Figueroa et al., 2003; Liu et al., 2012; Wang et al., 2010; Parolo et al., 2008), kaolin
(Liu et al., 2011; Wu et al., 2013; Li et al., 2010b; Figueroa et al., 2003; Bansal, 2013; Wang et
al., 2010), goethite (Zhao et al., 2011), rectorite (Chang et al., 2009a), illite (Chang et al., 2012;
Bansal, 2013), palygorskite (Chang et al., 2009c), chitosan particles (Caroni et al., 2012),
aluminum oxide (Lorphensri et al., 2006; Chen and Huang, 2010), bamboo charcoal (Liao et al.,
2013), coal (Sun et al., 2010), activated carbon (Caliskan and Goktirk, 2010), polymers
(Robberson et al., 2006), mesoporous silica SBA-15 (Kim et al., 2014), quartz sand (Chen et al.,
2011), graphene oxide (Gao et al., 2012) and multiwalled/single-walled carbon nanotubes (Zhang
etal., 2011a; Zhang et al., 2010; Ji et al., 2010a; Ji et al., 2009).

Among all of these adsorbents, montmorillonite has drawn attention as a suitable material for
environmental remediation. The hydrophilic properties of montmorillonite surface have been
changed to hydrophobic through modification by surfactants to form organo-montmorillonite (Liu
etal., 2012; Sheng et al., 1998) for the purpose of adsorbing organic pollutants (Parolo et al., 2008;
Smith et al., 1990; Zhu et al., 1997). lonic liquids have attracted an increasing amount of interest,
owing to their low volatility, non-flammability, high chemical and thermal stabilities, high ionic
conductivity, and broad electrochemical windows (Zhang et al., 2006). Due to these properties
they are considered as a substitute for the modern surfactants and researchers have started using
ILs for modification of materials for the purpose of adsorption. Kamran and co-workers modified
Fez04 magnetic nanoparticles with 1-octyl-3-methylimidazolium bromide ([CsMIM]-Fez04) and
used it for the removal of reactive red 141 (RR141) and reactive yellow 81 (RY81) dyes from
aqueous solutions (Kamran et al., 2014). Absalan and coworkers modified FesOs magnetic
nanoparticles using ionic liquid for the adsorption of reactive red 120 and 4-(2-pyridylazo)
resorcinol from aqueous solution (Absalan et al., 2011). Recently Lawal and Moodley modified
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montmorillonite with 1-methyl, 3-decahexyl imidazolium ionic liquid (Mt-IL) for the adsorption
of amaranth dye (Lawal and Moodley, 2015).

This study is aimed at studying the kinetic and equilibrium adsorption of pharmaceuticals (TC,
SMZ, NAD and CHL) from aqueous solution on organo-montmorillonite (ionic liquid modified

montmorillonite).

Table 6.1 Properties of the pharmaceuticals and surfactant used in this study

Molecular Weight

Compound Formula Structure (MW.) g mol
(0}
O\\S// /[_}\
N\ 4
Sulfamethoxazole  Ci10H11N3O3S H 253.279
Tetracycline C22H24N20s 444.435
NH,
Nalidixic acid C12H12N203 232.235
Chloramphenicol ~ C11H12CI2N20s 323.132
1-methyl, 3-
decahexyl Ca0H3gN2" 307.54
imidazolium
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6.3 EXPERIMENTAL SECTION

6.3.1 Materials

Montmorillonite powder (CAS Number: 1318-93-0), methyl-imidazole, 1-bromodecahexane,
sulfamethoxazole (CAS Number: 723-46-6), tetracycline (CAS Number: 60-54-8), nalidixic acid
(CAS Number 389-08-2) and chloramphenicol (CAS Number: 56-75-7) were all purchased from

Sigma Aldrich. Double distilled water was used for all sample preparation.

6.3.2 Preparation of lonic Liquid (IL), 1-methyl, 3-decahexyl Imidazolium, Sodium-
montmorillonite (Na*—~Mt) and its Modification with IL

Preparation of IL (1-methyl, 3-decahexyl imidazolium), Na*~Mt and Mt-IL has been reported in
chapter 4.

6.3.3 Adsorption Experiments

Adsorption experiments were performed in batch mode to investigate the effects of pH, and contact
time of pharmaceutical concentrations on Mt—IL. The effect of pH and contact time was carried
out using 50 mL of a 100 mg L™! pharmaceutical solution mixed with 0.1 g of Mt-IL in a stoppered
glass conical flask and placed on a shaker. A blank was also determined under the same conditions
but without the adsorbent. The concentrations of the pharmaceuticals were always measured before
and after the adsorption. All experiments were carried out in duplicate and run for 24 h to allow
sufficient time for the adsorption to reach equilibrium conditions.

Adsorption kinetics was determined by analyzing the adsorptive uptake of pharmaceuticals (10 to
200 mg Lt concentrations) from its aqueous solution containing 0.2 g of Mt—IL. The mixture was
placed on a shaker for 24 hr and aliquots of the solution were analysed at regular time intervals.
Equilibrium data for developing the isotherms were obtained at 25 °C and the aqueous phase
concentration of SMZ and CHL in the solution was determined using high performance liquid
chromatography (Agilent HPLC (1200 SL) equipped with a UV detector using Agilent C18,4.6 x
150 mm, 5 pum column). The elution solvent system for SMZ was 0.05 M phosphoric acid:
acetonitrile (83% : 17%) and a wavelength of 265 nm was used. While the elution solvent system

for CHL was acetonitrile: H20O (40% : 60%) and a wavelength of 230 nm was used. The aqueous
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phase concentration of TC and NAD were determined using a double beam UV—-Vis—NIR
spectrophotometer (Shimadzu Model UV 3600, Japan) at Amax 360 and 260 respectively. The

equilibrium adsorption capacity of Mt—IL was calculated from the following relationship:

qe = “=2V..6.1

Where ge is the equilibrium adsorption capacity in (mg g*), Co and Ce are the dye concentrations
at initial and at equilibrium respectively, in mg L™, V is the volume of solution in (L), and W is

the weight of adsorbent in (Q).

Adsorption data were fitted to Freundlich (Freundlich, 1906), Langmuir (Langmuir, 1916),
Temkin and Dubinin—Raduskevich (Dubinin and Radushkevich, 1947) isotherms. The linear
equations of all the applied models are:

Langmuir model: fe_Ley 1 62

de Om amb’

Freundlich model: Inq, = InK¢ +§ InCe...6.3

Temkin model: q. = BIn A + BInC,...6.4
Dubinin—-Raduskevich model: Inq, = Inq,, — B}....6.5

Y = RT In [1 +C—le]...6.6

1
E= \/?B...GJ

Where Ce is the equilibrium dye concentration in the solution in mg L, b is the Langmuir
adsorption constant (L mg™), and gm is the theoretical maximum adsorption capacity (mg g1). Ks
(L mg?) and n are Freundlich isotherm constants indicating the capacity and intensity of the
adsorption, respectively. A is the equilibrium binding constant (L mg?) and B is the heat of
adsorption. B is the Dubinin—Raduskevich model constant (mol? kJ?) related to the mean free
energy of adsorption per mole of the adsorbate and } is the polanyi potential. E is the mean free

energy of adsorption (kJ mol™?).
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In order to determine the mechanism and potential rate-controlling steps involved in the process
of adsorption, pseudo first order (Lagergren, 1898), pseudo second order (Ho and McKay, 1999),
and intra-particle diffusion models were used. The pseudo first order kinetic model equation is:

In (ge-qt) = InQe - k1t...6.8

Where ¢ is the amount of adsorption at time t in (mg g), ki is the rate constant of the equation in
(L min'), and geis the amount of adsorption at equilibrium in (mg g%). The adsorption rate constant
(k1) can be determined experimentally by plotting In (ge-qt) versus t.

The pseudo second order kinetic model is expressed as:

t 1 t
— = —...6.9
qc  (k2q2) + de

Where k; is the equilibrium rate constant of pseudo second order adsorption in (g mg™* min™). The
values of ko and ge can be determined from the slope and intercept of the plot t/q: versus t,
respectively.

The data was also fitted into the Weber—Morris model, to evaluate the possibility of intra-particle
diffusion as the rate limiting step; it is given by (Weber and Morris, 1963):

qr = kigt'/?..6.10
Where kig (mg g h"*”?) is the intra-particle diffusion rate constant.
6.4 RESULTS AND DISCUSSION
Preliminary experiments on Mt-IL (modified montmorillonite) and Na*-Mt (unmodified

montmorillonite) showed that the adsorption capacities of the pharmaceuticals discussed in this
work on Na*-Mt (TC, SMZ, CHL, and NAD were 152.2, 87.4, 2.3 and 9.0 mg g* respectively)
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were far lower than Mt—IL as shown in Table 6.4. Therefore, all further experiments were

performed using Mt—IL.

6.4.1 Effect of pH

The results in Fig 6.1a show that the reaction between the selected pharmaceuticals and the
adsorbent strongly depends on pH. In the work of Vasudevan and co-workers, pH of the solution
was an important parameter controlling the adsorption capacity of ionic organics onto an adsorbent
(Vasudevan et al., 2009). He further stated that pH not only affects surface charge of the
adsorbents, but also affects ionization of the pharmaceuticals. The effect of pH on adsorption
efficiency of TC, SMZ, NAD and CHL from pH 2-10 is shown in Fig 6.1a. For SMZ, the
isoelectric point (pl) of SMZ is around 4.5 (Avisar et al., 2010), meaning that at this pH, the
molecule has no net electrical charge. Below its pl, a SMZ molecule has a net positive charge, and
above it has a negative charge (100 % at pH 9.5) (Lucida et al., 2000). Mt-IL has surfaces that are
positively charged, and therefore, it was expected that adsorption will increase at higher pH due to
electrostatic interaction between the adsorbent and the adsorbate. However, Fig 6.1a shows SMZ
has significantly high adsorption at pH 3 suggesting that electrostatic interaction was not the only
mechanism with which SMZ is adsorbed onto Mt-IL, but other hydrophobic interactions (organic
pollutant and organo-montmorillonite) between SMZ and Mt-IL as well as pore trapping were
also involved in adsorption (Zhang et al., 2011a; Zhang et al., 2010). Similar effects of pH were
suggested by other researchers as well (Chen et al., 2011; Gao and Pedersen, 2005; Kim et al.,
2014; Lu et al., 2014). It is evident that the amount of SMZ adsorbed onto Mt—IL depends on the
solution pH. Maximum adsorption efficiency was reached at pH 4 and as the pH decreased (pH <
4) it is clear that electrostatic interaction was dominant. At these low pH values the SMZ molecule,
with a pKay of 1.7, mainly exists in the cationic form (Lu et al., 2014), therefore, experiencing
electrostatic repulsion between SMZ" and the cationic surface of Mt-IL and a decrease in
adsorption capacity.
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Fig. 6.1a and b effect of pH and contact time respectively

Fig 6.1a showed that an increase in pH of TC led to an increase in the adsorption capacity of Mt—
IL. The observed pH dependence of TC can be simplified by estimating the charge on TC and Mt—
IL. At pH values > 4, TC exists as neutral molecules or zwitterions (H2L*" at pKa1 < pH < pKaz =
7.78) to negatively charged ions (HL™ at pH > pKa = 7.78) (Chen and Huang, 2010). Thus
adsorption is favoured at pH range 4 and above based on electrostatic interaction and hydrophobic
interaction between TC and the surface of Mt-IL, as well as pore trapping. At a lower pH (< 4)
electrostatic repulsion between the positively charged solution of TC and positively charged Mt—
IL surface results in the reduced adsorption capacity of Mt—IL. Similar results have been reported
by other researchers (Figueroa et al., 2003; Kulshrestha et al., 2004; Chang et al., 2009b). The
significant adsorption capacity of TC at low pH values signifies that electrostatic interaction is not
the only and main mechanism of adsorption but hydrophobicity also plays an important role.
Studies by Lui and co-workers showed similar results, suggesting that hydrophobicity induced by
the surfactants plays a larger role in adsorption of TC on organo-montmorillonite than electrostatic
interaction (Liu et al., 2012). As seen in SMZ, there is no further significant effect of pH on TC
from pH range 4-10.

NAD follows the same trend as SMZ and TC, where at low pH (3-5) NAD is predominately
positively charged. Since the surface of Mt—IL is positively charged a reduction is expected in the
adsorption of NAD in this pH range which is not the case. Wu and co-workers (Wu et al., 2013)
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reported that NAD is predominately hydrophobic at low pH. Therefore, the increase in adsorption
capacity at low pH may be attributed to hydrophobic interaction between NAD and Mt—IL. As
solution pH increases to values higher than its pKa (5.95), NAD becomes negatively charged and
less hydrophobic. The high adsorption capacity at this pH is now mainly electrostatic attraction
between NAD™ and the positively charged surface of Mt-IL.

The same explanation also applies to CHL, at pH values higher than the pKa of CHL; it exists as
anions while Mt-IL surface is positive. Electrostatic attraction between Mt—IL and CHL leads to
the high adsorption in that range and hydrophobic interaction is suggested to be responsible for
adsorption at pH values below the pKa, of CHL.

6.4.2 Effect of Contact Time

The effect of contact time was also investigated, as shown in Fig 6.1b. Maximum adsorption
occurred in the first 30 min for all pharmaceuticals and the rate of adsorption slowed down
significantly thereafter even though adsorption still continued. Fig 6.1b showed that adsorption
increased with time for all analytes, and over 80 % of SMZ was removed in less than 5 min and
reached above 90 % before 10 min. After 10 min the rate of adsorption still continued but was
slower, though any increase in adsorption capacity from this time to about 24 h was minimal. This
was faster than what has been previously reported (Lu et al., 2014; Akhtar et al., 2011).

