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Abstract

Micellar enhanced ultrafiltration (MEUF) has been shown to be an effective removal technique
for a variety of trace contaminants in wastewater, especially for low molecular weight organic
contaminants. In MEUF, contaminants first partition into surfactant micelles prior to removal by
ultrafiltration, where the contaminants are below the molecular weight cut-off of the
ultrafiltration membrane but the micelles are above the cut-off. To predict the removal efficiency
of MEUF, it is important to measure of extent to which a species will bind to a micelle as well as
to develop an understanding of the dynamics of the binding interactions. Herein, we report
micellar binding constants for a series of sulfonamide antibiotics (sulfadoxine, sulfathiazole,
sulfamethoxazole, sulfamerazine, sulfadiazine, sulfamethazine, sulfacetamide, sulfaguanidine,
and sulfanilamide) with CTABr micelles, as determined using semi-equilibrium dialysis and 'H
NMR methods. We also report the binding constant measurements for polycyclic aromatic
hydrocarbons (PAHs), including phenanthrene, naphthalene, pyrene and fluorene, to several
micelle types. Unlike the antibiotics, where charge-charge interactions determined binding to
CTABTr micelles, the neutral PAHs show strong binding with micelles because of hydrophobic
interactions. Our results enabled us to develop a relationship between binding constant (Log Kj)
and Log Koy for both charged and neutral compounds, which will be useful for predicting MEUF

performance for removal of organic micro contaminants from wastewater.
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Chapter 1

Introduction

1.1 General Introduction

Water is recognized as one of the most essential natural resources.! The continued exponential
growth in human population has created a corresponding demand for fresh water supply.? But,
there are potential concerns for adverse human and ecological health effects due to water
contamination. About 2.3 billion people are suffering from water-borne diseases worldwide
(UNESCO, 2003). In developing countries, over 2.2 million people die every year because of
unclean water and inadequate sanitation (WHO and UNICEF, 2000). Water-related infectious
and parasitic diseases account for approximately 60% of infant mortality across the world.?
Therefore, it is very important to protect our natural water resources from contamination in order
to meet the fresh water demand world wide. Disposal of chemicals from industry, agriculture,
health care and domestic activities are the potential sources for water contamination. Water
resources might be contaminated because of hydrological cycle, geochemical mobilization,
volcanic eruption and other natural disasters. Contaminants from various sources can enter and
persist in the aquatic system to a greater extent than previously thought. The ultimate effect of
many organic contaminants, particularly hormonally active chemicals,” personal care products,
and pharmaceuticals,®? is little known. The major concerns for the presence of these compounds

in the environment are abnormal physiological processes and reproductive impairment,®"!

1316 and the

increased incidences of cancer,'* the development of antibiotic-resistant bacteria,
potential increased toxicity of chemical mixtures.'” Wastewater effluents are the largest source of

pollution by volume to surface water in Canada.'® Wastewater effluents may contain many



pollutants and substances of concern including grit, debris, suspended solids, disease-causing
pathogens, decaying organic waste, nutrients and hundreds of chemicals."® An estimated
2 million tons of sewage and other effluents are discharged into water systems around the globe
every day. In developing countries the situation is more serious, where more than 90% of raw
sewage and 70% of untreated industrial wastes are dumped into surface water.’ It is not
commonly practiced to investigate the removal of pharmaceuticals, personal care products or

surfactants from wastewater as there are a few or no regulations on their release into water."

Numerous studies have reported that trace organic compounds are found in the treated
wastewater effluent.?’ The type of organic compounds present in the wastewater depends on their
sources and degradation. Wastewater treatment plants (WWTP) are designed to remove bulk
constituents such as biochemical oxygen demand, suspended solids, and nutrients rather than
individual organic chemicals.*' Therefore, trace organic contaminants and their degradation
products are often not completely removed during treatment and are discharged to the natural
environment.>*** Contaminants of emerging concern (CECs), including some personal care
products, pharmaceuticals, and steroid hormones are known to be discharged in the effluents of
wastewater treatment plants into receiving waters in Canada.**?" Studies conducted in Canada

31-34 The conventional water

have also reported CECs of wastewater origin in drinking water.
treatment processes including coagulation, sedimentation, and filtration is often adequate to

remove excess turbidity and suspended solids but it cannot remove small dissolved molecules

such as sulfonamides and polycyclic aromatic hydrocarbons (PAHs).

Pressure-driven membrane processes such as microfiltration, ultrafiltration, nanofiltration, and
reverse osmosis are powerful tools for separation of a wide range of components from aqueous

. 5 . . . .
matrices.*® Fouling, however, is a problem for the pressure-driven membrane processes. This is



especially applicable for the wastewater treatment system, where the concentration of
contaminants which cause fouling is much higher than in the filtration of ground or surface
water.”> In this research, semi equilibrium dialysis (SED) has been proposed as an effective
method to develop a model for the removal of trace organic contaminants like sulfonamide
antibiotics and polycyclic aromatic hydrocarbons from wastewater. SED operates similar to
micellar enhanced ultrafiltration (MEUF), but it is a non-pressure driven membrane separation

system that can be set up in the laboratory using a simple apparatus.

1.2 Organic contaminants in wastewater

A wide range of industries manufacture, use and generate complex organic chemicals such as
pesticides, pharmaceuticals, paints and dyes, petrochemicals, detergents, and plastics. Organic
compounds from feedstock materials, washing and cleaning agents, solvents and value added
products, such as plasticizers, can also contaminate wastewater. Benzene, naphthalene,
anthracene, cyanide, ammonia, phenols, and cresols, together with a range of more complex
organic compounds known as polycyclic aromatic hydrocarbons, are generated from the
production of iron.*' Effluents of the pulp and paper industry contain suspended solids and
biological oxygen demand (BOD). The nuclear and radiochemicals industry produce radioactive
waste materials. Large-scale industries such as oil refineries, petrochemical plants, chemical
plants, and natural gas processing plants commonly release large amounts of oil and suspended

.1 36
solids.?

Different organic compounds from the effluent of these industries can be directly or indirectly
discharged to water environment. Various studies reported that trace organic contaminants such

as surfactant metabolites, metal-chelating agents, antimicrobials, stimulants and deodorizers are



found in wastewater treatment plants (WWTP).2*?! Several contaminants have been identified in
wastewaters, such as alkylphenols, phthalates, phenols, anilines, polycyclic aromatic
hydrocarbons, and flame retardants, among others.”’” Trace organic compounds can be classified

into different classes as shown in table 1.1.

Table 1.1. Examples of different organic compounds in wastewater®

Class Example of compounds

Antimicrobials Triclosan, triclocarban

Flame-retardants Tri (2-chloroethyl) phosphate, tributyl phosphate

Fragrances Menthol, indole

Hormones 17-B-estradiol, 17-a-ethynylestradiol, estrone
Metal-chelating agents Ethylenediaminetetraacetic acid (EDTA), nitrilotriacetic acid
Pharmaceuticals Acetaminophen, carbamazepime, sulfamethoxazole
Plasticizers Di-(2-ethylhexyl) phthalate (DEHP)

Surfactant metabolites ~ 4-Nonylphenol, 4-nonylphenolethoxylates (NPEOs)
4-Nonylphenolethoxycarboxylates (NPECs)

1.2.1 Sulfonamides

Sulfonamides are the organic compounds which are a class of antimicrobial pharmaceuticals. In
recent years, the occurrence and fate of pharmaceutically active compounds (PhACs) in the
aquatic environment has been considered as one of the emerging environmental issues.***' Since
different PhACs have different physiological and chemical behaviour, their persistence and
distribution in the aquatic environment are also different. There are different pathways for the

distribution of PhACs in the natural environment.



Medicinal products for Medicinal products

human use for animal use
excretion excretion waste disposal excretion
(hospital effluents) (private households) (unused medicine)
lusuallv / v y
| municipal waste water | domestic waste i manure

h 4
sewage treatment S sewage
plants (STPs) sludge

S,

Surface water “* \
$—— [ Groundwater /

aquacultures |\ e \

Drinking water

______
______

...................................... SOil

pharmaceutical
production plants

Fig. 1.1. Various pathways of pharmaceutical residues in the aquatic environment (modified).?

A major source of PhACs released into the aquatic environment is effluents from municipal
sewage treatment plants. Almost all pharmaceuticals administered to humans are excreted in
varying degrees and discharged directly into the sewer system. They can be excreted unchanged
or partially transformed, mostly conjugated to polar molecules (e.g. glucuronides).?
Manufacturing residues and landfill leachates are also potential sources for contributing PhACs

. . : 40, 42
1n aquatic environment.

The occurrence of pharmaceutical residues in the environment may
also be caused by agriculture using large amounts of veterinary drugs and feed additives in
livestock.?’ Several investigations have shown that the wastewater treatment process cannot
completely eliminate pharmaceutical active compounds from wastewater, and therefore PhACs

are released into the aquatic system after treatment.* **



1.2.2 Polycyclic Aromatic Hydrocarbons (PAHs)

Polycyclic aromatic hydrocarbons are organic compounds which are comprised of fused benzene
rings. Pure PAHs are usually white crystalline solids at ambient temperature.** The physical
properties of PAHs are different with the different PAHs. Their behavior in the environment has
been investigated for more than 20 years.*> PAHs have potential environmental concerns because
of their toxicity, environmental persistence and prevalence. Low molecular wt. PAHs can be lost
by evaporation.*> Most do not break down easily in water.>* Except for naphthalene, PAHs have
low solubility (<1 ppm) in water. Octanol-water partition co-efficients (Kow) of PAHs are
relatively high, indicating a relatively high potential for bioconcentration in organisms.*® Several
PAHs have been reported as carcinogenic and having acute toxicity. PAHs require metabolic
conversion and activation in order to exhibit their latent carcinogenic properties. Therefore,
studies of PAHs are focused on their metabolic transformation by aquatic and terrestrial
organisms into mutagenic, carcinogenic and teratogenic (birth defect) agents such as dihydrodiol
epoxides. These metabolites bind and disrupt DNA and RNA which are the basic foundation for
tumour formation. PAHs are considered as priority pollutants by the United States Environmental
Protection Agency (USEPA) and the European Community. The most potent carcinogens of the
PAH are the benzofluoranthenes, benzo[a]pyrene, benz[a]anthracene, dibenzo[a,h]anthracene and
indeno[1,2,3-cd]pyrene.*® Some PAHs are listed individually on EPA’s Priority Chemical list.
These are acenaphthene, acenaphtylene, anthracene, benzo(g,h,i)perylene, fluorene,
phenanthrene, and pyrene.** The presence of PAHs in the aquatic system near urban areas is very
common due to the prolific use of fossil fuels by human civilization. PAHs found in water near
urban areas normally come from the discharge of petroleum products like petroleum fuels and
lubricants, the discharge of urban stormwater runoff containing PAHs from asphalt and car

47-49

exhaust particles and household wastes, which can account for 50-60 % of the total sewer



load for pyrene and phenanthrene.®® PAHs could be discharged in the effluent of wastewater
treatment plants to natural aquatic environments in dissolved form or adsorbed to particles.” Oil
sands processing and related petrochemical processing activities also generate PAHs in waters
and wastewater. In the case of industrial wastewater input to sewers, the permissible PAH
concentration is 0.2 mg/L, according to legislation in Poland.* There are very few studies of the
concentration of PAHs in contaminated wastewater. Concentrations of PAHs in urban wastewater
depend on the wastewater treatment system, weather conditions, and the composition and the
amount of wastewater. Polycyclic aromatic hydrocarbons are one of the most common classes of
chemical species found in nature and the environment. It is very difficult to analyze them in the
aquatic environment. In the last two decades, extensive research has been done for determining
PAHs in varieties of matrices. Molecular fluorescence methods have been found to be very

effective for the analysis of PAHs.>

1.3 Conventional wastewater treatment options

Wastewater from urban areas is commonly treated by large centralized wastewater treatment
plants (WWTP). Primary sources of municipal wastewater are from sanitary sewage which is
generated from homes, businesses, institutions and industries. The secondary source is from
storm water which is generated from rain or melting snow that drains off rooftops, lawns, parking
lots, roads and other urban surfaces. There are two types of wastewater collection systems (a)
combined sewer and (b) separate sewer systems.'® In the combined sewer systems, sanitary
sewage and storm water are collected together. In this system, if there is heavy precipitation,
overflows will happen due to overloading the combined sewer collection system, and result in a
direct discharge of raw sewage into surface waters. In the separate sewer system, the sanitary

sewage collection and storm water collection are separated.>® Below is a simplified schematic



diagram showing how pollutants enter the wastewater collection system from various sources

before release to the environment.

Collection Treatment Release Receiving
Environment

*|  Atmosphere

Separate sewer system

Sources —

Combined sewer system »| Suface

water

Sewer Overflows

Fig. 1.2. Generic wastewater collection and treatment system (adapted).'®

Wastewaters released from industries are merged in larger pipelines to finally be treated in
Wastewater Treatment Plants. Some industrial facilities generate ordinary domestic sewage that
can be treated by municipal wastewater plant. Other industries that generate wastewater with high
concentrations of conventional pollutants (e.g. oil and grease), toxic pollutants (e.g. heavy metals,
and volatile organic compounds) or other non-conventional pollutants such as ammonia require
specialized treatment systems. Some of these facilities install a pre-treatment system to remove
the toxic components, and then send the partially treated wastewater to the municipal treatment
system. Other industries redesign their manufacturing processes and operate their own complete

on-site treatment systems to reduce or eliminate pollutants.>



Different treatment strategies are required for the removal of different types of contamination
from industrial wastewater.”®’ Extension and refinement of water and wastewater treatment
technologies have been intensified in the past decade, and more approaches have been applied for

the design and operation of wastewater treatment.>®

Many industries such as agro-food, petroleum and leather generate highly saline wastewater. The
discharge of such saline wastewater to the environment adversely affects the aquatic life, water
potability and agriculture. Solar evaporation is commonly applied for the concentration of salt of
saline wastewater.” Ton exchange is also used to treat saline wastewater.*® But, ion exchangers
require costly regenerant and produce troublesome waste streams.> Reverse Osmosis (RO) is the
most efficient and most commonly used membrane process in desalination. In this process, water
is separated from dissolved salts in solutions by filtering through a semipermeable membrane at a

pressure greater than the osmotic pressure caused by the dissolved salts in the wastewater.>®

Biodegradable organic materials from plants or animals are usually treated by using extended
conventional sewage treatment processes such as activated sludge or trickling filter.*™>’ Activated
sludge is a biochemical process for treating sewage and industrial wastewater using oxygen and
microorganisms to oxidize organic pollutants, producing a waste sludge (or floc) containing the
oxidized material. In this process, air is injected in the aeration tank and thoroughly mixed with
wastewater followed by settling down the waste sludge in the settling tank (also called a
clarifier). On the other hand, a trickling filter consists of a bed of rocks, gravel, slag, peat moss,
or plastic media over which wastewater flows downward and interacts with a layer (or biofilm) of

microbial slime covering the bed media in presence of air. Aerobic conditions are maintained by



forced air flowing through the bed. The process involves biochemical oxidation through

adsorption of organic compounds in the microbial slime layer.

Oils can be removed from water surfaces by skimming devices. Organic materials such as
solvents, paints, pharmaceuticals, pesticides, coking products can be very difficult to treat.
Tertiary treatment methods are often very specific to individual contaminants. Some of the
methods are chemical oxidation, distillation, and adsorption. Chemical oxidation is a very useful
treatment process for the selective transformation of the undesirable substances into less harmful
species. During chemical oxidation, electrons are removed from a substance to increase its
oxidation state. Even though chemical oxidation is thermodynamically favourable in wastewater
treatment systems, it occurs at very slow rates of reaction; therefore, it is generally impractical to
get complete oxidation from an engineering or economic point of view. Oxidation processes are
considered as energy intensive, and therefore costly, which causes limited application in the
wastewater treatment process.®® However, appropriate integration of oxidation processes with
other treatment processes can decrease the cost and enhance the overall organic removal
efficiency. An example of this is found in the coupling of chemical oxidation and biological
treatment, whereby biologically resistant compounds can, by partial transformation, be rendered
more amenable to subsequent biodegradation. Ozone, permanganate, and chlorine are some of the
oxidizing agents used in wastewater treatment. Ozone can be used in various steps of the
treatment process to enhance biological processes and micro flocculation, iron, and manganese
removal, degradation of pesticides and other micro pollutants, and taste and odor removal.®!
Ozone is particularly beneficial for the disinfection of potable water because it is effective against

both bacteria and viruses and can also disinfect cysts and eggs.®** Selected organic compounds

such as phenols, aldehydes, aromatic amines, certain organosulfur compounds (thioalcohols,
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thioethers), alcohols, alkyl-substituted aromatics, nitro-substituted aromatics, unsaturated
alkenes, carbohydrates, aliphatic ketones, acids, esters, amines, halogenated hydrocarbons,
saturated aliphatic compounds, and benzene are treated by chemical oxidation processes.®®

The carbon adsorption process is also widely used for industrial wastewater treatment for the
reduction of overall organic content, specific compound removal, byproduct recovery, and
toxicity reduction.®® Adsorption technology has been found to be very effective for
groundwater cleanup operations that include treatment of drinking and process waters, treatment
of waters for artificial recharge, and treatment of water from purge wells.”"”" Adsorption is a
partitioning process where contaminants are transferred from the aqueous phase to the surface of
a solid phase where they accumulate. Activated carbon (e.g. anthracite) is the most common
adsorbent used in wastewater treatment. Activated carbon is used in the water industry for taste
and odor control for the removal of specific organic compounds. It is also used for removal of
chloroorganic compounds, aliphatic and aromatic hydrocarbons, total organic carbon (TOC),
trihalomethane (THM) precursors such as humic substances. It is a support medium for attached
growth for biologically aided removal of organics, and is used for dechlorination.”” Many water
treatment plants replace or supplement sand or other filter media with granular activated carbon

(GAC).

Liquefied gases such as propane, butane and carbon dioxide can be used as extractants for the
removal of contaminants from wastewater. Liquefied gas extraction is potentially suitable for
environmental clean up. It is reported that the butane extraction process is an effective method
for removing of toxic organic contaminants from wastewater.”” There are very few references

available for detailed information of the systematic approach of this technique. Moreover,
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liquefied petroleum gases have the potential for explosion and fire hazard due to their

flammability properties. Therefore, it is not suitable method for wastewater treatment system.

1.3.1 Primary Treatment (mechanical treatment)

Conventional wastewater treatment systems are typically divided into primary, secondary and
tertiary treatment processes. When wastewater enters into the treatment facility, it typically flows
through a step called preliminary screening, where a screen is used to remove large floating
objects that may clog pumps and pipes further in the treatment process.>® After the preliminary
screening, wastewater is allowed to pass slowly through the large tanks called primary clarifiers
or primary sedimentation tanks. Sludge will settle down in the tank and floating material such as
grease and oils can be removed from the surface. Primary treatment involves several operations
such as equalization (storing excess during peak flow times and later release during slow flow
times), neutralization, sedimentation, oil separation, and flotation.”® Primary clarifiers are usually
equipped with mechanically driven scrapers that continually drive the collected sludge towards a
hopper in the base of the tank from where it can be pumped to further sludge treatment stages.

The clarified water flows on to the next step of treatment.”®

1.3.2 Secondary Treatment (biological treatment)

Secondary treatment is used to remove the bulk of the suspended solids, organic materials (both
hazardous and non-hazardous), and other soluble materials. Secondary treatment processes can
remove up to 90 percent of the organic matter in wastewater by using biological treatment

processes.> First step in the secondary treatment process is to send the waste to an aeration tank.
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Fig. 1.3. Flow diagram of the conventional wastewater treatment system.

Oxygen-demanding substances like organic matter and ammonia are contributed by domestic
sewage, and agricultural and industrial wastes from both plant and animal origin, such as those
from livestock, food processing, paper mills, tanning, and other manufacturing processes. These
substances are usually mineralized or converted to other compounds by bacteria if there is
sufficient oxygen present in the water.>* Bacteria are single celled organisms, which have basic
requirements for their existence and reproduction. Many types of bacteria have been utilized in
wastewater processing. If certain bacterium is supplied with an environment in which the proper
pH, temperature, micro and macronutrients, and oxygen levels are present, it can quickly and

effectively break pollutants present in wastewater down into less harmful components.
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1.3.3 Tertiary treatment (Chemical treatment)

Tertiary treatment is the final stage of treatment for removing contaminants from wastewater. It is
used on some wastewater treatment systems, but not all. Most municipal WWTP in Canada do
not have tertiary treatment, or only add chlorine disinfectant as a tertiary step. Tertiary treatment
can involve a variety of methods such as sand filtration, coagulation, reverse osmosis, adsorption,
and electrodialysis in order to remove any residual contaminants not eliminated during the
previous treatment processes.’® Ultrafiltration (UF), if used, may also be a tertiary treatment
process. Small dissolved molecules as well as nutrients like phosphorus and nitrogen may remain
in the effluent after secondary biological treatment. Conventional secondary biological treatment
processes cannot remove all of the phosphorus, nitrogen and other small molecules. Therefore,
tertiary treatment is required if additional small molecules or phosphorus and nitrogen must be

removed from wastewater.

1.3.4 Limitations for sulfonamides and PAHs

Pharmaceutically active compounds (PhACs) can be removed to some extent from sewage during
the primary treatment process based on their chemical and physical properties including aqueous
solubility, volatility and lipophilicity. In the biologically oxidative environment of secondary
sewage treatment, removal of organic compounds is widely varied based on their susceptibility to
microbial degradation. Therefore, some compounds will degrade while others will persist.”® Low
concentrations (<1 ppb) of sulfonamide antibiotics have been detected in surface waters as well
as in the influent and effluent of wastewater treatment plants.>”>** These compounds are only
partially removed by conventional wastewater treatment systems. Advanced treatment processes,
such as ozonation, show better removal, but have serious limitations due to cost and the possible

formation of harmful by-products.®***
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For the removal of polycyclic aromatic hydrocarbons (PAHs) from wastewater, biological,
physicochemical or combined methods can be used. In the physical process, PAHs can be
removed from wastewater by using UF. However, in the course of UF separation, permeate flux

will decrease over time due to deposition of substances on the membrane surface.>>

1.4 Oil sands produced water (OSPW)

The oil sands in northern Alberta, Canada, are one of the largest oil deposits in the world, with
proven reserves of 174 billion barrels of bitumen.* Oil sands mining consumes large volumes of
water. On average 3 barrels of river water is required for every barrel of oil production.*® Most of
the water is used for hot water extraction. Hot water extraction is a process that separates bitumen
from sand and clay. The resulting process water is alkaline, slightly brackish, and acutely toxic to
aquatic biota due to the high concentrations of organic acids that are also leached from the
bitumen during extraction.?’ Untreated oil sands produced waters (OSPW), including the water in
tailings ponds, is a major environmental concern. Organic compounds found in tailings pond
water include naphthenic acids (NAs), asphaltenes, benzene, creosols, humic and fulvic acids,
phenols, phthalates, PAHs, and toluene.*® Under a zero discharge policy, oil sands are required to
store produced water in designated on site tailings ponds.®® Recycling of tailings pond water has
decreased fresh water withdrawals, but has increased scaling and corrosion of extraction facilities
and causes the long term decrease in water quality.® Tailings comprised of water, dissolved salts,
organics, minerals, and bitumen are pumped from separation vessels. The composition of tailings
varies with ore quality, source, extraction processes, and age. Generally, it contains 70-80 wt%

water, 20-30 wt% solids (i.e. sand, silt, and clays) and 1-3 wt% bitumen.*
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1.4.1 Conventional OSPW contaminants and treatment

Solid-liquid separation was the primary focus of the early stage research for water treatment in
the oil sands. As reviewed by Kasperski (1992),* the treatment processes tested on tailings
throughout the 1970s and 1980s included adsorption (fly ash, activated carbon, and bentonite),
coagulation and flocculation, pre-coat filtration, membranes, electrophoresis-assisted gravity
settling, pH adjustment, and freeze-thawing, among others.”® Ion exchange was first proposed as
a method of reducing water consumption in the hot water process by removing divalent and
trivalent ions from process water immediately following tailings extraction.”’ Acidification
increases rapid settling, and removes a large fraction of the dissolved organic carbon (DOC),
resulting in lower toxicity in process water.”>*® Activated carbon also significantly reduces DOC
concentrations, > although recent studies have demonstrated that acidification is required for
activated carbon to effectively adsorb naphthenic acids and reduce toxicity of process water.””
Other treatments such as aeration, sand filtration, and centrifugation have negligible effects on
dissolved substances and toxicity.” Spray freezing is identified as a winter treatment option for
tailings pond water. Gao et al. (2004)** reported that spray freezing the tailings pond water at -10
OC can significantly separate total organic carbon (TOC), conductivity, chloride, and sulphate

from the resulting ice.

