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ABSTRACT
Chemical Modifications of Hollow Silica Microspheres for the Removal of Organic
Pollutants in Simulated Wastewater
Aqueous industrial effluents containing organic pollutants, such as textile dyes and crude
oil, represent environmental and human health concerns due to their toxicity and possible
carcinogenic effects. Adsorption is the most promising wastewater treatment method due
to its efficiency, ease of operation, and low cost. However, currently used adsorbents
have either high regeneration costs or low adsorption capacities. In this work, new
organic/inorganic hybrids based on hollow silica microspheres were successfully
synthesized, and their ability to remove Methylene Blue from wastewater and crude oil
from simulated produced water was evaluated.
By employing four different silanes, namely triethoxy (octyl) silane, triethoxy (dodecyl)
silane, trichloro (octadecyl) silane, and triethoxy (pentafluorophenyl) silane, hydro and
fluorocarbons were grafted onto the surface of commercially available silica
microspheres. These silica derivatives were tested as adsorbents by exposing them to
Methylene Blue aqueous solutions and synthetic produced water. Absorbance and oil
concentration were measured via a UV/Vis Spectrophotometer and an HD-1000 Oil-inWater Analyzer respectively. Methylene Blue uptake experiments showed that increasing
the adsorbent dosage and decreasing initial dye concentration might increase adsorption
percentage. On the other hand, adsorption capacities were improved with lower adsorbent
dosages and higher initial dye concentrations. Varying the initial solution pH, from pH 5
to pH 9, and increasing ionic strength did not seem to have a significant impact on the
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extent of adsorption of Methylene Blue. Overall, the silica derivative containing aromatic
functional groups, Caro, was proven to be the most effective adsorbent due to the presence
of π-π and cation-π interactions in addition to the van der Waals and hydrophobic
interactions occurring with all four adsorbents. Although the Langmuir Model did not
accurately represent the equilibrium data, it produced consistent maximum adsorption
values and adsorption equilibrium constants. Preliminary experiments demonstrated the
potential to recover and reuse the silica microspheres by washing with NaOH and organic
solvents.
The preferential adsorption of oil micro-droplets onto the surface of functionalized
hollow silica microspheres was evidenced. However, preparing synthetic produced water
that was stable enough to carry out kinetics experiments remained a challenge.
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CHAPTER 1: OBJECTIVE AND HYPOTHESIS
1.1 Objective
The main goal of this work is to synthesize new organic/inorganic hybrids based on
hollow silica microspheres and evaluate their ability to remove organic pollutants, such
as textile dyes and crude oil, from simulated wastewater. This thesis is divided into two
main chapters: Chapter 2 focuses on the removal of textile dyes from wastewater, while
Chapter 3 explores the treatment of produced water.
1.2 Hypothesis
We propose to employ commercially available, low-cost, hollow silica microspheres after
modifying their surface chemistry with a variety of hydrocarbons and fluorocarbons. The
resulting microspheres, when exposed to organic compounds in wastewater, should
preferentially attach these onto their surface due to non-covalent interactions such as van
der Waals, hydrophobic interactions, π-π interactions, and cation-π interactions.
Furthermore, since the microspheres are lighter than water and float up readily, they
would not require external energy input for removal (Figure 1). The microspheres might
be regenerated and reused after being treated with specific organic solvents.
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Figure 1. Grafting of alkyl chains onto the surface of hollow silica microspheres using silane-coupling
agents (top). When the functionalized silica spheres are put in contact with pollutant-containing aqueous
solutions (a), the organic pollutants adsorb onto the surface of the spheres (b) and are dragged to the airwater interface due to the hollow nature of the adsorbent (c).
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CHAPTER 2: REMOVAL OF TEXTILE DYES IN WASTEWATER
2.1 INTRODUCTION
Dyes are colored organic molecules that can be dissolved in water and absorbed by a
substrate. There are more than 100,000 dyes available commercially, which are widely
employed in industries such as textiles, pharmaceutics, cosmetics, plastics, paper, and
food. After use, these molecules are often discharged along with industrial effluents. The
textile industry alone discharges approximately one million kilograms of dye into the
environment each year, which poses an environmental concern due to their toxicity and
possible carcinogenic effects 1.
Colored organic molecules have two main components: the chromophore, which due to
the presence of delocalized pi-electrons gives the dye its color, and the auxochrome, a
functional group with non-bonded electrons that enhances the color of the chromagen and
modifies its ability to absorb light. Common chromophore moieties include the azo (N=N-), methine (-CH=), carbonyl (=C=O), nitro (-NO2; -NO-OH), and ethylene
(=C=C=) functional groups. Examples of auxochrome groups are the amino (-NH2),
carboxyl (-COOH), hydroxyl (-OH), and sulphonate (-SO3H) functional groups 1,2.
Dyes can be classified according to their origin (i.e. natural or synthetic), their chemical
structure (i.e. azo, anthraquinone, triphenylmethane, indigo, etc.), their application (i.e.
direct, reactive, disperse, etc.), and/or their chromagenic group (i.e. electron donor,
electron acceptor, etc.). However, the most common/broad way to classify them is by
their general structure: anionic, cationic, or nonionic. Anionic dyes are acid, direct, and
reactive dyes, and include Methyl Orange and Congo Red. Cationic dyes are basic and
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have varied chemical structures due to their aromatic groups. Examples of cationic dyes
are Methylene Blue and Crystal Violet. Finally, nonionic dyes do not undergo ionization
in aqueous media, and are thus referred to as dispersive 3,4. Examples include Vat Scarlet
R and Disperse Blue SBL. The structures of an anionic, a cationic, and a non-ionic dye
are shown in Table 1. The pKa values shown for Methyl Orange and Methylene Blue
refer to the Sulphur in the molecules.
Table 1. Example of an anionic (Methyl Orange), a cationic (Methylene Blue), and a non-ionic (Disperse
Red 15) dye, including their molecular structure and pKa value.

Dye

Structure

pKa

O

Anionic
(Methyl Orange)

-O

Na+

N

S

N

O

N

3.4 5

N

Cationic
(Methylene Blue)

N

N

S

3.8 6

ClO

NH2

Non-ionic
(Disperse Red 15)

N/A
O

OH

A large number of industries produce tons of dye-containing industrial effluents every
year. In the textile industry, 10-25% of dyes are lost throughout the dyeing process, and
2-20% are dismissed directly as aqueous waste. This poses an environmental problem
due to the fact that dyes are poorly biodegradable, strongly resistant to harsh conditions,
and not able to be removed completely through current biological treatment processes 7.
Moreover, due to their color, they are an easily recognizable contaminant; some dyes can
be visually detected even at concentrations lower than 1 ppm 8.
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Dye effluents can cause negative effects not only on humans, but also on plant species,
aquatic animals, and the environment in general. They can lead to hazardous diseases;
some are known carcinogens and mutagens. In addition, dye effluents may decrease soil
quality, affect plant growth by interrupting photosynthetic activity, and increase the
toxicity of water bodies 4.
In general, cationic dyes, such as Methylene Blue, have higher toxicity levels than
anionic dyes. Methylene Blue is not extremely hazardous; however, it can cause severe
injuries in humans and animals. If inhaled, for example, it can cause breathing
difficulties, nausea, diarrhea, and/or gastritis. It can also cause permanent damage to the
eyes 9. Therefore, additional treatment methods for the discoloration of wastewater are
needed.
Adsorption is the process by which solutes, or soluble substances, in wastewater are
transferred to the surface of an adsorbent, a solid, usually porous, particle 7. This process
can be divided into two types: chemical and physical sorption. Chemisorption involves
the exchange of electrons, which causes strong chemical interactions between the
adsorbent surface and the adsorbate. On the other hand, physisorption involves weak
bonds, such as van der Waals (vdW) interactions and hydrogen bonding. Thus, chemical
adsorption is generally an irreversible process, while physical adsorption may be reversed
in most cases