For TC, adsorption of more than 85 % took place in the first 5 min and over 95 % before 20 min.
A similar trend was reported by Chen and Huang (Chen and Huang, 2010). Approximately 60 %
of NAD was adsorbed before 10 min and over 80 % was adsorbed before 30 min. The same was
observed for CHL, where 60 % was adsorbed in less than 10 min and over 68 % before 30 min.
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6.4.3 Adsorption Isotherms

Adsorption isotherms were also investigated. Freundlich, Langmuir, Temkin and D-R isotherm
models were used to interpret the equilibrium data in order to further ascertain the adsorption
behavior of SMZ, TC, NAD and CHL onto Mt—IL. The n values for all adsorption systems studied
were less than unity, reflecting the high adsorption nonlinearity. In other words, adsorption of these
pharmaceuticals was favored over the entire concentration range used in this study. From Table
6.2, adsorption nonlinearity for Mt—IL was in the order TC > SMZ > NAD > CHL, as indicated
by their n values (Liao et al., 2013). The adsorption data best fitted to Freundlich on the basis of
the correlation coefficient values (R?) (Table 6.2), for all the pharmaceuticals considered which
suggests heterogeneous adsorption (more than one mechanism of adsorption). The fit further
confirmed that hydrophobic interaction between the aromatic rings of the pharmaceuticals and the
adsorbent was not the only probable means of adsorption, with electrostatic interactions between
the anions and the cations in the solution and the surfaces of Mt-IL, and molecular sieving of the
pharmaceuticals (trapping of pharmaceuticals by the pores of Mt—IL) also played a role (Diagboya
et al., 2014). However, researchers (Hari et al., 2005; Lorphensri et al., 2006; Robberson et al.,
2006) have reported that hydrophobic and electrostatic interaction were the main mechanisms for
pharmaceutical adsorption. Langmuir could also fit for adsorption of the pharmaceuticals as
indicated by R? values > 0.9 shown in Table 6.2. The mean free energy of adsorption (E value)
calculated from the D-R isotherm showed values < 8 kJ mol™? for all the pharmaceuticals.
Therefore, the adsorption of all the pharmaceuticals studied on Mt—IL was physical in nature.
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Table 6.2 Results for gm and b values in the Langmuir equation, Krand n values in the Freundlich equation, gm and B values in

Dubinin-Radushkevich, bT and AT values in Temkin models and their respective correlation coefficient values

Freundlich model Dubinin—Radushkevich model Temkin model

(mol? kJ?)  (kJ mol?) (9 kJ mg*t mol ™)

(Lmgh) (gL

RZ

Pharmacuetical Langmuir model
(m b R?
(mgg?) (Lmg?
SMZzZ 520.457 0.088 0.982
TC 770.624 0.024 0.918
NAD 152.360 0.036 0.964

CHL 33.578 0.091 0.951

0.991 0.846

0.992 0.370

0.988 0.215

0.998 0.092

0.990

0.970

0.923

0.967




Table 6.3 Experimental values for ge (mg g*) and parameters for pseudo-first-order, pseudo-second-order and intra-particle diffusion

Pseudo-first-order

Pseudo-second-order

Weber—Morris model

Concentrations ~ Ge€XP Qe, cal ke R?2 Qe,cal K (x 10) 2 Qe Kid R?
(mgL?y  (mggh)  (mggh) (0 (mgg®) (gmg™h?) (mgg?) (mgg*h??)

200 504.123 3262 8x10° 0019 493458 0004  0.999 95.194 -0.003 0.004

M2 100 263.367 2357  2x10° 0002 256497 0003  0.999 55.184 0.001 0.001

50 128.976 1541 -2x10* 0318 130395  0.004  0.998 27.812 0.001 0.393

20 51.330 1154  3x105  0.055 51.709 0.053  0.999 12.07 -0.002 0.048

10 26.667 0.959  -8x10° 0.005 32.747 0.090  0.999 6.052 -0.001 0.067

100 765.728 0.995 -9x10* 0368 743478 0025  0.995 33.207 0.123 0.307

50 526.259 0.678 -7x10° 0678 518215 0054  0.996 19.806 0.069 0.317

TC 25 287.878 0.110  7x10* 0005 293452 0106 0951 9.209 0.002 0.004

15 178.069 0.044 -2x10* 0053 182144 0121 0998 3.802 0.015 0.580

10 135.162 0.009  4x10* 0005  121.897 0527 0947 1.988 -0.002 0.027

100 150350 12541 2x102 0.502 154231 0005 0945 46325 0.004 0.530

NA 50 71521 8321  5x10° 0.632 70.587 0.023  0.996 28.567 0.005 0.231

5 25 39.213 4213  -9x102 0.032 32.057 0.002  0.952 13.998 0.001 0.504

15 29.321 2361 -2x107  0.751 24.365 0.254  0.999 7.214 -0.002 0.582

10 15.120 1897  1x10* 0.254 13.987 0213  0.997 2.365 0.001 0.035

100 30.987 5368  -2x10° 0.219 33.240 0.005  0.996 23.258 -0.128 0.050

50 18.697 3365 -5x10° 0.032 20.348 0.023  0.993 15.368 0.006 0.023

CHL 25 10.258 2158  -1x10? 0.418 12.365 0.002  0.981 9.874 -0.092 0.054

15 5.214 1945  -2x10° 0.155 5.321 0.254  0.989 4.956 0.001 0.182

10 1.560 1035  1x10*  0.205 1.254 0213 0954 2.321 -0.012 0.025

167



6.4.4 Adsorption Kinetics

Pseudo-first-order, second-order and intraparticle diffusion models were used to study the
adsorption kinetics of the pharmaceuticals. Adsorption kinetics describes the solute uptake rate
and this rate controls the residence time of the adsorbate uptake at the solid-solution interface.
Adsorption rate constants for the pharmaceuticals were calculated by using kinetic models which
were used to describe the mechanism of the adsorption. Correlation coefficient values (R?)
indicated that the adsorption process was best described by the pseudo second-order model with
correlation coefficients > 0.995 for all the solutes and the predicted values very close to
experimental ge for all pharmaceuticals studied (Table 6.3). The plot of intraparticle diffusion
showed that it did not pass through the origin which indicated that the rate controlling step was not
the only process, and that other processes were involved. A comparison of the adsorption
capacities of SMZ, TC, NAD, and CHL on MT-IL with other adsorbent materials (Table 6.4)
showed that MT—IL is a good adsorber of pharmaceuticals from aqueous solutions.
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Table 6.4 Comparison of Mt—IL with other adsorbent materials

Compound Material Adsorption Capacities (mg g1) References
kaolinite 4.3 (Li et al., 2010Db)
Na—kaolinite 14.0 (Figueroa et al., 2003)
Na—montmorillonite 54.0 (Figueroa et al., 2003)
palygorskite 99.0 (Chang et al., 2009c)
montmorillonite 4.3 (Parolo et al., 2008)
rectorite 140.0 (Chang et al., 2009a)
different smectites 355.0-460.0 (Lietal., 2010a)
natural montmorillonite 450.0 (Liu etal., 2011)
graphene oxide 313.5 (Gao et al., 2012)
single-walled carbon nanotubes 340.0 (Ji et al., 2009)
. (SWNTSs)
tetracycline multiwalled carbon :
nanotubes (MWNTS) 100.0 (Jietal., 2009)
montmorillonite 84.0 (Wang et al., 2008)
Fe304—rGO composites 95.0 (Zhang et al., 2011b)
montmorillonite 250.0 (Zhao et al., 2012)
illite 25.0 (Chang et al., 2012)
Ca—montmorillonite 124.0 (Sithole and Guy, 1987)
goethite 24.0 (Zhao et al., 2011)
bamboo charcoal 22.7 (Liao et al., 2013)
Na—montmorillonite 369.0 (Liu etal., 2012)
organo montmorillonites 480.0-960.0 (Liuetal., 2012)
Na*-Mt 152.2 Present study
Mt-IL 770.0 Present study
Sulfamethoxazole activated carbon 185.2 (Caligkan and Goktiirk, 2010)
CTMAB- montmorillonite 235.3 (Luetal., 2014)
HDAPS — montmorillonites 155.3 (Luetal., 2014)
BHDAP —montmorillonite 242.7 (Luetal., 2014)
Na*-Mt 87.4 Present study
Mt-IL 520.0 Present study
chloramphenicol bamboo charcoal 8.1.0 (Liao et al., 2013)
Na*-Mt 2.3 Present study
Mt-IL 33.0 Present study
nalidixic acid montmorillonite 24.0 (Wu et al., 2013)
Na*-Mt 9.0 Present study
Mt-IL 152.0 Present study
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6.5 CONCLUSION

The present study showed that ionic liquid modified montmorillonite, Mt-IL, (an organo-
montmorillonite) is an effective adsorber of pharmaceuticals (TC, SMZ, NAD and CHL) from
aqueous solutions and has the potential for remediating water polluted with these pharmaceuticals.
All the pharmaceuticals studied showed high adsorption capacities at pH values above 3.
Maximum removal of pharmaceuticals occurred within the first 30 min, and the kinetic studies
showed the adsorption processes followed a pseudo second-order model. The Freundlich isotherm
model was the best fit for all the pharmaceuticals but the Langmuir isotherm model can also be
used to explain them. The maximum adsorption capacity is relatively high compared to the
unmodified montmorillonite as well as previously reported adsorption capacities. The adsorption
of the selected pharmaceuticals onto Mt—IL is in the order: TC > SMZ > NAD > CHL. This study
showed that ionic liquids can replace the traditional surfactants used for modification of materials
for the purpose of adsorption of pharmaceuticals.
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7.1 ABSTRACT

Sorption studies of congo red (CR) and reactive blue 4 (RB) dyes from aqueous solution onto four
peanut shell derived sorbent materials were examined. Raw powdered peanut shell (NS) was
produced by treating with sodium hydroxide, and activated carbon (AC) was produced from NS
by calcination in an inert atmosphere. 1-methyl-3-decahexyl imidazolium ionic liquid (IL) was
used to modify NS and AC to produce ionic liquid NS (ILNS) and ionic liquid AC (ILAC)
respectively. These four materials were characterised by fourier transform infrared (FTIR),
Brunauer—Emmett—Teller (BET), x-ray diffraction (XRD), thermal gravimetric analysis (TGA)
and scanning electron microscopy (SEM). These materials were thereafter used for the sorption of
CR and RB; the effects of sorbent dosage, initial solution pH and electrolyte concentration were
evaluated. NS, ILNS, AC and ILAC were found to have BET surface areas of 3.3, 3.3, 981.0 and
976.0 m? g* respectively. NS and AC had adsorption capacities of 3.6 and 29.3 mg g™* for CR and
4.8 and 65.6 mg g* for RB respectively. Corresponding valves for ILNS and ILAC were 136.4
and 150.0 mg g for CR and 290.0 and 364.4 mg g for RB respectively. Adsorption was pH
dependant, with pH 1 — 6 identified for optimum adsorption of CR and RB onto ILAC, while, CR
and RB adsorption onto ILNS was favourable at pH 7 — 9. Increasing electrolyte concentration
decreased adsorption. The adsorption followed pseudo second order kinetics and the rate of
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adsorption increased with a decreasing sorbate concentration. The adsorption of CR and RB onto
ILAC followed the Freundlich isotherm, while ILNS was described by Freundlich and Langmuir.
Mean free adsorption energies calculated from the Dubinin — Radushkevich isotherm plot were
less than 8 kJ mol? for both dyes for both ILAC and ILNS indicating that physisorption
predominated over chemisorption. Modification with ionic liquid resulted an increase in
adsorption capacity.

Keywords: lonic liquid, 1-methyl 3-decahexyl imidazolium, congo red, reactive blue 4,
biosorption, peanut shell, activated carbon.

7.2 INTRODUCTION

Approximately several hundred thousand tonnes of nearly ten thousand different dyes are
produced annually for use in various industries ranging from textiles and tanning to paper and
pulp. Of these, between 35 and 70 thousand tonnes of this dye ends up in industrial effluent which
in most cases is simply dumped into natural water ways (Dawood and Sen, 2012). The extremely
adverse effects these dyes have on aquatic flora and fauna are exacerbated by the compounds
recalcitrance in nature. Not only do the dyes discolour the water but they also consume dissolved
oxygen quite readily (i.e. they have high chemical and biological oxygen demands) (Dawood and
Sen, 2012).

Industrial dyes can be categorised into two factions depending on the net charge the active
component of the dye has when placed in water. The dyes in each faction can be further categorised
depending on the functional groups present on the active component. Anionic or acidic dyes carry
a net negative charge whereas cationic or basic dyes carry a net positive charge (Dawood and Sen,
2012). This study focuses primarily on the adsorption of the anionic dyes congo red (CR) and
reactive blue (RB) (Fig. 7.1). These dyes are highly water soluble and are used in the colouring of
natural materials such as cotton and wool as well as synthetic materials such as polyamide and
acrylic fibres. The functional groups present on the active component of these dye molecules form
covalent bonds with the atoms of the adsorbent material (Yagub et al., 2014). CR is regarded as a
an azo-type anionic dye due to the nitrogen-nitrogen multibonds and RB is classified as an
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anthraquinone-type anionic dye due to the incorporation of polysubstituted anthraquinone rings
into its structure (Yagub et al., 2014).