There are various advanced treatment process used for the treatment of OSPW. A wide variety of
associated pollutants, most notably soluble organic carbon compounds, oil and grease and heavy
metals are removed by using adsorbents.”® Activated carbon, natural organic matter, Zeolites,
clays, and synthetic polymers are commonly used as adsorbents. Electrodialysis is considered an
emerging technology in the oil industry with several successful bench and pilot-scale

95,96

demonstrations. " In electrodialysis, feedwater is passed through an electrolytic cell divided by
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alternating anion and cation permeable membranes. Electrodialysis is an energy and cost efficient
solution to brine volume reduction with lower feedwater quality requirements, longer membrane

life, and higher water recovery than reverse osmosis.”

1.4.2 Limitations for OSPW treatment

OSPW is a mixture of complex organic and inorganic species. Conventional wastewater
treatment processes such as filtration, sedimentation, and flocculation cannot remove low
molecular weight dissolved compounds in the produced water. Water treatment technologies are
rapidly developing to meet the water management needs of oil industry, but the effectiveness of
the treatment of these technologies in the oil sands operations remains unclear. Prevention of
scaling, fouling, and corrosion are major concerns for oil sands operators, especially at in situ
operations where produced water is recycled for steam generation.”’ Scale formation and fouling
problems are reported at the extraction facilities of mining operations. Common components of
scale formation from produced water are carbonate, silica, sulphate, phosphate, and iron oxides.*®
In terms of corrosion, chemicals of concern with respect to process water include TDS, sulphate,
chloride, bicarbonate, ammonia, NAs, copper, and dissolved oxygen.86 Over the last two
decades, synthetic polymers and ceramic membranes have been studied by the oil industry for the
removal of oil, suspended solids, and other pollutants from produced water.”® Membrane
filtration processes have been tested on OSPW, although earlier research focused on the
treatment of produced water from in situ operations, rather than from surface mining streams.”®
Treatment of in situ produced water with ultra filtration and reverse osmosis has been shown
effective for removing toxicity, but fouling from fine clay particles resulted in permeate flux
declines.”® More recently, nanofiltration membranes were tested on various effluents associated

with surface mined oil sands and achieved >95% reduction of NAs concentration, and varying
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reductions of chloride (15-39%), sulphate (93-98%), sodium (54%-65%), calcium (92%-95%),
magnesium (90%-95%), and bicarbonate concentrations (58%-79%).”" However, nanofiltration is
not yet widely used and reverse osmosis remains at the development stage in the oil and gas
industry due to concerns over fouling from oil and biofouling promoted by dissolved organic
compounds.” Campos et al. (2002) reported that 92% of oil and grease were removed from
produced water by treating with microfiltration, but fouling of the membranes necessitated
cleaning every 20 h (based on small batch tests).'® Fouling decreases permeate flux, increases
trans-membrane pressure, and ultimately increases operating costs. Permeate flux of oily
wastewater will decrease when a layer of oil coats the pores and active surface layer of a

membrane, rendering it hydrophobic and reducing its permeability to water.'"!

With regards to the commercial application of microfiltration membranes for de-oiling of
produced waters, Zaidi et al. (1992) reported that low flux rates, flux decline, and membrane
durability remained major technological concerns.'* Oilfield brine filtration requires membranes
with high porosity (0.1 to 0.5 um), surface hydrophilicity, adequate heat and pressure tolerance,
and compatibility with cleaning agents and oilfield chemicals. Even though several counter
measures have been adopted with back pulsing, aeration, surface chemistry modification and
cleaning agent in order to minimize fouling problems, viable, economic and effective treatment

technology is still needed in the oil sands processing industry.”

1.5 Advanced wastewater treatment by filtration
Pressure driven membrane filtration is widely recognized as an advanced filtration process.
Membrane filtration can be defined as a separation process that uses semi permeable membrane

to divide the feed stream into a retentate (or concentrate) and a permeate fraction.'® Pressure-
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driven membrane processes use the pressure difference between the feed and permeate side as the

1 Membrane

driving force to transport the solvent (usually water) through the membrane.
filtration can be classified in terms of the size range of permeating species, the mechanisms of
rejection, the driving forces employed, the chemical structure and composition of membranes,
and the geometry of construction.'™ This classification distinguishes membrane filtration as
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO).
Microfiltration and ultrafiltration membranes have a porous structure that retains components by
a sieving mechanism. Separation depends on the pore size of the membrane and the size of the
components to be retained. In microfiltration, the pore size of the membrane is indicated by the
manufacturers and serves as a reference for the size of the retained particles. For ultrafiltration,
the molecular weight cut-off (MWCO) concept is often used."" Microfiltration (MF) membranes
have the largest pores, ranging from ~ 0.1 pm to 1um, and the highest permeability, so that a

sufficient water flux is obtained at a low pressure. MF is suitable for the removal of suspended

solids, including larger micro organisms like protozoa and bacteria.'®®

lons

Low molecular range
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Sodium ion Micro Filtration
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Reverse Osmosis

0.0001pm 0.001um 0.01pm 0.1um 1m 10um

Fig. 1.4. Effective size ranges of different filtration systems.'"®

Ultrafiltration is a relatively inexpensive, versatile, expedient, simple, non-destructive, and

107,108

reagent-free technique for separating macromolecules. Ultra filtration (UF) membranes
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typically have a molecular weight cut-off below 100,000 Daltons,"” and can remove 99.9% of
viruses. Molecules ranging in size from 3 kDa to 500 kDa (see Fig.1.4) are retained by certain
ultra filtration membranes, while low molecular wt. molecules and ions, including sulfonamides
(~0.17 kDa to 0.32 kDa), salts and water will pass through. UF can be used for the removal of

viruses and organic macromolecules down to a diameter of around 20 nm.'"

Ultrafiltration and microfiltration are increasingly used in water and wastewater treatment for
producing disinfected water suitable for various applications. However, fouling of microfiltration
or ultrafiltration membranes is the main limitation."'® For nanofiltration (NF), the pore sizes are
smaller than in UF, typically between 0.001 um to 0.01pm, which corresponds to dissolved
compounds with a molecular weight of about 500-4000 Da. This makes NF suitable for the
removal of relatively small organic molecules, multivalent ions’ and organic dye molecules from
surface water or groundwater, and degradation products from the effluent of biologically-treated

wastewa‘[er.101

Nanofiltration is situated between RO and UF. In comparison with RO, lower
pressures are used to obtain comparable fluxes, which is an important energetic advantage over
reverse osmosis.'!!

RO has the smallest pore size (< 0.001pm) and requires high pressure to operate. RO can

virtually separate all the ions while operating under a very high pressure difference and at a

relatively low permeate flux. It is commonly used for desalting brackish water and seawater.'*

1.5.1 Limitation of membrane filtration
Fouling is a common problem for the applications of pressure-driven membrane processes.
Fouling in RO and NF is mainly caused by adsorption of organic material on the membrane

surface and/or pore blocking, and by scaling due to the precipitation of such materials as CaCO;
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and CaSO4."™ Moreover, RO membranes are dense membranes without predefined pores.""! As a
result, permeation is slower and rejection is not a result of sieving, but of a solution-diffusion
mechanism. The low permeability of reverse osmosis membranes requires high pressures and,
consequently, relatively high energy consumption. This effect is even more pronounced in the
presence of an osmotic pressure due to high concentrations of dissolved components that

counteract the effect of the exerted pressure.'!

1.5.2 Micellar Enhanced Ultra filtration (MEUF)

MEUF is a modified form of ultrafiltration,'"* involving a combination of surfactant and UF for
the separation of ions and small organic molecules which otherwise can only be separated using
NF or RO."™ In MEUF, contaminants first partition into surfactant aggregates called micelles
prior to removal by UF, where the contaminants are below the molecular weight cut-off of the UF
membrane but the micelles are above the cut-off. For some contaminants, MEUF combines the
high removal efficiency of reverse osmosis with the high flux of ultrafiltration.""*'"* The
advantages of MEUF are relatively low energy requirement and low pressure. Anisotropic
membranes ranging in nominal pore size from about 1 to 10 nm (500 to 50,000 MWCO) can be
used to reject surfactant micelles.'”” Furthermore, the performance for solute rejection for MEUF
of solute with low molecular weight (MW) is quite similar to RO and NF. Therefore, MEUF may

be an alternative to overcome the inherent limitations of the RO process.112
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MEUF has been found to be an effective removal technique for a variety of trace contaminants in

Wastewa‘[er,lw'133

including heavy metals (e.g. lead, cadmium, zinc), toxic organic materials (e.g.
phenols, di-butyl phosphate, tri-butyl phosphate, trihalomethanes) and lower molecular weight
contaminants including Reactive Black 5 and Orange 16, Eosin dye, Direct Blue 71 and
Methylene Blue."**'*!

A recent report by Exall et al. demonstrated the removal of some sulfonamide antibiotics from

wastewater on a pilot scale.'*?

1.6 Objective of the research

Due to variations from one contaminant to another, no single technology is capable of providing
treatment for the whole spectrum of wastewater. Therefore, it is important to develop effective
treatment technologies as well as to develop a predictive model for understanding removal
efficiency for various contaminants. This will allow the efficient selection of MEUF parameters,
including specific surfactants and membranes, for removal of contaminants of interest in a

particular application. A major challenge for MEUF method development is characterizing model
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or prototype systems to help optimize parameters of the treatment system, including matching
micelle composition to the contaminants to be removed. The objective of this research was to
develop a semi-equilibrium dialysis (SED) method to characterize contaminants binding to
various micelles. Characterization included determining the binding constant of the organic micro
contaminants, and developing a correlation of these binding constants with octanol water
partition coefficients. The micelles studied include cationic (CTABr), anionic (SDS), and
switchable surfactants (sodium laurate) in order to develop a predictive model for other
compounds of interest. In this context, binding constants were determined for selected
sulfonamides and polycyclic aromatic hydrocarbons (PAHs) in micelles. Binding was further
characterized by determining structural orientation of the sulfonamides in micelles by "H NMR

spectroscopy.

1.7 Scope of the research

Chapter 2 is a literature review of MEUF, including micelle formation, binding processes,
binding characterization and different methodologies for determining binding constants,
including SED and NMR spectroscopy.

Chapter 3 describes the determination of binding constants of the selected sulfonamides with
CTABr micelles using the SED method. Binding characterization is explained by developing
linear co-relationships with other constants.

Chapter 4 describes the binding constants of the selected sulfonamides determined by "H NMR
spectroscopy. Nonlinear binding curves from the chemical shift of selected protons and locus and
orientation of the sulfonamide molecules within the micelle are discussed. The relationship

between proton chemical shift and micelle binding is examined.
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Chapter 5 describes the binding constant of the selected PAHs with CTABr micelles using the
SED method, followed by discussing of the correlation with octanol-water partition constants.
Chapter 6 describes the binding constant of the selected PAHs with SDS and SOL micelles using
the SED method, followed by discussing the correlation with octanol-water partition constants.

Finally, the conclusions and future work are discussed in Chapter 7
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Literature review

2.1 Surfactant and micelle formation

A surfactant is a surface active agent that is comprised of a polar head group and a non-polar tail
group. The dual nature of the surfactant causes self aggregation.! Normally, surfactants behave as
a dissolved substance in aqueous solution at low concentrations. Adsorption of surfactant is
observed at the air-water interface leading to decreased surface tension due to reduction of
surface free energy.” With increasing concentrations of surfactant, the adsorption also increases
(see Fig. 2.1). As there will be a balance between adsorption and desorption (due to thermal
motion), the interfacial condition requires some time to be established. The surface activity of
surfactants should therefore be considered a dynamic phenomenon. This can be determined by
measuring surface or interfacial tension versus time for a freshly formed surface. The polar or

ionic head groups of the surfactant usually interacts strongly with an aqueous phase via dipole—

Chapter 2

dipole or ion—dipole interactions when it is solvated.?

(e V)
(o V3]
i

Water Water

Fig. 2.1. Micelle formation process: a) A surfactant as dissolved substance b) Adsorption of
surfactant at the air-water interface c) a monolayer of surfactants is formed at the interfaces d)

formation of micelles (adapted).?
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At a certain concentration, all interfaces become saturated with surfactant monomers and
surfactant molecules start aggregating to form micelles. A typical micelle size is 5 nm and it is
made of about 100 surfactant molecules. The concentration where aggregation of surfactant
molecules occurs is called the critical micelle concentration (CMC). If the surfactant
concentration is higher than CMC, excess surfactant molecules form micelles and the monomer
concentration remains constant. The CMC can be affected by various factors, such as increasing
the size of the “’head’’ (polar or hydrophilic group) or decreasing size of the “’tail’’ (non-polar or
hydrophobic group), which will result in an increased CMC. However, the CMC will decrease
with decreasing charge density of the polar head groups by the addition of counter ions or
electrolyte to the ionic surfactant. Besides these factors, temperature and pH can also influence
the CMC. The CMC of a surfactant is an important parameter as it is specific for each surfactant
and influences the control of solubilisation and emulsification.® For surfactants with a very high
CMC, few or no micelles will be formed, resulting in little binding with contaminants. On the
contrary, for surfactants with a lower CMC, more micelles will be formed and more contaminants

will bind with micelles.

From a thermodynamic perspective, the process of micelle formation will include both
electrostatic and hydrophobic contributions to the overall Gibbs energy of the system. Since the
hydrocarbon (i.e., hydrocarbon chain) part of the surfactant is hydrophobic and not miscible in
water, the self-assembly of these hydrophobic parts into a phase separate from the water can be
attributed to the hydrophobic effect. The hydrophobic Gibbs energy (or the transfer Gibbs
energy) can be defined as the Gibbs energy for the process of transferring the hydrocarbon chains
from water to the micelle.® In considering enthalpy and entropy contributions to the Gibbs free

energy of transfer for the hydrophobic effect, the entropy dominates. The transfer of the
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hydrocarbon solute from the water into the hydrocarbon solvent (micelle phase) is accompanied
by a decrease in the Gibbs transfer energy.® The presence of the hydrophobic hydrocarbon chains
in the water increases the ordering of water molecules in the vicinity of the chains. The increase
in entropy caused by restoring the normal hydrogen-bonded structure of water, accompanied by
the disappearance of more highly ordered water, often termed icebergs, around the hydrocarbon
chain. The overall process has the tendency to bring the hydrocarbon molecules together to form
micelles through hydrophobic interactions.> Another way to describe the formation of micelles is
to consider a cavity forming in the water phase that is filled in with surfactant chains, with

surfactant head-groups aligned at the cavity/water interface.
The Gibb's free energy (AG) for micelle formation can be estimated by considering a series of

three steps.’ (Fig. 2.2).

¢t N
-~

AG, l AG,

c)

b)
f AG, |
“Sagy O
Fig. 2.2. Thermodynamic cycle of micelle formation. The process of assembling n separated
amphiphiles (a) to a micelle (d) can be treated as though it occurs in three steps: (1) Creating a
cavity in the solvent (light gray) (b); (2) Transferring the hydrophobic chains (dark gray) from the

aqueous solution into the cavity (c); (3) Distributing the polar headgroups (gray) over the surface
of the cavity and reconnecting them to the hydrophobic chains (d) (adapted).”
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In the first step, free energy is required to form a cavity in the water phase. Assuming a spherical
cavity with a surface area of at least 1 nm?, the free energy for the formation of the cavity can be
expressed as AG;= y A, where A denotes the surface area of the cavity and y is the water-vapor
surface tension. In general, there is also pressure-volume work for forming a cavity in a liquid.
For water at standard conditions, the pressure is sufficiently small that this contribution is

negligible for cavities with diameters less than 5 nm.

The second step is the formation of the hydrophobic micelle core by the hydrophobic tails of
surfactants. This can be considered as disconnecting the tails from the headgroups and then
moving the hydrophobic tails from water into the tail-filled cavity. One part of the free energy to
fill the cavity is -nAp , where -Ap is the free energy change in transferring the hydrophobic tail
(i.e., the alkane chain) into the oily hydrophobic core from water. Another part is an interfacial
contribution due to the presence of van der Waals attractions between oil (tails) and water. As

discussed in Huang et al.,8 these attractions cause the oil-water surface tension, yow, to be lower

than the water-vapor surface tension, y. Thus, the free energy for filling the cavity is:
AG;=-nAp- Ay A (2.1)

where A y=7y - yow. (2.2)

In this case, Ap is close to the transfer free energy for moving the associated alkane chain from
oil into water, because the densely packed interior of a micelle is much like a hydrocarbon
liquid.’

The third step is the placing of the hydrophilic headgroups on the micelle surface. In this step, the
hydrophilic headgroups are reconnected to the hydrophobic tails, placing them at the water-oil

interface in order to maintain a favorable solvation energy.” This positioning needs to be done
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simultaneously with enforcing the connectivity between heads and tails and maintaining the
densely packed interior. These conditions result in an entropic cost that increases extensively
with aggregation size. The driving force of the third step can be conveniently estimated from the
electrostatic factors of positioning the polar headgroups, subject to the constraints associated with
attaching them to the hydrocarbon chains.!™! Different factors including temperature, pressure,
and the presence and nature of additives can affect micellization which is opposed by thermal and

electrostatic forces.'?

2.1.2 Classification of surfactants

The widespread importance of surfactants in practical applications, and the interest in their nature
and properties, have produced a wealth of literature on this subject.” The surfactant industry is
dominated by several types: alkylbenzene sulfonates, alcohol ethoxylates, sulfates and
ethersulfates."”® These are the major ingredients of laundry detergents, household, and personal
care products. Growing interest in increasing performance in these areas has also led to research
into mixed surfactant systems. Other commercial interests have also influenced the development
of new surfactants. For example, during the oil crisis in the 1970s, enhanced oil recovery
methods, such as microemulsions, were heavily investigated.® Scientific curiosity has also driven
surfactant research into areas such as organization of surfactant molecules into interesting shapes,
structures, and unique properties."* Surfactants are also the subject of investigation into the
origins of life, meteorites containing lipid-like compounds have been found to assemble into
boundary membranes and may be an interstellar prebiotic earth source of cell-membrane
material."”® Surfactants are used in micellar enhanced ultrafiltration (MEUF) for the removal of
various organic and/or inorganic pollutant from wastewater.'® Over the past ten years, new

surfactant molecules have been developed; however, additional surfactant molecules are in
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demand for specific applications such as nanoparticle synthesis, and more diverse and
environmentally friendly consumer products.® Surfactants have been classified based on their

polar head group. Several examples are listed in Table 2.1.

Table 2.1. Classification of surfactants’

Class Examples Structures
Anionic

Na stearate CH;(CHy)xCOO Na™

Na dodecyl sulfate CH;(CH,),,SO, Na*

Na dodecyl benzene sulfonate CH,(CH,),,CH,SO, Na*
Cationic

Laurylamine hydrochloride CH;(CHy)y NH;*CI™

Trimethyl dodecylammonium chloride Cj,HyN*(CH,),CI”

Cetyl trimethylammonium bromide CH;(CH,);sN*(CH;);Br~
Non-ionic

Polyoxyethylene alcohol C,H,,,,(OCH,CH,),,OH

Alkylphenol ethoxylate CoHo-C¢H,~OCH,CH,),0H

Polysorbate 80 HO(C,H,0); _AOC,H,),OH

wH+x+y+z=20 ) Q

R = (C”HH)COO

’ ?l l(OC:.llJ)“OH
CH,(OC,H,)R

Propylene oxide-modified polymethylsiloxane (CH;)3Si0((CH3)Si0),(CH;Si0),Si(CHy )
(EO = ethyleneoxy, PO = propyleneoxy) :

CH,CH,CH,O(EO),(PO),H

Zwitterionic Dodecyl betaine Cy,HysN*(CH;),CH,CO0~
Lauramidopropyl betaine C;Hy;;CONH(CH,);N*(CH,),CH,CO0O~
Cocoamido-2-hydroxypropyl sulfobetaine C,H,,,,CONH(CH,);N*(CH,),CH,CH(OH)CH,S0;"

2.1.2.1 MEUF using cationic surfactants

The hydrophilic head of cationic surfactants bears a positive charge which makes it possible to
attract anionic contaminants.'”"® Cationic surfactants, used in fabric softeners, corrosion
inhibitors and antimicrobial agents,"” are very useful in wastewater treatment by MEUF.
Cetylpyridinium chloride (CPC) is identified as one of the potential cationic surfactants that can
be used to remove anionic contaminants from wastewater. The potential of CPC has been tested

for the removal of organic materials from wastewater. Purkait et al.?’ showed that 74% of an
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eosin dye was removed by MEUF using CPC. Ahmad et al.'”?! found that reactive dyes such as
Reactive Black 5 and Reactive Orange 16 can be removed 99% through MEUF by using CPC.
Hexadecyltrimethylammonium bromide (CTABr) is a cationic surfactant shown to have an
85.9% removal efficiency for phenol as reported by Luo et al.?* These researchers also reported
that for surfactants with the same hydrophilic headgroups (CTABr and octadecyl trimethyl
ammonium bromide (OTABr)), the hydrocarbon chain length (hydrophobic tail) affected the
solubilization (transfer) of phenol into micelles.”” They also found that increasing the
hydrocarbon chain length of the surfactant resulted in decreasing the CMC, hence enhancing the
solubilization of phenol into micelles. Another study conducted by Zaghbani et al.>* on the effect
of hydrophobic alkyl chain length on the removal of Eriochrome Blue Black R dye using n-
alkyltrimethylammonium bromide surfactants, dodecyltrimethylammonium bromide (C;,TABr),
tetradecyltrimethylammonium bromide (C;4TABr), CTABr and octadecyltrimethylammonium
bromide (C;sTABr) showed that the dye retention increased as the hydrophobic alkyl chain
length increased (C,,TABr (34.6%) < C14TABr (51.1%) < CTABr (99.6%) < Ci;sTABr (99.9%))

due to hydrophobic interaction which increased solubilization of dyes by the micelles.