10

. Due to its versatility, ease of operation, efficiency, and low cost,

adsorption is considered to be the most promising wastewater treatment method.
Nevertheless, the practical application of adsorbents is limited by factors such as their
ability to be regenerated, their disposal, their mechanical stability, the amount of sludge
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they generate, and their efficiency in removing a wide range of dyes and other organic
materials from aqueous solutions 1.
Common adsorbents include activated carbon, bentonite, silica gels, fly ash, peat, and
perlite 11. Activated carbon is by far the most widely used material for the adsorption of
textile dyes in wastewater. Its success may be attributed to its large surface area, high
adsorption capacity, micro-porous structure, and high surface reactivity 12. It is also able
to efficiently adsorb a variety of different types of organic dyes in wastewater, primarily
due to vdW and hydrophobic interactions. However, other adsorbents are currently being
studied due to its relatively high regeneration cost. These will be discussed in sections
2.2.2 and 2.2.3.
The main factors affecting the adsorption of dyes are: adsorbent dosage, initial dye
concentration, initial solution pH, contact time, and temperature
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. Studying and

optimizing these factors is key in developing effective and scalable dye-removal
treatment processes.
The percentage of dye removal generally increases as the adsorbent dosage is increased,
since there are more binding sites available. However, the adsorption capacity (qe, mg/g),
or the amount of dye adsorbed per gram of adsorbent, decreases with increasing
adsorbent concentration. This is caused by the unsaturation of adsorption sites 13.
Typically, the final solution pH increases as the amount of adsorbent is increased. As the
adsorbent mass is increased, the amount of available negatively charged sorption sites
increments as well. As a result, more H+ ions are adsorbed and the final solution pH is
increased 9.
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The effect of initial dye concentration on dye removal from aqueous solutions is quite
evident. As the initial dye concentration is increased, the number of available sorption
sites becomes limited. Therefore, the dye removal efficiency is decreased. On the other
hand, the adsorption capacity increases at higher initial dye concentrations as a result of a
higher driving force for the aqueous to solid phase dye mass transfer 9.
The initial pH of a solution is particularly important in the adsorption of dyes, since the
pH controls the degree of ionization of the adsorbate and thus, the extent of electrostatic
charges imparted by it 1. In general, cationic dyes are readily adsorbed at high solution
pH. When the pH is increased, the adsorbent’s negative surface charge is increased as
well. As a result, the electrostatic interaction between the cationic species and the
negatively charged adsorbent is enhanced. At high solution pH, there are less H+ ions
competing for sorption sites on the adsorbent surface, resulting in increased cationic dye
removal percentages 9. Similarly, anionic dyes are adsorbed at low solution pH, since the
solution’s interface becomes more positively charged.
The point of zero charge (pHpzc) is the pH at which a surface is neutrally charged. Below
this pH (pH < pHpzc), the surface is positively charged, and anionic dye adsorption is
favored. Above this pH (pH > pHpzc), the surface groups are deprotonated, resulting in a
negative surface charge and making cationic dye adsorption possible 13. This factor thus
determines a surface’s adsorption ability.
Generally, dye uptake efficiency increases with increasing contact time. However, once
the equilibrium time, or the point at which the amount of dye being adsorbed is in
dynamic equilibrium with the amount of dye being desorbed, is reached, dye removal
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does not increase further despite increasing contact time. The amount of dye that is
adsorbed at equilibrium time is referred to as the maximum adsorption capacity 1.
The effect of temperature on adsorption serves as an indicator of whether the process is
endothermic or exothermic. The adsorption capacity increases with increasing
temperature for endothermic processes and decreases with increasing temperature for
exothermic processes. In endothermic processes, increasing the temperature leads to
increased mobility of the dye molecules. However, temperature raises in the case of
exothermic reactions cause the attractive forces between the adsorbent and the adsorbate
to weaken.
Due to the effect of temperature on adsorption, changes in thermodynamic parameters
such as the Gibbs free energy (∆G°), enthalpy (∆H°), and entropy (∆S°) provide
information on the adsorption process. The relationship between these parameters can be
observed through the following equation:
𝛥𝐺° = 𝛥𝐻° − 𝑇𝛥𝑆°

(1)

Generally, ∆G° values are negative and ∆S° values are positive, indicating that the
process is favorable and spontaneous. Negative ∆H° values represent exothermic
adsorption, while positive ∆H° values represent endothermic adsorption 14.
The main goal of this chapter is to evaluate the ability of chemically modified silica
microspheres to remove Methylene Blue, an organic dye commonly found in wastewater,
from aqueous solutions.
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2.2 LITERATURE REVIEW
2.2.1 Current Treatment Methods for the Removal of Textile Dyes
Researchers have studied several textile dye removal treatment methods in search of the
most cost-effective, environmentally friendly technique. These methods can be divided
into four main classes: physical, chemical, physico-chemical, and biological. Physical
treatment methods are those in which forces such as gravity, electrostatic attraction and
van der Waals, or physical barriers are used. Some examples include adsorption,
membrane filtration, and ion exchange. Chemical treatment techniques require the use of
chemicals to facilitate disinfection, and are commonly used alongside physical and
biological methods to comply with water regulations. Oxidative processes, ozonation,
Fenton reagent, and electrochemical methods all fall in this category. Physico-chemical
treatment methods include sedimentation, coagulation, and flocculation; they involve
both physical and chemical aspects. Finally, biological removal techniques utilize
microorganisms, such as bacteria and fungi, to convert organic matter into gases. These
can be either aerobic or anaerobic degradation processes 3. Table 2 summarizes the main
advantages and disadvantages of commonly used textile dye removal methods.
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Table 2. Main advantages and disadvantages of commonly used textile dye removal methods 4.