Both CR and RB are known to have a negative impact on the environment. Benzidine, one of the
products resulting from the degradation of CR is a known carcinogen. Extended exposure to RB
has been noted to cause renal complications in addition to central nervous and reproductive system

disorders (Dawood and Sen, 2012; Yagub et al., 2014).
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Fig. 7.1a Congo red (CR) and 7.1b Reactive blue (RB)

The present methods of wastewater remediation include chemical techniques such as oxidation
and photochemical degradation. These methods however have questionable environmental
friendliness as the former makes use of hydrogen peroxide and the latter forms toxic and
sometimes carcinogenic by-products (Yagub et al., 2014; Salleh et al., 2011). Also, physical
remediation methods including membrane filtration and ion exchange have their own practical
problems. The use of membrane filters results in the formation of concentrated sludge which must
then be disposed in a proper manner as well as the general high cost of ion exchange columns
makes it an expensive method for use (Salleh et al., 2011). The most efficient and environmentally
friendly method of effluent remediation with regard to dye removal is adsorption onto activated
carbon. Activated carbon in turn is extremely expensive. There is therefore a need for inexpensive
yet efficient and competitive adsorbent materials to be developed.

Biosorbents, which include bark and wood chips, chitosan, peat, sugarcane bagasse, straw and rice
husks, activated bamboo and many more, are some of the recent low-cost materials used for the

removal of pollutants from water bodies because they are cheap, easy to use and readily available
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compared to other techniques such as ion exchange, reverse osmosis, electrochemical treatment,
evaporation recovery, solvent extraction, and adsorption (Olu-Owolabi et al., 2012). Low
adsorption capacity has been the bane of biosorption, particularly its industrial use in cleaning up
toxic pollutants from wastewater (Deng and Ting, 2005). This has led to the modification of
biosorbents to enhance its adsorption capacity. Treatments range from acid or alkaline treatment
(Montazer-Rahmati et al., 2011; Li et al., 2010), acetone and ethanol treatments (Feng et al., 2011)
as well as formaldehyde treatment (Feng et al., 2011; Montazer-Rahmati et al., 2011).

Research into the modification of agricultural waste materials for the adsorption of a variety of
chemical species has been widely explored in the past decade. Recent trends in the modification
of biosorbents with surfactants, for the adsorption of organics has increased (Brandao et al., 2010).
It has been confirmed that surfactant-modified solid surfaces improve the removal of some organic
contaminants from aqueous solutions (Adak et al., 2006). Studies have shown that modified
biosorbents have superior adsorptive capabilities compared to their native counterparts. Akar and
Divriklioglu investigated the overall, batch and continuous mode adsorption of surfactant modified
biomass (CTAB-modified fungal biomass) as well as unmodified dried fungal biomass. Their
results showed that surfactant modified biomass was much better than the unmodified dried
biomass for the removal of reactive blue dye (Akar and Divriklioglu, 2010). Also, the biosorption
of methylene blue onto dried Rhizopus arrhizus, a filamentous fungus, was investigated in the
absence and in the presence of increasing concentrations of surfactant (sodium dodecylsulfate
(SDS)) (Aksu et al., 2010). The results clearly showed a maximum adsorption capacity of 370.3
mg g was achieved for the dried biomass in the absence of the surfactant and with just addition
of 1 mM (288.4 mg L) of SDS, the adsorption capacity increased 4.5-fold to 1666.6 mg g.

Activated carbon from biomass is another way of improving the adsorption capacity of biomass.
Foo and coworkers reported superior adsorptive capabilities of activated carbon compared to its
natively prepared counterparts (native biosorbents prepared from pineapple, guava peels and
Parkia bean pods) (Foo et al., 2012). The native materials displayed adsorption capacities ranging
between 18 and 39 mg g* which were much lower in comparison to the adsorption capacities
determined from activated carbon derived from them.
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Activated carbon has also been prepared from peanut shell (Girgis et al., 2002), which contains
high concentrations of carbon-rich cellulose and hemicellulose. Cellulose structures consist of a
monomeric unit of a B-D-glucopyranose linked through a 1,4-glucosidic linkage. It is renewable,
cheap and low in density, exhibits better processing flexibility, and is a biodegradable material.
Cellulose is a highly functionalized, rigid linear chain homopolymer, characterized by its
hydrophilicity, chirality, biodegradability and broad chemical modifying capacity (Gupta et al.,
2013). Several research studies report that peanut shell can be converted into activated carbon and
used to adsorb various metal ions and organic compounds (Wilson et al., 2006; Periasamy and
Namasivayam, 1994; Periasamy and Namasivayam, 1995).

Recently to further improve the adsorption capacity of activated carbon, surfactants have been
used to modify them as well. Since activated carbon is not efficient in removing oil, grease, natural
organic matter, and other large organic molecules (Alther, 2002), therefore modification of this
activated carbon is essential to make it more suitable for the adsorption of organic pollutants. Choi
and co-workers reported that reactive black 5 was adsorbed from aqueous solution using activated
carbon modified with cetylpyridinium chloride, and their results showed that modification of AC
using surfactants enhanced the sorption capacity of reactive black 5 (Choi et al., 2008). Cota-
Espericueta also modified AC with hexadecyltrimethylammonium bromide and
dodecyltrimethylammonium bromide for the adsorption of 2,4-dinitrophenol and 2,4-
dinitrotoluene (Cota-Espericueta, 2003).

lonic liquids as surfactants have recently attracted an increasing amount of interest, owing to their
low volatility, non-flammability, high chemical and thermal stabilities, high ionic conductivity and
broad electrochemical windows (Zhang et al., 2006). They are essentially the liquid form of a salt,
comprising of mainly ions and temporary ion pairs (Zheng et al., 2014; Singh et al., 2014).
Recently they have been used as surfactants for the modification of materials for adsorption.
Montmorillonite modified by ionic liquid (1-methyl-3-decahexyl imidazolium) was used in the
adsorption of amaranth dye (Lawal and Moodley, 2015). Kamran and co-workers modified Fe3O4
magnetic nanoparticles modified with 1-octyl-3-methylimidazolium bromide and used it for the
removal of reactive red 141 and reactive yellow 81 from aqueous solutions (Kamran et al., 2014b).
Adsorption of reactive red-120 and 4-(2-pyridylazo) resorcinol from aqueous solution by FezO4
magnetic nanoparticles using ionic liquid as modifier was studied (Absalan et al., 2011). Also,
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adsorption of folic acid, riboflavin, and ascorbic acid from aqueous samples by FesO* magnetic
nanoparticles using ionic liquid as a modifier has also been reported (Kamran et al., 2014a). To
the best of our knowledge, no research has been reported on the modification of biosorbents and
activated carbon from biosorbents with ionic liquids and this is the first report on sorption studies
of dye onto 1-methyl-3-decahexyl imidazolium modified biosorbent and activated carbon.

The aim of this study was to investigate and evaluate the adsorption behaviour and compare the
adsorption capacities of sorbent materials derived from peanut shells (sp Arachis hypogaea)
(native (NS), activated carbon (AC) derived from NS and their modification with ionic liquid to
produce ILNS and ILAC respectively). The ionic liquid that was used was 1-methyl-3-decahexyl
imidazolium which contains a sixteen carbon backbone (Fig. 7.2). The quaternary nitrogen in the
imidazolium ring makes the ionic liquid cationic in nature.

gN/%ﬁ/\/\/\/\/\/\/\/\
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Fig. 7.2 Structure of 1-methyl-3-decahexyl imidazolium salt
7.3 EXPERIMENTAL
7.3.1 Materials
The raw peanuts (sp Arachis hypogaea) was sourced in Durban, and the ionic liquid, 1-methyl-3-

decahexyl imidazolium was synthesised in the laboratory. All other chemicals used were of
analytical grade and sourced from Sigma Aldrich (99.999% purity).
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7.3.2 Adsorbent Preparation

7.3.2.1 Synthesis and characterisation of 1-methyl-3-decahexyl imidazolium

The synthesis and characterisation of ionic liquid (1-methyl-3-decahexyl imidazolium) used in this
research has been reported in chapter 4. Briefly, an oil bath with a stirred flask containing
equimolar amounts of N-imidazole and the primary alkyl bromide (bromodecahexane) was heated
at 140 °C for 10-15 min and thereafter cooled. The solution was heated again in the oil-bath at 140
°C for another 10-15 min, followed by drying under vacuum at 100-120 °C to give the desired

product of a highly viscous golden liquid that solidified at room temperature.

7.3.2.2 Preparation of nut shell (NS)

The peanut was removed from the shell and the shell was washed successively with tap water and
double distilled deionized water to remove any unwanted particles and membranes. Thereafter, the
shell was dried in an oven at 85 °C until dry, ground in an Angstrom TE250 ring and puck
pulveriser and sieved through a 120 micron sieve. A mass of 50 g powdered peanut shell was
mixed with 100 mL of 1 M sodium hydroxide and then stirred for approximately three hours at
room temperature. Thereafter, it was filtered off and washed repeatedly with double distilled
deionised water until a neutral pH was achieved. The material was then dried in an oven at 85 °C

until dry and was labelled NS and stored in a desiccator until further use.

7.3.2.3 Preparation of activated carbon from NS

NS was calcined in a furnace under constant nitrogen flow, at a heating rate of 10 °C min until a
temperature of 500 °C was reached. The temperature was then maintained for a further two hours.
After two hours the calcined material was activated by increasing the temperature to 800 °C (under
nitrogen) for a further one and a half hours. The activated carbon obtained from calcination was
stored in a desiccator and labelled AC.

7.3.2.4 Modification of NS and AC

The modification of NS and AC by ionic liquid was done by adding ionic liquid in excess of its
critical micelle concentration (CMC) (0.01 x 10 mol dm) as determined by Mandavi (Mandavi
etal., 2008). A mass (in grams) of NS or AC powder was added to an already dissolved and known
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amount of ionic liquid in methanol. The mixture was stirred at room temperature for 24 hours, and
thereafter, dried in an oven at 80 °C overnight. The resulting modified material was cooled down,
washed several times with double distilled deionized water and dried in an oven (80 °C). The
resulting materials were labelled ILNS and ILAC respectively and stored in a desiccator until
further use.

7.3.3 Characterisation of NS, ILNS, AC and ILAC

Each of the four prepared materials (NS, ILNS, AC and ILAC) were characterised by FTIR using
the KBr disc preparation method, and scanning electron microscopy (SEM) using the Leo 435 VP
model. Thermal gravimetric analysis and differential thermal analysis (TGA-DTA/DSC) (SDT Q
600 V 20.9 Build 20 instrument) was used to measure changes in chemical and physical properties
of the material. It was measured as a function of increasing temperature from ambient to 1000 °C
(with a constant heating rate of 5 °C min™!) under nitrogen atmosphere with a flow rate of 50 mL
mint. The materials were analysed using x-ray diffraction (XRD) (Bruker D8, Cu Ka radiation,
45 kV, 40 mA), and data were collected for 20 ranging from 10° to 90° with a scan speed of 1 °
mint. BET (Tri-star 11 3020.V1.03) was used to determine the surface area, pore-size, pore volume
and pore size distribution. The materials were first degassed (Micromeritics vacprep 061, sample
degas system) at 90 °C for 1 hr and was increased to 200 °C for 12 hr. The sample was then

analysed under a nitrogen atmosphere at 77 K.

7.3.4 Adsorption Experiments

7.3.4.1 Batch equilibrium experiments

Stock solutions (1000 mg L) of congo red dye and reactive blue dye solution were prepared in
double distilled deionised water. Batch experiments included the investigation of the effects of
sorbent dosage, initial solution pH and electrolyte concentration for both CR and RB. In the
determination of the effect of dose, varying masses of each of the four materials (NS, ILNS, AC
and ILAC) ranging from 0.01 - 0.15 g were added to 30 mL of 100 mg L™ of each dye in series.
The effect of pH and electrolyte concentration was carried out at the same adsorbate concentration
(100 mg L) and constant mass of the materials but varying pH and electrolyte concentrations

respectively. The concentration of the supernatant was analysed using a double beam
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UV—Vis—NIR spectrophotometer (Shimadzu Model UV 3600, Japan) at Amax 498 nm for CR and
594 nm for RB.

7.3.4.2 Kinetic and isotherm experiments

A constant mass of each material was added to separate conical flasks containing 150 mL of dye
in the concentration range of 20 — 200 mg L. The capped flasks were then wrapped in foil and
placed on an orbital shaker set at 220 rpm. Aliquots of the solution from each flask were removed
at regular time intervals over a period of 24 hours, filtered under vacuum and the filtrates collected
for analysis by UV spectrophotometry.

The adsorption capacities ge (mg g™*) of the materials were calculated using the following equation.

ge= 2y 71

Where C, and C. are the dye concentrations at initial and at equilibrium respectively, in mg L%, V

is the volume of solution in (L), and W is the weight of adsorbent in (g).
The data obtained were fitted into kinetic models, pseudo-first-order (Lagergren, 1898), pseudo-
second-order (Ho and McKay, 1999) and intra-particle diffusion model, to determine the kinetic
and mechanistic details of adsorption respectively.
The equation describing the pseudo-first-order kinetic model is:

In(q. — q;) = Inq, — kqt...7.2
Where g is the amount of adsorption at time t in mg g, ki is the rate constant of the equation in
min, and e is the amount of adsorption equilibrium in mg g*. The adsorption rate constant (k1)

can be determined experimentally by plotting In (ge-qt) versus t.

The pseudo second order kinetic model is expressed as:
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Where k: is the equilibrium rate constant of pseudo second order adsorption in g mg™ min™. The
values of k> and ge can be determined from the slope and intercept of the plot of t/q: versus t,
respectively.

The data was also fitted into the Weber—Morris model, to evaluate the possibility of intra-particle
diffusion as the rate limiting step. It is given by (Weber and Morris, 1963):

g = kygt'/2..7.4

Where kig (mg g*h/2) is the intra-particle diffusion rate constant.