In this PhD research, for the removal of sulfonamides from the wastewater, CTABr has been
considered as an effective surfactant candidate for MEUF due to the charge-charge interaction.
This is because many sulfonamides are stable anions at neutral pH in wastewater. These negative
sulfonamides will presumably give better binding with the cationic CTABr surfactant. CTABr is
also considered for the removal of neutral compounds (PAHs) where the charge of the headgroup

will not affect binding but the micelle interaction will occur due to hydrophobic effects.
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2.1.2.2 MEUF using anionic surfactants

The hydrophilic head of an anionic surfactant has a negative charge'® which interacts with the
cationic charge of contaminants such as metal ions.** Anionic surfactants are widely used in
detergent powders since they are known to be more effective than other surfactants in soil
removal, especially for natural fabrics.'” MEUF using anionic surfactants have been found to be
effective for the removal of both inorganic and organic contaminants from wastewater.> 2® The
anionic surfactant sodium dodecyl sulphate (SDS) has been widely used for the removal of heavy
metal ions from wastewater. Yenphan et al.*” and Samper et al.** proved 90% to 100% removal
of Pb*" was achieved using SDS. Samper et al.** also studied the removal of other metal ions
(Cd*", Cu®", Ni*", Zn®") using SDS and linear alkylbenzene sulfonate (LAS) as the surfactant
via MEUF. Misra et al.”® also found that SDS was very effective for the removal of uranyl ions
(UO,") as well as di-butyl phosphate and tri-butyl phosphate from aqueous solutions.

In this PhD research, the anionic surfactant SDS was considered for the removal of neutral
compounds (PAHs) where, as was the case for cationic surfactant, the charge of the headgroup is

not important but micelle interaction will occur due to hydrophobic effects.

2.1.2.3 MEUF using switchable surfactants
A switchable surfactant can be defined as a surfactant which can be changed from one form to
another by activation of a trigger, and as a consequence the surfactant activity can be completely

29-31 .
3 or air, or a

reversed.”” The trigger is usually addition of a chemical reagent such as CO,
chemical process such as oxidation/reduction cycles*? or photochemistry.'? There are various
applications of switchable surfactants. They are beneficial in emulsion polymerization, in the oil
industry, in pharmaceutical manufacturing, and in other commercial chemical processes.”

During drilling in the oil industry, water is pumped into an underground oil reservoir to increase
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the extraction of oil. Surfactants can be added to the water to promote the formation of a stable
oil-water emulsion to increase the efficiency of the oil extraction. If a switchable surfactant is
used, it can be switched off and the emulsion can be broken and separated into distinct layers,
increasing the efficiency of the enhanced oil recovery (EOR) process.”” Switchable surfactants
can also be used to control CO, hydrate formation in oil and petroleum transport applications as

well as in demulsification and deoiling applications.

There are not yet any reports regarding the treatment of wastewater using switchable surfactants
in the MEUF system. Sodium laurate (SOL) is a commercially available switchable surfactant,
which has been used in this PhD research to examine its potential for the treatment of wastewater
in MEUF. SOL has been used only to study the removal efficiency of PAHs and binding
characterization of PAHs in the "on" form rather than switching "on and off", which might be a

topic for future research.

2.2 Binding of contaminants to micelles

Contaminants can exist in different forms in wastewater, including cationic, anionic, neutral or
zwitterionic. Micelles formed by ionic surfactants have an inner hydrocarbon zone, an outer ionic
layer called the Stern layer and an intermediate region termed the palisade layer.34 Depending on
their chemical properties, contaminants can be dissolved in the hydrocarbon core, adsorbed on
the Stern layer or sandwiched in the palisade layer.’* Charge-charge interactions are presumably
dominant for the binding of ionic contaminants to micelles, with the contaminants adsorbed on
the outer Stern layer.® On the other hand for neutral contaminants like PAHs, hydrophobic
interactions would be the primary force for binding to micelles. The hydrocarbon-like interior of

the micelles determines their capacity to bind non-polar hydrophobic compounds.  For most
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non-polar hydrophobic compounds, the locus of solubilization is probably the hydrocarbon core

of the micelle.

2.2.1 Separation of bound contaminants using MEUF

MEUF is a microheterogeneous system that can solubilize and compartmentalize both ionic and
neutral organic compounds into different regions of a micelle aggregate structure.

In MEUF, the surfactant is added above its critical micelle concentration (CMC) into an aqueous
solution containing contaminants (e.g metal ions, organic materials, inorganic ions).”* When the

36, 37

surfactant concentration exceeds the CMC value, the surfactant monomers can assemble and

aggregate to form micelles? having a hydrodynamic diameter significantly larger than the pore
diameter of an ultrafiltration membrane.® 272838

The contaminants or solute will be entrapped in micelles if they are strongly attracted by the
micelle surface and/or can be solubilized in the micelle interior.*® Micelles with a larger diameter
than the membrane pore size containing solubilized contaminants will be retained behind the
membrane during ultrafiltration, leaving only water, unsolubilized contaminants and surfactant
monomers to cross to the permeate side.?*** MEUF enhances the performance of ultrafiltration by
retaining smaller contaminants that would normally pass through conventional ultrafiltration
membranes. Contaminant partitioning occurs to the micellar phase, followed by ultrafiltration of

the solution to remove the micelles and bound contaminants.7»#041:42

Low molecular weight
sulfonamides (~170-320 Da) and PAHs (~128-300 Da) can easily pass through a typical ultra

filtration membrane (100,000 Da),* but the same sulfonamides or PAHs bound to micelles will

remain in the retentate side.

42



2.3 Measurement of binding constants

Measurement of binding constants gives quantitative information about the interaction between
acid-base, metal-ligand, enzyme-substrate, and various organic and inorganic species with
micellar system which is very important in analytical chemistry, industrial process chemistry, etc.
Techniques such as spectrophotometry, fluorometry, NMR, and HPLC, have been used to
measure binding constants.* The flow injection gradient (FIG) technique has been successfully
used for accurate and automated determination of formation constants of various chemical

systems"s'47

and for the characterization of a variety of chemical systems including acidity
constants®' and proton-ligand equilibria.** Electrospray ionization mass spectrometry has been
used in monitoring the intensities of both unbound and bound guest or host during a titrimetric
experiment.** This method has been used to examine dissociation constants for
oligonucleotide-serum albumin complexes,” the binding constants of vancomycin-peptide
complexes and ristocetin  peptide complexes,” the dissociation constants for
proteinphosphopetide complexes,” and the dissociation constants for aminoglycoside-RNA
models.**

Capillary electrophoresis (CE) is a very powerful tool for understanding the nature and strength
of biological interactions.>*>” With the continuing development of CE, there has been increasing
interest in determining binding constants of the solute-ligand complexes. This has given rise to a
new method known as affinity capillary electrophoresis (ACE).*®*>® ACE has already been used to
measure binding constants in a number of systems, including the interactions of lectins with

60-62

. . 63,64
sugars, albumin with drugs,*

56-68

vancomycin with peptides, enantiomers with

cyclodextrins, carbonic anhydrase with drugs or cations and antibodies with antigens.*
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When a ligand forms a complex with a macromolecule, the concentration of free ligand in the
equilibrium mixture can be monitored by the rate of dialysis across a suitable membrane.”’ By
using radioactive ligands, the rate can be monitored quickly, without changing the concentration
of the ligand in the reaction mixture. This method was originally developed for rapid binding
measurement of sugars and nucleotides to yeast hexokinases.””’? This method was later

"3 pyrophosphate,” calcium ions,”

successfully used for binding measurements of nucleotides,
and amino acids.”® The rate of dialysis can be monitored conveniently by use of the simple device
illustrated in Fig.2.5. The apparatus is comprised of a dialysis cell with an upper chamber
containing macromolecules and the labelled ligand, separated by a membrane from the lower

chamber. Buffer is continuously pumped into the lower chamber at constant rate and from which

sample is collected for radioactivity measurements.”®

Protein solution bstrate added here

o _—~Membrane

Stirring bar =l A W
g, A

/

Fig. 2.3. Diagram of the apparatus of measuring substrate binding by rate of dialysis (adapted).”

Magnetic Stirrer

The interaction between organic molecules and micelles is of increasing analytical interest and

good results have been obtained when determinations of some organic compounds are carried out

77-79

in micellar media, by several techniques Binding constants have been determined for various
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organic and inorganic species with micellar systems using in situ techniques such as
fluorescence,® enthalpy of association,®" and NMR.¥** Ex situ techniques, involving separation
of micelles and bound species from unbound molecules, have also been employed, such as
micellar liquid chromatography® and semi-equilibrium dialysis (SED).*"* Binding constant
measurements for chemical species and micelles using absorbance measurements®*® have been

2192 model has been

reported by Sepulveda.”® A high performance liquid chromatography
developed by Armstrong and Nome,” and the dissociation constants method®*®” has been studied
by Berezin®® for determining binding between chemical species and micelles. Other methods are
ultrafiltration,”'* isopiestic,'*! and solubility'**"'™ based on absorbance measurements and using

the model developed by Septilveda®® and Bunton and colleagues.'” Selected binding

measurement techniques are discussed below.

2.3.1 Binding constant by Fluorometer

A fluorometric method has been adapted to determine the binding constants (K) between
different systems and micelles.'®® This method is based on the variation of the fluorescence of the
system in the presence of increasing amounts of a surfactant. Fluorescence measurements have
been used to determine binding constants using selective quenchers.' ' This method permits
the determination of binding constants in strong acid or alkaline media. De La Guardia et al. used
this method to determine binding constants of 1-naphthol and 2-(4-alkylamino-2 hydroxyphenyl)
benzo-X azoles (X being an O or an S atom, PAS-O and PAS-S) with cationic, anionic, and

nonionic surfactants.'®

In this study, fluorescence was reported to be higher in the presence of
different cationic, anionic, and nonionic surfactants than in aqueous media, and a fluorescence

enhancement was found at concentrations above the CMC.1%
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Binding constants between fluorescent molecules and surfactants have been determined from the
following equation

1 1
[(I/1,)-1] [, /1,)~1]

x [1+1/(yKCy)] (2.3)

where, C; is concentration of surfactant, 7, is the maximum fluorescence obtained and K is the
binding constant.

Since fluorescence enhancement takes place at concentrations higher than the CMC, Cy values
must be replaced by C),, the concentration of surfactant in micellar form according to:

Cy = (Cs-CMC) (2.4)

Therefore, substitution of Eq. (2.4) into Eq. (2.3) gives an expression which relates the
fluorescence enhancement to the concentration of micellized surfactant:

1
[(I/1,)-1] [, /1,)-1]

x [1+1/yK(C,, + CMC)] (2.5)

When extinction coefficient does not vary in the micellar media, then y = /. If micelles do not
modify the extinction coefficient at the excitation wavelength, then the regression between

1/[(1/1,)—-1] and /Cy gives a straight line and the value of the binding constant between the

system and the micelles can be obtained from the quotient of the intercept and the slope of this

. 106
line.
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Fig. 2.4. Effect of Triton X-100 concentration on the fluorescence emission of PAS-S at an
excitation wavelength of 412 nm and in 1 M HCI medium. Solid line is the fluorescence

spectrum without surfactant. Dashed lines are the fluorescence emission spectra in the presence
106
0.

of different concentrations (% w/v) of Triton X-10

2.3.2 Binding constant by micellar High Performance Liquid Chromatography

Micelles are well known for their ability to solubilize hydrophobic compounds in aqueous
solution.* Micelles provide a hydrophobic site for partition of solutes from the mobile phase and
can replace traditional modifiers in reversed phase HPLC (RP-HPLC)."'"' Micelle-solute
association constants for some benzene and naphthalene derivatives with sodium dodecyl
sulphate (SDS) and hexadecyltrimethylammonium bromide (CTABr) in the presence of n-
butanol and sodium chloride have been determined by HPLC using micellar mobile phases. In

micellar phase liquid chromatography (MPLC), only those solutes that interact with the micelle

47



through electrostatic interaction or hydrophobic effects, are affected by a change in micelle
concentration in the mobile phase. The parameters that characterize the micellar systems (CMC,
aggregation number and charge of the micelle) are modified by the addition of salts or alcohols to
the solution.""® These additives can also modify the solute-micelle distribution equilibrium.
There are three equilibria involved in the MPLC process. The first equilibrium is the distribution
of the solute between the micelle and bulk water, defined as the water-micelle partition
coefficient (Pyr). The second is the partitioning of the solute between the stationary phase and
the micelle, defined as the stationary phase-micelle partition coefficient (Psys). The third is the
distribution of the solute between the stationary phase and water, defined as the stationary phase-
water partition coefficient (Pgy). Using these equilibrium expressions, Armstrong and Nome'"
have reported the correlation between retention and micelle concentration as follows:

P —1
VS — V( MW )Cm + 1 (26)
(Ve - Vm) PSW PSW

where, Vs, V. and V,, are the stationary phase volume, elution volume of the solute and the void
volume of the column respectively; v is the molar volume of the surfactant and C,, is the

micellized surfactant concentration in the mobile phase, C,, = C,- CMC; C; is the total surfactant

. . 4 — .
concentration in solution. A plot of V—Svs C,, 1s linear and the solute-micelle constant per

surfactant monomer, K> = v (Pyy - 1),"** can be calculated by measuring the slope: intercept ratio.
If the surfactant molar volume v is known, the partition coefficient of solute between bulk

water and micelle, Pyw, can also be calculated. Arunyanart and Cline Love'! have derived a
similar equation which has a correlation with the capacity factor k' and micellized surfactant

concentration C,,. This equation is,
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_ KC, 1
ALs1K,  Ls]K,

2.7)

where K, is the binding constant, ¢ (phase ratio) = V; / Vm; [Ls] is the stationary phase
concentration, and K; is the binding constant for the solute between the bulk solvent and the
stationary phase. A plot of //k' vs Cm would produce a straight line and the value of the solute-
micelle binding constant K>, can be obtained from the slope: intercept ratio.
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Fig. 2.5. Variation of 1/k' vs micellized SDS concentration in solution. Mobile phase: 0.1 M
NaCl/SDS (a) benzene derivatives (b) napthalene derivatives.'??

2.3.3 Binding constant by micellar electrokinetic chromatography

Micellar electrokinetic chromatography (MEKC) is a capillary electrophoresis method (CE)'**1%
which is well established for measuring solute-micelle association constants, even though its
potential has largely remained unexplored.'*® Solutes (ionized and non-ionized) are distributed
between the micelle and the surrounding non-micellar phase according to their solute-micelle
association. In MEKC, micelles are formed mostly from anionic surfactants; therefore, their

migration in an electric field is retarded with respect to the electroosmotic flow. Micellar

electrokinetic chromatography was studied to determine solute-micelle association constants for a
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group of benzene derivatives and polycyclic aromatic hydrocarbons using sodium dodecyl
sulphate (SDS) as a surfactant. Among the different buffer studies, only those of pH > 9 [2-(N-
cyclohexylamino) ethanesulphonic acid and ammonium acetate] gave an electroosmotic flow
high enough to allow the elution of all of the compounds studied.

If the micellar concentration in the buffer is low, the solute capacity factor (k') in MEKC can be
related to the total surfactant concentration in the buffer as follows:''® '3

k'=(K,+v)(C-CMC) 2.7)

where K, is the solute-micelle association constant per surfactant monomer, v is the molar

volume of the micelle and C is the total surfactant concentration in the buffer. In MEKC, k' is

, ~1,)

defined as k'= ———-%——
t,[1-(@, /t,)]

(2.8)

where, ¢, is the migration time of the electroosmotic flow marker. ¢, is the migration time of the
solute and , ¢, is the migration time of the micelle. From Eq. 2.7, solute micelle-association
constants can be calculated from the slope of the straight line obtained from the plot of the
variation of the capacity factor of the solute with the total surfactant concentration in the
separation buffer. However, this method is not appropriate for compounds that are strongly

associated with the micelles, for which the term [1— (¢, /¢,,)] in Eq. 2.8 can be close to zero.
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Fig. 2.6. Variation of the capacity factor (k') for benzene derivatives as a function in 0.05 M
CHES buffer modified with 3% n-propanol.'?’

From the slope of this straight line, the solute-micelle association constant can be obtained if the
molar volume of the surfactant is known. Fig. 2.8 shows the linear variation of the capacity factor
as a function of the SDS concentration. However, variation of the capacity factor of the most
hydrophobic compounds does not show a straight line; instead a larger scatter of the points is
observed. The non-linear variation of the capacity factor as a function of the surfactant
concentration for the most hydrophobic compounds may be due to the large error in the
determination of the capacity factor as a result of the solute migration times, which were similar

to the micelle migration time."?’
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2.3.4 Binding constant by SED

Semi-equilibrium dialysis (SED) is a passive method of Micellar-enhanced ultrafiltration
(MEUF). In this method, aqueous surfactant micelles, at concentrations greater than the critical
micelle concentration (CMC), can bind or solubilize target solutes and prevent them from
passing through ultrafiltration membranes having molecular weight cutoff values in the range
1000-50000."%7 Semi-equilibrium dialysis (SED), can be used to determine the binding of ions
and organic solutes to surfactant micelles."””®"*! Equilibrium dialysis has been used for many
decades for the study of binding of low molecular weight solutes to macromolecules.”**"** But,
the use of equilibrium dialysis method in studying the solubilization of organic solutes by
aqueous surfactant micelles is complicated because of gradual transfer of surfactant from the
retentate into the permeate compartment, resulting in the formation of micelle in the permeate
side due to solubilization of significant quantities of the organic solute in micelles."**"** Presence
of micelles in the permeate side can lead to a quite large errors in inferred values of partition

constants for transfer of solutes from the “bulk aqueous solution” into the micelle.'*’

The binding or solubilization potential (the ability of surfactant micelles to increase the total
hydrocarbon concentration in solution beyond the aqueous solubility component) can be
quantified by the micelle-water partition coefficient, K, partitioning of hydrocarbons between the
micellar and the aqueous pseudo-phases.'*' Depending on the properties of the contaminants,
partitioning will occur into the different zones of the micelle. In the interior zone, the micelle can
solubilize less polar molecules. In the layer on the surface of a charged micelle, oppositely

charged ions or molecules can be strongly adsorbed by charge-charge interactions.

52



Ao Br H/_ “H
Br

0 Water 4

H,C H,C
\ \
H3CHN+”CH3 H3C\N*/CH3

< Charged Layer <

Micellar Interior

H5C 12 Hy5C 12

Fig. 2.7. Cross-sectional representation of a CTABr micelle.

To determine solubilization potentials for aqueous hydrocarbon concentrations below the
solubility limit, semiequilibrium dialysis (SED) cells have been utilized.*®

Christian et al. have reported that the dialysis method is quite convenient for studying
solubilization equilibria."*” In a SED experiment, the surfactant cannot reach equilibrium in any
reasonable period of time, and in fact true equilibrium would be a state in which there is no
difference between the concentrations of either the surfactant or the organic solute in the two
compartments of the dialysis cell.'"*® They termed the method “semi-equilibrium dialysis”,
because equilibrium can be reached with respect to the dissolved organic compound, but the
surfactant will continue to diffuse through the membrane as long as there is a difference in total
concentration between the two chambers of the cell. They reported the solubilization constant of
phenol in aqueous n-hexadecylpyridinium chloride (CPC) solutions at 25 °C."*' SED uses a
separation cell to retain micelles and bound contaminants on one side of the dialysis membrane,
and then separately examines the “retentate” and “permeate” sides of the cell. In SED, it is
assumed that unbound species and free surfactant molecules come to near-equilibrium conditions

on both sides of the membrane.'* This means a measured concentration of a contaminant on the
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permeate side of the cell can be assumed to be equal to the concentration of free contaminants on
the retentate side. The total contaminant measured on the retentate side will be the sum of the
free and micelle-bound forms of the contaminant. SED is a process in which two chambers are
separated by a dialysis membrane acting as an ultrafilter. The molecular weight cut off (MWCO)
of the membrane is chosen in such a way that the receptor component of the sample (the micelle,

in this case) will remain in the retentate side.'*?

I use the term “Semi-equilibrium” in this thesis as it is assumed that free molecules and free
surfactant molecules are at equilibrium across the membrane, but there will not be any micelles
on the permeate side. “Complete equilibrium” would have equal concentrations of molecules and
micelles on both sides, and might take several days to be achieved. Our onsite prepared SED cell

is very simple (Fig. 2.10).

Fig. 2.8. In house prepared SED cell

In this study, solution of contaminant and surfactant are placed into the retentate side and de-
ionized water is placed in the permeate side of the SED cell. Contaminants and surfactant will

start to diffuse and contaminants will start to bind with micelles at the same time.

54



Dialysis Membrane

@ [
. L |
l/' ®® ] e~ ®
52 — @
) ~ @
Retentate 1 Permeate g @
\» Side Side
] .
@™ ||
L PN — O [ G
[ g W} ~
[ o W\ | o WY

Fig. 2.9. Schematic diagram of the semi-equilibrium Dialysis (SED) process.