Treatment method

Advantages

Disadvantages

Adsorption by activated
carbon
Membrane filtration

Able to remove a wide range
of dyes
Able to remove all types of
dyes
Able to be regenerated

Costly

Ion exchange
Fenton reagent
Oxidation
Ozonation
Electrochemical
Coagulation/Flocculation
Adsorption by living/dead
microbial biomass
Anaerobic bioremediation

Able to decolorize soluble and
dissoluble dyes
Able to remove dyes rapidly
and effectively
Does not increase
wastewater/sludge volume
Does not generate sludge;
chemicals used are nonhazardous
Not costly
Able to bind with certain dyes
Able to remove azo dyes and
other water-soluble dyes

Generates
concentrated sludge
Does not remove all
types of dyes
Generates sludge
Costly; requires the
use of chemicals
Short half-life
High electricity cost
Generates large
amounts of sludge
Does not remove all
types of dyes
Generates methane
and hydrogen sulfide

2.2.2 Adsorption Methods for the Removal of Methylene Blue
Methylene Blue is commonly used for dyeing cotton, silk, and wool. However, its
presence in wastewaters presents a risk to humans and the environment; Methylene Blue
can cause permanent eye injuries, difficulty of breathing if inhaled, and nausea, vomiting,
or mental confusion if ingested 8. Thus, researchers have gained interest in finding the
most feasible and effective way to remove this contaminant from water. This section
describes a number of studies on the adsorption of Methylene Blue using a variety of
different adsorbent materials.
Activated carbon is an excellent adsorbent for a variety of different organic and inorganic
pollutants in wastewater due to its unique microporous structure, high surface area, and
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stability. Additionally, its structure allows for the chemical modification of its surface,
which can make its affinity to contaminants even stronger. Its adsorption properties
depend on factors such as pore and particle size, surface area, and surface functional
groups, as well as adsorbate molecular size, polarity and solubility. Yang studied the
adsorption behavior of Methylene Blue onto activated carbon fiber. It was reported that
the adsorption rate was rapid for the first 10 minutes and slowed down after that, reaching
equilibrium after one hour. The reaction was shown to follow first-order kinetics, and
was fitted using the Freundlich adsorption isotherm 15.
Despite having been proven to be highly effective in the removal of hazardous dyes from
aqueous solutions, the use of activated as an adsorbent is restricted due to its high cost.
Efforts to regenerate activated carbon have been carried out; conventional methods
include biological, thermal and chemical regeneration. Unfortunately, these processes are
also costly, difficult to carry out, and do not successfully regenerate all of the adsorbent 3.
Thus, low-cost adsorbents are being evaluated in an attempt to decrease treatment costs.
The use of low-cost adsorbents for the treatment of wastewater has gained significant
attention because of their ability to treat water without generating waste management
concerns. Low-cost adsorbents are readily available, inexpensive, and not hazardous to
the environment. In order for a sorbent to be considered “low-cost,” it must either be
abundant in nature or an industry’s waste material, and it must require minimal
processing. Some of the low-cost adsorbents that have been investigated previously
include activated carbon derived from solid wastes, agricultural by-products, industrial
by-products, inorganic materials, and biosorbents and microbial biomass.
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Carbon adsorbents can be prepared from nearly any carbonaceous material, coal being
the typical precursor of choice. Karaca et al., McKay et al., and Mohan et al. have proved
coal-derived activated carbon adsorbents successful for the treatment on dye-bearing
effluents

16-18

. However, coal is not a pure material and thus exhibits varied surface

properties. Besides coal, agricultural and wood wastes have also been used to prepare
activated carbon sorbents. Examples include pinewood
cobs

21,22

, rice husk

23-26

, and sawdust
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19

, coir pith

20

, corn and maize

. These materials’ adsorption capacities range

from 2.56 mg/g, in the case of coir pith, to as high as 1176 mg/g, for pinewood 27.
Agricultural by-products are an economic and environmentally friendly alternative for
textile dye removal. Wastes such as fibers, leaves, fruit peels, sawdust, and bark have all
been tested as possible adsorbents. Hamdaoui, for example, investigated the removal of
Methylene Blue using cedar sawdust, and used a Langmuir isotherm equation to
determine a maximum adsorption capacity of 142.36 mg/g. Dye removal decreased with
increasing temperature, and the optimal pH was found to be at pH 7

28

. Bark is another

attractive agricultural waste product due to its high polyphenolic content. Through a
series of dynamic flow studies, McKay et al. determined that the saturation capacity of
Methylene Blue on teak wood bark is 914.59 mg/g 16. Other agricultural wastes that have
been evaluated for the removal of Methylene Blue from aqueous solutions include papaya
seeds 29, banana waste 30, coconut husk 31, orange peel 32, and wheat straw 33.
Industrial by-products have also been proven useful for Methylene Blue removal from
wastewaters. Gulnaz et al. investigated the effectiveness of activated sludge biomass, a
by-product in the electroplating industry, and found that its adsorption capacity is around
256.41 mg/g at pH 7 and 20 °C 34. Fly ash, a waste material in thermal power plants, has
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also been evaluated. Its removal efficiency is highly dependent on the material’s origin.
A study by Wang et al. concluded that raw fly ash, which has a surface area of 15.6 m2/g,
has a sorption capacity of 4.47 mg/g, and treating the adsorbent with nitric acid increases
this value to 7.99 mg/g

35

. However, this by-product may contain toxic substances

including heavy metals. Red mud is another low-cost adsorbent derived from the
aluminum industry 36.
The physiochemical process by which pollutants bind onto the surface of biological
adsorbents is called biosorption. Biological adsorbents have the advantage of being
highly selective and able of decreasing dye concentration levels to ppb, while still being
inexpensive. Yu et al. evaluated poly (methacrylic acid)-modified and poly (amic acid)modified biomass of baker’s yeast as biosorbents for the removal of Methylene Blue.
Their experimental results showed that both pH and ionic strength had insignificant effect
on the sorption capacities of these materials. Through the use of Langmuir isotherms,
they obtained adsorption capacities of 869.6 mg/g and 680.3 mg/g for poly (methacrylic
acid)-modified and poly (amic acid)-modified baker’s yeast biomass respectively 37. Fu et
al. and Waranusantigul et al. proved the effectiveness of fungal biomass for the removal
of Methylene Blue, and concluded that pre-treating the adsorbent can increase its
biosorption capacity. However, although high capacities can be achieved, the sorption
process is relatively slow 38,39. A study by Marungrueng et al. investigated the adsorptive
ability of algae Caulerpa lentillifera, and showed that its capacity is comparable that of
activated carbon. The Langmuir model was used to fit the isotherms, and the sorption
capacity was reported as 417 mg/g
seaweed 41 and water hyacinth root 42.

40

. Other biosorbents include Sargassum muticum
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Finally, inorganic products such as clays, zeolites, and siliceous materials have also been
explored as low-cost alternatives for dye adsorption. The adsorption of dyes on clay
minerals is mainly dominated by ion exchanges. Thus, pH can have a strong influence on
sorption capacity. Vermiculite clay is an attractive adsorbent due to its large surface area,
high cation exchange capacity, and low price 43. Bentonite, kaolinite, Fuller’s earth, and
diatomite have also sparked interest, especially for Methylene Blue adsorption, since they
display a strong affinity for this dye. Researchers Bagane et al. examined the Methylene
Blue uptake capability of clay and reported a sorption capacity of 300 mg/g, while
Wibulswas et al. reported a capacity of 322.6 mg/g for modified montmorillonite

44,45

.

Zeolites, highly porous aluminosilicates, have also been reviewed as possible sorbents for
textile dyes. Like clays, their sorption mechanism is dominated by ion exchanges.
Despite having lower sorption capacities, zeolites can be purchased for $0.03 – 0.12/kg
and are readily available. Woolard et al. treated fly ash hydrothermally to convert it into a
zeolitic material, and after testing its adsorption efficiency, reported that the surface area
and sorption capacity of raw fly ash were increased

46

. Siliceous adsorbent materials;

such as silica, perlite, alunite, and glass; have also gained increased attention due to their
availability, abundance, and inexpensive nature. Perlite is a volcanic rock that is mostly
composed of silica. Dogan et al. investigated its use for the removal of Methylene Blue,
and found it to be a successful adsorbent. However, perlites may have varied properties
depending on their composition 47. Table 3 shows some of the most effective adsorbents
that have been studied, along with their maximum adsorption capacity values.
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Table 3. Adsorption capacities qm (mg/g) of various commonly used adsorbents in the removal of
Methylene Blue.