Isotherm models were also employed to interpret the data, and the adsorption data were fitted to
Freundlich (Freundlich, 1906), Langmuir (Langmuir, 1916), Temkin and Dubinin—Raduskevich
(Dubinin and Radushkevich, 1947) isotherms. Linear equations of all the applied models are:

Langmuir model: Ce_Ley 1 75

Je dm me”

The value of b serves as a more meaningful function in the calculation of the dimensionless
Langmuir separation factor (RL) according to equation (6) (Yagub et al., 2014).

! 7.6

R, =————..17.
L= 1+@+k.0)

RL values greater than one indicate unfavourable adsorption conditions whereas Ry values between
one and zero indicate favourable adsorption. A R value equal to one or equal to zero indicates
linear or irreversible adsorption respectively (Yagub et al., 2014).

Freundlich model: Ing, = InKf +% InC,...7.7

Temkin model: q. = BInA + BInC,...7.8
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Dubinin-Raduskevich model: Inq, = Inq,, — BY...7.9
1
Y =RTIn|1+ C—e]...7.10

1
E= JTT%"'?'ll

Where C. is the equilibrium dye concentration in the solution in mg L*, b is the Langmuir
adsorption constant (L mg™), and gm is the theoretical maximum adsorption capacity (mg g?). Ks
(L mg™) and n are Freundlich isotherm constants indicating the capacity and intensity of the
adsorption, respectively. A is the equilibrium binding constant (L mg?) and B is the heat of
adsorption. B is the Dubinin—Raduskevich model constant (mol? kJ) related to the mean free
energy of adsorption per mole of the adsorbate and Y is the polanyi potential. E is the mean free

energy of adsorption (kJ mol™?).
7.4 RESULTS AND DISCUSSION

7.4.1 Characterisation

Peanut shells are primarily comprised of lignin and cellulose (Annadurai et al., 2002). Lignin’s
large framework of linked 6-membered aromatic carbon rings contains a number of functional
groups including hydroxyl, carbonyl and carboxyl moieties. Ether linkages and hydroxyl groups
are also present in the structure of cellulose (Annadurai et al., 2002; Girgis et al., 2002). To
establish that 1-methyl, 3-decahexyl imidazolium (IL) had modified the materials, the FT-IR
spectra of NS and AC before and after modification were obtained. The spectra were recorded in
the region 380—4000 cm™ as shown in Fig. 7.3. The peaks at 2928 and 2851 cm™ were assigned to
symmetric and asymmetric stretching vibrations of the methylene groups (Zhou et al., 2007).
When comparing the FTIR spectra of NS and ILNS as well as AC and ILAC, the enhancement of
the peaks at this characteristic wavelength can be clearly seen for the modified material thus
confirming the modification of NS and AC with ionic liquid. The presence of peaks in the region
of 3331-3305 represents the —OH of water within the materials.
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Fig. 7.3 FT-IR spectra of raw peanut shell, NS, ILNS, AC and ILAC

The surface morphologies of the materials were analysed using SEM. The treatment of raw peanut
shell (NS) with sodium hydroxide served a dual function. Firstly, sodium hydroxide removed a
significant amount of the natural oils and waxy compounds present on peanut shells (Liu et al.,
2010; Slimani et al., 2014). The natural oils and waxes present in native peanut shells are
responsible for maintaining the smooth outer surface (Fig. 7.4a). Secondly, sodium hydroxide
increased the surface porosity of the nutshell powder due to the concentration of sodium hydroxide
used (1 M) and was caustic enough to degrade the lignin present, thus generating ridges, valleys
and pores (Fig. 7.4b) necessary for adsorption. Modification of NS and AC with IL resulted in a
decrease in surface area and pore volume due to the occupation of adsorption sites by the IL and
is known as “pore filling” (Singh et al., 2014) which is observed in Figs. 7.4c and 7.4E.
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Fig. 7.4 SEM micrographs (1000 x) of raw NS (a), NS (b), ILNS (c), AC (d) and ILAC (e)

The ionic liquid used is similar in structure to ethylenediamine, in that the imidazolium ring also
contains a nitrogen atom (with a lone pair of electrons) that can form covalent bonds to the
sorbent’s surface atoms (Liu et al., 2010). The positively charged quaternary nitrogen present on
the imidazolium ring may also be electrostatically attracted to electron rich atoms (such as oxygen)
on the sorbent surface, thus physically bonding the ionic liquid to the surface (Singh et al., 2014).

X-ray diffractograms obtained for AC and ILAC (Fig. 7.5) further confirmed that the activated
carbon was modified. Essentially the amorphous form of carbon and the diffractogram for AC is
characterised by broad peaks, indicative of a non-crystalline structure. The diffractogram for ILAC
however exhibits sharper peaks at the same 26 values as AC. The sharpness of the peaks is as a
result of the ionic liquid which has a more crystalline structure than that of AC. Similar changes
in diffraction pattern were also seen for NS and ILNS.
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Fig. 7.5 X-ray diffractograms of AC, ILAC, NS and ILNS

It is important to understand the temperature maxima at which this material remains stable, as
certain industrial effluent streams are purged at high temperatures. Thermogravimetric analysis
(TGA) (Fig 7.6) of the ionic liquid modified materials revealed that up until approximately 200 °C
the material remained stable, thereafter the ionic liquid began to degrade and decompose. AC (Fig
7.6a) remained relatively stable throughout the entire heating program and experienced little or no
significant mass losses. Assuming that AC can act as a standard against which ILAC can be
compared, the significant mass loss experienced by ILAC at approximately 200 °C is most likely
to be as a result of the loss of the ionic liquid. ILNS (Fig 7.6b) experienced a significantly greater
decrease in mass at approximately 200 °C as a result of the loss of the organic material together
with the ionic liquid as compared to NS which experienced a slightly lower mass loss due to the

loss of the organic matter alone (Wu et al., 2013).
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Fig. 7.6 TGA profile of (a) ILAC and AC and (b) ILNS and NS

Surface area and pore volume of the materials were also investigated using BET. NS has a surface
area of 3.32 m? g and pore volume of 0.35 cm? g%, but after modification it reduced to 3.29 m?
gland 0.26 cm? g respectively. Likewise AC has a surface area of 981 m? g and pore volume
of 0.61 cm® g and was reduced to 976 m? gt and 0.55 cm® g respectively. The reduction in
surface area and pore volume is as a result of the modification with IL which has filled up the

surface and the pores of the materials.

7.4.2 Adsorption Experiments

7.4.2.1 Batch adsorption

Effect of sorbent dosage

The effect of dose of NS, ILNS, AC and ILAC on CR and RB were investigated as shown in Fig
7.7. As the sorbent mass increased, the percentage of dye that was adsorbed also increased. This
can be attributed to an increased number of adsorption sites available for the dye molecules to
attach onto. However, after a dosage of approximately 0.35 g (for NS) the graph reaches a plateau,
above which an increase in sorbent dosage minimally affects the percentage of dye removed. For
AC, a maximum adsorption dose of 0.1 g is observed and thereafter a drastic decrease in the

percentage of adsorption is seen.
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Fig. 7.7 Effect of sorbent dosage on (a) NS and (b) ILNS on the adsorption of CR and RB,
(c) AC and (d) ILAC on CR and RB.

The percentage of dye adsorbed reaches its maximum of above 97% at relatively lower sorbent
dosages (0.01 g) for ILNS and ILAC. Thereafter increases in sorbent dosage result in a rapid
decrease in adsorption ability. This trend was exhibited by both ILNS, AC and ILAC and is most
likely due to agglomeration of the adsorbent particles that form large “clumps” and an increase in
the inter-particle interactions (Daneshvar et al., 2012). The ionic liquid is hydrophobic and at
higher dosages the affinity between the particles treated with the ionic liquid increases resulting in
them sticking together (leading to a reduction of total surface area of the materials). The larger
clumps have fewer adsorption sites that are able to interact with the dye molecules in the aqueous
solution as compared to well dispersed particles of the adsorbent. The formation of a hydrophobic
barrier around the large clumps also drastically inhibits the diffusion of sorbate molecules from
the bulk solution to the pores of the sorbent.
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Table 7.1 Maximum adsorption capacities (mg g*) of NS, ILNS, AC and ILAC

Adsorption Capacities (mg g)

Adsorbents
Congo Red Reactive Blue
NS 3.55 4.80
ILNS 136.41 290.00
AC 29.27 65.58
ILAC 150.00 364.14

Similar results were reported by other researchers (Daneshvar et al., 2012; Lawal and Moodley,

2015) for the adsorption of dyes onto macroalga and ionic liquid modified montmorillonite.

Table 7.1 summarises the maximum adsorption capacities for each material. The ionic liquid

modified materials exhibited far greater adsorption as compared to their unmodified counterparts.

These findings clearly show the advantage of modifying sorbent materials with ionic liquids for

the adsorption of large molecules. The sorbents derived from activated carbon (i.e. AC and ILAC)

had greater capacities as compared to the biosorbents (NS and ILNS). This was due to activated

carbon having a greater specific surface area and greater degree of porosity as compared to the

native biosorbent material. Table 7.2 summarises the adsorption capacities of a few other sorbent

materials from similar dye studies.

Table 7.2 Adsorption capacities of other biosorbents

Material Dye de (Mg gb) Reference
Tree fern? Basic Red 13 408 (Bhattacharyya and Sharma, 2005)
Coffee residue? Basic Blue 3G 179 (Kyzas et al., 2012)
Banana peel Methylene Blue 20.8 (Annadurai et al., 2002)
Coconut waste*  Methylene Blue 70.92 (Hameed et al., 2008)
Garlic peel Methylene Blue 82.64 (Hameed and Ahmad, 2009)
Grapefruit peel? Crystal Violet 254.16 (Saeed et al., 2010)

aChemically treated but unmodified
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The ionic liquid modified biosorbents (ILNS and ILAC) displayed comparatively high adsorption
capacities when juxtaposed against the results obtained from other published works of the same
nature. Since ILNS and ILAC displayed the highest adsorption capacities, the subsequent studies
on the effect of pH and electrolyte concentration as well as the kinetic experiments were only
conducted on them.

Effect of pH

Industrial effluent is often disposed of at varying pH values (Yagub et al., 2014; Salleh et al., 2011;
Fu and Viraraghavan, 2002). It is therefore important to evaluate the effect of varying pH on the
adsorption efficiency of the material. Studies have shown that pH has the greatest effect on
adsorption due to changes in sorbent surface charge and variation in the degree of ionisation of the
sorbate molecule that occurs at either high or low pH values (Yagub et al., 2014; Fu and
Viraraghavan, 2002). The effect of pH variation is also dependant on the nature of the analyte. The
active component of anionic dyes such as RB and CR carry a net negative charge in solution. Fig.
7.8a illustrates the effect of varying pH on the adsorption capability of ILNS. The adsorption of
CR onto ILNS appeared to be minimally affected by variations in pH whereas the adsorption of
RB followed a normal shaped curve as a function of pH. Namsivayam and Kavitha also found that
the adsorption capacity of CR onto coir pith biosorbent varied minimally between the pH extremes
(Namasivayam and Kavitha, 2002). The vastly different adsorption characteristics of CR and RB
onto ILNS could be attributed to their varying degree of ionisation in solution (RB and CR have
pKa’s of -1.44 and 4.1 respectively (Salleh et al., 2011).

Congo red is far less ionised in solution than reactive blue and therefore CR molecules are much
less charged (i.e. they are more non-polar in nature as compared to RB molecules). For this reason,
the attractive force existing between the ionic liquid molecules on the surface of the sorbent and
the aqueous CR molecules is far greater than the electrostatic forces of repulsion that exist at high
pH due to the accumulation of negative charges on the sorbent surface (Salleh et al., 2011). In
comparison, the adsorption of RB molecules is mostly influenced by the attraction generated by
the ionic liquid, and therefore changes in pH affect its adsorption (Namasivayam and Kavitha,
2002).
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RB is more readily ionised and is more polar in nature. For this reason, RB molecules are more
sensitive to electrostatic forces as compared to CR (Abdelwahab and Amin, 2013). Additionally,
the adsorption of RB appears to be heavily influenced by the effect of increasing the ionic strength
of the sorbate solution (Fig. 7.8). Essentially, the adsorption of RB occurs most optimally at
approximately neutral pH because at either higher or lower pH values, the bulk solution possesses
a higher ionic concentration. Interfering ions may have outcompeted the RB molecules for
adsorption sites resulting in the observed trend in adsorption. Abdelwahab and Amin discovered
similar trends in the adsorption of phenol from aqueous solution onto Luffa cylindrica biosorbent
and in the adsorption of divalent mercury onto thiol functionalised magnetic particles respectively
(Abdelwahab and Amin, 2013).

The adsorption of the two dyes onto ILAC (Fig. 7.7b) followed a more routine trend that has been
widely described by various authors (Yagub et al., 2014; Salleh et al., 2011). The adsorption of
the dyes can be assumed to take place initially as a result of electrostatic attraction between the
sorbent surface and sorbate molecules. Towards the lower end of the pH scale, the sorbent surface
can be assumed to take on a largely positive charge as a result of excess hydronium ions affixing
themselves to the sorbent surface and protonating the hydroxyl, carboxyl and amine functional
groups present (Yagub et al., 2014; Salleh et al., 2011). There is therefore a greater electrostatic
attraction between the sorbent surface and the anionic sorbate molecules which subsequently
resulted in adsorption efficiencies close to 100% between pH values of 1 and 6 (for both RB and
CR). As the pH of the solution was increased to more basic, the sorbent surface assumed a largely
negative charge (Dawood and Sen, 2012).
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Fig 7.8 Effect of initial solution pH on the adsorption of RB and CR onto (a) ILNS and (b)
ILAC

This resulted in electrostatic repulsion between the similarly charged sorbent surface and the
negatively charged dye molecules. The influence of the ionic liquid was relatively weaker than the
strong electrostatic repulsive forces, resulting in a decrease in adsorption from 100% (pH 2 — 6) to
approximately 20% (for both dyes) at a pH of 10.