After 24 h, the total concentration of the contaminants and surfactants in the retentate side and
free concentrations of the contaminants and surfactants in the permeate side were determined.
We calculated the partition coefficient also called binding constant of the binded contaminants

and free contaminants using the following equations:

[Contaminants] g

KEp =
B [Contaminants] 4 (2.9)

where, Kj is the binding constant
[ Contaminants] ,; = Concentration of contaminants in the micelle

[Contaminants] 4= Concentration of free contaminants in aqueous solution
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2.3.5 Binding constant by '"H NMR spectroscopy

NMR spectroscopy is probably the most informative technique for determining binding
constants, as it has high specificity and can provide structural information on the nature of the
complex."™ Chemical shift, spin coupling, and relaxation times are all sensitive to the short-
range interactions encountered in molecular complexes.'*® Applications of NMR spectroscopy to
the study of molecular complexes generally, and to cyclodextrin inclusion complexes

specifically, have been reviewed.'*®

Many studies have been conducted on the binding of
cyclodextrins to a wide assortment of compounds, some utilizing NMR."*® The binding constant
of cyclodextrins with alprostadil has been reviewed by several authors.'*> 714 However, very
little research has been done for determining micellar binding constants by NMR."*"*! NMR
chemical shifts have become by far the most important method for determining the binding
constant between two molecules in solution. This method utilizes the difference between the
chemical shifts of a molecular species in the free and bound states.”* '** Protons of the free and
bound ligand will experience different chemical environments in the solution and therefore they

will have different chemical shifts.'>*

In terms of the micellar binding complex, chemical shift changes towards higher field or lower
field will give very important information of the locus and orientation of the molecule in the
micelle. From chemical shift changes, binding constants have been determined for various host-
guest systems.*® An external or internal standard is used to provide a reference signal to measure
chemical shift.***? The external standard method has the advantage of inertness to the system to
be measured, but this method requires susceptibility corrections. The reference signal from an
internal standard must be sharp and well separated from other signals in the NMR spectrum, but

will have the advantage that no bulk-susceptibility corrections are required. Corrected data using
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external standards gave the same binding constants as those determined using internal
standards,***> however, such corrections are tedious, particularly for multicomponent systems.
Therefore, the use of internal standards is preferred for determining binding constants so that
there would be minimum error in chemical shift measurements. Such standards in aqueous
systems include methanol, tetramethylammonium ion, sodium methyl sulfate, sodium

methanesulfonate, and HDO."®

For the 1:1 stoichiometry in which, binding or equilibrium constant is given by:

k=L (2.10)
[S1[L]

where, [S] is the concentration of free substrate, [L] is the concentration of free ligand, and [SL]

is the concentration of the complex. Instead of measuring separate concentrations, determining
molecular complexation constants is a common approach for generating a binding curve.'*® A
binding curve can be created from the chemical shift differences of the proton of the free ligand
and the substrate ligand complex. Using non-linear regression analysis a binding constant can be

determined.
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Fig. 2.10. Binding curve of a-cyclodextrin with alprostadil complex. The filled circles correspond
to the experimental data points and the smooth curve is the best (spline-smoothed) fit of the data
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2.4 Characterization of the binding constant

To predict the removal efficiency of the MEUF method, it is important to understand the binding
constant (K3).** The binding constant is also sometimes referred to as the partition coefficient or
equilibrium partition. An octanol-water (Ko ) partition coefficient (determined for n-octanol) is
widely used to measure the hydrophobicity of a solute. Koy is also a function of the Gibbs energy
of transfer from water to octanol and describes the thermodynamic tendency for the compound to
partition preferentially in different media."®® Semi-equilibrium dialysis (SED) is an approach that
has been introduced to characterize binding of contaminants with micelles. It is predicted that
binding constants derived from SED will act as an acceptable model parameter for the removal
efficiencies for the MEUF system. Contemplating this approach, it would also be useful to derive
a predictive methodology for the estimation of binding constants from a series of measured

parameters of the contaminants, such as Koy or K, in order to further characterize micellar
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systems and the predicted performance of MEUF treatment. 'H NMR spectroscopy is an
important additional tool that can be used to better characterize the binding process of the
contaminants with the micelle. '"H NMR will provide structural information of the contaminants
inside the micelle. This will suggest locus and orientation of the binding protons of the
contaminants in the micelles. This will validate the theory of the binding tendency with the

Octanol-water free energy relationship.

2.4.1 Binding constant (Log Kp) and its co-relation with Octanol-Water partition (Log Kop)
The binding constant as described here is, in reality, the partition coefficient of a target molecule
between two phases. For neutral molecules, partition is usually between a hydrophobic (non-
polar) phase and another phase that is hydrophilic (polar). In a MEUF system, neutral
contaminants are partitioned between the interior hydrophobic part of a micelle and the water
phase. In order to predict binding efficiency of various contaminants with micelles, it may be
useful to compare with a standard partitioning parameter. Koy is a standard parameter for
representing hydrophobic/hydrophilic partitioning behaviour. Koy is considered as a model
parameter because (1) it is the parameter with the largest number of measured values, and it also
contains the widest selection of solute functional groups, and (2) most of these values have been
determined in a single laboratory and therefore they are more reliable and self-consistent, and (3)
the usefulness of Ko as a model parameter for describing the binding forces between small

d 157,158

hydrophobic molecules and macromolecules has already been establishe During the last

30 years, determining Koy values has proven to be a valuable tool in many areas of natural
sciences that include chemistry, biochemistry, biology, pharmacology, and environmental

150,156

sciences. During that period many scientific papers have been published in which
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correlations of octanol / water partition coefficients with many physical, chemical, or biological

properties have been demonstrated for a large variety of organic chemicals.'*"'*®

The broad success of this particular physicochemical property in quantitatively predicting a
variety of in vitro and in vivo processes suggest that the octanol-water partition constant should
be compared with micelle binding constants. The relationship between non-ionic micelle—water
and octanol-water partition constants were first investigated by Collett and Koo' for a variety of
para substituted benzoic acid derivatives in poly-sorbate 20 micelles. Subsequently, Azaz and

Donbrow!'®

showed that a correlation existed between octanol-water or heptane-water partition
constants and micelle-water partition constants for a variety of phenolic compounds. Tomida et
al.'® investigated similar relationships for 34 benzoic acid derivatives in polyoxyethylene lauryl
ether micelles. For polar compounds, it is very difficult to predict binding behavior because their
interaction with the micelle depends on specific parameters unique to both the micelle and the
solute such as charge and the water content of the micelle. On the other hand, for neutral non-
polar hydrophobic compounds expected to be in the hydrophobic core of the micelle, the
relationship between Kp and Koy should be more predictable. There are numerous articles
available in the literature relating to the micellar solubilization of nonpolar or slightly polar
hydrophobic chemicals. The solubilization of low molecular weight hydrocarbon solutes in

d.'? Partition constants of low molecular weight

various types of micelles have been reporte
chloromethanes between water and micelles of two anionic and one cationic surfactants have

been recently studied.'®

60



2.4.2 Binding constant (Log Kp) and its co-relation with free energy
The binding constant has a direct relationship with Gibbs free energy (G). The Gibbs energy
change (AG) indicates the degree of spontaneity of an adsorption process. The more negative

*AG of adsorption can be

value of AG reflects more energetically favourable for adsorption.'®
expressed as;

AG =-RTIn K, (2.10)

where, K, is the thermodynamic equilibrium constant without units, 7 is the absolute temperature
and R is the gas constant. Gibbs free energy is derived from enthalpy (H) and entropy (S). Gibb's

free energy is defined as the driving force for a system to reach a chemical equilibrium. The

energy comes from the enthalpy and entropy of the reaction in the system.
Therefore, AG can be expressedas : AG=AH-TAS (2.11)

Substituting equation (2.10) into equation (2.11) gives

In K, =-AH/RT + AS/R  (2.12)

The plot of In K, against 1/7 theoretically yields a straight line that allows calculation of AH and
AS from the respective slope and interception of equation (2.12). These thermodynamic estimates

can offer insight into the type and mechanism of an adsorption process."®*

It is easy to estimate the equilibrium constant for the partitioning of soluble components into
micelles if the change in free energy of a partition process is known. This approach has been
successfully reported*® and expanded*" ® for the partitioning of various contaminants to cationic
micelles. Therefore, it is possible to predict binding constant from a free-energy relationship,
which has a correlation with equilibrium constants.'® This type of analysis has also been used

successfully to compare Koy and K for phenols in anionic micellar systems."
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Chapter 3
Determining binding of sulfonamide antibiotics to CTABr micelles using semi-

equilibrium Dialysis

3.1 Introduction

A variety of pharmaceuticals have been detected in various surface waters, as well as in
wastewater treatment plant influent and effluent."® Sulfonamide antibiotics have frequently been
detected at low concentrations (<1 ppb) that cause concern in the aquatic environment.>> The
concern is related to direct effects on organisms in receiving water bodies and to the potential for
promotion of antibiotic resistance.* These compounds are poorly removed by conventional
municipal and industrial wastewater treatment systems.® While advanced treatment processes
such as ozonation show promise,”’ the high cost and potential formation of harmful by-products
are serious limitations.

Membrane filtration processes, such as ultrafiltration (UF), are increasingly employed in
water and wastewater treatment. The UF membrane is characterized by relatively large pore
sizes, which reduces fouling and allows use of lower pressures, but does not remove small
dissolved molecules. To improve removal efficiency, the effective size of a low molecular weight
contaminant can be increased by binding it to a larger entity. In this context, micellar enhanced
ultrafiltration (MEUF) has been shown to be an effective removal technique for a variety of trace
contaminants in wastewater, including dyes, metals and 11utrients,8’9 as well as for removal of
sulfonamide antibiotics.'® This technique, described in detail by Dunn et al.,'"" makes use of the
tendency for surfactants in water to spontaneously aggregate to form micelles at concentrations
above the critical micelle concentration (CMC). Formation of a micelle generates new zones

(pseudo-phases) into which molecules may partition, depending on the polarity of the molecule.
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The interior, low polarity (hydrophobic) region of the micelle can solubilize less polar molecules.
In the case of an ionic surfactant, the outer polar or charged layer of the micelle can also interact
strongly with oppositely charged ions or molecules with strong dipoles. In MEUF, contaminants
partition into the micellar pseudo-phase, followed by ultrafiltration of the solution to remove the
micelles and bound contaminants.'"™"*

To predict the removal efficiency of a method such as MEUF, it is important to
understand the extent to which a species is able to bind to a particular micelle, usually expressed
quantitatively as a partition or binding constant.*>'® For example, Exall et al.'"’ measured the
empirical performance of MEUF for removal of three sulfonamides, but did not have the benefit
of binding constant information to include in explaining the results obtained.

Partition constants, often referred to as binding constants or association constants, reflect
the pseudo two-phase nature of the micelle-water system, have been determined for various
organic and inorganic species with micellar systems using in situ techniques such as
fluorescence,'® enthalpy of association,'”” and NMR.'™® Ex situ techniques, involving a
separation of micelles and bound species from unbound molecules, have also been employed,

2022 and semi-

such as micellar liquid chromatography,'® micellar electrokinetic chromatography,
equilibrium dialysis (SED).""* In the SED method, membranes retain the micelles and bound
species, while allowing free surfactant monomers and unbound species to come to near-
equilibrium concentrations on both sides of the membrane. The difference between the total
solubilizate concentration in the permeate and retentate solutions reflects the amount that is

bound to the micelles."’ In this study, we determine micellar binding constants for a series of

sulfonamide antibiotics using the SED method.
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3.2 Materials and methods
3.2.1 Materials

Cetyltrimethylammonium bromide (CTABr) and the sulfonamides sulfadoxine,
sulfathiazole, sulfamethoxazole, sulfamerazine, sulfadiazine, sulfamethazine, sulfacetamide,
sulfaguanidine, and sulfanilamide were purchased from Sigma-Aldrich Chemicals (Oakville,
ON). Deionized water was obtained from a Milli-Q system (Millipore, Etobicoke, ON). Pierce
brand snakeskin dialysis tubing was purchased from Fisher Scientific (Ottawa, ON) with a

molecular weight cut-off (MWCO) of 7000 Da.

3.2.2 Semi-equilibrium dialysis method

Semi-equilibrium dialysis cells were produced in-house, consisting of two halves
machined in methacrylate polymer, each with an internal volume of approximately 5 mL (See
Fig. 3.1). The two halves were separated by a dialysis membrane held in place by a Teflon gasket
on either side. The 7000 Da MW CO dialysis membrane is similar to the 6000 MWCO membrane
previously used in SED."

Samples were introduced into the dialysis cell and removed for analysis via a threaded
hole located in the top of each half, which was kept sealed with a stainless steel screw during the

experiment.
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RETENTATE SIDE | PERMEATE SIDE

Sulfonamideg;ee 4—: Sulfonamidep;ec
Sulfonamidesicelie

CTABI‘Free :_

5> CTABI‘Free

CTIABI'Micelle

(a) (b) kDialysis Membrane

Fig. 3.1. a) Semi-equilibrium dialysis cell and b) illustration of separation behaviour across the
dialysis membrane after addition of CTABr micelle/sulfonamide mixture to left hand side.

On the permeate side of the equilibrium dialysis cell, 4.0 mL of deionized water was added and
on the retentate side, 2.0 mL of sulfonamide solution and 2.0 mL of CTABr solution were added,
resulting in a total volume of 4.0 mL on each side of the dialysis membrane. The dialysis
membrane was hydrated in Milli-Q water for two minutes prior to use. Cells were allowed to
equilibrate for 24 h at room temperature (2241 °C), at which point sample aliquots were removed

from each side and analyzed by HPLC and conductivity.

3.2.3 Sample preparation
Sulfonamide stock solutions were prepared in 100-mL volumetric flasks by adding known
amounts and dissolving by 30 min. sonication (See appendix Al). The CTABr stock solution (20

mM) was prepared by adding 0.7289 g to a 100-mL volumetric flask followed by sonication.
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3.2.4 Analysis procedure

Sulfonamide concentrations were determined by a high-performance liquid
chromatography (HPLC) method adapted from Sun et al.** This used a C18 column (5 pm
packing, 4.6x250 mm column), a Varian Prostar (PS)-210 pump set to 1.5 mL/min flow rate, and
a PS-310 UV detector set to 254 nm (Varian-Agilent, Mississauga, ON).Varian Star software was
used for instrument operation and data analysis. A gradient elution method was used, with
phosphate buffer at pH 2.9 as aqueous solution (A) and HPLC grade CH3;OH as organic solvent
(B). Initial mobile phase was 90% A and 10% B for 4 min. Four min after injecting 10 pL of
sample, A was decreased to 50% over 3 min, then decreased to 10% over 2 min and held at that
level for another 2 min. Before injecting the next sample, 90% A and 10% B mobile phase was
for 5 min to re-equilibrate the column. The total run time was 16 min. Sample chromatograms

are shown in appendix A 2.1 and A 2.2.

3.2.5 CMC determination

The surfactant concentration was measured using a Jenway-470 Conductivity Meter (VWR
International, Mississauga, ON). A plot of conductivity vs. concentration is shown in Fig. 3.2.
The CMC was determined to be 0.92 mM by finding the intersection of the distinct linear ranges
at high and low concentrations. This CMC value is in good agreement with the previously
reported value of 0.93 mM.* To determine CTABr concentration in sample solutions, two
separate calibration functions were used for concentrations below and above the CMC value.
Other methods for CTABr concentration measurement, such as Br- analysis methods, could be

used. However, the error in the overall K calculation would not be significantly reduced.
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Fig. 3.2. Conductivity of CTABr solutions. The discontinuity between two linear ranges

indicates the CMC value of CTABr (0.92 mM).

3.2.6 Characterizing the SED method

In separate experiments, equilibration of sulfonamide and CTABr across the SED membrane was
monitored. The results for sulfadiazine are shown in Fig. 3.3. An initial concentration of 1 mM
was placed on the retentate side, and small volumes (50-100 uL) removed from the permeate side
at various times for analysis by HPLC. The same volume was withdrawn from the retentate side
to keep the volumes equal. The results confirm that the free sulfadiazine concentration reached
equilibrium by 24 h. Measurements beyond 24 h are not reported as the sulfonamide

concentration increased further, likely a result of micelles appearing on the permeate side.
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Fig. 3.3. Concentration of sulfadiazine on permeate side of SED cell to confirm equilibration of
free sulfadiazine by 24 h. Sulfadiazine concentration was determined by HPLC with UV
detection. The smooth curve is to guide the eye.

Samples were drawn at various times from both the permeate and retentate sides for conductivity
testing to determine the surfactant concentration. These samples (1-2 mL) were withdrawn using
a disposable needle (0.70 x 100 mm) on a plastic syringe, and then were replaced in the SED cell
as the conductivity measurement does not disturb the sample. The results shown in Fig. 3.4
confirm that free surfactant was close to equilibrium in about 6 h, and the concentration remained
close to the CMC level beyond 24 h. Minimal micelles would be expected on the permeate side

at the 24 h mark. These results confirm that the conditions for semi-equilibrium were achieved in

these experiments.
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Fig. 3.4. Concentration measurement over time showing diffusion of CTABr surfactant in the
SED cell from the retentate to the permeate. The surfactant concentration was measured by
conductivity using the calibration functions in Fig. 3.2.

3.3 Results and discussion

3.3.1 Determination of binding constants by SED

The concentrations of sulfonamide and CTABr measured after 24 h of the SED experiments are
shown in Table 3.1. There was a significant concentration difference between the permeate and
retentate sides for both the sulfonamides and CTABr, indicating that the micellar pseudo-phase
was unable to pass through the membrane. The concentration of CTABr in the retentate was well
above the CMC and was consistent between replicates for different sulfonamides. The
concentration of CTABr in the permeate at 24 h was between 20-100% above the CMC of the
surfactant, with some variation possibly due to the sulfonamide in solution affecting the
conductivity measurement. It is also possible that the presence of sulfonamide will influence the
CMC value. Exall et al. reported that CMC decreased by about 0.06 mM with the addition of

sulfonamide in CTABr."
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Table 3.1. Concentration of sulfonamides and surfactant (CTABr) in the retentate side(R) and
permeate side (P) after 24 h equilibration in the SED experiment.

Sulfonamide HPLC analysis Conductivity analysis
[Sulfonamide]g [Sulfonamide]p [CTABrj|g [CTABTr]p
™) ™) M) ™)
1. Sulfadoxine 4.06 x107 7.00 x1077 0.0130 0.0012
2. Sulfathiazole 525x 107 1.40 x10° 0.0125 0.0015
3. Sulfamethoxazole 3.72 x10? 1.38 x10°® 0.0144 0.0016
4. Sulfamerazine 5.83x107° 2.50x10° 0.0146 0.0018
5. Sulfamethazine 5.79 x10” 3.79 x10°° 0.0139 0.0015
6. Sulfadiazine 4.10 x107 5.61 x10° 0.0118 0.0039
7. Sulfacetamide 478 x107 5.30x10°° 0.0128 0.0014
8. Sulfaguanidine 3.72x107 3.27x107 0.0126 0.0042
9. Sulfanilamide 3.61 x107 3.18 x10? 0.0141 0.0017

An equation relating the results in Table 3.1 to K is derived according to:

K - [Sulfonamide),,
" [Sulfonamide],

(3.1)

where, Kp is the binding constant or equilibrium constant, [Sulfonamide] ,1s the concentration of
free sulfonamide in aqueous solution, and [Sulfonamide],, is the concentration of sulfonamide
within the volume of the micelles. This latter term can be further defined by:

[Sulfonamide),, = Msufonanide. s (3.2)
Vol,,

where, nifonamide s 18 the number of sulfonamide molecules associated with micelles and Vol is
the volume of the micelle phase. The volume of the micelle phase can be approximated by:

Vol,, = Negasr o X My (3.3)

where, ncraprp 18 the number of CTABTr surfactant molecules that are in micelle form and My is
the molar volume of CTABr, with a reported®® value of 3.64x10"" L/mol. These can be substituted
into the equation for Kp:

— nSu_l/bnamide,M (3 4)
[Sulfonamide]A XNcrpen X My
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Under the assumptions for SED, [Sulfonamide],is the same in the retentate and permeate
solutions and is simply [Sulfonamide]l,ermeate, which is measured directly. To get nuujnamidem, 1t 1S
) is the total

of the aqueous and micelle-bound concentrations, so the micelle-bound concentration is
[Sulfonamide] —[Sulfonamide] and:

assumed that the concentration of sulfonamide in the retentate ([Sulfonamide]

Retentate

Retentate Permeate

_[Sulfonam ide]Permeate }X V

retentate

nsulfonamide,M = {[SulfOl’lamlde] (35)

Retentate

For the value of ncr4p., it is assumed that all CTABr above CMC on the retentate side is in
micelle form, and therefore:

nCTABr,M = {[CTABI" ]Retentate _CMC} X VRetentate (3 6)
Substituting 5 and 6 into 4 gives:
{[Suyonamide]Retentate _[Sulf‘onamide]l’enneate }X VRetentare (3 7)

i [Sulfonamide]l,ermlte x{[C T. ABr] -CMC } xV,

Retentate

xM,

Retentate
Which simplifies to a final working equation for calculating Kp:

— {[Squonamide]Retentate _[S ulf onam ide]Permeate }
¥ [Sulfonamide) x{[CTABr] ~CMC}x M,

(3.8)

[Permeate Retentate

The results of the Kz calculation are given in Table 3.2. SED experiments were done in triplicate
for sulfadoxine and sulfacetamide, and in duplicate for the other sulfonamides. Confidence
intervals were calculated for the Log Ky values using the standard deviation of replicate Ky
results. The errors for sulfadoxine and sulfacetamide were £0.08 and +0.19, respectively, from
the triplicate data. The errors for the other sulfonamides are estimates from duplicate data, but
since they ranged from +0.03 to +0.20, they are likely reasonable based on comparison with the

triplicate values.

The retentate sulfonamide concentrations were all in the range of 3x10”° M to 6x10° M. The

permeate concentrations ranged from 7x107 M to 3x10” M, reflecting systems where micelle
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binding was very strong (permeate concentration low) or weaker (permeate concentration
approaches retentate concentration). The sums of the retentate and permeate concentrations were
from 44% to 120% of the nominal concentration based on the amount of sulfonamide added.
Some of this discrepancy was from error in the concentration measurements, but the general trend
of mass balance below 100% suggested that some sulfonamide was lost from the solutions, such
as by precipitation or adsorption. The CTABr concentrations measured on the retentate side were
between 11 mM and 14 mM. Most of these were within error of the nominal concentration range
(9-10 mM). 1t is possible that the presence of sulfonamide affected the solution conductivity
measurement, providing a higher apparent CTABr concentration. Note that recalculating Log Kg
values using nominal CTABr concentrations instead of measured CTABr concentrations (results
not shown) resulted in changes of less than 0.2 Log Kg units, which is within the error range of

the Log K measurements.

Table 3.2. Binding constant (Kp) between sulfonamides and CTABr determined by SED
analysis

Compound Structure pKa,* Log Koy Log K3

CH,
w4

-
1. Sulfadoxine N> o 5.77 0.70 4.14 +0.08

o |
\.__NH CH,

S
0]
HoN

2

(0]
\ O

S/
\
2. Sulfathiazole ’\Q/ NH—<\:] 7.20 0.05 3.96 +0.20
H

y#°

(0]
\) CH,
3. Sulfamethoxazole \ N 5.41 0.89 3.75 +0.06
NH—\ 4
H,N N
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4. Sulfamerazine N

5. Sulfamethazine |

6. Sulfadiazine <\ />—NI/-|
N NH,
NH
O/
S’ o
~o
7. Sulfacetamide
HoN NH
NH
O NH
S <0 2
8. Sulfaguanidine
NH
H,N Ox S/ 2
o
9. Sulfanilamide
H,N

“see references 27, 28, 29
"see reference 27

6.71

7.59

6.36

5.32

11.25

10.58
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0.14

0.89

-0.09

-0.96

-1.22

-0.62

3.67+0.06

3.50+0.06

3.22+0.10

3.29+0.19

1.53+0.03

1.46 £ 0.05



3.3.2 Physico-chemical applications of micellar binding constants

The Log K values determined in this work can be compared with other parameters to
examine the physico-chemical interactions between sulfonamides and micelles. Quina and co-
workers® proposed that Log K values are related to five linear solvation free energy parameters:
solute hydrogen bond acidity, solute basicity, solute dipolarity, solute polarizability, and solute
molar volume. These same parameters were also used in the construction of linear solvation free
energy relationships for Log Kow values of organic compounds.*! Treiner and Mannebach®?
found that such correlations could be derived for a variety of halocarbon compounds, with Log
Kz =10.91 - Log Kow— 0.23. However, the correlation for halocarbons differed from that reported
carlier by Treiner and Chattopadhyay™ for alcohols, ketones, and nitriles, leading to the
conclusion that the relationship between micellar uptake and Log Ko could differ for each class

of compound.**

The extent of the variation between classes of compounds largely depends on the relative
contribution of each solvation free energy parameter to the binding process. The Log Kz values
determined through SED were plotted against Log Koy values for the sulfonamides.”” The
resulting plot (Fig 3.5) shows poor linearity (r* = 0.53), suggesting that, for these compounds,
hydrophobic interactions are not the dominant interaction accounting for binding with the
micelles. The weak Log Koy dependence is also illustrated by examining the three lowest Log

Kow compounds (sulfanilamide, sulfaguanidine and sulfacetamide).
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Fig. 3.5. Linear Free Energy Relationship indicating the correlation (r* = 0.53) between Log K3
and Log Koy for sulfonamide antibiotics binding to CTABTr.