Maximum adsorption
capacity (mg/g)

Adsorbent

Type

Activated carbon
Teak wood bark
Pine fruit shellcarbon

Agricultural by-product
Biomass solid waste
based on activated
carbon
Biosorbent
Inorganic material

Caulerpa lentillifera
Modified
montmorillonite
Red mud

Industrial by-product

Reference

980.3
914.59
529.0

23

417.0
322.6

40

75.0

49

16
48

44

2.2.3 Adsorption onto Silica
Silica surfaces are hydrophilic in nature due to the hydroxyl groups found on their
surface. These hydroxyl groups allow the silica surface to be chemically modified via
reactions with silanes in order to vary and control surface properties. Functionalizing
silica particles with hydrocarbons or fluorocarbons can thus hydrophobize their surface
and allow them to have a strong affinity for organic compounds. Andrzejewska et al., for
example, employed aminosilane-modified silica to remove an anionic reactive dye,
Reactive Blue 19, and found that modifying the surface of silica increased adsorption
efficiency. The product obtained was later used as a pigment for acrylic paint 50. On the
other hand, Parida et al. investigated and compared the adsorption behavior of
monochromophoric

and

bischromophoric

styryl

pyridinium

dyes

on

cetyltrimethylammonium bromide (CTAB) modified silica, silica, alkali-silica, and
polyethylene glycol (PEG) silica and discovered that CTAB hydrophobizes the surface of
silica, allowing cationic dyes to bond via hydrophobic interactions

51

. Through single-

molecule spectroscopy and confocal fluorescence correlation imaging, Zhong et al.
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proved the strongly adsorptive nature of a cationic dye, rhodamine 6G, onto
octadecylsilyl modified silica gel

52

. Researchers such as Kohno et al., Messina et al.,

Cestari et al., and Joo et al. modified mesoporous silicas using aluminum ion, titania
nanoparticles, aminopropyl silane and poly (diallydimethylammonium chloride)
respectively, and evaluated their ability to adsorb dyes onto their surface. In all cases, the
adsorbents showed higher adsorption capacities than those obtained prior to the
functionalization 53-56.
Currently there is not a single treatment process able to adequately remove dye
contaminants from wastewater. A combination of different methods is often employed to
obtain the highest removal efficiencies without compromising cost.
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2.3 MATERIALS AND SYNTHESIS
Commercial silica microspheres, 3MTM Glass Bubbles, were purchased from 3MTM for
use in this study. These high-strength, hollow microspheres are made of soda-lime
borosilicate glass, and average from 16 to 65 µm in diameter. They are commonly used in
industries such as construction, oil and gas exploration, transportation, insulation, mining,
painting and coating, and plastic

57

. 3MTM Glass Bubbles are adaptable to production

processes such as spraying, casting, and molding due to their unique spherical shape.
Some of their benefits include low viscosity, improved flow, weight reduction, easy
dispersion, and the ability to increase insulating properties. Additionally, they are
chemically stable, non-combustible, and non-porous
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. Table 4 summarizes this

chemical’s characteristics.
Table 4. Characteristics of 3M Glass Bubbles used for functionalization 58.

Property

Value

Shape
Composition

Hollow; thin-walled
Borosilicate glass, chemical and water
resistant
White
Mohs Scale 5
600 °C
0.12 – 0.6 g/cm3
1.7 – 190 MPa
16 – 65 µm

Color
Hardness
Softening temperature
Density
Isostatic collapse strength
Average particle diameter

2.3.1 Functionalization of Silica Microspheres
The chemical surface modification of the adsorbent, SiO2, carried out for these research
experiments is depicted in Figure 2 below.
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Figure 2. SiO2 surface modification; the hollow SiO2 microspheres were reacted with HCl and silanes to
graft hydrocarbons and aromatic functional groups onto their surface.

It was conducted in two steps: first, the surface of commercial SiO2 microspheres was
hydroxylated. Then, a silanization reaction was performed (Figure 3).
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Figure 3. Chemical reactions for the modification of commercial silica microspheres: i) hydroxylation of
SiO2 microspheres under acidic conditions, ii) silanization of hydroxylated SiO2 microspheres by reacting
with triethoxy alkyl silanes.
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For the hydroxylation, SiO2 microspheres (10 g) were dispersed in a hydrochloric
solution (20% v/v acid/water) and the mixture was heated at 90 °C for one hour. The
mixture was then allowed to cool down to room temperature, and the SiO2 microspheres
were filtered, washed with ethanol, and air-dried overnight. To confirm that the surface
had been hydroxylated successfully, FT-IR and SEM techniques were used.
For the silanization reaction, the hydroxylated SiO2 microspheres (5 g) were dispersed in
ethanol (100 mL) and a silane (5 mL) was added. In order to increase the reaction rate, a
catalytic amount of triethylamine (1 mL) was also included. The reaction was allowed to
take place at 65 °C for two to three hours. After this time, it was cooled down to room
temperature, and the microspheres were filtered out, washed with ethanol, and dried. Four
different

silanes

were

used

to

functionalize

the

surface

of

silica:

trichloro(octadecyl)silane (C18), dodecyltriethoxysilane (C12), triethoxy(octyl)silane (C8),
and (pentafluorophenyl)triethoxysilane (Caro). These silanes were chosen to investigate
the effect of the different alkyl chain lengths and the aromatic group found in the latter.
The alkyl silanes should adsorb organics through non-covalent interactions such as vdW
and hydrophobic interactions. In addition to these, the aromatic silane should also adsorb
through π-π and cation-π interactions. The silane structures are shown in Figure 4.
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Figure 4. Molecular structures of the silanes used to hydrophobize commercial silica microspheres: a)
trichloro(octadecyl)silane, b) dodecyltriethoxysilane, c) triethoxy(octyl)silane, d)
(pentafluorophenyl)triethoxysilane.

The commercial and functionalized silica microspheres were characterized via FT-IR,
SEM and contact angle measurements. The following bands were obtained from each
FTIR:
•

FTIR Commercial SiO2 microspheres: 3371.71 cm
vibrations), 1667.31 cm

-1

-1

(O-H stretching

(bending vibration of water molecules), 1035.29 cm

-1

(asymmetric Si-O-Si stretching), 797.20 cm -1 (symmetric Si-O-Si stretching).
•

FTIR Hydrolyzed SiO2 microspheres: 3369.63 cm
vibrations), 1636.28 cm

-1

-1

(O-H stretching

(bending vibration of water molecules), 1023.84 cm

-1

(asymmetric Si-O-Si stretching), 777.65 cm -1 (symmetric Si-O-Si stretching), and
442.61 cm -1 (Si-O-Si bending).