Effect of electrolyte concentration

It is necessary to evaluate the effect of increasing the electrolyte concentration of the initial sorbate
solution on the adsorption of CR and RB as industrial (dye-containing) wastewaters often possess
high concentrations of various ions (Netpradit et al., 2004; Qu et al., 2008; Alver and Metin, 2012).
It is believed that high ionic concentrations negatively affect adsorption as cations and anions serve
to occupy adsorption sites. Fig. 7.9 illustrates the trend observed for both ILNS and ILAC. The
decrease in adsorption that occurs at high sodium chloride concentrations maybe attributed to the
competition between the chloride ions (CI") and negative charges of the anionic dyes for the
positively charged sites of the materials (Lu et al., 2014).

199



100

2

o) \

@ 2

Q 9o} --CR 8

2 -=RB o

O g0} ©

: ‘;

o

> (=]

A 7} o

=) o

N A 40 : ' : : :
60 : : : : : 0 02 04 06 08 1

0 02 04 06 08 1

Nacl conc. (M) NaCl conc. (M)

Fig. 7.9 Effect of electrolyte concentration on adsorption of CR and RB onto (a) ILNS and
(b) ILAC

Also, since chloride ions are far more mobile in solution than the large CR and RB molecules,
chloride ions travel much faster to the sorbent surface (YYagub et al., 2014). This accumulation of
chloride ions on the surface of the sorbent results in the surface adopting a negative charge. The
negatively charged surface then repels the anionic dye molecules instead of attracting them and
thus a decrease in adsorption efficiency is observed. CR behaved in a similar manner to that of the
pH experiments. Changes in electrolyte concentration altered the adsorption capacity minimally,
however closer inspection of the data revealed that adsorption did in fact decrease (albeit slightly)
upon increasing the ionic concentration of the solution. RB proved much more sensitive to
increases in ionic concentration as illustrated by the drastic decrease in adsorption efficiency as a
function of increasing electrolyte molarity. This is in keeping with RB’s sensitivity to changes in
pH and operating optimally at approximately neutral pH (Fig. 7.8a).

7.4.2.2 Kinetic experiments
In addition to evaluating the batch adsorption characteristics of the biosorbent material, the kinetic
rate of adsorption of the dye molecules were also investigated. Details of the adsorption

mechanism were also elucidated from analysing the changes in sorbate concentration as a function
of time.
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Effect of initial sorbate concentration and contact time

The adsorption capacity increased as a function of increasing dye concentration and contact time
as showed in Fig 7.10. This was due to the increased contact time of interactions between dye
molecules and the sorbent surface which further increased at higher concentrations thus facilitating
adsorption. Additionally, at higher concentrations, the sorbent was able to adsorb more dye before
equilibrium was reached and the rates of adsorption and desorption equalised. Adsorption
increased rapidly for a short period of time until maximum adsorption capacity was reached.
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Fig. 7.10 The adsorption capacity (q:(mg g*) as a function of time (min) for the adsorption
of CR onto ILNS (a), RB onto ILNS (b), RB onto ILAC (c) and CR onto ILAC (d)
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Thereafter the curve plateaued and any further increase in exposure time played no significant role
in adsorption. The same trends were observed for ILNS and ILAC on both RB and CR as showed
in Figs 7.10a to d.

Kinetic modelling

The data obtained were fitted into Lagergren pseudo-first (Appendix F 1.0) and pseudo-second-
order models. The data followed the pseudo-second-order model with greater linear correlation
than the pseudo-first-order model (for both dyes, onto both ILNS and ILAC).

At lower concentrations the rate of adsorption (k) of CR was faster than at higher concentrations.
However, the adsorption capacity (qe cal) was drastically decreased at lower sorbate concentrations
(Table 7.3). According to literature, the adsorption capacity and rate of adsorption are inversely
proportional to one another (Yagub et al., 2014; Salleh et al., 2011; Bhattacharyya and Sharma,
2005).

At lower concentrations (20 and 50 mg L) equilibrium adsorption capacity was reached within
10 minutes. Whereas at higher concentrations (100 and 200 mg L™) equilibrium adsorption
capacity was reached within 40 minutes. At lower concentrations there were more adsorption sites
for the fewer dye molecules thus dye molecules very quickly adsorb onto the material and reached
equilibrium. Compared to higher concentrations, there were more dye molecules for the same
number of adsorption sites and thus a longer time is required for equilibrium to be reached
(Bhattacharyya and Sharma, 2005).

The adsorption capacities calculated from the pseudo-second-order models were very close to the
experimental adsorption capacities, and the R? values were close to unity. Therefore pseudo-
second-order model is said to be the best model for adsorption of both dyes onto both ILNS and
ILAC.
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Table 7.3 Pseudo-second-order parameters for the adsorption of CR and RB onto ILNS and
ILAC

ILNS ILAC
Dyes Conc. Pseudo-second-order Pseudo-second-order
(Mg LY Qe exp (e cal kx 103 RZ Qe exp Qecal kx 103 R?

(mgg’) (mgg’) (gmg*min™) (mggh) (mgg’) (gmg™*min)
200 136.41 181.82 0.44 0.996 150.00 147.69 0.38 0.996
Congo 100 90.09 3.78 0.993 98.58 5.24 0.976
Red 50 25.66 10.61 0.988 48.74 8.36 0.985
20 5.85 27.17 0.989 10.00 21.14 0.997
Reactive 200 290.00 285.71 0.37 0.998 364.51 31250 0.32 0.989
Blue 100 170.27 3.66 0.979 280.47 5.16 0.987
50 33.55 4.02 0.986 36.25 11.10 0.991
20 19.35 8.70 0.976 11.48 20.12 0.996

The intra-particle diffusion (IPD) model gives insight into the mechanism of adsorption. The
mathematical model, proposed by Weber and Morris (Table 7.3 and Fig. 7.11), describes a linear
relationship between the adsorption capacity of a given material and the square root of time. The
plot of ILAC on both CR and RB does not pass through the origin (Appendix F 1.1 and F 1.2).
This signifies some degree of boundary layer control which showed that the intra-particle diffusion
was not the only rate controlling step, but other processes also controlled the rate of adsorption
(Liao et al., 2013; Crini et al., 2007).

However, the IPD model of CR and RB onto ILNS at room temperature did not remain linear (as
showed in Fig. 7.11a and b) over the entire time range. Instead each of the graphs generated for
each concentration could be separated into two linear regions (suggesting a multi-stage adsorption
process). Similar results were also obtained by Dawood and Sen (Dawood and Sen, 2012) for the
adsorption of CR onto treated pinecone powder. These results are in agreement with the results
obtained from the isotherm studies.
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Fig. 7.11 Intra-particle diffusion model for the adsorption of (a) CR and (b) RB onto ILNS
at 25 °C

The adsorption initially increased rapidly as a function of time and was most likely as a result of
physical interactions (electrostatic and Van der Waals forces of attraction) between the sorbent
surface and the sorbate molecules. This rapid diffusion of sorbate to the sorbent surface is regarded
as bulk diffusion and is extremely fast. Once at the sorbent surface, the sorbate molecules diffused
into the pores of the material. This phenomenon, known as intra-particle diffusion, was
characterised by the plateauing of the graphs as time proceeded. Intra-particle diffusion was far
slower than bulk diffusion as it is associated with chemical interactions between the adsorbed
molecules and the inner surfaces of the sorbent. Bulk diffusion and intra-particle diffusion are
associated with the Freundlich and Langmuir isotherms respectively (Dawood and Sen, 2012). The
trends observed in Fig. 7.11 compliment the results of the isotherm experiment, which described
both chemical and physical adsorption taking place at the same time. Since the IPD curves are
continuous, it can be inferred that both modes of mass transport take place simultaneously
(Dawood and Sen, 2012). The same trend was observed for RB on ILNS, as shown in Fig. 7.11b.

7.4.2.3 Adsorption isotherms

The data were further fitted into Langmuir, Freundlich and D-R models. The constants
corresponding to each of the three isotherms modelled in this experiment are listed in Table 7.4.
The adsorption of both dyes onto ILAC followed the Freundlich isotherm with the highest linear
correlation, indicating that the adsorption was physical in nature and that a multilayer of dye
molecules adsorbed onto the sorbent surface. The values of n for CR and RB adsorbed onto ILAC
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were 1.21 and 1.58 respectively, indicating that adsorption was favourable. The mean free energies
of adsorption calculated from the D — R model were less than 8 (0.048 and 0.060 kJ mol™* for CR
and RB respectively) further substantiating that the dyes physisorbed onto ILAC.

Table 7.4 Isotherm parameters for the adsorption of CR and RB onto ILNS and ILAC at 25
°C

Dubinin—Radushkevich

Langmuir model Freundlich model model
Adsorbents  gm b RL R? K n R? E R?
Dyes (mgg") (Lmg™) (Lmg") (gL (kJ mol™)
CR ILNS 833.00 0.022 0.490 0.996 1054 1.86 0.983 0.041 0.977
ILAC - - - 0.012 0.028 121 0.998 0.048 0.996
RB ILNS 53.89 00.018 0.135 0.968 3490 130 0.995 0.012 0.927
ILAC - - - 0.009 0.012 158 0.984 0.060 0.994

Unlike with ILAC where one isotherm clearly predominated over the other; the adsorption of both
dyes onto ILNS appeared to follow both the Langmuir and Freundlich isotherms with reasonably
good correlation. This trend is not uncommon in native biosorbents and was described by
Daneshvar and co-workers in the adsorption of acidic dyes onto Stoechospermum Marginatum
macroalga (Daneshvar et al., 2012). During the initial stages of adsorption the Freundlich isotherm
predominates, and as the dye molecules enter the pores of the sorbent and begin interacting with
the internal surfaces, the Langmuir isotherm becomes more prominent. In order to determine the
most prominent mode of adsorption, the data was modelled according to the D — R isotherm. The
Ep values for CR and RB were both below eight (0.041 and 0.012 kJ mol™* respectively) indicating
that physical adsorption is the most notable mode of adsorption. It is thought that the heterogeneous
adsorption of the dye molecules is the primary mode of adsorption with chemisorption only taking
place after the formation of multiple layers of the adsorbed sorbate (Daneshvar et al., 2012).
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The values of n and R both indicated that the adsorption of CR and RB onto ILNS was favourable
with regard to both physical and chemical adsorption however the Freundlich model is the most
applicable isotherm.

7.5 CONCLUSION

Modified peanut shell derived biosorbent (NS) and activated carbon modified with 1-methyl-3-
decahexyl imidazolium increased the adsorption capacity of NS and AC from 4.8 to 290 mg g*
and 65.58 to 364.14 mg g respectively. This was achieved in spite of a reduction in the surface
area (981 to 976 m? g) and pore volume (0.61 to 0.55 cm? g?) of the activated carbon, suggesting
that physical adsorption was not the only and main mechanism of adsorption. ILAC exhibited the
highest adsorption capacities (150 and 364.14 mg g*) for both CR and RB respectively. The
adsorption was dependant on pH. The optimum pH range for adsorption of both dyes onto ILAC
was 1 — 6. The adsorption of RB onto ILNS was optimum between pH 7 and 9 and adsorption of
CR onto ILNS was not affected by changes in pH. Adsorption was also negatively affected by

increasing electrolyte concentrations.

The adsorption of RB and CR onto both ILNS and ILAC followed second order kinetics. The rate
of adsorption was found to decrease with increasing initial sorbate concentration however the
adsorption capacity of the two materials increased with increasing initial dye concentration. The
adsorption of both dyes onto ILAC followed the Freundlich isotherm (R? values of 0.998 and 0.993
for CR and RB respectively). Physical adsorption was confirmed by the Dubinin — Radushkevich
model which yielded mean free adsorption energies (E) of 0.048 and 0.060 kJ mol for CR and
RB respectively.