Two of these three also have low Log Kp values, however sulfacetamide gives a binding constant
similar to the high Log Kow compounds. An explanation of the interactions can be derived from

observing the plot of Log K against log pK,» for the sulfonamides, as seen in Fig. 3.6.

1. Sulfadoxine
S ] ) 0406 x + 6.16 2. Sulfathiazole
4 * 4 y 5 ’ 3. Sulfamethoxazole
3 * : *5 R®=0.784 4. Sulfamerazine
Q‘ 3 ¢ 5. Sulfamethazine
¥ 7 6 6. Sulfadiazine
= 2 8 7. Sulfacetamide
*9 8. Sulfaguanidine
L 9. Sulfanilamide
0 ‘ ‘ ‘ ‘
4.00 6.00 8.00 10.00 12.00
pKa2

Fig. 3.6. Linear Free Energy Relationship depicting the correlation (r* = 0.78) between Log Kow
and pK,; for sulfonamide antibiotics binding to CTABT.
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This plot gives a much stronger correlation (r* = 0.78) without significant outliers,
suggesting that micelle binding is significantly related to the tendency of the compounds to be
deprotonated and to form a negatively charged species.** The sulfonamides have amine groups

that can be protonated or de-protonated, as shown in Fig. 3.7.

SO, R SO, R SO, R
/©/ N K ~niT Ka ~N
— ===
HaN" H,N H,N

3

Fig. 3.7. Protonation/deprotonation equilibria of sulfonamides showing positive, neutral and
negative forms. At pH values of 7 and above, only the neutral and negative forms will be found
in equilibrium, as determined by K,,. Note that the negative charge is shown on the secondary
nitrogen atom, but is shared through resonance structures with the oxygens on the sulfonate

group

The pH of these solutions was between 7.8 and 8.5. In this range, most of the sulfonamides will
be in the de-protonated or negatively charged form (Fig. 3.7, right-hand-side). Sulfaguanidine
and sulfanilamide have pK,, values above 10, however, and will be in the neutral form in these
experiments. This shows that the key interaction between the sulfonamides and the CTABr
micelles is a charge-charge interaction between the negative form of the sulfonamide and the
positive CTABr headgroups. Zarei et. al. reported that pK, value of sulfonephthalein dyes was
increased with increasing concentration of anionic, neutral and cationic surfactants.® This
suggests that bound sulfonamide will have lower pKa values than reported in solution, which is

favorable for binding to cationic micelles.

The relationship of binding to both pK,, and Log Kow can further be characterized if we assume
that only the negative form of the sulfonamide binds to the micelles. A modified Log K can be
calculated using the proportion of sulfonamide in the negative form at the pH of the experiment,*®

as calculated from the pH and pK,, values, to calculate a free negative sulfonamide concentration
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for the denominator in Equation 8 (see appendix A1.2). The modified Log Ky results are plotted

against Log Kow in Fig. 3.8.
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Fig. 3.8. Modified Log Kg plotted against Log Kow for the sulfonamides. The modified Log Kp
values were calculated by assuming only the negative forms will bind to the positive CTABr
micelles.

This shows clearly that micelle binding is not related to Log Kow for these compounds, with

Log Kow in the range of -1 to 1. A plot of Log Kp vs. pKj» is the best option for estimating Log

Ky for this compound group.

A multivariate regression using pK,, and Log Kow provided a small but not significant
improvement in prediction of Log K (not shown). Similar groups of ionizable polar organic
compounds will probably show similar behaviour, though the equation for the Log Kp vs pK, plot
for other groups may be different. It was also noted that SED experiments using these
sulfonamides and negatively-charged sodium dodecylsulfate micelles showed no detectable
binding, giving the same retentate and permeate side concentrations after 24 h (results not

shown).
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3.3.3 Use of micellar binding constants to describe MEUF potential

The binding constants indicate the affinity of the individual sulfonamide compounds for
CTABTr micelles, and thereby indicate the potential effectiveness of a MEUF process based on
cationic surfactants for their removal from wastewater streams. One way to describe the potential
for MEUF treatment is to consider the proportion of sulfonamide on the retentate side after 24 h.
The four strongest bound compounds (sulfadoxine, sulfathiazole, sulfamethoxazole,
sulfamerazine) are over 95% retained, while sulfamethazine is 94% retained. Sulfadiazine and
sulfacetamide are 89-90% retained, while weakly bound sulfaguanidine and sulfanilamide are not
significantly retained at 53%. Actual performance of MEUF may be significantly different, as it
will depend on specific parameters including surfactant concentration and flow rate. A general
statement can be made that systems with Log Kg values greater than 3.0 are good candidates for
MEUF using CTABr. It should also be noted that these results are consistent with those reported

by Exall et al."’

, Where sulfaguanidine was poorly removed while sulfamerazine and sulfathiazole
were effectively removed, corresponding to their Log Ky values of 1.53, 3.67 and 3.96,
respectively. In the case of sulfaguanidine and sulfanilamide treatment with CTABr in MEUF,

improved retention of these compounds may be possible with an increase in the pH of the

effluent.

3.4 Conclusions

The binding constants between various sulfonamide antibiotics and CTABr were
determined using semi-equilibrium dialysis. This illustrated the potential for MEUF with CTABr
to remove these contaminants from water if a portion of the compounds carry a negative charge.
We constructed a linear free energy plot demonstrating the correlation between Log Kz (in

CTABr) and Log Koy as well as between Log Kg and pK,,. Collectively, this information could
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be used to estimate a Log Kp value for additional sulfonamides and similar compounds, provided
the pH and the pK,, values were known. The general approach used here should work for other
compound groups, though the specific relationship between Log K and other parameters would
need to be determined. Practical MEUF may need to consider other surfactants that are less toxic
or provide a greater opportunity for recovery, but for sulfonamide removal a cationic surfactant is

likely essential.
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Chapter 4
Understanding binding of sulfonamide antibiotics to CTABr micelles using

'"H NMR spectroscopy

4.1 Introduction

Sulfonamides are organic compounds which form a class of antibiotic pharmaceutical
compounds. In recent years, the occurrence and fate of pharmaceutically active compounds
(PhACs) in the aquatic environment has been considered as one of the emerging environmental
issues.!™ Low concentrations (<1 ppb) of sulfonamides have been detected in surface water as

well as in the influent and effluent of wastewater treatment plants.ﬁ'11

These compounds are only
partially removed by conventional wastewater treatment systems. A number of advanced
treatment options have been investigated for removal of PhACs from wastewater, but none is in
common use. Micellar enhanced ultrafiltration (MEUF) has been proposed to be an effective

removal technique for a variety of trace contaminants in wastewater,'>™*

and has recently been
reported for a small number of sulfonamides.'®

MEUF depends on contaminants binding to micelles, so understanding the contaminant-
micelle interaction and knowing the contaminant-micelle binding constant is key to predicting the
removal efficiency of particular contaminants in a MEUF system. We recently reported on the
use of semi-equilibrium dialysis (SED) to determine the binding constant of several sulfonamides
with cetyltrimethylammonium bromide (CTABr) micelles.'®

We noted that the binding constants were good predictors of MEUF performance for the
three sulfonamides examined by Exall et al.'® The SED results led to the suggestion that

sulfonamides bind to cationic CTABr micelles when the former are in an anionic form, which

would be consistent with the sulfonamides interacting with the CTABr headgroup region. The
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SED experiments do not, however, provide any specific information regarding the binding
interaction or the locus of the sulfonamide molecule in the micelle structure.

"H NMR can be an important tool for characterizing a molecular species in the free and
bound states.'” For organic compounds associating with micelles, 'H NMR has been used to
probe the local environment of specific protons of a molecule bound to a micellar system.'® In the
case of molecules bound to cationic surfactant micelles, proximity to the positively charged head
group of the micelle results in decreased electron density, and this deshielding effect is associated
with an increase in chemical shift (downfield shift) for a proton in the headgroup region or Stern
layer."® In contrast, if a proton penetrates past the headgroups into the upper “palisade” region of
the hydrocarbon chains, or further into the hydrophobic centre of the micelle, higher electron
density results in shielding and an upfield chemical shift for the proton.'® For complex molecules
with multiple protons, there may be some protons that show upfield chemical shifts on binding,
while others show downfield shifts. A proton that sits exactly on the border between the Stern
layer and the palisade region may exhibit no chemical shift at all, even though the molecule is
bound. Gaidamauskas et al.'® used the pattern of upfield and downfield shifts for multiple
protons in a molecule to propose a locus and orientation for 2,6-pyridinedicarboxylate anions
interacting with CTABr micelles, as only certain orientations provided the correct combination of
proton shifts in each direction.

'H NMR spectrocopy also utilizes the determination of binding constants,'” such as in

. : 19,20
host-guest inclusion complexes.

If the chemical shift of a proton changes between free and
bound forms, a plot of chemical shift vs. concentration of binding agent can be used to determine
the binding constant. Typically, NMR does not report separate chemical shifts for bound and

free species for systems at equilibrium, because the individual molecules will alternate between

bound and free states many times on the NMR timescale. Instead, the observed chemical shift
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will be the weighted average of the chemical shifts of the free and bound forms.?' Standard
binding equations to determine the “fraction bound” have been combined with the measured
average chemical shift to calculate the binding constant. Only a few papers have appeared using
'H NMR to examine binding of organic compounds to micelles, and we have not seen any
previous reports where micelle binding constants were determined using '"H NMR chemical shift
measurements.

This paper describes the interaction of nine sulfonamide compounds with CTABr
micelles in solution as characterized using '"H NMR measurements of sulfonamide-micelle
complexes. These results can be combined with previous binding constant measurements'® to
propose a locus and orientation for the sulfonamide molecules in the micelle structure, analogous
to the work of Gaidamauskas et al."®* The 'H NMR data are also used to estimate the binding
constant between the sulfonamides and the micelle pseudo-phase to assess the ability of '"H NMR

to predict MEUF performance.

4.2 Materials and methods
4.2.1 Materials

Cetyltrimethylammonium bromide (CTABr) and the sulfonamides sulfadoxine,
sulfathiazole, sulfamethoxazole, sulfamerazine, sulfadiazine, sulfamethazine, sulfacetamide,
sulfaguanidine, and sulfanilamide were purchased from Sigma-Aldrich Chemicals (Oakville,
ON). D,0 was purchased from both Cambridge Isotope Laboratories and CDN Isotopes.

Deionized water was obtained from a Milli-Q system (Millipore, Etobicoke, ON).
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4.2.2 Sample preparation

Stock solutions of sulfonamides were prepared by addition of approximately 5 mg of
sulfonamide to 25 mL D20, followed by sonication at 35+1°C to aid dissolution. Samples were

sonicated again prior to use. The ~5x10* M concentration (see Table 4.1) was chosen to be as

low as possible while still providing a reliable peak in the NMR spectrum.

Table 4.1. Sample preparation of sulfonamides in D,0

Sulfonamides M.W Conc. (M)
(g/mole)
1. Sulfadoxine 310.3 52 x10™
2. Sulfathiazole 255.32 82x10™
3. Sulfamethoxazole 253.28 24x107
4. Sulfamerazine 264.31 7.6x10™
5. Sulfamethazine 278.33 5.0x10™
6. Sulfadiazine 250.28 54x 107
7. Sulfacetamide 214.24 58x 107
8. Sulfaguanidine 214.24 6.7x 107
9. Sulfanilamide 172.2 51x 107

CTABEr solutions were prepared via serial dissolution of a 20 mM of CTABr stock solution
prepared by dissolving 0.7289 g of CTABr (MW = 364.45 g/mol) in 100 mL D,0. Dissolution
was aided by placing the solution in an ultrasonic bath at 35°C for 30 minutes. Prior to further
use, CTABTr stock solutions were sonicated again, as a precipitate would often form if solutions

were left at room temperature for a period of longer than one day.

4.2.3 'H NMR studies
CTABE- studies ranged from sub-micellar concentrations to an order of magnitude greater than the
CMC (~ 1 mM, see below). Samples were prepared in D,O (see Table 4.1) and sonicated prior to

being placed in 5 mm probe head NMR tubes for analysis. Samples were analyzed on a Bruker
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500 MHz NMR spectrometer operating at 499.40 MHz with a digital resolution of 0.18 Hz.
Chemical shifts(d) were measured relative to the HOD peak present at approximately 6=4.7 ppm
(samples were held held at 298.0+ 0.1 K to ensure that HOD peak remained at a constant
position). '"H NMR spectra were generated quantitatively as the average of 64 individual scans
using a 45 degree pulse of 7.5 us with a relaxation time (t;) of 2.7 s. The NMR time scale for the

sulfonamide was estimated to be between 0.1-0.3 s by examining the free induction decay data.

4.2.4 CMC determination

The critical micelle concentration (CMC) of CTABr in D,O was determined by measuring
conductivity of CTABr concentrations from 0 mM to 6 mM using a Jenway- 470 Conductivity
Meter (VWR, Mississauga, ON). CMC of CTABr in D,O was reported to decrease by 0.18mM

compare to H20.22

200 -
3 160 -
i‘; CMC
i 120 | y=192x+64.2
£ R2=0.995
2 80
S
'g 40 - y=635x+17.4
8 4 R%=0.994
O T T T T T 1
0 1 2 3 4 5 6

[CTABr] (mM)

Fig. 4.1. Conductivity of CTABr solutions in D,O. The discontinuity between two linear ranges
indicates the CMC value of CTABr (~1.1 mM).

CMC determined in this work was 1.1 mM, which is about 0.17 mM greater than previously

reported values of 0.93 mM?* and 0.92 mM.'® This suggests the error in this CMC measurement
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is greater than 0.2 mM . This will contribute to the error in the calculated Log Kp values. But the

magnitude of the error will be less than reported standard deviation.

4.3 Results and discussion

4.3.1 NMR spectra in D;0 with CTABr

NMR spectra of the sulfonamides were recorded in D,O with and without CTABr present.
Individual peaks were assigned based on reference data, and were identified in pure D,O and in

10 mM CTABr (well above the CMC), as shown for sulfamethazine in Fig. 4.2.

o)

a) N—8s="0
< "
N=—
N gH
I;|3C/M HA
CH:H
Hp c3a Nen
H
b) Sulfamethazine

+ 10 mM CTABr
(Protons subscript “M”)

Sulfamethazine

Fig. 4.2. a) Sulfamethazine structure with non-exchangeable protons labelled. b) NMR spectra of
sulfamethazine in D,0O (lower spectrum) and in 10 mM CTABr in D20 (upper spectrum). Peak
labels correspond to proton labels in a). Labels with subscript “M” indicate peaks in presence of
CTABr micelles.
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The change in position of the protons, with some shifting upfield and some shifting downfield,
can be used to suggest a locus and orientation of the molecule within the micelle. With increasing

CTABr concentration, the NMR chemical shift values of the various protons on the sulfonamides

migrated (Fig. 4.2) either upfield or downfield.

For example, as CTABr concentration increased from 0 mM to 10 mM, protons A, C and D of
sulfamethazine experienced an upfield shift, whereas proton B showed a moderate downfield

shift (Fig. 4.2). The chemical shift changes measured for all protons in all nine sulfonamides are

plotted in Fig. 4.3.
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Fig. 4.3. Change in relative chemical shift of hydrogens as a function of CTABr concentration.
Relative chemical shift values are shown where the chemical shift for each proton in the absence
of CTABr was subtracted from each measured chemical shift. Dashed lines were drawn using fit
parameters and Equation 4.1 below.

4.3.2 Determining Locus and orientation of the sulfonamide

The chemical shift change (Ad, ppm) patterns in Fig. 4.3 can be used to propose a locus and
orientation for each bound sulfonamide molecule within the micelle. Following the description

1.18

of Gaidamauskas et al.”” the shift can be related to protons ending up in the head-group region

(downfield shift to larger 6 values) or in the hydrocarbon center of the micelle (upfield shift to
smaller & values). Protons shifting only slightly upfield are likely just into the “palisade” region,
which is the outer portion of the hydrocarbon center close to the headgroups, where the
hydrocarbon chains are relatively structured and less hydrophobic than in the micelle interior.
Protons that show no significant shift that are on molecules where adjacent protons do shift are
most likely just on the border between the palisade and headgroup region, where the level of
shielding happens to be similar to bulk solution. Molecules where no protons are shifting are
more likely weak binders, where the fraction associated with micelles is too small for the average
chemical shift to be noticeably affected. The illustrations in Fig. 4.4 were derived by

manipulation of simple structure diagrams to show an arrangement that corresponds most closely
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with the observed pattern of chemical shifts across the protons. For example, sulfamethazine is
placed with the D proton in the palisade layer and the B protons in the Stern layer, consistent
with their upfield and downfield shifts, respectively. Then the molecule is located such that the
A and C protons are just below the Stern-palisade interface, consistent with their slight upfield
shift (compared with the D proton). Note that the structures with two aromatic rings appear
congested in these two dimensional representations, but in three-dimensional space the rings
would not be co-planar and would have greater separation. It should also be noted that when
structures have equivalent protons located in different positions (e.g. the B protons in
sulfacetamide), rapid translational and internal motion mean the NMR spectrum will show a peak

position corresponding to the average of the available positions.
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Fig. 4.4. Proposed locus and orientation of sulfonamide molecules in CTABr micelles according
to the chemical shift patterns shown in Fig. 4.3.

The orientations depicted in Fig. 4.4 can be used to provide an overall description of sulfonamide
binding with the micelles. Each sulfonamide features an aniline group attached to an anionic
sulfonamide (NSO;") group, and for all strongly bound forms, the aniline group penetrates partly
into the palisade layer while the negative sulfonamide group remains near the charged CTABr
groups in the headgroup region (Stern layer), analogous to the proposed binding of 2,6-

pyridinedicarboxylate anions described by Gaidamauskas et al."* Six of the seven strongly bound

sulfonamides feature a second aromatic group attached to the sulfonamide “N”, with that second
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group also penetrating into the micelle interior. The other strongly bound sulfonamide,
sulfacetamide, features a CH3;C=0 group which is also relatively non-polar and may contribute
positively to micelle interactions. For the compounds where no binding was detected,
sulfaguanadine and sulfanilamide, the second group is C(NH)NH, and H, respectively. In our
previous report,'® the weaker binding of these two sulfonamides was discussed in terms of pK,
values and the tendency of the sulfonamides to be negatively charged or neutral. An additional
contribution could be the lack of interaction between these small and more polar second groups
and the hydrophobic micelle interior, compared with the second groups on the strongly bound
sulfonamides. Unfortunately, we are not able to observe chemical shifts for the protons on these

two second groups directly as they are exchangeable with D,0.

4.3.3 Determination of binding constant of sulfonamides with CTABr micelles

As CTABr was added to the sulfonamide solutions, the chemical shift of non-exchangeable
sulfonamide protons generally followed a pattern. At very low values, there was no change in
chemical shift. As the CTABr concentration approached and then exceeded the CMC, a chemical
shift change started for most protons, either in an upfield or downfield direction. Then at higher
CTABTr concentrations the chemical shift “leveled off” at a maximal value. This general pattern is
consistent with increasing micelle formation and subsequent partitioning of a greater fraction of
sulfonamide into the micelles.”” In some cases, chemical shifts were noted at CTABr
concentrations below the CMC, which could be a result of sulfonamides influencing the critical
micelle concentration or it could indicate binding of the sulfonamide by both pre-micellar
aggregates and by micelles.** The chemical shift observed at each CTABr concentration is an
average of the chemical shift values of bound and free sulfonamides, where the NMR reports the

average for molecules that rapidly exchange between bound and free forms on the NMR
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timescale.'®?! Given this explanation of the measured chemical shift, and following the approach
used for derivation of Equation 8 in Ch. 3, Equation 1 was derived for the relationship between

chemical shift and micelle binding constant K.

5= Ot 0K M (Ci=Coyc) Equation (4.1)
1+K ;M (C=C )

Where, ¢ = Chemical shift of proton atCg;

0, = Initial chemical shift of the proton when C;=0;

0 ,, = Chemical shift of the proton in a fully bound state;
K ;= Binding constant;

M, = Molar volume of the surfactant;

C, = Total concentration of the surfactant; and

C cc = Critical micelle concentration of the surfactant

An important factor for Equation 4.1 is that the maximum chemical shift (5y) cannot be
measured directly, so there are two unknown parameters in the equation (3y along with Kj).
Rather than calculating Kp directly from the equation, both oy and Kz were determined by an
iterative fitting procedure to minimize the sum of the squares of residuals using the “Solver”
utility of Microsoft Excel. The resulting fits are shown as the dashed lines in Fig. 4.3, indicating
that the data followed this equation. The noise or random variations in chemical shift values in

these experiments was about 0.018 ppm, so Kp values were determined only for protons with a

total shift greater than 0.05 ppm (S/N>3).
This minimum shift can be used with typical parameters in Equation 4.1 to estimate the
minimum binding constant that can be measured. If a maximum chemical shift change (o,,) of

0.28 ppm is assumed (largest seen in Figure 4.3), then a log Kp value of 1.8 would give an

observed change of 0.05 ppm at 10 mM CTABr. Therefore log Kz = 1.8 is the estimated
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minimum value that can be measured. For sulfanilamide and sulfaguanidine, the chemical shift
changes for all protons were much less than 0.05 ppm, so log K values for these are reported as
<1.8.

It can be noted that the log K values for these two compounds were previously found by SED to
be close to 1.5.'

The log Kp values calculated for the 7 sulfonamides with sufficiently large chemical shifts
are shown in Table 4.2. For these sulfonamides, all but sulfadoxine had two or more protons that
could be used for determining the binding constant (total chemical shift change greater than 0.05
ppm). The average and standard deviation of the log K values determined in this way for each
compound are given in Table 4.2. The binding experiments for sulfamerazine were done as
triplicate independent trials, and the log K and error values for this compound determined from
the triplicate data. Note that the error value from the triplicates (£0.19) is in the range of the
errors determined from multiple protons (£0.095 to +0.25), so the estimated errors seem
reasonable. Since sulfadoxine only had one measured log Kz value, the error term in Table 4.2
(0.15) is the average of the other six measured values, which should be regarded as a very rough

estimate of the actual error value.
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Table 4.2. Log Kg values as determined by NMR shown with corresponding values determined
by semi-equilibrium dialysis.l 5 NMR values were determined by fitting data to Equation 4.1 as
shown in Fig. 4.3. Values for sulfaguanidine and sulfanilamide represent the minimum Log
Kp that can be measured with the NMR method. Errors are standard deviations (see text).