34
•

FTIR C18 derivative: 3351.07 cm

-1

(O-H stretching vibrations), 2916.87 cm

(asymmetric CH2 vibrations) and 2849.59 cm
1016.59 cm

-1

-1

-1

(symmetric CH2 vibrations),

(asymmetric Si-O-Si stretching), 787.04 cm

-1

(symmetric Si-O-Si

stretching), and 433.07 cm -1 (Si-O-Si bending).
•

-1

FTIR C12 derivative: 2925.44 cm

(asymmetric CH2 vibrations), 2854.91 cm

(symmetric CH2 vibrations), 1006.85 cm

-1

-1

(asymmetric Si-O-Si stretching),

790.62 cm -1 (symmetric Si-O-Si stretching), and 442.44 cm -1 (Si-O-Si bending).
•

FTIR C8 derivative: 2922.94 cm

-1

(asymmetric CH2 vibrations), 2852.67 cm

(symmetric CH2 vibrations), 1004.02 cm

-1

-1

(asymmetric Si-O-Si stretching),

791.30 cm -1 (symmetric Si-O-Si stretching), and 435.58 cm -1 (Si-O-Si bending).
•

FTIR Caro derivative: 3337.51 cm

-1

(O-H stretching vibrations)), 1662.64 cm

(bending vibration of water molecules), 1424.45 cm
stretching), 1043.55 cm

-1

-1

-1

(C-F and aromatic C=C

(asymmetric Si-O-Si stretching), and 789.63 cm

-1

(symmetric Si-O-Si stretching).
The apparent equilibrium contact angles of water on a layer of silica microspheres
deposited on a glass slide were measured using a Krüss Drop Shape Analyzer. The angles
obtained are listed below.
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Table 5. Apparent equilibrium contact angle of water on silica microspheres with different
functionalization deposited on a glass slide. Commercial and hydroxylated silica microspheres showed
hydrophilic properties, while C18, C12, C8, and Caro functionalized spheres exhibited hydrophobic contact
angles.

Type of Silica Microspheres Contact Angle
Commercial

61°

Hydroxylated

63°

C18

136°

C12

133°

C8

118°

Caro

92°

2.3.2 Adsorbate and Other Chemicals
Methylene Blue, a cationic, difficult to degrade dye commonly used in the textile
industry, was chosen as the adsorbate for this study. Its chemical formula is C16H18
N3SCl·3H2O, and its molecular structure is shown in Table 1. A stock solution of 1,000
mg/L was prepared by dissolving 1,000 mg of Methylene Blue in a liter of deionized
water. This stock solution was diluted with deionized water to obtain working solutions
with the desired concentration. The pH of the dye solutions was adjusted using 0.1 M
NaOH; Table 6 shows the surface charge of Methylene Blue at varying pH values.
Table 6. Surface charge of Methylene Blue at various pH values. Due to its pKa value of 3.8, it is not
charged below this pH. However, it it positively charged above it 6.

< 3.8

Surface Charge of
Methylene Blue
(pKa = 3.8)
No charge

> 3.8

Positive

pH
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A UV/Vis 2550 Spectrophotometer was used to record the absorbance spectra of the dye
solutions and gain information about their Methylene Blue content. The spectra indicated
that Methylene Blue has maximum absorption (λmax) at 663 nm (Figure 5).

Figure 5. UV/Vis spectrum of Methylene Blue indicating its maximum absorbance at a wavelength of 663
nm. Absorbance values obtained at this wavelength were used for analysis.
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2.4 RESULTS AND DISCUSSION
2.4.1 Characterization of Silica Microspheres
The bonding nature between adsorbent and adsorbate is determined by the adsorbate’s
surface characteristics. To allow Methylene Blue, the adsorbate, to adhere to the silica
microspheres, the adsorbent, the microsphere’s surface was hydrophobized. This was
achieved by first forming silanol groups on the surface via a hydroxylation reaction.
These silanol groups allowed the surface to be modified further by adding silanes with
different carbon chains (C8, C12, C18, and Caro) through a series of silanization reactions
(Figure 3).
After grafting silane groups onto their surface, the functionalized silica microspheres
were characterized through Attenuated Total Reflection Fourier Transform Infrared
(ATR-FTIR) Spectroscopy to identify the new surface functional groups, and Scanning
Electron Microscope (SEM) imaging to gain information about the microsphere’s surface
topography. The apparent equilibrium contact angle of water on a surface containing a
thin layer of silica microspheres was also measured.
The FTIR spectrum of commercial silica is shown in Figure 6. The spectrum exhibits the
characteristic peaks of this material: asymmetric Si-O-Si stretching at 1035.29 cm
symmetric Si-O-Si stretching at 797.20 cm -1. The peaks at 3371.71 cm

-1

-1

and

and 1667.31

cm-1 reveal the presence of uncondensed –OH groups and –OH from water molecules.
After undergoing a hydroxylation reaction, the silica microspheres showed a wide peak
depicting O-H stretching vibrations at 3369.63 cm -1, which confirmed that the reaction
was successful. Peaks representing asymmetric stretching, symmetric stretching, and SiO-Si bending were still present, and were located at 1023.84 cm -1, 777.65 cm -1, and
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442.61 cm -1 respectively. The peak found at 1636.28 cm -1 is due to the existence of –OH
groups originated from water molecules (Figure 7).

Figure 6. IR Spectrum of commercial silica microspheres before the chemical surface modifications were
carried out.

Figure 7. IR spectrum of hydroxylated commercial silica microspheres.

A silanization reaction was carried out using trichloro(octadecyl)silane in ethanol, and the
FTIR spectrum was analyzed (Figure 8). After the surface modification, the emergence
of new absorption peaks (asymmetric and symmetric CH2 vibrations) at 2916.87 cm

-1

and 2849.59 cm -1 indicated the successful grafting of alkyl groups onto the surface of the
microspheres. As observed in the spectrum, the characteristic asymmetric Si-O-Si
stretching (1016.59 cm -1) and Si-O-Si bending (433.07 cm -1) vibrations of silica were
still present.

39

Figure 8. IR spectrum of silica microspheres reacted with trichloro(octadecyl)silane (C18) in ethanol.

After performing silanization reactions using C12 and C8 in ethanol with a catalytic
amount of triethylamine, the FTIR spectra of the products showed similar bands.
Asymmetric CH2 vibrations were observed at ~2920 cm -1, symmetric CH2 vibrations
were found around 2850 cm -1, asymmetric Si-O-Si stretching vibrations around 1005 cm
-1

, symmetric Si-O-Si stretching vibrations around 790 cm -1, and Si-O-Si bending around

440 cm -1. Thus, the chemical surface modifications were proven successful. The CH2
vibration peaks appeared larger for silica spheres functionalized with longer alkyl chains.
(Pentafluorophenyl)triethoxysilane was also used as a silane-coupling agent in a
silanization reaction. The spectrum obtained confirmed the presence of C=C and C-F
stretching vibrations at 1424.45 cm

-1

originated by the perfluorinated aromatic groups

found in Caro. Asymmetric and symmetric Si-O-Si stretching vibrations due to silica were
present at 1043.55 cm -1 and 789.63 cm -1 respectively. The presence of water molecules
was evidenced by peaks located at 3337.51 cm

-1

and 1662.64 cm

-1

(-OH characteristic

peaks).
Micrographs obtained using a Scanning Electron Microscope corroborated the spherical
shape of silica microspheres (Figure 9 and Figure 10). Through an image of the cross-
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section of a microsphere, their hollow nature could also be observed (Figure 9 (right)).
The silica microspheres remained relatively homogeneous after being exposed to the
hydroxylation and silanization reactions. They appear to have silica residues on their
surface.