The adsorption of both dyes onto ILNS followed both the Langmuir and Freundlich isotherms with
good linear correlation. It was determined from the intra-particle diffusion model that two modes
of mass transfer (bulk and intra-particle diffusion) co-existed during the adsorption process. Mean
free adsorption energy values calculated from the D — R isotherm revealed that physisorption is
one of the adsorption mechanisms of both dyes onto ILNS with values of 0.041 and 0.012 kJ mol
! for CR and RB respectively.
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8.1 ABSTRACT

The sorption of pharmaceuticals on biomass and biomass modified with an ionic liquid (IL) was
investigated. Kigelia pinnata (KP) was modified with an ionic liquid to form the modified biomass
(KP-IL). Elemental analysis quantified the amount of carbon, hydrogen, nitrogen and sulfur in
the biomass. Modified kigelia pinnata (KP—IL) and KP were characterised using fourier transform
infrared (FT-IR) spectroscopy, scanning electron microscopy (SEM), x-ray diffraction (XRD) and
Brunauer—Emmett—Teller (BET), and thereafter they were used in the sorption study of
pharmaceuticals. The pharmaceuticals investigated were ibuprofen (IBU), ketoprofen (KET),
ampicillin (AMP) and diclofenac (DCL). The effects of sorbent dosage, pharmaceutical
concentration, solution pH and contact time were investigated in order to determine optimal
experimental conditions. Optimum adsorption was achieved at pH 2.5 for AMP and pH 5 for IBU,
KET and DCL. Sorption data for all the pharmaceuticals were best described by the pseudo-
second-order Kkinetics and the Langmuir adsorption isotherm. Maximum sorption capacities of
251.2,197.1,276.8 and 73 mg g™* were obtained for KET, DCL, IBU and AMP respectively, which
were higher than for unmodified KP and that previously reported in literature.
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8.2 INTRODUCTION

Pharmaceuticals and personal care products are used on a daily basis and total overall use has been
on an upward trend. Some of these pharmaceutical compounds used by humans and animals (both
prescription and non-prescription) have been identified as evolving or emerging pollutants due to
their undesirable effects even at low concentrations (Fent et al., 2006). Despite low environmental
concentrations of pharmaceuticals, continuous introduction of these compounds into the
environment may lead to long-term hazards to all living beings. Therefore, it is important to
evaluate the risks, monitor, as well as remove these emerging pollutants from the environment.
Although evidence of severe toxicity of these contaminants has not been fully documented, the
continuous introduction of these drugs in the water cycle can lead to bioaccumulation over time
which could have protracted effects (Fent et al., 2006; Boyd and Furlong, 2002). Studies have
shown that these contaminants are capable of causing physiological responses in animals and
humans. Pharmaceuticals in the environment have been linked to acute and chronic toxicity
impacts on aquatic photosynthetic organisms, disruption of indigenous microbial populations, and
dissemination into antibiotic-resistant genes in microorganisms (Li et al., 2011; Sun et al., 2010).
Pharmaceuticals are expected to be stable against biodegradation and retain their chemical
structure over long periods of time necessary to perform their targeted or intended therapeutic
action, but this characteristic makes them equally persistent in the environment (Chatzitakis et al.,
2008; Méndez-Arriaga et al., 2008).

Currently, there is a lack of regular monitoring of pharmaceuticals due to them still emerging as
pollutants as well as a non-legislation of limits of concentrations of these compounds in the
environment. The current global shortage of water has also resulted in much research being
conducted on recycling of water. The presence of pharmaceuticals, in water that needs to be
recycled, may lead to challenges, where increasing concentrations in recycled potable water may
lead to increased chronic exposure (Stackelberg et al., 2004). Also, the existing methods of
removing pollutants from wastewater treatment plants have proven to be ineffective in the removal
of pharmaceuticals (Tambosi et al., 2010; Ternes, 1998; Stumpf et al., 1999). This has necessitated
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the development of alternate methods for the removal of pharmaceuticals from water bodies.
Researchers have developed and reported different methods for the removal of these pollutants,
amongst them are coagulation/flocculation (Snyder et al., 2008), conventional activated sludge,
membrane bioreactors (Dordio et al., 2009; Mestre et al., 2009; Snyder et al., 2007) and reverse
osmosis (Quintanilla, 2010; Kim et al., 2007). Other methods also used include ozonation and
advanced oxidation processes (AOPs) (Klavarioti et al., 2009; Chatzitakis et al., 2008; Méndez-
Arriaga et al., 2008), nanofiltration (NF) (Quintanilla, 2010; Kim et al., 2007), disinfection
(Rodriguez-Fuentes et al., 2005), natural polishing treatment by constructed wetlands and
adsorption onto activated carbon (Mestre et al., 2009; Kim et al., 2007; Almendra, 2011).

These treatments have already been successfully applied for the removal of pharmaceuticals, but
due to high costs associated with them, they have not been implemented (Dordio et al., 2009).
Adsorption onto activated carbon (AC) is another potential method for removing pharmaceuticals
from aqueous solutions (Mestre et al., 2007; Mestre et al., 2009), but it is equally expensive.
Therefore, it is important to develop a less expensive means of removing pharmaceuticals from

water bodies.

Biomasses are currently used for biosorption of both organic and inorganic pollutants, because of
their potential reduced cost as well as their effectiveness (Daneshvar et al., 2012; Vijayaraghavan
and Yun, 2008). Bacteria, fungi, algae, and byproducts of food and beverages, are all examples of
biomass that may be viable alternatives for the development of inexpensive adsorption processes
(Reddad et al., 2002; Yun et al., 2001). However, low sorption capacity has been the limitation of
native biomass due their poor mechanical strength (Pagnanelli et al., 2000; Skowronski et al.,
2001).

To improve the sorption capacity of these biomasses, researchers have modified their surfaces with
surfactants. Surfactants, also known to activate surfaces, are not naturally occurring but are
manufactured by chemical reactions (Aksu et al., 2010). Surfactants have both hydrophilic and
hydrophobic parts all in one molecule and may be classified into four groups depending on the
charge of the hydrophilic part: non-ionic (0), anionic (—), cationic (+) and zwitterionic (£) (Aksu
et al., 2010).
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Researchers have reported an increase in sorption capacity after modification of biomass with
different types of surfactants for the adsorption of both organic and inorganic pollutants. Akar and
Divriklioglu reported an increase in sorption capacity after modification of Agaricus bisporus with
cetyl trimethyl ammonium bromide (CTAB) (Akar and Divriklioglu, 2010). In addition, many
researchers have reported various biomass modifications by different surfactants, both for the
adsorption of organic and inorganic pollutants (Bingol et al., 2009; Loukidou et al., 2003; Xi and
Chen, 2014; Montazer-Rahmati et al., 2011; Li et al., 2010; Feng et al., 2011; Branddo et al., 2010;
Ansari et al., 2012; Zhou et al., 2011; Ibrahim et al., 2010; Ibrahim et al., 2012; Zhou et al., 2012b;
Zhou et al., 2012a; Akar et al., 2015; Aksu et al., 2010; Deng and Ting, 2005).

lonic liquid has recently been considered as an alternative surfactant for modification of materials
for the purpose of adsorption of pollutants from aqueous solutions (Kamran et al., 2014b; Absalan
etal., 2011; Kamran et al., 2014a; Lawal and Moodley, 2015).

Biosorption of metals, dyes and some poly aromatic hydrocarbons have been extensively reported,
however studies on biosorption of pharmaceuticals have been limited in literature. To the best of
the authors’ knowledge, no work has been reported on the adsorption of pharmaceuticals on
biomass modified with IL and specifically the modification of kigelia pinnata. Therefore, the aim
of this work was to study the kinetics and equilibrium adsorption of four different pharmaceuticals,
ketoprofen (KET), diclofenac (DCL), ibuprofen (IBU) and ampicillin (AMP) on an ionic liquid
modified biomass (KP-IL). These four pharmaceuticals (KET, IBU, AMP, and DCL) are
commonly used analgesics, antipyretics and antibiotics and previous studies have reported their
presence in wastewater effluents and surface waters (Andreozzi et al., 2005; Wang et al., 2010;
Grundwasser et al., 1998; Tixier et al., 2003; Kolpin et al., 2002). Kigelia pinnata has been used
for various purposes, including production of ornamental and roadside planting. It also has
traditional use in the healing of various diseases such as fungal infections, boils, syphilis and
leprosy (Thomas and Puthur, 2004). The biomass of kigelia pinnata is left as a waste after the

extraction of the active and useful ingredient which was the reason it was selected for this research.
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8.3 EXPERIMENTAL TECHNIQUES

8.3.1 Materials

Ketoprofen (CAS no 22071-15-4), diclofenac sodium salt (CAS number 15307-79-6), ibuprofen
(CAS number 15687-27-1) and ampicillin (CAS number 69-53-4) were purchased from Aldrich.
1-methyl, 3-decahexyl imidazolium was synthesized in our laboratory and the synthesis and
characterization has been reported in chapter 4. Double distilled deionized water was used
throughout the study.

8.3.2 Preparation of Plant Samples

Mature sausage fruit (kigelia pinnata), KP, collected from a number of sausage trees in the Durban,
KwaZulu-Natal area, were washed with distilled water to remove impurities and thereafter dried
in the oven at 70 °C till dry. The dried KP was ground, sieved through a 53 um seive and labeled
KP. Modification with ionic liquid (IL) was achieved by the following procedure (Ibrahim et al.,
2010). Briefly, KP (5 g) was soaked in 200 mL of 1-methyl, 3-decahexyl imidazolium (0.25 mmol
L) in methanol solution. The suspension was placed on an orbital shaker for 24 h at room
temperature (25 °C). The modified KP was separated from the aqueous solution by vacuum
filtration, and thereafter washed several times with distilled water to remove any IL retained on
the surface. It was oven dried at 70 °C overnight and labelled as KP-IL.

8.3.3 Characterization of KP and KP-IL

Thermal gravimetric analysis and differential thermal analysis (TGA-DTA/DSC) (SDT Q 600 V
20.9 Build 20 instrument) was used to measure changes in chemical and physical properties of the
material. This was measured as a function of increasing temperature, from ambient to 1000 °C
(with a constant heating rate of 5 °C min™!) under nitrogen atmosphere with a flow rate of 50 mL
mint. BET Tri-star 11 3020.V1.03 was used to determine the surface area, pore-size, pore volume
and pore size distribution. The material was degassed (Micromeritics vacprep 061, sample degas
system) at 90 °C for 1 h and then increased to 200 °C for 12 h. The sample was then analyzed by
Tri-star 11 3020.VI1.03 under a nitrogen atmosphere at 77 K. The surface morphology of the
material was examined by scanning electron microscopy (SEM) using the Leo 435 VP model.
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Table 8.1 Propperties of pharmaceuticals and surfactant used in the study

Molecular Weight

Compound Formula Structure
(M.W.) g mol

Ibuprofen coon
C13H1802 206.28
Cl
Diclofenac sodium N
C14H11CI2NNaO; 318.13
salt Nao
Cl

Ketoprofen C16H1403 254.28
L
Ampicillin C16H19N304S ©/kﬁ//’—N\>< 349.40
O/:\OH
DR
1- methyl, 3-decahexyl NN
- . C20H39N2" \=/ 307.54
imidazolium

The pore size distribution was obtained using the Barrett-Joyner-Halenda (BJH) method.
Microstructure and surface morphology of KP and KP-IL samples were characterized by a JEOL
6400 field emission scanning electron microscope (SEM) with an accelerating voltage of 15.0 kV
at various magnifications. The samples were coated in a JEOL JFC-1300 Auto Fine Coater fitted
with a Pt target before the analysis. Fourier transform infrared (FT-IR) spectra of KP and KP-IL
were obtained on a PerkinElmer Spectrum 100 spectrophotometer using an attenuated total
reflectance (ATR) technique. The spectrum was scanned at 650-4000 cm™!. The Carlo Erba 1100
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CHNS elemental analyzer was used to quantify the amount of C, H, N O and S present in the plant
sample.

8.3.4 Sorption Isotherms and Kinetic Studies

Known amounts of each biosorbent were placed in a series of 500 mL Erlenmeyer flasks filled
with 200 mL of the pharmaceutical solution. The pharmaceutical concentrations were in the range
of 10 to 200 mg L%, All experiments were carried out at 25 °C. The solutions were placed on a
shaker for 24 h to allow for equilibrium to be reached. For kinetics studies, samples were taken at
pre-determined time intervals from the solutions. The biosorbent was separated from the samples
by centrifugation and the supernatant was then analyzed for residual concentration of
pharmaceuticals. The initial and the equilibrium concentrations of the four pharmaceuticals were
analyzed using an Agilent HPLC (1200 SL) equipped with a UV detector. The method parameters
for analysis of the four pharmaceuticals are shown in Table 8.2. In addition, sorption experiments
were carried out to determine the effect of pH (in the pH range of 2-11) and contact time. Each
experiment was carried out in duplicate and the average results are presented in this work.

The equilibrium adsorption capacities of KP and KP-IL were calculated from the following
relationship:

Ge =52V 8.1

Where ge is the equilibrium adsorption capacity in (mg g1), Co and Ce are the dye concentrations
at initial and at equilibrium respectively, in mg L, V is the volume of solution in (L), and W is
the weight of adsorbent in (g).

Adsorption data were fitted to Freundlich (Freundlich, 1906), Langmuir (Langmuir, 1916),
Temkin and Dubinin—Raduskevich (Dubinin and Radushkevich, 1947) isotherms. Linear
equations of all the applied models are:

Langmuir model: Ce_Ley 1 82

Je Om me”

Freundlich model: Inq, = InK} +% InC,...8.3
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Temkin model: g. = BIn A + BInC,...8.4

Dubinin-Raduskevich model: Inq, = Inq,, — BY....8.5

Y = RT In [1 + Cl]86

1
E = Tﬁ"'8'7

7

Table 8.2 HPLC-UV method parameters for IBU, KET, DCL and AMP

Parameters Ibuprofen Ketoprofen Diclofenac Ampicillin
Column type Agilent C18,4.6 x 150 mm, 5 pm
Injection volume (uL) 10.00 10.00 10.00 10.00
Elution solvent Methanol:

system
(Volume in %)

Wavelength (nm)
Flow rate (mL min™)

Retention time (min)

acetonitrile:water
(85:15:5)

230
1.00
4.50

Aqg. acetic:acetonitrile o
Acetonitrile:water (40:60)

(57:43)
260 277 230
1.00 1.00 1.00
8.36 3.10 3.04

Where C. is the equilibrium dye concentration in the solution in mg L™, b is the Langmuir

adsorption constant (L mg™), and gm is the theoretical maximum adsorption capacity (mg g?). Ks

(L mg?) and n are Freundlich isotherm constants indicating the capacity and intensity of the

adsorption, respectively. A is the equilibrium binding constant (L mg?) and B is the heat of

adsorption. B is the Dubinin—Raduskevich model constant (mol? kJ) related to the mean free

energy of adsorption per mole of the adsorbate and } is the polanyi potential. E is the mean free

energy of adsorption (kJ mol™).
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In order to determine the mechanism and potential rate-controlling steps involved in the process
of adsorption, pseudo first order (Lagergren, 1898), pseudo second order (Ho and McKay, 1999),
and intra-particle diffusion models were used. The pseudo first order kinetic model equation is:

In (ge-qt) = InQe - kit...8.8

Where q; is the amount of adsorption at time t in (mg g), ki is the rate constant of the equation in
(mint), and ge is the amount of adsorption equilibrium in (mg g*). The adsorption rate constant
(k1) can be determined experimentally by plotting In (qe-qt) versus t.