Compound Log Kz by Sep'® Log Kz by NMR
(this work)
1. Sulfadoxine 4.14 £ 0.08 3.95+0.15
2. Sulfathiazole 3.96+0.20 3.56+0.25
3. Sulfamethoxazole 3.75+0.06 3.88+0.10
4. Sulfamerazine 3.67 £0.06 3.39+0.19
5. Sulfamethazine 3.50£0.06 3.66 £0.18
6. Sulfadiazine 3.22+0.10 3.51+0.07
7. Sulfacetamide 3.29+0.19 3.60+0.10
8. Sulfaguanidine 1.53+£0.03 £1.80
9. Sulfanilamide 1.46 £ 0.05 <1.80

The results in Table 2 show good agreement with the log K values determined by semi-
equilibrium dialysis.'® This indicates that the NMR method is able to estimate Log K3 values
with reasonable efficacy. The main disadvantages of the NMR method are that precision is
generally lower (larger standard deviations) and that binding constants below log Kz=1.8 cannot
be measured. There may be systems where semi-equilibrium dialysis cannot be used, and this
could be the preferred method. The results can also be compared with reported MEUF efficacy.
Exall et al.' reported that MEUF with CTABr was effective for removal of sulfathiazole and
sulfamerazine, but not for removal of sulfaguanidine. This is completely consistent with the
binding constants measured here, with sulfathiazole and sulfamerazine in the Log Kz = 3.4-3.6

range while sulfaguanidine had Log Kz < 1.8.
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4.4 Conclusions

The interactions between sulfonamide antibiotic compounds and CTABr micelles were
examined using 'H NMR. The chemical shift changes of various non-exchangeable protons on
the sulfonamide molecules provided a means of approximating the locus and orientation of the
molecules within a model micelle structure. Some protons for bound sulfonamides were located
either in the headgroup region (Stern layer) or just below in the palisade region of the micelles,
consistent with the previous observation'® that negatively-charged forms of sulfonamides would
bind with cationic CTABr micelles. The sulfonamide group itself would be located in the
headgroups region where it can associate with the cationic headgroups by charge-charge
interactions.

The estimation of binding constants using the NMR chemical shift data showed that this
method can be used to determine micelle binding constants for molecules that give an NMR
signal in both free and bound forms, as long as the chemical shift of some protons of bound
molecules changes appreciably (more than 0.05 ppm for this study).

While not as precise or sensitive as some other methods, there may be cases where NMR
spectroscopy is a convenient method to follow compound binding while providing information
about the chemical interactions between compounds and micelles at the same time. In some
cases, the NMR spectroscopy results may be more accurate since bound and free molecules are
simultaneously measured at equilibrium. The results can contribute to the prediction if a
particular micelle/contaminant combination is a good candidate for MEUF treatment, and the
unique information regarding binding interactions may be useful in tuning the MEUF process for

a given group of compounds.
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Chapter 5
Determining binding of polycyclic aromatic hydrocarbons to CTABr micelles

using semi-equilibrium dialysis

5.1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) are widely distributed in the environment due
to numerous sources. They are commonly found in crude oil, petroleum, coal tar, shale oil, and
oil sands bitumen. Through various mechanisms, the PAHs may end up contaminating water,
which is a great concern due to their toxic, mutagenic and carcinogenic properties.1 Therefore,
there is a demand to develop effective treatment methods to remove PAHs from contaminated
water. There are several treatment options which are typically considered for the removal of
organic contaminants from wastewater that include adsorption, advanced oxidation processes
(AOPs), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO).>* However, most of
these treatment methods use complicated equipment and are associated with high capital and
operating costs, and production of secondary pollution (toxic sludge, etc.).

Membrane filtration processes, such as ultrafiltration (UF), are increasingly employed in
water and wastewater treatment. The UF membrane is characterized by relatively large pore
sizes, which reduces fouling and allows use of lower pressures, but does not remove small
dissolved molecules like PAHs. In this context, micellar enhanced ultra filtration (MEUF) has

been shown to be an effective removal technique for small molecules.**

In MEUF, contaminants partition to the micellar phase, followed by ultrafiltration of the
solution to remove the micelles and bound contaminants.” * For the formation of micelles in the

MEUF system, many commercially-produced surfactants have been used. MEUF enhances the
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performances of ultra filtration by retaining smaller contaminants that would normally pass
through conventional ultra filtration membranes. Low molecular wt. PAHs can easily pass
through the ultra filtration membrane, but the same molecular size PAHs bound to micelles will

remain in the retentate side.

This technique, described in detail by Dunn et al.,® makes use of the tendency for
surfactants in water to spontaneously aggregate to form micelles at concentrations above the
critical micelle concentration (CMC). Formation of a micelle generates several new zones into
which molecules may partition, depending on the polarity of the molecule. The interior, low
polarity (hydrophobic) region of the micelle can solubilize less polar molecules. In the case of an
ionic surfactant, the outer charged layer will also interact strongly with oppositely charged ions or

molecules with strong dipoles.

Semi Equilibrium Dialysis (SED) is a UF-based method where no pressure is applied. In the SED
method using surfactants, the membrane retains the micelles and bound molecules, while
allowing unbound species and free surfactant molecules to come to near-equilibrium conditions
on both sides of the membrane. SED uses a separation cell and then separately examines
“retentate” and “permeate” sides of the cell. “Semi-equilibrium” means it is assumed that free
molecules and free surfactant molecules are at equilibrium across the membrane after 24 h, but
there will not be any micelles on the permeate side. The difference between the small molecule
concentrations in the permeate and retentate solutions reflects the amount that is bound to the
micelles.® Partition of the PAHs between retentate and permeate side depends on the pore size of

the dialysis membrane and the physicochemical properties of the PAHs.
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5.2 Experimental
5.2.1 Materials and Methods

Cetyltrimethylammonium bromide (CTABr) and the PAHs naphthalene, phenanthrene,
pyrene and fluorene were purchased from Sigma-Aldrich Chemicals (Oakville, ON). Deionized
water was obtained from a Milli-Q system (Millipore, Etobicoke, ON). Pierce brand snakeskin
dialysis tubing was purchased from Fisher Scientific (Ottawa, ON) with a molecular weight cut-
off (MWCO) of 7000 Da.
A dual-monochromator, SpectraMax M2 spectrofluorometer (Molecular Devices, Sunnyvale,
CA) equipped with a xenon flash lamp and 45 mm standard height cells with 1-cm path length,
and 9 nm bandwidth was employed for the fluorescence measurements. SoftMax Pro 5 software
was used to analyze all emission spectra and quartz fluorescence cell (28F-Q-10 (0.7 ml)) was
used to take sample readings. For the conductivity measurement, a Jenway-470 conductivity

meter (VWR International, Mississauga, ON) was used.

Semi-equilibrium Dialysis

Semi-equilibrium dialysis cells were produced in-house, consisting of two halves
machined in methacrylate polymer, each with an internal volume of approximately 5 mL (See
Figure 5.1). The two halves were separated by a dialysis membrane held in place by a Teflon
gasket on either side. The dialysis membrane (MWCO 7000 Da) was cut from tubing and
hydrated in deionized water for five minutes prior to use. Samples were introduced into the
dialysis cell and removed for analysis via a threaded hole located in the top of each half, which

was kept sealed with a stainless steel screw during the experiment.
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Fig. 5.1. (a) Semi-equilibrium dialysis cell and (b) illustration of separation behaviour across the
dialysis membrane after addition of CTABr micelle/PAHs mixture to left hand side.

(a) (b)

Dialysis Membrane

Stock solutions with 20 ppm PAHs were prepared by adding 0.0020 g of each PAH to a 100-ml
volumetric flask and dissolving in a 50:50 ethanol-water mixture. A 20 mM stock of solution
CTABr was prepared by adding 0.7289 g to a 100 ml flask and dissolving in deionized water. In
the permeate side of the dialysis cell, 4.00 mL of deionized water was added, and in the retentate
side, 0.10 mL of 8 ppm of PAHs solution, 1.90 mL of deionized water and 2.00 mL of the 20
mM of CTABr solution were added, resulting in a total volume of 4.00 mL on each side of the
dialysis membrane. Cells were allowed to equilibrate for 24 h, at which time samples were
removed from each side and analyzed using the SpectraMax M2 spectrofluorometer and Jenway-

470 conductivity meter.
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5.2.2 Spectrofluorometric measurement

Fixed excitation values of the PAHs were set up in the Spectra Max M2 spectrofluorometer for
emission scans. The optimal excitation and emission wavelengths for detection of each PAH
were selected as the maxima of the excitation and emission spectra (see Appendix C1). PAH
concentrations in the SED experiment were measured based on separate lower range and higher
range calibration curves (Table-5.1a,b). Lower range calibration was used for the permeate side
samples and higher range calibration was used for the retentate side samples. Lower range and
higher range calibration curves (Appendix C2) were prepared with different concentrations of

each of the PAHs in 50:50 ethanol: water mixed solvent (see Table 5.1a,b).

Table 5.1(a). Lower range calibration data of PAHs

PAHs Concentration Slope Intercept R’ LOD?
range (ppb) (ppb)
Naphthalene 0-25 0.532 0.476 0.988 3.71
Fluorene 0-25 12.76 4.84 0.999 2.55
Pyrene 0-7 8.34 3.97 0.984 1.28
Phenanthrene 0-40 0.388 0.878 0.990 5.49
Table 5.1(b). Higher range calibration data of PAHs
PAHs Concentration Slope Intercept R’ LOD?
range (ppb) (ppb)
Naphthalene 0-300 0.412 4.08 0.995 28.8
Fluorene 0-400 9.29 106 0.997 30.0
Pyrene 0-500 5.39 79.4 0.997 31.7
Phenanthrene 0-400 0.306 3.17 0.998 22.3

LOD?= Limit of detection

2.00 mL was taken from both the retentate and permeate sides and added to 2.00 mL of 100%

ethanol in order to keep the PAHs dissolved in the solution. The standard PAH solutions were
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prepared in the same (50:50) ethanol-water mixture. Three spectrofluorometric measurements

were done for each of three SED replicate solutions.

5.2.3 Conductivity measurement

We measured the conductivity of solutions with varying amounts of CTABr added, as shown in
Fig.5.2. PAH stock solutions were in 50:50 ethanol-water mixtures, and dilution into the SED
cell resulted in 1.25% of ethanol in the SED experiment. Therefore standard solutions and SED
solutions for conductivity measurement were all prepared with 1.25% ethanol. 1.00 mL samples
collected from the SED cell were too small for conductivity measurement, so they were diluted

with 3.00 mL of 1.25% ethanol and conductivity measured to determine the CTABr

concentration.
250 -
T 200 |
i
S 150 -
> y=249x+788
s 1001 R?=0.994
é 50 | y=787 x+21.1
s R?=0.986
0 |
o T T T T T T 1
0 1 2 3 4 5 6
[CTABr] (mM)

Fig. 5.2. Determination of critical micelle concentration (CMC) of CTABr in 1.25% ethanol by
identifying the concentration where discontinuity of the two conductivity plot between lower and

higher concentration range calibration curve was observed. The measured CMC value of CTABr
is 1.1 mM.
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5.2.4 Characterizing SED method

Samples were withdrawn from the permeate side of the SED cell at regular intervals and
conductivity measured to determine CTABr concentration in the permeate. Experimental
procedures remained same as discussed before. 4.00 mL solution were collected from the
permeate side after 2 h, 4 h, 6 h, 8 h, 12 h, 18 h and 24 h and conductivity measured. The
concentration of the CTABr was determined using the low concentration calibration function (see
Fig. 5.2). A plot of CTABr concentration vs. time (Fig. 5.3) shows that free surfactant
concentration was below the CMC level at 24 h, and no micelles were detected on the permeate
side. These results confirm that the conditions for semi-equilibrium were achieved in these

experiments.

1.2

L1 Threshold for micelle

0.9 -
0.8 -
0.7 1
0.6 -
0.5
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0 5 10 15 20 25 30
Time (h)

Fig. 5.3. Equilibrium experiment of CTABr in SED
(Free CTABr molecules are in equilibrium at 24 h)
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5.3 Results and discussion

5.3.1 Surfactant concentration, CMC and PAHSs concentration

Fig 5.2 was used to determine the critical micelle concentration (CMC) of CTABr by identifying
the concentration where a discontinuity in the conductivity plot was observed. The measured
CMC value of 1.1 mM (Fig. 5.2) is in good agreement with the previously reported value of 0.93
mM.? The CMC value is a little bit higher than the previously reported values as we added
organic solvent (1.25% ethanol) was added into the surfactant solution in order to maintain same
matrix solution as the SED experiment (Table 5.2a-d). Fig.5.2 also provided calibration curves
which were used to determine CTABr concentrations in the SED experiments (Table 5.2a-d). The
results show that the concentration of the CTABTr in the retentate side is higher than the CMC,
confirming the presence of micelles on the retentate side. However, the measured permeate side
concentrations are slightly higher than the CMC value that theoretically indicating the presence
of micelles in the permeate side. The equilibrium experiment (Fig.5.3) suggested that there were
no micelles in the permeate side after the SED experiment at 24 h. The higher numbers in Table

5.2 might be caused by error in dilution factors and instrumental error.

Table 5.2 (a). Analysis of fluorene by spectrofluorometry and CTABr using conductivity in
SED experiments at 24 h.

Fluorene concentration CTABTY concentration
Fluorene Retentate side Permeate side Retentate side Permeate side
(mole/L) (mole/L) (mole/L) (mole/L)
9.76 x 10" 1.12x10° 0.0115 0.00158
Trial-1 9.84 x 10” 1.15x 10 0.0115 0.00158
9.86 x 107 1.02x 107 0.0115 0.00158
6.38 x 107 9.45x 107 0.0113 0.00164
Trial-2 6.51x 107 9.80 x 10” 0.0113 0.00164
6.84 x 107 9.81x10” 0.0113 0.00164
8.90 x 107 1.01x 107 0.0118 0.00161
Trial-3 8.89 x 10” 1.04x 10 0.0118 0.00161
8.92x 10" 1.10x 10 0.0118 0.00161
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Table 5.2(b). Analysis of pyrene by spectrofluorometry and CTABr using conductivity in SED
experiments at 24 h.

Pyrene concentration CTABTr concentration
Pyrene Retentate side Permeate side Retentate side Permeate side
(mole/L) (mole/L) (mole/L) (mole/L)
8.87 x 107 1.54 x 10° 0.0103 0.00147
Trial-1 8.22x 107 1.41x10” 0.0103 0.00147
8.86 x 107 1.99 x 10° 0.0103 0.00147
8.72x 10" 2.54 x 107 0.0112 0.00165
Trial-2 8.83x 107 2.40 x 107 0.0112 0.00165
8.80 x 107 2.81x 107 0.0112 0.00165
9.13x 107 2.27 x 107 0.0115 0.00168
Trial-3 9.51x 107 2.52x 107 0.0115 0.00168
9.21x 10" 2.67 x 107 0.0115 0.00168

Table 5.2(c). Analysis of naphthalene by spectrofluorometry and CTABr using conductivity in
SED experiments at 24 h.

Naphthalene concentration CTABr concentration
Naphthalene Retentate side Permeate side | Retentate side Permeate side
(mole/L) (mole/L) (mole/L) (mole/L)
557 x 107 2.34x 107 0.0112 0.00164
Trial-1 6.08 x 10" 217 x10” 0.0112 0.00164
562 x 107 2.31x107 0.0126 0.00164
3.55x 107 1.91 x 107 0.0126 0.00188
Trial-2 3.76 x 10”7 1.83 x10” 0.0126 0.00188
4.07 x 107 1.82x 107 0.0122 0.00188
6.29 x 107 2.08x 107 0.0122 0.00166
Trial-3 7.03x 107 2.04 x 10”7 0.0122 0.00166
6.42 x 10° 2.13x 107 0.0122 0.00166

Table 5.2 (d). Analysis of phenanthrene by spectrofluorometry and CTABr using conductivity
in SED experiments at 24 h.

Phenanthrene concentration CTABTr concentration
Phenanthrene Retentate side Permeate side | Retentate side | Permeate side
(mole/L) (mole/L) (mole/L) (mole/L)
8.74x 107 1.06 x 10”7 0.0112 0.00161
Trial-1 9.10x 10~ 1.00x 10" 0.0112 0.00161
9.05x 107 9.81x10° 0.0112 0.00161
9.95x 107 1.13x 107 0.0126 0.00188
Trial-2 9.80 x 10”7 1.21x 10 0.0126 0.00188
1.00 x 10° 1.14 x 107 0.0126 0.00188
8.20 x 107 9.70x 10° 0.0124 0.00187
Trial-3 8.19x 10~ 9.86 x 10° 0.0124 0.00187
8.36 x 10 1.01 x 10”7 0.0124 0.00187
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The PAH concentrations were also measured (Table 5.2 a-d) by spectrofluorometry for all
solutions. A mass balance calculation shows that, of the total PAH added to the SED cell, 48%
naphthalene, 90% phenanthrene, 91% pyrene and 71% fluorene are detected in either the
retentate or permeate solution after 24 h. PAH, which are known to have low solubility, might be
lost by adsorption to the membrane or walls of the SED cell, or by precipitation during the 24 h

SED experiment.

5.3.2 Determination of MDL and LOQ

Method detection limits were statistically determined as the minimum concentration of a PAH
that gave a signal greater than the 99% confidence level of a blank sample. These were
determined from analysis of nine replicate samples containing a known, low level concentrations
of the analytes. MDL was determined by multiplying the sample standard deviation of the 9
replicates by the 99% t-value with eight degrees of freedom, which is 2.896, and determining the
concentration that would give this signal. Limit of quantitation (LOQ) was determined for the

signal that is 10 times the standard deviation of the replicates.

Table 5.3. Method detection limit

PAHs Average Permeate MDL LOQ S/N
Concentration (M) M) M)

Naphthalene 207x 107+ 5.55x10° 1.92x10”7 10.8
1.9x10®

Fluorene 1.04x 10°+ 2.06 x10” 7.12x 107 14.6
7.1x10™"°

Phenanthrene 1.05x 107+ 248x10° | 857x10° 12.3
8.6x 107

Pyrene 224x 107+ 1.43 x10” 4.93x10” 4.54
49x10"°
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Results found from the spectrofluorometric analysis (Table 5.2) were all above the method
detection limits (Table 5.3). Pyrene was the only analyte with some results below the LOQ value,
indicating a larger expected error in pyrene measurements. It was noted that the calculated Log

K3 value for Pyrene (Table 5.4) did have a larger error than two of the other PAHs.

5.3.3 Determination of the binding constant of PAHs

The SED method was used to determine binding constants for the four PAHs, with
Log Kp results listed in Table 5.4. PAHs and CTABr concentrations were measured in the
retentate and permeate compartments at 24 h after the SED was started. CTABr retentate
concentrations were also used in the calculation. The calculations used the parameters defined in

Equation 8, as derived from a simple partition binding model in Equation 1.

To determine binding constants using SED, the concentrations of PAHs and CTABr in
both permeate and retentate were analyzed after 24 h of equilibration time and use in Equation 8.
Table 5.2 shows the concentration difference between the permeate and retentate for both the
PAHs and CTABEI, indicating that the micellar phase was unable to pass through the membrane.
The concentration of CTABr in the permeate was approximately equal to the CMC of the
surfactant, with only small variations due to the presence of the PAH in solution. The
concentration of CTABr in the retentate was approximately an order of magnitude higher than

that in the permeate, and was consistent between replicates for different PAH.

An equation relating the results in Table 5.2 to K is derived according to:

_[paH],
K = T) (5.1)
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Where, K is the binding constant or equilibrium partition constant, [PAH ] ,1s the concentration
of free PAH in aqueous solution, and [PAH ] L, 1s the concentration of PAH within the volume of
the micelles. This latter term can be further defined by:

[PAH],, = “rmm (5.2)
Vol,,

Where npp s 1s the number of PAH molecules associated with micelles and Vol is the volume
of the micelle phase. The volume of the micelle phase can be approximated by:

Voly, = neyyp, o X M, (5.3)

Where nergpra 1s the number of CTABr surfactant molecules that are in micelle form and My is
the molar volume of CTABr, with a reported’ value of 3.64x10” L/mol. These can be substituted
into the equation for Kp:

n
K ;= 2 (5.4)
[PAH]A XA erp p XMy

Under the assumptions for SED, [PAH ] ,1s the same in the retentate and permeate solutions and
is simply [PAH ]Permeate ,
concentration of PAH in the retentate ([PAH ]
bound concentrations, so the micelle-bound concentration is:

which is measured directly. To get npsma, it is assumed that the

) is the total of the aqueous and micelle-

Retentate

[PAH] _[P AH ]Permeate and:

Retentate

xV

nPAH,M = {[P AH ]Retentate _[P AH ]Permeate } retentate (55 )

For the value of ncrys., it is assumed that all CTABr above CMC on the retentate side is in
micelle form, and therefore:

nCTABr,M = {[CTABF ]Retentate _CMC} x VRetentate (5 6)
Substituting 5 and 6 into 4 gives:
— {[P AH ]Retentate _[P AH ]Permeate }X VRetentate (5 7)
’ [P AH ]Permeate X{[CT AB r ]Retentate _CM C} X VRetentate xM 14 '

Which simplifies to a final working equation for calculating Kp:

{[P AH ]Retentate _[P AH ]
x{{CTABr]

Permeate } (5 . 8)

o [PAH ]Permeate Retentate _CM C} X M vV
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Table 5.4. Binding constant between PAH and CTABr determined by SED analysis

PAHs Structure Log Kow 10 Calculated Log KB
Naphthalene 3.36 2.61£0.15
4.12 436 +0.05

Fluorene O'

9

Phenanthrene

‘ 4.57 3.31 + 0.04

Pyrene O

The Log K3 values determined through SED demonstrate a positive relationship with Log Koy of

5.18 5.07+0.12

the PAHs. A free energy relationship can be plotted to support that Log Kz values may be

estimated for additional molecules where Log Ko 1s known.

The use of Kow as a model parameter for describing the binding forces between small
hydrophobic molecules and macromolecules or hydrophobic phases has already been
established.!' Correlation of the binding constants with the Log Koy constants is shown in Fig.

5.4.
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Fig. 5.4. Binding correlation of PAHs with Log Kow.

The binding constants from SED analysis indicate the affinity of the individual PAH compounds
for CTABr micelles. The K3 calculation uses measured concentrations after 24 h and should be
independent of mass balance results. The results show that the concentrations of the PAHs in the
retentate side are much higher than in the permeate side. After 24 h in the SED cell,
approximately 72% naphthalene, 90% phenanthrene, 99.7% pyrene and 98.8% fluorene remained
in the retentate side. This supports the idea that PAH can be removed from contaminated water
by MEUF. Real wastewater samples have a mixture of PAH and other organic compounds, but
the mixture is unlikely to affect micelle binding as the PAH concentrations used here result in 1%

of the micelles being bound with PAH molecules (calculation not shown).

Pyrene shows stronger binding and has a higher Log Koy value compared with fluorene,
naphthalene and phenanthrene. This indicates that compounds with more hydrophobic character
are expected to have strong binding affinity. However, fluorene and phenanthrene do not support
a strong correlation with Log Koy Results indicate that fluorene has relatively higher binding to
micelles than phenanthrene, even though phenanthrene has more hydrophobic character (higher

Log Kow) than fluorene. Normally, PAH with a higher Ko would be expected to bind more

122



strongly with micelles. A study of micellar electrokinetic chromatography (MEKC) using
charged and neutral surfactants reported migration times for six PAHs, including fluorene and
phenanthrene, and all eluted in order of their relative Koy values.'?> Another MEKC study using
SDS micelles measured capacity factors, which are proportional to binding constants, for a
number of PAHs and other hydrophobic compounds.”® The capacity factors for fluorene and
phenanthrene also matched their relative Koy values. Interestingly, in this work, some pairs of
compounds had relative capacity factors that did not match the Koy order, indicating that under
some conditions the micelle binding might not match the order predicted by Koy. Similar results
are reported by Palmer and Terabe."* A study using SDS and CTABr micelles in micellar liquid
chromatography with various water/solvent mixtures measured capacity factors and calculated
binding constants and also reported larger binding constants for phenanthrene than fluorene for

both systems.'