Figure 9. SEM images of C12 functionalized SiO2 microspheres before adsorption. The image on the right
shows a cross section of a microsphere.

Figure 10. SEM image of SiO2 microspheres functionalized with (pentafluorophenyl) triethoxysilane
before adsorption.
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The contact angles of water on surfaces covered with the commercial, hydrolyzed, C8functionalized, C12-functionalized, C18-functionalized, and Caro-functionalized silica
spheres were measured. As expected, longer alkyl chains resulted in more hydrophobic
microsphere surfaces. Commercial silica exhibited a contact angle of 62.6° (Figure 11
(left)), which indicates that the surface of silica microspheres is hydrophilic without any
modifications. Hydroxylyzed SiO2 microspheres had a similar contact angle: 63.2°; at
this point the beads were still hydrophilic in nature. After the silanization reactions with
all four silanes, however, the modified silica microspheres exhibited hydrophobic
properties, as was desired. The Caro derivative had the lowest hydrophobic contact angle,
92°, while C18 had the highest, 136° (Figure 11 (right)).

Figure 11. Water droplet deposited on a layer of non-functionalized commercial silica microspheres (left)
and C18-functionalized silica microspheres (right). The contact angles were ~60° and ~136°, respectively.

2.4.2 Methylene Blue Removal Studies
Methylene Blue uptake experiments were performed in batch conditions. Samples
ranging from 0.01 to 0.5 g of silanized SiO2 microspheres (C12 and Caro) were contacted
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with Methylene Blue solutions (20 mL) of known initial concentration in opaque vials.
The vials were manually mixed for three minutes; preliminary results indicated that the
adsorption of small organic molecules onto the surface of the SiO2 microspheres takes
place during the first few minutes. The vials were left overnight to allow all of the SiO2
microspheres to float up along with the sorbed pollutants. The dye concentration was then
determined spectrophotometrically using a UV/Vis 2550 Spectrophotometer. To measure
absorbance, the dye solution was diluted to 5 ppm in the cuvette.
The calibration curve was obtained by preparing five dye solutions with different
concentrations (ranging between 0.5 mg/L and 10 mg/L), analyzing absorbance, and
plotting absorbance vs. concentration. The curve is shown in Figure 12. Using the
calibration equation (R2 = 0.998), dye concentration values were calculated from
absorbance.

Figure 12. Absorbance vs. concentration calibration curve obtained by preparing five Methylene Blue dye
solutions of varied concentrations and measuring their absorbance using a UV/Vis Spectrophotometer.
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The Beer-Lambert Law explains the direct correlation between absorbance and
concentration.

𝐴 = log!"

!!
!

= 𝜀𝑙𝑐

(1)

In this expression, A is the absorbance of the solution, I0 and I are the intensity of light
passing through the reference cell and the sample respectively, 𝜀 is the molar absorptivity
(L mol-1 cm-1), l is the length of the cell (cm), and c is the concentration of the solution
(mol/L). Generally, absorbance is presented with values ranging from zero to one. A
value of zero indicates that no light was absorbed, i.e. the intensity of light in the sample
and the reference cell are equal. On the other hand, a value of one indicates that 90% of
the light was absorbed. Absorbance, however, is not a good parameter for comparison
between different materials, since it has a strong dependence on molar absorptivity.
Depending on its molar absorptivity value, a compound could have high absorbance and
low concentration. Thus, absorbance is converted into concentration for analysis.
The amount of dye adsorbed (adsorption capacity, qt) and the dye removal efficiency
(percent of adsorption) were calculated using Equations 2 and 3, respectively.
𝑞! =

!! !!! !

%  𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =

!

!! !!!
!!

  𝑥  100

(2)

(3)

where Co is the initial dye concentration (ppm), Ct is the dye concentration at time t
(ppm), V is the volume of the solution (L), and m is the mass of silica microspheres (g).
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The first set of Methylene Blue uptake experiments were carried out using C12 and Caro as
the adsorbents in initial dye concentration solutions of 100 ppm. These derivatives were
chosen in order to understand the difference in interactions between Methylene Blue and
an alkyl chain, and Methylene Blue and an aromatic ring. The UV/Vis spectra obtained
using C12 and Caro are presented in Figure 13. As observed, absorbance was found to
decrease as the amount of adsorbent was increased in both cases. However, the decrease
in absorbance was significantly higher in the case of Caro. This was also evidenced by the
percentage of adsorption values, which were calculated as 3% with 0.3 g of C12 and
around 40% with 0.3 g of Caro using Equation 3.
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Figure 13. Absorbance spectra obtained after treating 20 mL Methylene Blue solutions at 100 ppm with
varying amounts of C12 (top) and Caro (bottom) silica microspheres. As shown, maximum absorbance for
Methylene Blue occurs at 663 nm. Absorbance decreased as the amount of adsorbent was increased. This
was more apparent for Caro, which had a higher percentage of adsorption.
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The experimental adsorption capacities and percentage of adsorption values for C12 and
Caro are reported in Table 7. Values for both qe and % adsorption were higher for Caro
than C12.
Table 7. Adsorption capacity, qe, and percent of adsorption obtained for varying amounts of C12 and Caro
functionalized silica microspheres in 20 mL vials of 100 ppm initial Methylene Blue dye concentration.

Amount of
Adsorbent (g)
0.005
0.01
0.025
0.05
0.075
0.1
0.2
0.3

qe (mg/g)
C12
4.49
1.57
0.18
1.03
0.60
0.54
0.29
0.22

Caro
8.08
1.79
2.87
2.06
2.27
2.42
2.52
2.56

% Adsorption
C12
1%
1%
0%
2%
2%
3%
3%
3%

Caro
2%
1%
3%
5%
8%
12%
24%
36%

The difference in adsorption capacities between the C12 and Caro functionalized silica
microspheres is due to the magnitude of interaction between their functional groups and
Methylene Blue. In both cases, non-covalent interactions such as ionic, van der Waals,
and hydrophobic interactions form supramolecular structures. However, in the case of
Caro, π-π and cation-π interactions are also involved due to the aromatic rings grafted onto
the surface of the spheres and those found in the dye’s structure, and to the positive
charge located on Methylene Blue’s amine group (Figure 14). C8 and C18 were expected
to exhibit similar percentages of adsorption to those of C12.
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Figure 14. Schematic representation of π-π and cation-π interactions between a Methylene Blue molecule
and aromatic functional groups grafted onto Caro microspheres. These interactions allow Caro to adsorb the
dye at a greater extent than silica spheres functionalized with alkyl chains. A Methylene Blue molecule is
not expected to bridge two silica microspheres, as is seen in the schematic; the figure is simply showing
both types of interactions.

Since Caro exhibited a higher adsorption percentage, subsequent removal experiments
were performed using this adsorbent. Caro uptake experiments at an initial dye
concentration of 100 ppm were repeated four times to test reproducibility.
2.4.3 Langmuir Fitting
The Langmuir adsorption model was used to fit the data obtained from the Methylene
Blue uptake experiments. This isotherm model assumes that 1) the adsorbent is
homogeneous, 2) all sorption sites are equal, 3) once an adsorbate is adsorbed onto the
surface it is no longer mobile, 4) only one molecule can be adsorbed into each sorption
site, and 5) adsorbates do not interact with those adsorbed onto adjacent sites.
The monolayer adsorption chemical reaction is represented as follows:
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𝐴 + 𝑆⇌ AS

(4)

where A is the adsorbate (i.e. Methylene Blue), S is the adsorbent (i.e. silica
microspheres), and AS represents an adsorbate bound to a sorption site on S. The
adsorption equilibrium constant, Ka, is thus given by:
𝐾! =

!"
! !