The pseudo second order kinetic model is expressed as:

t 1 t
— = + —..89
qc k205 qe

Where k; is the equilibrium rate constant of pseudo second order adsorption in (g mg™* min™). The
values of ko and ge can be determined from the slope and intercept of the plot t/g: versus t,
respectively.

The data was also fitted into the Weber—Morris model, to evaluate the possibility of intra-particle
diffusion as the rate limiting step; it is given by (Weber and Morris, 1963):

qr = kigt'/?..8.10

Where kig (mg g h'*2) is the intra-particle diffusion rate constant.

8.4 RESULTS AND DISCUSSION

8.4.1 Characterization of KP and KP-IL

The ionic liquid (1-methyl, 3-decahexyl imidazolium) used in this study was synthesized and its
characterization has been reported in chapter 4. Elemental analysis of KP showed that carbon was
the major element (40.3 %) followed by oxygen (33.7 %), hydrogen (5.8 %) and nitrogen (0.9 %).
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FT-IR analyses were carried out on KP and KP-IL and the presence of peaks (Fig. 8.1) in the
region of 3349 cm™ were assigned to —OH and -NH groups. The band at 1630 cm™ represents the
bending modes of the —~OH of water within the raw plant. Intense peaks at 2915 and 2850 cm™ on
KP-IL were assigned to symmetric and asymmetric stretching vibrations of the methylene groups
in the ionic liquid showing the modification of the biomass with ionic liquid molecules. These
peaks were not as pronounced in the unmodified plant material.

%T [

334975
7 3083, r.z,l 2850.79

3062.90
291531

1030.28

4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600  380.0

Wavelengthcm™)

Fig. 8.1 FTIR spectra of KP and KP-IL

The surface morphologies of KP-IL and KP were determined using SEM. KP showed a smooth
surface due to the presence of natural oils and waxy compounds (Liu et al., 2010; Slimani et al.,
2014). KP-IL (Fig. 8.2b) showed increased surface porosity, ridges and valleys compared to KP
(Fig. 8.2a) which are necessary for adsorption.
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Fig. 8.2 SEM imgae of (a) KP and (b) KP-IL

The thermal behavior of KP-IL and KP were investigated by TG analysis (Fig. 8.3). The loss of
mass on both KP-IL and KP at ~100 °C was due to the removal of moisture from the biomass.

100
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—KP
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Fig. 8.3 TGA spectral of KP and KP-IL

In addition, at temperatures ranging between 120 and 380 °C mass loss at this stage was attributed
to loss in organic matter. Comparing KP-IL and KP, it was observed that the degradation pattern
was different and the mass loss was greater in KP-IL due to the loading of more carbon from IL
onto KP. Comparing the TGA curve of KP-IL and KP it is clear that the former is more thermally

stable than the latter.
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Fig. 8.4 XRD spectra of KP and KP-IL

The amorphous form of KP (Fig. 8.4) is characterised by broad peaks, suggesting a non-crystalline
structure. The diffractogram for KP-IL (Fig. 8.4) exhibits sharper peaks and a reduction in intensity
at the same 20 values as KP. The sharpness of the peaks and reduction in the intensity are due to
the loading of carbon (from the ionic liquid), leading to a more crystalline structure compared to
KP. Also, the surface area and pore volume of KP and KP-IL were investigated using BET. KP
has a surface area of 15.21 m? g* and pore volume of 0.45 cm® g, but after modification the
surface area and pore volume of KP-IL is reduced to 8.29 m? gt and 0.38 cm® g* respectively. This
signified blockage of the pores by IL, which led to the reduction in the surface area of KP-IL. This
further confirmed that KP had been modified.

8.4.2 Equilibrium

A preliminary test was carried out on KP and KP-IL, KP showed that the highest biosorption
capacity (ge) was around 20 mg g*. KET had the highest sorption capacity of 21.45 mg g* followed
by DCL, IBU and AMP with ge values of 12 mg g, 7 mg g* and 5.51 mg g respectively. On the
other hand, KP-IL showed a significant improvement in ge, ranging from 75 to 289 mg g

Therefore, all other experiments were performed only on KP-IL.
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Freundlich and Langmuir (Table 8.3) were used to explain the mode of adsorption. The results in
Table 8.3 showed that Freundlich was the best fit with R? values closest to unity for all the
pharmaceuticals. Thus, the adsorption process on to KP-IL most likely occurred in more than one
layer. All the values of n were less than 1.0, expect for DCL. The n values less than unity, reflects
nonlinearity at high adsorption. Therefore, adsorption of these pharmaceuticals was favored over
the entire concentration range used in this study. For n values greater than 1, it implies that
adsorption of DCL onto KP-IL was favorable (Qiu et al., 2009; Antunes et al., 2012).

In addition, the Kr value signifies the adsorption capacity of the adsorbent for a given
pharmaceutical, which reflects the affinity of the pharmaceutical towards the adsorbent. As
indicated from the Kr values in Table 8.3, the adsorption of pharmaceuticals on KP-IL is in the
order of ibuprofen > ketoprofen > diclofenac > ampicillin. A similar trend was also observed by
Bui and Choi for the adsorption of pharmaceuticals on mesoporous silica SBA-15 (Bui and Choi,
2009). Bui and Choi further explained that for acidic pharmaceuticals, this affinity order fitted
well with their pKa values, in this case ibuprofen (pKa= 4.91) > ketoprofen (pKa= 4.45) >
diclofenac (pKa= 4.15) > ampicillin (pKa = 2.5) which is in agreement with this study as well (Bui
and Choi, 2009). A K value of 80.6 L g* for DCL indicated that 1 g of KP-IL could treat almost
80 L of DCL effluent. This is significantly higher than what was reported using grape bagasse
biomass as an adsorbent for DCL. Antunes and co-workers reported a Kg value of 1.7 L g for
DCL adsorbed onto grape bagasse (Antunes et al., 2012). In addition, the adsorption of DCL on
mesoporous silica SBA-15 was reported to have a Ke value of 0.7 L g* (Bui and Choi, 2009).
Furthermore, in this study, the K values for IBU, KET and AMP are 125.7, 100.2 and 20.8 L g*
respectively, which are higher than that reported by other researchers (Mestre et al., 2007; Bui and
Choi, 2009; Dubey et al., 2010; Essandoh et al., 2015; Mestre et al., 2009; Gao and Deshusses,
2011; Kim et al., 2014).

The Freundlich isotherm best fitted the data, which suggested that the adsorption of these
pharmaceuticals on to KP-IL was heterogeneous and adsorption took place via many processes.
Researchers (Hari et al., 2005; Lorphensri et al., 2006; Robberson et al., 2006) have reported that
hydrophobic and electrostatic interaction were the main mechanism for adsorption of

pharmaceuticals.
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Table 8.3 The gm and b values in the Langmuir equation, the Krand n values in the Freundlich equation, gm and p values in

Dubinin-Radushkevich, bT and AT values in the Temkin model and their respective correlation coefficient values.

Langmuir model Freundlich model Dubinin—Radushkevich model Temkin model
Qm b R? Ks n R? Qm B E R? bT AT R?
(g kI mg
(mgg™) (Lmg?) Lgh (@@L (molg*) (mol*kJ?)  (kJ mol™) i) (L mg™)
mol

Ketoprofen  251.81 0.006  0.973 100.230 0.20 0.992 0.94 3x10°% 7.32 0.998 87.58 0.299 0.790
Dichlofenac  197.16 0.366  0.984 80.557 1.23 0.992 0.72 2x 108 5.00 0.972 65.58 3.673 0.804
Ibuprofen  276.78 0.013  0.964 125.681 0.12 0.985 1.10 2x 108 5.30 0.945 49.35 0.214  0.923
Ampicillin 73.57 0.001 0.951 20.897 0.84 0.998 0.35 3x10°% 4.12 0.987 37.95 0.587 0.867
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Table 8.4 Experimental values for ge (mg g*) and parameters for pseudo-first-order, pseudo-second-order and intra-particle

diffusion.

Concentrations

Pseudo-first-order

Pseudo-second-order

Weber—Morris model

(mg LY e, EXP Je, cal  ke(-) R? Qe,cal k (10) R? Qe Kid R?
(mg g?) (mgg") (min™) (mgg") (gmg'h?) (mgg") (mgg'h??)
200 262.25 227 00043 0.198 24950  0.049  0.999 239.16 1.262 0.957
Ketoprofen 100 126.36 149  0.0047 0.228 128.81  17.201  0.998 126.68 0.278 0.912
50 56.59 1.17  0.0043 0.346 50.52  0.076  0.999 64.56 0.182 0.942
20 30.90 0.99  0.0064 0.519 2557  0.687  0.998 40.86 0.084 0.948
10 18.58 0.86  0.0042 0.476 1530  0.356  0.997 20.86 0.047 0.995
200 189.35 73.74 0024 0.845 190.65  0.008  0.994 - - ;
100 119.43 3211 0011 0.528 99.82  0.024  0.996 - - -
Diclofenac 50 59.74 2204 0016 0.546 60.03  0.035 0.994 - - -
20 37.85 1142  0.017 0.795 3400 0084  0.995 - - ;
10 13.89 506  0.017 0.769 15.97 0200  0.996 - - -
200 289.23 8254 0022 0.342 28423  0.005  0.995 . . .
100 151.53 4832 0005 0.732 149.87  0.073  0.996 - - -
Ibuprofen 50 92.23 2421 0034 0.832 94.07 0002  0.982 . . .
20 50.34 1236 0.005 0.651 53.36 0234  0.999 - - -
10 28.12 9.00  0.023 0.546 2598 0223  0.997 - - -
200 75.98 736 0.002 0.519 71.24 0005  0.996 23.25 0.117 0.184
100 40.69 336 0001 0.432 3834 0023  0.993 15.36 0.182 0.505
Ampicillin 50 20.23 115  0.005 0.318 2054 0002 0981 9.87 0.084 0.487
20 12.23 094 0002 0.255 10.32 0254  0.989 4.95 0.047 0.195
10 5.56 0.03  0.003 0.243 5.25 0213  0.954 2.32 -0.031 0.268
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Contact time

The effect of contact time on pharmaceuticals at different concentrations are shown in Figs. 8.5A,
B, C and D where the removal efficiencies are plotted against time. Figs. 8.5a - d indicate that the
adsorption of pharmaceuticals on KP-IL increased with time and equilibrium was reached in less
than 25 min, except for AMP, which reached equilibrium in 30 min.
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Fig. 8.5 Effect of contact time on (a) KET, (b) DCL, (c) IBU and (d) AMP

This indicated that sorption of these pharmaceuticals on KP-IL was much faster than that
previously reported. Antunes and co-workers reported an equilibrium time of 24 h (Antunes et al.,

2012), Ruiz and co-workers, and Snyder and co-workers reported an equilibrium time of 48 h
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(Ruiz et al., 2010; Snyder et al., 2008). It was further observed that for AMP, removal efficiency
% increased as the concentration decreased. This was because a larger number of sorption sites
were available when the concentration of the analyte was low which led to a higher removal
percentage. KET and IBU behaved differently from AMP on KP-IL, where low removal
efficiencies occurred at low concentrations (10 and 20 ppm). This could be attributed to increasing
particle interaction and aggregation of the adsorbent as the concentrations of the KET and 1BU
decreased which caused a reduction in the total surface area of the adsorbent (Daneshvar et al.,
2012; Ghosh and Bhattacharyya, 2002). High sorption capacities of these pharmaceuticals on KP-
IL indicated that their molecules could penetrate through the channels of the KP-IL complex or
adsorb onto the surface via physical forces (EI-Nahhal and Safi, 2004). The phenyl rings of the
pharmaceuticals and the imidazole ring on the sorbent (KP-IL) may also interact via the electronic
n— interactions between both molecules which may lead to higher removal % (EI-Nahhal and
Safi, 2004). Similar outcomes have been reported by other researchers (Diagboya et al., 2014; Xu
et al., 2012; Changchaivong and Khaodhiar, 2009; Olu-Owolabi et al., 2014).

8.4.3 Kinetics of Adsorption Process

To determine the kinetic process for the adsorption of pharmaceuticals on KP-IL, the data were
fitted into pseudo-first-order, pseudo-second-order and intraparticle diffusion kinetic models. As
shown in Table 8.4, the data fitted well to the pseudo-second-order model, with R? values close to
unity and ge cal close to ge exp. This kinetic model suggests that physicochemical interaction is
the rate-controlling step, which was also reported by Antunes and co-workers (Antunes et al.,
2012). From the intraparticle diffusion model in Table 8.4, the value of the intercept correlates to
the thickness of the boundary layer (the larger the intercept, the greater will be the boundary layer
effect) (Kannan and Sundaram, 2001). The reason for this is that as the concentration of
pharmaceuticals increases in the solution, the resistance to mass transfer from the adsorbent
surroundings also increases (Ruiz et al., 2010; Antunes et al., 2012). As shown in Fig. 8.6a (IBU)
and b (DCL), the entire plot is not a straight line passing through the origin.
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Fig. 8.6 Intraparticle diffusion plots for (a) IBU and (b) DCL

Bajpai and Bhowmik suggested that the deviation from straight lines from the origin may be due
to the difference between the rates of mass transfer in the initial and final steps of adsorption
(Bajpai and Bhowmik, 2010). This deviation also suggested that pore diffusion was not the sole
rate-controlling step. In addition, the adsorption of the pharmaceuticals are of two phases, the first
phase indicated bulk diffusion, while the second part signified intraparticle diffusion. In addition,
the plots of KET and AMP do not pass through the origin (Appendix F 2.0 and F 2.1). This
indicated some degree of boundary layer control and showed that processes other than intra-
particle diffusion also contributed to adsorption rate (Liao et al., 2013; Crini et al., 2007).