Another micellar liquid chromatography study using CTABr and various water/alcohol
mixtures was conducted by Ramos-Lledo et al.'® This work showed that while phenanthrene had
a higher binding constant than fluorene under most conditions, some combinations of ethanol:
water or propanol: water actually showed stronger binding of fluorene than phenanthrene. This at
least confirms the possibility that these compounds can have micelle interactions under some
conditions that do not follow the order predicted by their Koy values. Therefore, additional
studies are needed to explain this result in this work. Other physiochemical parameters such as
surfactant structure, aggregation number, micelle geometry, ionic strength, temperature, and the
size and shape of the PAH might be contributing factors to the Kp trend being different than the

Kow trend.!”
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5.3.4 Statistical analysis of the variances of binding constant

Statistical analysis of the variances was done in order to determine whether two different
approaches of the experimental design produce variances that are statistically different.
Experiments included testing three replicates of the three different trials (3x3—replicates). But,
results were also treated as 9 independent replicates (9x1). The comparison was used to
determine if the variance in results came mainly from preparing multiple experiments or from
doing multiple fluorescence measurements of each trial. The F-test in a one-way analysis of
variance was used to assess whether the results grouped by trial (eliminating variability due to
multiple fluorescence measurements) differed from results using 9 independent values (variance

due to multiple fluorescence measurements included with variance from multiple trials).

Table 5.5. Variances of the binding constant with 9 replicates

PAHS Total replicate Log Kp Variances (Slz)
Naphthalene 9 2.61 +£0.15 0.023
Fluorene 9 436 £0.05 0.0025
Phenanthrene 9 3.31+£0.04 0.0016
Pyrene 9 5.07+0.12 0.0144
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Table 5.6. Variances of the binding constant with 3 replicates and compare variances between
9 replicates and 3 replicates through F test, in which Fcyisica (Fo.05,8)2) ) value is 19.37. ( 812
values collected from table 5.5)

PAHs Trial Replicates Log K Variances Fexpt
(S =(S,%/8,%)

Trial-1 3 2.64+0.06 0.0036 6.39

Naphthalene Trial-2 3 2.42 £0.07 0.0049 4.69
Trial-3 3 2.75+0.04 0.0016 14.4

Trial-1 3 441+0.03 0.0009 2.78

Fluorene Trial-2 3 430+0.01 0.0001 25.0
Trial-3 3 438+0.02 0.00032 7.81

Trial-1 3 3.35+£0.03 0.0009 1.78

Phenanthrene Trial-2 3 3.29+0.02 0.0004 4.00
Trial-3 3 3.28+0.01 0.0001 16.0

Trial-1 3 5.17+0.07 0.0049 2.94

Pyrene Trial-2 3 4.94+0.03 0.0009 16.0
Trial-3 3 497+0.03 0.0009 16.0

Table 5.6 shows the error in binding constants due to the variable fluorescence results of
triplicate samples collected from each trial. At the 95% confidence level, all of the F
experimental values are less than F-critical (19.37) (see Table 5.6). The variances of the binding
constant determined from 9 replicates are not significantly different from the variances of binding
constants determined from 3 trials. This indicates that replicate fluorescence measurements have
relatively high precision, and a single fluorescence measurement of each triplicate trial would
provide the same final result. Most of the error in Log Kz came from differences between SED
trials, which can include variations in surfactant concentration (micelle formation), time for
equilibrium distribution of the dissolved PAHs in the SED cell, dilution factors, temperature, and

solution pH. It is not recommended to do single trials with 3 fluorescence replicates.
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5.4 Conclusions

The binding constants between various PAHs and CTABr were obtained using semi-equilibrium
dialysis. This illustrated the potential for MEUF to remove these contaminants from water. The
correlation between Log K3 (in CTABr) and Log Kow indicates a strong tendency for PAHs with
a more hydrophobic character to have a greater affinity for binding with CTABr micelles. It
generally supports the idea that Log Kz values may be estimated for additional molecules where
Log Kow 1s known, but hydrophobic character only does not explain the binding potential of each
PAH molecule, rather binding must also depend on other physiochemical properties of the

compounds.
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Chapter 6
Determining binding of polycyclic aromatic hydrocarbons to micelles formed

by SDS and SOL using semi-equilibrium dialysis

6.1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) are widely distributed in the environment as a
result of the incomplete combustion of organic matter.' Many PAHs and their epoxides are highly
toxic, mutagenic and/or carcinogenic’ to microorganisms as well as to humans. PAHs are neutral
aromatic compounds and their octanol-water partition coefficients (Kow) are relatively high,
indicating a relatively high potential for adsorption to suspended particulates in air, water, and for
bioconcentration in organisms.” PAHs could be discharged from the effluent of wastewater
treatment plants to natural aquatic environments in dissolved form or adsorbed to flocculant
particles.* PAHs found in municipal wastewater normally come from the discharge of petroleum
products like petroleum fuels and lubricants, the discharge of urban storm water runoff
containing PAHs from asphalt and car exhaust particles™ and household wastes, which can
account for 50-60 % of the total sewer load for pyrene and phenanthrene.” Although various
treatment options are considered for the removal of organic contaminants from wastewater that
include adsorption, advanced oxidation processes (AOPs), ultrafiltration (UF), nanofiltration
(NF), and reverse osmosis (RO),*’ they have many limitations. Micellar enhanced ultra filtration
(MEUF) has been found to be an effective removal technique for small dissolved molecules like
PAHs."""? In MEUF, contaminant partition occurs to the micellar phase, followed by ultra

filtration of the solution to remove the micelles and bound contaminants.'®!3
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Semi-equilibrium dialysis (SED) is a micellar based ultra filtration method which
has been employed for the treatment of PAHs with CTABr surfactant in the previous chapter
(chapter 5). Some of the surfactant that has been added in MEUF will end up in the permeate
solution, where it might cause secondary pollution to the environment. Considering the potential
fate of the surfactants, anionic surfactants are preferred for MEUF as they generally have lower
toxicity and are more biodegradable." In Ch. 5 it was shown that PAHs were strongly bound
with CTABTr cationic micelles due to hydrophobic interactions, rather than through charge-charge
interactions as noted for the negatively charged sulfonamides in Ch. 3 and 4. Since surfactant
charge is not important, it can be assumed that anionic surfactants can also bind with PAH.
Sodium dodecyl sulfate (SDS) is an anionic surfactant that has been used for the extraction of
PAH and other oil components from soil and other matrices.'> SDS has also been used in a
number of MEUF and related studies,16 while other sulfonate surfactants have been used

specifically with PAH."

Another promising option might be useful for using switchable surfactant to reuse or minimize
secondary pollutants generated from the MEUF method. The switchable surfactants are
molecules that can be reversibly converted between surface active and inactive forms by
application of triggers."® Switchable surfactants are very useful for extracting a hydrophobic or
hydrophilic substance from a mixture when in the “on” (usually charged) state, and then can be
switched "off " to help recover the extracted substance and surfactant, for example if they
precipitate.'® Switchable surfactants of many designs have been published since the mid-1980s.%
The designs differ primarily in the kind of trigger used for switching. CO, is one of the preferred

triggers used for switching, with advantages over other triggers (photo-switching, addition of
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acids or oxidants), as it is inexpensive, nonhazardous, non-accumulating in the system, and it can
easily be removed.”!

CO, bubbled into water can re-protonate anionic surfactants such as soaps (sodium alkanoates).**
It was reported that the switching of anionic surfactants such as long-tail carboxylates and
phenolates is fully reversible with only CO, addition and CO, removal.*! Recyclable CO,-

triggered switchable cationic surfactants were also reported by Jessop and co-workers.'® %

Sodium laurate (SOL), a commercially available alkanoate switchable surfactant, was chosen for
this research project. This research is solely focused on determining binding of PAH in SOL
micelles with SOL in the “on” (anionic) state, and does not deal with switching. The binding
constants of PAHs with both SDS and SOL micelles are examined. We also extended our
research to develop a correlation between the binding constants and the octanol-water partition
constants for the estimation of binding constants of other PAH. In this research work, SDS and
SOL binding with PAH were studied using semi-equilibrium dialysis (SED), where the dialysis
membranes retained the micelles and associated PAH molecules, while allowing free surfactant
monomers and unbound PAH to come to near-equilibrium distribution on both sides of the
membrane. The difference between the total PAH concentration in the retentate and permeate

solutions reflects the amount that is bound to the micelles.'?

Na’ O\-S’O\/\/\/\/\/\/ O-\ﬂ/\/\/\/\/\/
- +
™% Na~ o
(a) (b)

Fig.6.1. Chemical structure of (a) Sodium dodecyl sulphate (SDS); and (b) Sodium laurate
(SOL).
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6.2 Experiment
6.2.1 Materials and Method

SDS, SOL and the PAHs naphthalene, phenanthrene, pyrene and fluorene were purchased
from Sigma-Aldrich Chemicals (Oakville, ON). Deionized water was obtained from a Milli-Q
system (Millipore, Etobicoke, ON). Pierce brand snakeskin dialysis tubing was purchased from

Fisher Scientific (Ottawa, ON) with a molecular weight cut-off (MWCO) of 7000 Da.

A dual-monochromator, SpectraMax M2 spectrofluorometer (Molecular Devices, Sunnyvale,
CA) equipped with a xenon flash lamp and 45 mm standard height cells with 1-cm path length,
and 9 nm bandwidth was employed for the fluorescence measurements. SoftMax Pro 5 software
was used to analyze all emission spectra and quartz fluorescence cell (28F-Q-10 (0.7 ml)) was
used to take sample readings. For the conductivity measurements, a Jenway-470 conductivity

meter (VWR International, Mississauga, ON) was used.

Semi-equilibrium Dialysis.

Semi-equilibrium dialysis cells were made in-house, consisting of two halves machined
in methacrylate polymer, each with an internal volume of approximately 5 mL (See Fig. 6.2). The
two halves were separated by a dialysis membrane held in place by a Teflon gasket on either side.
The dialysis membrane (MWCO 7000 Da) was cut from tubing and hydrated in deionized water
for five minutes prior to use. Samples were introduced into the dialysis cell and removed for
analysis via a threaded hole located in the top of each half, which was kept sealed with a stainless

steel screw during the experiment.
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Fig. 6.2. (a) Semi-equilibrium dialysis cell and (b) illustration of separation behaviour across the
dialysis membrane after addition of SDS micelle/PAH mixture or SOL micelle/PAH mixture (in
a separate experiment) to the left hand side.

Stock solutions with 20 ppm PAH were prepared by adding 0.0020 g of each PAH to a 100-mL
volumetric flask and dissolving in a 50:50 ethanol-water mixture. A 40 mM SDS and 100 mM
SOL stock solution were prepared by dissolving 1.154 g of SDS and 2.223 g of SOL in a 100-mL
volumetric flask with deionized water. In the permeate side of the SED cell, 4.00 mL of
deionized water was added, and in the retentate side, 0.10 mL of 8 ppm of PAHs solution, 1.90
mL of deionized water and 2.00 mL of the 40 mM SDS solution were added, resulting in a total
volume of 4.0 mL on each side of the dialysis membrane. In the SOL experiment, 2.00 mL of 100
mM of SOL solution was added in the retentate side in place of the SDS. Cells were allowed to
equilibrate for 24 h for SDS analysis while cells were allowed to equilibrate for 12 h for SOL
analysis, at which point samples were removed from each side and analyzed by

spectrofluorometry and conductivity.
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6.2.2 Spectrofluorometric measurement

Fixed excitation values of the PAHs were set up in the Spectra Max M2 spectrofluorometer for
emission scans. The optimal excitation and emission wavelengths for detection of each PAH
were selected as the maxima of the excitation and emission spectra (see Appendix C1). PAH
concentrations in the SED experiment were measured based on separate lower range and higher
range calibration curves. Lower range calibration was used for the permeate side samples and
higher range calibration was used for the retentate side samples. Lower range and higher range
calibration curves (Appendix C2) were prepared with different concentrations of each of the
PAHs in 50:50 ethanol: water mixed solvent. The concentration range and other calibration
parameters of the different PAHs were the same as described in chapter 5 (Table 5.1 a,b).
2.00 mL was taken from both the retentate and permeate sides and added to 2.00 mL of 100%
ethanol in order to keep the PAHs dissolved in the solution. The standard PAH solutions were
prepared in the same (50:50) ethanol-water mixture. Three spectrofluorometric measurements

were done for each of three SED replicate solutions.

6.2.3 Conductivity measurement

The conductivity of solutions with varying concentrations of SDS and SOL were determined,
with results shown in Fig. 6.3. PAH stock solutions were in 50:50 ethanol-water mixture, and
dilution into the SED cell resulted in 1.25% of ethanol in the SED experiment. Therefore
standard solutions and SED solutions for conductivity measurements were all prepared with
1.25% ethanol. 1.00 mL samples collected from the SED cell were too small for the conductivity
measurements, so they were diluted with 3.00 ml of 1.25% ethanol and conductivity measured to

determine the SDS and SOL concentration.
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Fig. 6.3. Determination of critical micelle concentration (CMC) of SDS and SOL in 1.25%
ethanol by identifying the concentration where discontinuity of the two conductivity plot between
lower and higher concentration range calibration curve was observed. (a) The measured CMC
value of SDS is 8.1 mM. (b) The measured CMC value of SOL is 23 mM.

6.2.4 Characterizing SED method

In separate experiments, samples were withdrawn from the permeate side of the SED cell at
regular intervals and conductivity was measured to determine SOL concentration in the permeate.
Experimental procedures remained same as discussed before. A 4.00 mL sample was collected
from the permeate side after 1 h, 2 h, 4 h, 6 h, 8 h and 12 h and measured conductivity. It is
required to conduct SED experiment in a condition where retentate side concentration of the
surfactant should be more than half of the surfactant concentration initially added in order to form
micelle. Upper limit of surfactant depends on solubility. A 100 mM standard stock SOL solution
was prepared. It is difficult to prepare higher than 100 mM SOL in solution due to SOL
precipitation. The retentate side concentration of the SOL was close to the CMC value after 18-
24 h, therefore, PAHs experiments in SOL were conducted at 12 h, and SOL equilibrium

measurements were recorded up to 12 h instead of 24 h.
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After each conductivity measurement, the solution was returned to the cell. The concentration of
the SOL was determined using the low concentration calibration function (see Fig. 6.3(b)). A plot
of SOL concentration vs. time (Fig. 6.4 (a)) shows that free surfactant concentration was well
below the CMC level at 12 h, and no micelles were detected on the permeate side. Fig. 6.4(a)
shows that SOL surfactant reached equilibrium by 12 h. In separate experiments, small samples
were withdrawn from the permeate side of the SED cell at regular intervals and analyzed for
PAH concentration using spectrofluorometry. The results for pyrene are shown in Fig. 6.4 (b),
and confirm that the free pyrene concentrations reached equilibrium between the sides by 24 h.

These results show that the conditions for semi-equilibrium were achieved in these experiments.

14 | 3.5E-08
12 1 3.0E-08 -
E 10 A E 2.5E-08
E 3] g 2.0E-08 -
6' 64 5 15E08
@ & 10608
LA .
2 5.0E-09 -
0 ; ; ; ; ; ‘ 0.0E+00
0 2 4 6 8 10 12 0 6 12 18 24
Time (h) Time (h)
(a) (b)

Fig. 6.4. (a) Conductivity measurement over time showing diffusion of SOL surfactant in the
SED cell from the retentate to the permeate. The surfactant concentration in the permeate was
well below the CMC up to 12 h. SOL concentration was measured by conductivity meter (b)
Concentration of pyrene on permeate side of SED cell to confirm equilibration of free pyrene by
24 h. Pyrene concentration was determined by spectrofluorometry.
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6.3 Results and discussion

6.3.1 Surfactant concentration, CMC and PAH concentrations

Fig. 6.3 was used to determine the critical micelle concentration (CMC) of SDS and SOL by
identifying the concentration where a discontinuity in the conductivity plot was observed. The
measured CMC value of 8.1 mM for SDS (Fig. 6.3a) is in good agreement with the previously
reported value of 8.3 mM?** and 23 mM for SOL (Fig. 6.3b) is in good agreement with the
previously reported value of 24 mM."® Fig. 6.3 also provided calibration curves which were used

to determine SDS and SOL concentrations in SED experiments (Table 6.1 ).

The results show that the concentration of the SDS and SOL in the retentate side is higher than
the CMC, confirming the presence of micelles on the retentate side. In the permeate side, both of
the SDS and SOL concentrations were found to be well below the CMC values. This confirms
that there is no micelle in the permeate side after 24 h for SDS and 12 h for SOL. This is well
supported by the equilibrium experiment shown in Fig. 6.4 a,b.

Table 6.1(a). Analysis of PAH by spectrofluorometry and SDS' using conductivity in SED
experiments at 24 h.

Spectrofluorometric analysis Conductivity analysis
PAHs Retentate side Permeate side Retentate side Permeate side
(mole/L) (mole/L) (mole/L) (mole/L)
444 x 107 1.85x 107
Naphthalene +8.1x10° 760 x 10 0.00951 0.00517
7.22x 107 3.29x10°
Fluorene 16.1x 10" 1426 x 10° 0.0121 0.00660
8.58 x 10”7 8.81x10°
Phenanthrene +13x10° 112 x10° 0.0124 0.00681
7.81x 107 1.56x 10°®
Pyrene 167 x 10 17x10° 0.0124 0.00665
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Table 6.1(b). Analysis of PAH by spectrofluorometry and SOL using conductivity in SED

experiments at 12 h.

Spectrofluorometric analysis Conductivity analysis
PAHSs Retentate side Permeate side Retentate side Permeate side
(mole/L) (mole/L) (mole/L) (mole/L)

6.13x 107 3.66x 107

Naphthalene 4140 x 107 v 1x10° 0.0357 0.0179
420x 107 4.14x 10°

Fluorene 9% 10° 119x10° 0.0351 0.0172
531x 107 1.96 x 107

Phenanthrene 4% 10" 5% 10" 0.0354 0.0170
4.08x 107 2.71x 10°

Pyrene 454 % 10° 182 x 107 0.0354 0.0163

The PAHs concentrations of all solutions were also measured (Table 6.1 ab) by
spectrofluorometry. After 24 h in the SED cell with SDS micelles, approximately 71%
naphthalene, 91% phenanthrene, 98% pyrene and 96% fluorene remained in the retentate side
using SDS surfactant. In the SOL experiments after 12 h of equilibration, approximately 63%
napthalene, 73% phenanthrene, 94% pyrene and 91% fluorene remained in the retentate side.
These results indicate that both SDS and SOL micelles bind PAH in the SED system, and binding
constants can be determined. It also shows that SDS is better than SOL for the treatment of PAH

especially for the naphthalene and phenanthrene. Naphthalene is not a good binding candidate for

either of the surfactants, and SOL is less effective for this particular compound.

6.3.2 Determination of the binding constant of PAH

The SED method was used to determine binding constants for the four PAHs, with
Log Kp results listed in Table 6.2. The concentrations of PAHs and SDS as well as PAHs and
SOL in both permeate and retentate were used to calculate Kg using Equation 8, which is derived

as follows:
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_[pan],
KB—W (61)

where, Kjp is the binding constant or equilibrium constant, [PAH ] ,1s the concentration of free
sulfonamide in aqueous solution, and [PAH],, is the concentration of sulfonamide within the
volume of the micelles. This latter term can be further defined by:

[PAH],, = "2 6.2)
Vol,,

where npyp s 1s the number of sulfonamide molecules associated with micelles and Vol is the
volume of the micelle phase. The volume of the micelle phase can be approximated by:

Vol, = ngpsy XM, (6.3)

where ngpgs s 1s the number of SDS surfactant molecules that are in micelle form and My is the
molar volume of SDS, with a reported® value of 0. 288 L/mol. These can be substituted into the
equation for Kp:

n
K = By (6.4)
[PAH]A XRgps y XMy,

Under the assumptions for SED, [PAH |, is the same in the retentate and permeate solutions and
is simply [PAH]

concentration of Sulfonamide in the retentate ([PAH ]

which is measured directly. To get npgma, it is assumed that the

Permeate >

reenae ) 1 the total of the aqueous and

micelle-bound concentrations, so the micelle-bound concentration is
[PAH] _[P AH ]Permeate and:

Retentate

Npanm = {[PAH] _[PAH] xV,

retentate

(6.5)

Retentate Permeate }

For the value of ngpg s, it is assumed that all SDS above CMC on the retentate side is in micelle
form, and therefore:

nSDS,M = {[SD S ]Retentate _CM C}X VRetentate (66)
Substituting 5 and 6 into 4 gives:
— {[P AH ]Retentate _[P AH ]Permeate }X VRetentate (67)
’ [P AH ]Permeate X{[SD S]Retemate _CM C} x VRetentate xM Vv

which simplifies to a final working equation for calculating Kj:
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{SDS o —[SDS |
x{[SDS]

Permeate } (6 . 8)

5 [sDS] —CMC}xM,

Permeate Retentate

Same working equation was used for the calculation of Kz of PAH in SOL micelle.

Table 6.2. Binding constant of PAHs in SOL and SDS

PAHs Structure Log Kow™® Log K, Log K,
(SDS Micelle) (SOL Micelle)

Naphthalene 3.36 3.07+ 026 2.11+04

Fluorene O'O 4.12 4.13 £0.06 3.36 £0.04
Phenanthrene OO 4.57 3.74 £ 0.07 2.62+0.10
Pyrene OO 5.18 448 +0.05 3.53+0.09

Since PAH concentrations in SOL were measured at 12 h, it is possible the PAH were not
completely equilibrated, and the retentate concentrations may have been low. This might
contributed higher Kz values, however, Fig. 6.4 (b) suggests that the concentration of pyrene at 12
h was over 80% of the equilibrium concentration. The Log K5 values determined through SED

demonstrate a positive relationship with Log Kow of the PAHs. This linear free energy plot
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supports the idea that Log Kz values may be estimated for some additional molecules where Log
Kow is known. Ko has been established®’ as a model parameter for describing the binding forces
between small hydrophobic molecules and macromolecules. Correlation of the binding constants

with the Log Ko constants is shown in Fig. 6.5.
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Fig. 6.5. (a) Binding correlation of PAHs in SDS with the Log Kow (b) binding correlation of
PAHs in SOL with Log Kow.

The binding constants from SED analysis indicate the affinity of the individual PAH compounds
for SDS and SOL micelles. Pyrene, with the higher Log Koy value, shows stronger binding than
fluorene, naphthalene and phenanthrene. This indicates that the more hydrophobic character of
the compound has a strong influence on binding. However, fluorene exhibited the next highest
tendency to bind to SOL and SDS micelles indicating that it possesses comparatively greater

potential for removal via MEUF than other PAHs.