(5)

In this equation, [A] denotes the adsorbate concentration, while [S] and [AS] are terms
equivalent to concentration expressed in units of mol/cm2. The Langmuir isotherm
expresses Equation 5 in terms of surface coverage (θ), or the fraction of adsorption sites
that have been occupied by an adsorbate. Thus, the fraction of the surface that remains
unoccupied is equal to (1- qe), and the term [AS]/[S] can be rewritten as:
!"
!

!

= !!!

(6)

Expressing [A] as C, Equation 5 turns into:
!

𝐾! = !(!!!)

(7)

Which, after rearranging, yields the final form of the Langmuir adsorption isotherm
expression.
! !

!
θ = !!!

!!

(8)

The amount of dye adsorbed per gram of adsorbent at equilibrium (mg/g), qe, can be thus
be obtained using the following equation:
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𝑞! =

(9)

!!!! !!

where qm is the maximum adsorption capacity (mg/g) and Ce is the dye concentration at
equilibrium (mg/L). The linearized form of this equation is shown below.
!!
!!

=!

!

! !!

!

+ !!

(10)

!

Based on the linearized form of the Langmuir expression, Equation 10, Ce/qe was plotted
against Ce using the data gathered from the four Methylene Blue uptake experiments that
were carried out using Caro and an initial dye concentration of 100 ppm. The linear plot
shown in Figure 15 was obtained from the first data set, and the slope and y-intercept
values of the corresponding equation were used to calculate Ka and qm.
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Figure 15. Langmuir plot (Ce/qe vs. Ce) for Methylene Blue removal using Caro at an initial dye
concentration of 100 ppm. The equation obtained from the fitting was used to calculate the values for Ka
and qm, which were 0.116 L/mg and 2.36 mg/g respectively.
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This procedure was repeated for all four data sets; the resulting values are reported in
Table 8. Due to the fact that the Langmuir model did not accurately fit the data (R2
values ranged from 0.67 to 0.96), quantitative conclusions could not be made. However,
Ka and qm values for Caro were consistent throughout, averaging 0.095 L/mg and 2.11
mg/g respectively.
Table 8. Adsorption equilibrium constants, Ka, and maximum adsorption capacity values, qm, obtained for
all four Methylene Blue uptake experiments using Caro at an initial dye concentration of 100 ppm.

Caro #1
Caro #2
Caro #3
Caro #4
Average

Ka
(L/mg)
0.116
0.094
0.089
0.082
0.095

qm
(mg/g)
2.36
2.36
1.63
2.09
2.11

Data gathered from the uptake experiments performed using C12 as the adsorbent was not
fitted, since, as seen in Figure 13, the difference among absorbance values when varying
adsorbent dosage was minimal. Thus, it is not clear whether the decrease was due to the
sorption of Methylene Blue onto modified silica spheres, or due to equipment error.
In order to be able to compare the silica microspheres’ adsorption efficiency to that of
activated carbon, the superficial area of the microspheres was estimated. For this
calculation, the radius and density of each microsphere were taken to be 15 µm and 0.3
g/cm3 respectively. The area was calculated as 0.667 m2/g, which, using the average qm
shown in Table 8, resulted in an adsorption per area of 3.17 mg/m2. Using the qm for
activated carbon obtained from literature

23

, 980.3 mg/g, and assuming an average

superficial area of 700 m2/g, activated carbon was estimated to have an adsorption per
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area of 1.4 mg/m2. Thus, although adsorbents such as activated carbon have significantly
larger adsorption capacities due to their porous nature, their adsorption per area is lower
than that of the adsorbent synthesized in this work (Caro). Sieving the commercial silica
microspheres to use only those with smaller diameter could increase adsorption capacity
and adsorption per area. This will be investigated as part of the future work.
2.4.4 Effect of Dye Concentration, pH and Ionic Strength on Dye Adsorption
In an attempt to find the optimal conditions for the removal of Methylene Blue using
functionalized silica microspheres, the effects of initial dye concentration, initial solution
pH and ionic strength were investigated. First, uptake experiments were performed using
the protocol described above, but with an initial Methylene Blue solution concentration
of 10 ppm. After measuring absorbance spectrophotometrically and calculating
concentration through the calibration curve equation, the values for qe and % adsorption
presented in Table 9 below were obtained.

Table 9. Adsorption capacity, qe, and percent of adsorption obtained for varying amounts of Carofunctionalized silica microspheres in 20 mL vials of 10 ppm initial Methylene Blue dye concentration.

Amount of
Caro (g)
0.005
0.01
0.025
0.05
0.075
0.1
0.2
0.3

qe (mg/g)
1.74
1.95
2.28
1.98
1.87
1.88
0.93
0.71

% Adsorption
4%
7%
24%
44%
64%
86%
90%
98%

As expected, the values for qe were slightly lower than those obtained for Caro at 100
ppm, but the percentages of adsorption were significantly higher. In contrast to the ~ 40%
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adsorption observed when contacting 0.3 g of Caro with a 20 mL solution of Methylene
Blue at 100 ppm, a percentage of 98% was reached when starting at a concentration of 10
ppm. It is evident that as the initial dye concentration is increased, the number of
available sorption sites becomes limited. Consequently, the dye removal efficiency is
decreased. On the other hand, the adsorption capacity increases at higher initial dye
concentrations as a result of a higher driving force for the aqueous to solid phase dye
mass transfer.
To explore its effect on adsorption, the initial pH of the Methylene Blue dye solutions
was adjusted by using 0.1 M NaOH and 0.1 M HCl solutions and a pH meter. Three
different solutions of pH 5, pH 7, and pH 9 were prepared and contacted with 0.2 g of C12
and Caro silica microspheres. These pH values were chosen in order to be able to compare
the dye’s behavior at a slightly acidic, a neutral, and a slightly basic pH. The ionic
strength of the initial dye solutions was also varied by adding 6 mg of NaCl (100 ppm).
Due to the fact that Methylene Blue is a cationic dye, uptake was anticipated to be the
highest at higher pH values.