Effect of pH

The effect of pH on removal efficiencies of pharmaceuticals on KP-IL is presented in Fig. 8.7. The
adsorption of 1BU, KET, DCL and AMP on KP-IL is attributed to both non-electrostatic and
electrostatic interaction evidenced from Fig. 8.7. Non-electrostatic interaction plays an important
and dominant role in the adsorption of pharmaceuticals at pH values below their pKa. At pH values
above 2.5 for AMP, and above pH 5 for IBU, KET, and DCL the net charge on the molecule will
be negative. This leads to electrostatic attraction between KP-IL and the pharmaceuticals.

Meanwhile, at pH values below their pKa values, the net charge on the molecule is positive
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resulting in electrostatic repulsion between the positively charged molecule and the positive

adsorbent and any minimal adsorption observed is due to interactions other than electrostatic.
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Fig. 8.7 Effect of pH on KET, DCL, IBU and AMP removal efficiency

This accounts for the reduction in adsorption observed at pH values below pKa values. The same
trend has been noted by Bui and Choi (2009) and Mestre et al. (2007). Table 8.5 shows the ge of
IBU, KET, DCL and AMP on different types of adsorbent materials and its comparison with
KP-IL. All the pharmaceuticals studied in this work showed higher adsorption onto KP-IL

compared to previous reports in literature except for IBU, which showed better adsorption on
carbon based materials than onto KP-IL.

233



Table 8.5 Comparison of adsorption capacities of KP-IL with other materials

Compound de (mg g Adsorbent Materials References
Ibuprofen 10.74 Pine wood biochar (Essandoh et al., 2015)
15.01 Mesoporous silican SBA-15 (Kim et al., 2014)
416.7 Activated carbon (Mestre et al., 2007)
145.2 Carbon from cork (Mestre et al., 2009)
378.1 Carbon from municipal waste (plastic) (Mestre et al., 2009)
291.9 Commercial activated carbons (Mestre et al., 2009)
149.1 Commercial activated carbons (Mestre et al., 2009)
491.9 Surface-modified activated carbon cloths (Guedidi et al., 2014)
138.1 Commercial granular AC (Guedidi et al., 2013)
16.73 AC from artemisia vulgaris (Dubey et al., 2010)
64.5 Commercial activated charcoal (Khalaf et al., 2013)
0.41 Mesoporous silica SBA-15 (Bui and Choi, 2009)
9.09 AC from olive waste cake (Baccar et al., 2012)
7.00 KP Present work
276.8 KP-1L Present work
Ketoprofen 18.21 AC from olive waste cake (Baccar et al., 2012)
10.12 ug g* Mesoporous silica SBA-15 (Kim et al., 2014)
0.28 Mesoporous silica SBA-15 (Bui and Choi, 2009)
120 Powdered activated carbon (Gao and Deshusses, 2011)
21.45 KP Present work
251.2 KP-1L Present work
Diclofenac 56.17 AC from olive waste cake (Baccar et al., 2012)
0.34 Mesoporous silica SBA-15 (Bui and Choi, 2009)
42.918 Polyaniline (Bajpai and Bhowmik, 2010)
329.0 Activated Carbon (Sotelo et al., 2012)
29.9 Carbon nanofibers (Sotelo et al., 2012)
41.4 Carbon nanotubes (Sotelo et al., 2012)
31.93ug g* Hexagonal mesoporous silicate HMS (Suriyanon et al., 2013)
35.59 ug g* Mercapto-HMS (Suriyanon et al., 2013)
5.89 ug g* Amino-HMS (Suriyanon et al., 2013)
34.18 ug g* SBA-15 (Suriyanon et al., 2013)
32.64 ug g MCM-41 (Suriyanon et al., 2013)
40.55 ug gt Powdered activated carbon (Suriyanon et al., 2013)
23.77 Isabel grape bagasse (Antunes et al., 2012)
324.8 Molecularly imprinted polymer (Dai et al., 2011)
12 KP Present work
197.1 KP-IL Present work
Ampicillin  0.1441 mmol g* Natural bentonite (Rabhardjo et al., 2011)
0.2477 mmol g* Organobentonite (Rahardjo et al., 2011)
551 KP Present work
73.00 KP-IL Present work
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8.5 CONCLUSION

This study showed that kigelia pinnata was successfully modified with ionic liquid 1-methyl, 3-
decahexyl imidazolium to form KP-IL and was effectively applied as an adsorbent for removal of
IBU, KET, DCL and AMP from aqueous medium. All the pharmaceuticals studied showed high
adsorption capacities at pH above 5, except AMP that showed a high adsorptive capacity from pH
3 and above. Approximately 80 % of ge was reached within 25 mins for each of the selected
pharmaceuticals expect for AMP, which reached 80 % equilibrium in approximately 30 min. The
kinetics study showed that the adsorption processes followed a pseudo second-order model. The
Freundlich isotherm model fitted best for all the pharmaceuticals but the Langmuir isotherm model
could also be used to explain them. The maximum adsorption capacity was relatively high
compared to that reported previously in literature, which showed a vast improvement in adsorption.
Adsorption of pharmaceuticals on KP-IL was in the order: ibuprofen > ketoprofen > diclofenac >
ampicillin. This work has further shown that ionic liquids can replace the traditional surfactants
used for modification of materials for the purpose of adsorption.
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CHAPTER 9: CONCLUSIONS AND RECOMMENDATIONS

9.1 CONCLUSION

Recently ionic liquid have been proposed as a suitable replacement for these known surfactants.
lonic liquid was used to modify different materials for adsorption of organic pollutants (amaranth,
Congo red, reactive blue, acid red, ibuprofen, ketoprofen, ampicillin, diclofenac tetracycline,

sulfamethoxazole, nalidixic acid and chloramphenicol and phenanthrene).

In this study, two new cationic ionic liquids (1-hexyl, 3-decahexyl imidazolium and 1-methyl, 3-
decahexyl imidazolium) were synthesized and characterized. Thereafter they were used in the
modification of clays (montmorillonite and kaolin), biomasses (peanut shell and kigelia pinnata)
and activated carbon from peanut shell which were also characterized. Optimized adsoption studies
of organic pollutants were carried out using the modified materials. Montmorillonite was modified
with 1-methyl, 3-decahexyl imidazolium and used in the adsorption of amaranth dye.
Montmorillonite modified 1-methyl, 3-decahexyl imidazolium (Mt-IL) showed a very good
adsorptive capacity with batch ge of 263.2 mg g and column of adsorption capacities of 393.64,
580.89 and 603.60 mg g* at different concentrations. Adsorption data was better described by the
pseudo-second-order Kinetics and Langmuir adsorption isotherm. Furthermore, Mt—IL was used
for the adsorption of pharmaceuticals (tetracycline (TC), sulfamethoxazole (SMZ), nalidixic acid
(NAD) and chloramphenicol (CHL)). Freundlich and pseudo-second-order kinetics model were
best in describing the adsorption mechanism. The maximum adsorption capacities (ge) of TC,
SMZ, NAD and CHL were 765.7, 504.1, 150.4 and 30.9 mg g* respectively. These were
considerably higher than the ge of unmodified montmorillonite clay and of other materials reported
in literature.

1-hexyl, 3-decahexyl imidazolium was used to modify kaolin and thereafter used in batch and
column adsorption studies of acid red dye and phenanthrene. The column adsorption capacity at

the same flow rate and different concentration for phenanthrene is 222, 611 and 1093 mg g, and
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877, 1337 and 1350 mg g for acid red dye. Acid red dye had an adsorption capacity of 909 mg g
L and phenanthrene had an adsorption capacity of 263 mg g*. Data from both batch studies fitted
well to pseudo-second order and Langmuir isotherm models.

1-methyl, 3-decahexyl imidazolium was also used to modify kigelia pinnata. The maximum
sorption capacity of 251.2, 197.1, 276.8 and 73 mg g™ was achieved for KET, DCL, IBU and AMP
respectively, which is higher than unmodified KP and that reported for some other surfactant
modifications of biomasses in the literature. Pseudo-second-order kinetics and the Langmuir
adsorption isotherm best described the adsorption mechanism. Also, 1-methyl, 3-decahexyl
imidazolium was used in modifying peanut shell (ILNS) and activated carbon from peanut shell
(ILAC) and thereafter used in the adsorption of Congo red and reactive blue dyes. ILNS and ILAC
had adsorption capacities of 136.4 and 150.0 mg g for CR and 290.0 and 364.4 mg g for RB
respectively. Their adsorption kinetics followed pseudo second order, the adsorption of CR and
RB onto ILAC followed the Freundlich isotherm, while ILNS was described by Freundlich and

Langmuir.

This study has showed that ionic liquids can be used as surfactants for improving the adsorption
capacity of clay and biomass in the adsorption of various organic pollutants from aqueous medium.

9.2 RECOMMENDATIONS

X4

This study was carried out using simulated organic pollutants in the laboratory, real

L)

industrial effluent should be used to estimate the efficiency for industrial application.

¢+ Studies on the recovery of the materials should be done in terms of process and percentage
purification of compounds.

%+ Considering the complex mixtures of organic pollutants present in wastewater, rivers and
streams, it is recommended that the adsorption study using these materials should be done
in treating simulated wastewater containing more than one organic pollutant.

%+ The continuous experiment in this study was done with a column in the laboratory; the

materials should be tested in a real continuous wastewater treatment plant.
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APPENDIX A: CALIBRATION CURVES

Appendix A 1: Calibration graphs for dyes

4 1 y = 0.0418x
R% = 0.9984

wl
S 3
é 2.5
S 2
Q15
< 3
0.5
0 T 1
0 20 40 60 80 100 120
CONCENTRATION mg L1
Appendix A 1.1- Calibration curve for acid red dye
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Appendix A 1.2- Calibration curve for amaranth
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Appendix A 1.3- Calibration curve for Congo red
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Appendix A 1.4- Calibration curve for reactive blue dye
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Appendix A 2

Calibration graphs for pharmaceuticals

ABSORBANCE

3.5 -

20

40 60 80 100
CONCENTRATION mg L

120

Appendix A 2.1- Calibration curve for Tetracycline
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Appendix A 2.2- Calibration curve for chloramphenicol
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Appendix A 2.3- Calibration curve for diclofenac
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Appendix A 2.4- Calibration curve for ibuprofen
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Appendix A 2.5- Calibration curve for ketoprofen
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Appendix A 2.6- Calibration curve for sulfamethoxazole
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Appendix A 2.7- Calibration curve for nalidixic acid
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Appendix A 3

Calibration curve for polyaromatic hydrocarbons
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Appendix A 3.1- Calibration curve for phenanthrene
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APPENDIX B: CHROMATOGRAPHS

Appendix B 1: Chromatographs for pharmaceuticals
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Appendix B 1.1- Chromatograph for Ketoprofen
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Appendix B 1.2- Chromatograph for Diclofenac
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Appendix B 1.3- Chromatograph for Sulfamethoxazole
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Appendix B 1.4- Chromatograph for Ampicillin
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Appendix B 1.6- Chromatograph for Tetracycline
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Appendix B 2 - Chromatograph for polyaromatic hydrocarbon
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Appendix B 2.1 - Chromatograph for Phenanthrene
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APPENDIX C: NMR SPECTRA

Appendix C 1 — NMR spectra of 1- methyl, 3-decahexyl imidazolium
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Appendix C 1.0 - Proton NMR of 1- methyl, 3-decahexyl imidazolium
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Appendix C 2 — NMR spectra of 1- hexyl, 3-decahexyl imidazolium
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Appendix C 2.3 - Carbon NMR of 1- hexyl, 3-decahexyl imidazolium
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Appendix D: FTIR of ionic liquid
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Appendix E: TGA-DSC of 1- methyl, 3-decahexyl imidazolium and MT-Na-IL

Sample: C1IMC16
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APPENDIX F

Appendix F 1.0 — Table showing the parameters for pseudo first order reaction of ILNS
and ILAC on RB and CR

ILNS ILAC
Conc. Qe,cal Ke ’ Qe,cal Ke ’
Y mggh)  (mgg?) (min) R mgg?  (min)
200 8.80 -0.006 0.881 10.23 -0.214 0.258
RB 100 6.66 -0.003 0.215 25.14 -0.001 0.587
50 7.92 -0.003 0.927 23.01 0.003 0.457
20 3.41 0.037 0.884 12.03 0.213 0.547
200 7.22 -0.004 0.868 21.36 -0.024 0.321
CR 100 5.23 -0.096 0.623 11.32 -0.002 0.582
50 2.55 -0.002 0.002 8.23 -0.004 0.124
20 1.99 -0.003 0.301 6.02 -0.201 0.597
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Appendix F 1.1 - Intraparticle diffusion model for CR on ILAC
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Appendix F 1.2 - Intraparticle diffusion model for RB on ILAC
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Appendix F 2
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Appendix F 2.0 - Intraparticle diffusion plots of KP-IL on KET
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Appendix F 2.1 - Intraparticle diffusion plots of KP-IL on AMP
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