Results indicate that fluorene has relatively higher binding to micelles than phenanthrene, even
though phenanthrene has more hydrophobic character (higher Log Kow) than fluorene. As
discussed in Chapter 5, PAH with a higher Ko would normally be expected to bind more

strongly with micelles. However, other physiochemical parameters such as surfactant structure,
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aggregation number, micelle geometry, ionic strength, temperature, and the size and chemistry of
the PAH might result in a different pattern in Log Kp than predicted using Log Kow. From the
results in this Chapter, it can be stated that the charge on the headgroup does not influence this
overall behaviour, as the identical trend of fluorene binding more than phenanthrene was
observed for the anionic SDS and SOL micelles as for the cationic CTABr micelles in Ch. 5.
Binding of PAHs in SDS micelles had a significantly better correlation with Log Ko than
binding in SOL micelles, so there may be clues in the differences between these surfactants that

will help to explain these results in the future.

6.4 Conclusions

The SED system has been employed for the determination of binding constants for selected
PAHs using SDS and SOL surfactant. Like CTABr binding of PAH described in Ch. 5, the
hydrophobic driver is dominant for the binding of PAH in both SDS and SOL micelles. Since
cationic surfactants like CTABr are more toxic than anionic surfactants like SDS, this anionic
surfactant would be a better choice to treat PAH in MEUF as it provides similar binding. On the
other hand, SOL, an anionic surfactant that is switchable, was shown to be less effective for the

binding of PAH, so a weaker candidate for the MEUF method.

The correlation between Log K (in SDS) and Log K3 (in SOL) with Log Ko supported the idea
that Log K values may be estimated for some additional molecules where Log Koy is known.
However, hydrophobic character alone cannot explain the binding potential of all individual
molecules, as evidenced by the relative results for fluorene and phenanthrene, but rather binding

also depends on other physiochemical properties of the compounds.
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Chapter 7

Summary and Future Work

7.1 Summary of chapters

The aim of this research is to develop a model using SED to guide MEUF method development
for the removal of trace organic contaminants from wastewater. This is done by characterization
of binding in the micelle-contaminants complex. In chapter 3, we used SED with CTABr, a
cationic surfactant, to study binding of sulfonamides from solution, and to examine relationships
between binding constants and Koy and pK,,. The resulting plots indicate that charge-charge
interactions are the driving force in this binding process, and micelle binding is significantly
related to the tendency of the compounds to be deprotonated to form a negatively charged
species. In chapter 4, we used NMR spectroscopy to characterize bound complexes. NMR
confirmed that the sulfonamides are strongly associated with the head-group (Stern layer) region
of the micelles, consistent with anionic sulfonamides interacting with cationic headgroups.
Orientation of the molecule can be suggested from the relative chemical shift changes of the
various protons. It’s also possible to model the binding coefficient, which generally confirms the
values from SED. In chapter 5, we examined the same CTABr surfactant for binding PAHs to
predict whether MEUF can remove PAHs from wastewater. Results indicate that hydrophobic
interactions are responsible for binding of PAHs in CTABr micelles. Unlike sulfonamides, PAHs
are neutral compounds whose binding was also characterized by examining relationships with the
hydrophobic parameter Koy, which was strongly related to this binding. Results have supported
this assumption in general but did not demonstrate good correlation with hydrophobicity for all
compounds. In chapter 6, we examined binding with anionic SDS and SOL micelles, SOL being

a switchable surfactant. Similarly, results showed significant binding and suggested that MEUF
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can effectively remove PAHs using both of the surfactants. Like CTABr micelle, hydrophobic
interactions are the main driving force of the binding of PAH with SDS and SOL micelles. SDS
showed stronger binding and better correlation with Koy than SOL. Results also supported the
idea that binding of PAHs increases with increasing hydrophobicity. However, the correlation
with Koy was weak, with the trend among PAHs for binding sometimes being different from the
trend in Kop. Other physiochemical properties of the individual compounds must also be

contributing to the trend in binding affinity.

7.2. General conclusions

Over the last three decades, wastewater treatment technologies have been improved significantly
but, at the same time, water pollution has significantly increased due to rapidly growing modern
industries and expanded human activities around the world.! Membrane technology has found
several industrial applications, especially for ultrafiltration.? Ultra filtration is useful for water
clarification and disinfection, without by-products, in a single step and with a constant permeate
quality.” It removes bacteria, viruses, proteins and some sugars from effluents after treatment.’
However, various literature reports suggest that ultra filtration can not remove low molecular
weight species such as sulfonamides and PAH from wastewater. MEUF, a type of ultra filtration,

is very effective for the treatment of trace organic compounds in wastewater.*

In this research, we proposed SED as a means of characterizing binding, which was used to
predict MEUF performance. The SED method is a non-pressure driven method, however it
includes contaminants binding with micelles and being separated in a manner similar to the
conventional MEUF system. We examined the potential of MEUF to remove ionic and neutral

organic contaminants from wastewater. SED was used to determine binding constants, which are

145



key to predicting MEUF performance and characterizing contaminant binding to micelles. SED
was done on sulfonamides in anionic and neutral form. Sulfonamides are found to bind strongly
with cationic micelles only if they are in the negative form, so charge-charge interactions
dominate in this binding process. NMR spectroscopy confirmed the association of the negative

groups in the sulfonamides with the cationic head groups of CTABr micelles.

SED was also done on neutral PAH compounds. We found that PAHs bind strongly with all
cationic and anionic micelles due to hydrophobic interactions. We found higher correlation
between binding constants and Koy for PAH than for sulfonamides. This is consistent with the
hydrophobic parameter (Kow) because sulfonamides have lower Koy values than PAH. Unlike
sulfonamides, we did not use NMR spectroscopy for binding characterization of PAHs in
micelles. This is because NMR is less sensitive and cannot detect low concentrations of PAH in

the solution.

We used varieties of surfactants that include cationic and anionic surfactants in this SED study in
order to determine suitable surfactants best fit in our system. We found cationic surfactant is the
best fit for the negatively charged contaminants. In case of neutral contaminants, both cationic
and anionic surfactants can be used for the treatment. Even though both cationic and anionic
surfactants work in our system, anionic surfactants may be recommended as they are less toxic.
We also used switchable anionic surfactant for binding with PAH in the SED method. We used
sodium laurate (SOL) as switchable surfactant which has worked in our system but it was found
comparatively less effective than other surfactants. However, switchable surfactants can be used
to recover the extracted substance and surfactant, for example, if they can be made to precipitate.’
We need separate experiments where switching "off" and "on" can be applied in order to justify

this theory in our system, in future experiments.
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The lowest binding constant (Log Kz) we measured by SED was 1.46 + 0.05. The lower limit to
binding constant depends on the standard deviation of the measurements of both retentate and
permeate side concentrations. This is because a term in the equation is the difference between the
retentate and permeate side concentrations. Upper limit to binding constant depends on the LOD
of the permeate site concentration as LOD is much higher than standard deviation. As for
example, we measured permeate side concentration of pyrene is 2.24 x 10° M which is close to
the LOD (1.28 ppb or 6.3 x 10 M). Therefore, the upper limit for Log Kz may be the Log Kz of

pyrene, which was measured as 5.07.

SED experiments were done with simple solutions but SED can be done on real water samples as
long as the analysis method can handle the matrix. SED is a simple, inexpensive experiment that
needs only a sensitive analysis method to be available for contaminants of interest. We can
estimate binding efficiency of the unknown contaminants through the SED predictive binding

model.

7.3. Future work

We determined binding constants between selected sulfonamide antibiotics and CTABr using
semi-equilibrium dialysis (SED). The general approach used here should work for other group of
compounds. We need to apply this method to the specific group of compounds which can form
negative charge in the solution subsequently we need to compare and verify the binding
correlation with our results. We constructed free energy relationship with different parameters
that include Log Koy and pKa». This linear free energy relationship might be influenced by pH,

temperature and other thermodynamic entities. We need to investigate this in our SED method.
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We also determined binding constants between selected PAH which are neutral in nature, with
cationic, anionic and switchable surfactants. We need to find other neutral compounds and test
them in the SED system in order to confirm the suitability of this method for the neutral
compounds. PAH experiments in the SED indicate that binding constants are not following the
expected order of hydrophobic trend. Fluorene shows higher binding affinity than other PAH. We

need to find more scientific information and data that will well support our results.

The main purpose of this research is to use SED to predict removal efficiency of the
contaminants in the MEUF. We conducted SED experiments with the selected sulfonamides and
PAH prepared solution in the laboratory. We need to use the real wastewater samples with same
selected contaminants to compare with our results. Therefore, future work would be applying our
SED method for sulfonamide and PAH in the real wastewater treatment system equipped with
pressure and associated logistics similar to the other advanced treatment system in order to verify

whether the Kp values we determined are good for predicting the performance of MEUF.

There are lots of other environmental contaminants that need to be tested and validated in the
SED method. Sulfonamides are mainly related to sewage contamination, our next interest is the
treatment of wastewater released from Canadian oil sands, which is recognized as one the most
contentious environmental issues in Canada. Untreated oil sands produced waters (OSPW),
including the water in tailings ponds, is a major environmental concern. OSPW are a very

complex mixture of different toxic organic and inorganic contaminants.®

We did not test our SED method on inorganic contaminants yet. Future work will be also testing
inorganic contaminants in the SED to find out whether it can be used for predicting binding

efficiency in the MEUF as well.
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It is important to select appropriate surfactants for binding with contaminants in the SED method.
Some surfactants have very high CMC that might cause less total binding of the contaminants as
fewer micelles will be produced in the retentate side of the SED cell at equilibrium. Some
surfactants are toxic and some are expensive. We used several surfactants in the SED method.
We need to test more surfactants with same contaminants that we used in our research in order to
find better correlation and binding. The same tests should be repeated in real samples and
compared with the prepared laboratory samples. Other contaminants should be tested with
various surfactants as well. It would be future work to identify appropriate surfactants which will
give better binding to contaminants as well as it being less toxic. Cost, toxicity, Critical Micelle
Concentration (CMC), solubility, and transport permeability through the membrane will be taken
into account for finding suitable surfactants. CMC can be changed by certain parameters such as
pH, temperature or addition of chemicals. So, it would be future work to control CMC under
certain condition especially for the surfactants which have higher CMC and the surfactants which

can precipitate at room temperature.

We also used switchable surfactants but we did not apply switch "off" and "on" technique in our
SED method. It would be an important tool to recover pollutants from SED. Therefore, it refers
to future work to find applicable switchable surfactants in the SED system. The membrane is also
an important ingredient of the SED experiment. Different membranes have different pore size
and cut-off point of the molecule. Moreover, high concentrations of certain organic materials can
react with membrane polymer matrixes to cause degradation or swelling.” It needs to be
investigated in future to identify any degradation product was produced in our system. In our

research, we also noticed that fluorine has relatively higher binding affinity to micelle than other
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PAH. We need many more experiments with more PAH to develop a constructive relationship

with Ko to find this answer. This would be another future research.
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Appendix A

Additional data for chapter 3

Table Al.1. Sample preparation of sulfonamides

Sulfonamides M.W(g/mole) | Wt taken(g) | Volume, H,O (ml) Conc. (M) | Conc.(mM)
Sulfacetamide 214.24 0.0040 100 0.000187 0.187
Sulfadiazine 250.28 0.0049 100 0.000196 0.196
Sulfaguanidine 214.24 0.0026 100 0.000121 0.121
Sulfamerazine 264.31 0.0042 100 0.000159 0.159
Sulfamethoxazole 253.28 0.0036 100 0.000142 0.142
Sulfathiazole 255.32 0.0039 100 0.000153 0.153
Sulfanilamide 172.20 0.0026 100 0.000151 0.151
Sulfamethazine 278.33 0.0036 100 0.000129 0.129
Sulfadoxin 310.30 0.0034 100 0.000110 0.110
Table A1.2. Modified Log Kp
HPLC analysis Conductivity analysis
Sulfonamide | [SUIfonamide]reentie | [Sulfonamidelpomeate oH [Sulfonamide Jrermeate ’°Z’ ':I B
(M) () (M) adjusted)

1. Sulfadoxine 4.06 + 0.18 (x10-5) 0.70 + 0.07 (x10-6) 8.06 0.69 + 0.07 (x10-6) 414 +0.20
2. Sulfathiazole 5.25 + 0.60 (x10-5) 1.40 * 0.14 (x10-6) 8.22 1.30 + 0.13 (x10-6) 3.99 * 0.26
3. Sulfamethoxazole [3.72 + 0.23 (x10-5) 1.38 + 0.14 (x10-6) 8.49 1.37 £ 0.14 (x10-6) 3.75+0.19
4. Sulfamerazine  [5.83 + 0.29 (x10-5) 2.50 + 0.13 (x10-6) 8.09 1.38 £ 0.13 (x10-6) 3.93+0.11
5. Sulfamethazine  |5.79 + 0.29 (x10-5) 3.79 £ 0.16 (x10-6) 7.84 2.78 + 0.12 (x10-6) 3.63 £ 0.10
6. Sulfadiazine 4.10 + 0.20 (x10-5) 5.61 +0.41 (x10-6) 8.05 5.49 + 0.40 (x10-6) 3.23+0.12
7. Sulfacetamide  |4.78 + 0.24 (x10-5) 5.30 + 0.53 (x10-6) 8.17 5.29 + 0.53 (x10-6) 3.29 +0.16
8. Sulfaguanidine  [3.72 + 0.19 (x10-5) 32.7 + 3.3 (x10-6) 8.27 0.030 * 0.003 (x10-6) 4.56 + 0.08
9. Sulfanilamide 3.61 +0.30 (x10-5) 31.8 + 2.4 (x10-6) 8.37 0.29 + 0.02 (x10-6) 3.49 £ 0.11
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Table Al.3. Free sulfadiazine concentrations in the permeate side with different time (h)

Time (h) Conc. Permeate (M)

0.00 1.00E-10
0.50 6.98E-05
1.00 7.41E-05

2.00 9.38E-05
2.50 9.71E-05
3.00 1.09E-04
3.50 1.10E-04
4.00 1.10E-04
4.50 1.22E-04
5.00 1.27E-04
5.50 1.29E-04
6.00 1.30E-04
6.50 1.35E-04
7.25 1.41E-04
8.00 1.45E-04
22.00 1.74E-04
23.00 1.76E-04

Table Al.4. Free surfactant (CTABr) concentration in the both permeate and retentate side
with different time (h)

Time(h) Conductivity (uS/cm)
Permeate Retentate
0.17 384 321
2 79.1 313
4 119 289
6 134 286
24 142 265
48 167.7 260
72 175.7 272
96 145 258
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Table A1.5. CMC determination through lower range and higher range calibration curve

CTABr(mM) Conductivity (nS/cm)

0 20.1
0.2 52
0.4 70
0.6 86.9
0.8 110

1 118.6
1.2 129
1.6 142.5
2.2 162.5

3 181.5

4 196.8

A2. HPLC Chromatogram
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Fig. A2.1. HPLC Chromatogram of the STD six sulfonamides (Sulfaguanidine, Sulfacetamide,
Sulfadiazine, Sulfathiazole, Sulfamerazine, Sulfamethoxazole
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Fig. A2.2. HPLC Chromatogram of the STD three sulfonamides (Sulfanilamide, Sulfamethazine,
Sulfadoxin)
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Appendix B

Additional data for chapter 4

Table Bl1.1. CMC determination of CTABr in DO through lower range and higher range
calibration curve

CTABr(mM) Conductivity (uS/cm)

0 20.1
0.15 245
0.3 36.3
0.6 57.6

1 81.2
1.25 85.4

2 103.8

3 124

4 144.3

5 157.3

6 179.3

Table B1.2. Chemical shift of the different protons of Sulfadoxine

CTABr Proton A Proton B | Proton C Proton D Proton E
Conc. (mM)

00 0 00 0 00 0 00 0 00 0
0 6.74 | 674 | 757 | 757 | 775 | 7.75 | 3.84 | 3.84 | 3.69 | 3.69
0.625 6.74 | 674 | 757 | 754 | 7.75 | 7.71 3.84 | 3.84 | 3.69 | 3.69
1.00 6.74 6.7 757 | 756 | 7.75 | 7.72 | 3.84 | 3.82 | 3.69 | 3.68
1.25 6.74 | 672 | 757 | 762 | 7.75 | 787 | 3.84 | 3.86 | 3.68 | 3.68
2.0 6.74 | 665 | 757 | 755 | 775 | 7.72 | 3.84 | 3.80 | 3.69 | 3.67
2.5 6.74 | 666 | 7.57 | 755 | 775 | 7.72 | 3.84 | 3.80 | 3.69 | 3.67
4.0 6.74 | 665 | 757 | 756 | 7.75 | 7.75 | 3.84 | 3.80 | 3.69 | 3.68
5.0 6.74 | 665 | 757 | 757 | 775 | 7.72 | 3.84 | 3.80 | 3.69 | 3.68
6.2 6.74 | 6.59 | 7.57 7.5 775 | 766 | 3.84 | 3.74 | 3.69 | 3.62
8.0 6.74 | 664 | 757 | 756 | 7.75 | 7.73 | 3.84 | 3.80 | 3.69 | 3.68
10.0 6.74 | 664 | 757 | 757 | 775 | 7.73 | 3.84 | 3.80 | 3.69 | 3.68
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Table B1.3. Chemical shift of the different protons of Sulfamethazine

CTABr Proton A Proton B | Proton C Proton D
Conc. (mM)

00 0 00 0 00 0 00 0
0 6.76 | 6.76 | 7.63 | 7.63 | 222 | 222 | 6.58 | 6.58
0.625 6.76 | 6.76 | 7.63 | 7.65 | 222 | 2.21 6.58 | 6.57
1.00 6.76 | 6.64 | 763 | 768 | 222 | 214 | 6.58 6.3
1.25 6.76 | 6.68 | 7.63 | 765 | 222 | 217 | 6.58 | 6.43
2.0 6.76 | 6.61 763 | 768 | 222 | 214 | 6.58 | 6.27
2.5 6.76 | 6.64 | 7.63 7.7 222 | 216 | 6.58 | 6.31
4.0 6.76 | 6.63 | 7.63 | 7.74 | 222 | 213 | 6.58 | 6.18
5.0 6.76 | 6.63 | 7.63 | 7.72 | 222 | 213 | 6.58 | 6.18
6.2 6.76 | 6.63 | 763 | 7.73 | 222 | 213 | 6.58 | 6.21
8.0 6.76 | 664 | 763 | 7.74 | 222 | 215 | 6.58 6.2
10.0 6.76 | 6.65 | 763 | 7.73 | 222 | 214 | 6.58 | 6.21

Table B1.4. Chemical shift of the different protons of Sulfanilamide

CTABr Proton A Proton B
Conc. (mM)

00 0 00 0
0 6.82 | 6.82 | 7.59 | 7.59
0.625 6.82 | 6.81 7.59 7.6
1.00 6.82 | 6.80 | 7.59 7.6
1.25 6.82 | 6.81 7.59 7.6
2.0 6.82 | 6.81 7.59 7.6
2.5 6.82 | 6.81 7.59 7.6
4.0 6.82 | 6.81 7.59 7.6
5.0 6.82 | 6.81 7.59 7.6
6.2 6.82 | 6.81 7.59 7.6
8.0 6.82 | 6.81 7.59 7.6
10.0 6.82 | 6.81 7.59 7.6
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B2. NMR Spectrum (500 MHz, D,0)

Normalized Intensity

Normalized Intensity

0.0020

0.0015

0.0010

0.0005

0.0040

0.0035

0.0030

0.0025

0.0020

0.0015

0.0010

0.0005

Ash_Sample-1_August 28, 2012.001.esp

—4.70

M02(m) MO1(m)

L 7.75
L__—J.M
—————————————3.69

5 4
Chemical Shift (ppm)

Fig. B2.2. Sulfamithazine

157

| | oo
1.00 1.03
U
9.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20 15
Chemical Shift (ppm)
. .
Fig. B2.1. Sulfadoxine
Ash_Sample-2_August 28, 2012.001.esp .‘3_
_E N
E N
= o
= ® ©
E B s B
= ©
L
9 8 7 6 3 2




Normalized Intensity

00010
0.0009 =
0.0008 =
0.0007 =
0.0006 =
0.0005 =
0.0004 =
0.0003 =

0.0002 =

Ash_Sample-3_August 28, 2012.001.esp

—4.70

0.0001 =

1 10 9 8 7 6 5 4 3 2 1
Chemical Shift (ppm)

Fig.B2.3. Sulfanilamide

NMR Spectrum of Sulfadoxine (500 MHz, D,0)

CHs
o”P
O O—
(@]
NV/N
B c
A
D E
cr A I
| 1 .
o T N

T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

Fig. B2.4. Chemical shift changes of Sulfadoxine with CTABr concentrations (10 mM)
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NMR Spectrum of Sulfanilamide (500MHz, D;0)
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Fig. B2.5. Chemical shift changes of sulfanilamide with CTABr concentrations (10mM)
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Appendix C

Additional data for chapter-5

Cl. Emission spectrum of PAHs
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Fig. C1.1. Emission spectrum of Fluorene (Ex: 258 nm; emission range: 270-380nm; Emission
max: 310 nm)
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Fig. C1.2. Emission spectrum of Pyrene (Ex: 260 nm; emission range: 340-520 nm; Emission
max: 358 nm)
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Fig. C1.3. Emission spectrum of Naphthalene (Ex: 270 nm; emission range: 280-420 nm;
Emission max: 330 nm)
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Fig. C1.4. Emission spectrum of Phenanthrene (Ex: 250 nm; emission range: 300-500 nm;
Emission max: 370 nm)
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C2. Calibration curve of PAHs
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Fig. C2.3. Low range calibration curve of Fluorene
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Fig. C2.6. High range calibration curve of Phenanthrene
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Table C3.1. CMC determination of CTABr by conductivity meter with 1.25% ethanol

CTABr(mM) Conductivity (uS/cm)

0 17.87
0.2 36
0.4 57.6
0.6 72
0.8 81.7
1 97.7
1.5 111.9
2 130
3 154.7
4 183.7
5 201
6 226

Table C3.2. Equilibrium experiment of Fluorene

Hour (h) Permeate side (M)

2 0.000302
4 0.000517
6 0.000734
8 0.000822
12 0.000978
18 0.00105
24 0.00107
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Appendix D

Additional data for chapter-6

Table D1.1. CMC determination of SDS with 1.25% ethanol

SDS (mM) Conductivity (uS/cm)

20 875
18 821
16 773
14 720
12 662
10 621
8 545
6 426
4 293
3 222
2 160.3
1 92.1
0 20.4

Table D1.2. CMC determination of SOL with 1.25% ethanol

SOL(mM) Conductivity (uS/cm)

40 1960
35 1768
30 1614
25 1439
20 1178
15 906
10 604
5 315
0 11.2
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Table D1.3. Equilibrium expt. of Pyrene in SDS (fluorescence measurement)

Hour (h) Pyrene Conc. (permeate side)

1 1.29 E-08
12 2.19 E-08
18 2.70 E-08
24 2.97 E-08

Table D1.4. Equilibrium expt. of SOL

Hour (h) Permeate side (M)
0.00444
0.00740
0.00972
0.0117
0.0123
0.0123

0PN —
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