The highest adsorption capacity, 3.43 mg/g, was obtained with a pH 7 initial dye solution,
treated with Caro-functionalized microspheres without NaCl. However, the different
conditions did not significantly change the adsorption behavior of modified silica; all
values for qe and % adsorption were in within the same range. Percentages of adsorption
ranged from 30% to 34% for Caro throughout all different pHs and ionic strengths, and
from 0% to 6% for C12 (Table 10). These results indicate that further studies should be
done at a wider pH range in order to identify the optimal experimental conditions.
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Table 10. Adsorption capacity and percentage adsorption values obtained for Caro and C12 functionalized
silica under varying pH and salinity at an initial concentration of 100 ppm.

pH

Salinity

NaCl
pH 5

NaCl
pH 7

NaCl
pH 9

Adsorbent
C12
Caro
C12
Caro
C12
Caro
C12
Caro
C12
Caro
C12
Caro

qe (mg/g)
0.03
3.04
0.46
3.38
0.49
3.07
0.52
3.43
0.33
3.21
0.56
3.30

%
Adsorption
0%
30%
5%
33%
5%
31%
5%
34%
3%
32%
6%
33%

2.4.5 Dye Adsorption Ability of Silica Derivatives
To test the adsorption ability of the different functionalized silica microspheres, five
Methylene Blue solutions (20 mL) at an initial concentration of 10 ppm were prepared
and each of them was contacted with 0.2 g of a silica derivative (one was kept without
any silica microspheres for reference). The spectra obtained are shown in Figure 16. The
Caro microspheres yielded the lowest absorbance values, while C12 and C18 both showed
the highest absorbance. The adsorption capacities were calculated to be 0.18 mg/g, 0.18
mg/g, 0.31 mg/g, and 1.02 mg/g for C12, C18, C8, and Caro respectively, while percentage
of adsorption values were found to be 17% for C12 and C18, 29% for C8, and 97% for
Caro. These results are summarized in Table 11.
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Figure 16. Absorbance spectra of Methylene Blue solutions (20 mL at 10 ppm) after treatment with 0.2 g
of silica microspheres functionalized with C8, C12, C18, and Caro. As shown, maximum absorbance occurs at
663 nm. Caro exhibited the highest percentage of adsorption.

Table 11. Adsorption capacity and percent adsorption values obtained using silica microspheres
functionalized with C8, C12, C18, and Caro as adsorbents in Methylene Blue solutions (20 mL at 10 ppm).

Silane
C8
C12
C18
Caro

qe (mg/g)

% Adsorption

0.31
0.18
0.18
1.02

29%
17%
17%
97%

Due to the aromatic nature of the coupling agent used to functionalize the Caro silica
microspheres, these were expected to have the highest removal efficiency. Moreover,
longer alkyl chains (C18) grafted onto the silica surface were foreseen to have a higher
adsorption percentage than that of shorter alkyl chains (C8), since longer chains should
allow for more dispersion forces to take place between the adsorbate and the adsorbent.
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Although our expectations were met with Caro, C8 surprisingly showed higher adsorption
than both C12 and C18. Longer alkyl chains might induce more hydrophobic interactions
amongst silica microspheres, causing aggregation and preventing dye molecules from
adsorbing onto their surface.

a)

b)

Figure 17. Silica beads, a) Caro and b) C12, at the surface of 20 mL Methylene Blue solutions. As evidenced
by the difference in color, Caro are more efficient in removing Methylene Blue from aqueous solutions; Caro
turned from white to blue, while C12 remained white after treatment due to aggregation. This image also
shows the contrast in hydrophobicity between these two silica derivatives; Caro microspheres are able to
interact with the aqueous solution at a higher degree than C12.

Table 12 reports the binding energy for different types of interactions. As observed, the
strength of a cation-π interaction (2-4 kcal/mol) is comparable to that of H-bonding (3-6
kcal/mol), and significantly stronger than thermal fluctuations and dispersive forces (0.6
and 0.25 kcal/mol respectively). This quantitatively justifies the considerably higher %
adsorption (97%) obtained with the adsorbent involving cation-π interactions; i.e. Caro.

56
Table 12. Binding energies (kcal/mol) of different types of non-covalent interactions. Cation-π interactions,
present in Caro, are almost as strong as hydrogen bonds. The presence of this type of interaction between
Caro and Methylene Blue allows this to be the most efficient adsorbent studied in this work.

Interaction

Binding Energy (kcal/mol)

H-bonding (in H2O)

3-6

Cation-π

2-4

Thermal fluctuations

0.6

van der Waals

0.25

As observed by Dougherty, cation-π interactions are weaker in fluorine-substituted
aromatics compared to ordinary aromatics.59 In an attempt to analyze the difference in
interaction strength in a fluorinated versus a non-fluorinated system, a simplified model,
based on the Lifshitz Theory of van der Waals forces, was used to calculate the Hamaker
constants involved in each case.
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In this model, PTFE was chosen to represent the

fluorinated system, while hexadecane was used to represent a hydrocarbon chain. These
molecules were assumed to be surfaces interacting with Methylene Blue through an
aqueous medium (Figure 18). The Hamaker constants were calculated using Equation
11.

Figure 18. Model used to calculate the Hamaker constant for the interaction of PTFE or hexadecane (1)
with Methylene Blue (3) through water (2).
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Where the subscripts 1, 2, and 3 represent the three different media involved, ɛ are the
dielectric constants, and n are the refractive index values. Since the first term in Equation
11 is significantly smaller than the second term, it was assumed to be negligible. The
dielectric constants and refractive index values used are shown in Table 13.
Table 13. Dielectric constant and refractive index values used to calculate the Hamaker constant for PTFE
and hexadecane (medium 1) interacting with Methylene Blue (medium 3) across water (medium 2). 60

Dielectric
Constant, ɛ
Refractive
Index, n

PTFE

Hexadecane

Water

Methylene Blue

2.1

2.05

80

2

1.359

1.423

1.333

1.5

Results showed that vdW interactions are stronger when a per-fluorinated group is
involved. The Hamaker constants were calculated to be 1.23x10-12 J for PTFE and
6.63x10-21 J for hexadecane. Thus, although the cation- π interactions taking part in Caro
might be weakened by the Fluorines present in (pentafluorophenyl)triethoxysilane, these
are compensated by stronger vdW interactions.
2.4.6 Adsorbent Regeneration Studies
A major factor in determining the feasibility of an adsorbent is its ability to be
regenerated. For this reason, efforts were made to desorb Methylene Blue from the
functionalized silica microspheres. After the Methylene Blue uptake experiments with
Caro at an initial concentration of 100 ppm were completed, the silica microspheres were
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filtered out of solution and allowed to air-dry. Once dry, the microspheres were treated
with dichloromethane (DCM). Exposing the dye-containing microspheres to an organic
solvent was expected to induce the dye molecules to desorb from the surface of modified
silica. However, the microspheres remained blue in color after exposure to DCM. A
second organic solvent, tetrahydrofuran (THF) was then tested. Better regeneration
results were anticipated due to its water-miscibility, but the dye molecules still did not
seem to desorb from the microspheres. Due to the known effect of pH on dye molecules,
introducing a base was thought to facilitate the regeneration process. Thus, a third
attempt was made in which the adsorbent was first treated with sodium hydroxide
(NaOH) and then with dichloromethane (DCM) and tetrahydrofuran (THF). The NaOH
increased the solution’s pH, which allowed the Methylene Blue molecules to desorb from
the surface of the modified silica. DCM and THF were then able to absorb the colored
molecules and expedite recovery. The microspheres were rinsed with deionized water and
then with ethanol, and allowed to dry.
Preliminary experiments were carried out using the recovered Caro, and demonstrated that
adsorption onto the recovered microbeads was successful. Results showed that 14% of
the initial adsorption efficiency was recovered when reusing 0.1 g of Caro, and 42% with
0.2 g of Caro (Table 14). The regeneration protocol needs to be optimized and more
experiments performed before concluding whether or not regeneration is feasible.
Table 14. Adsorption capacities of recovered Caro in 100 ppm Methylene Blue aqueous solutions after the
second use cycle.

Amount of
Caro (g)
0.1
0.2

Initial qe
(mg/g)
3.38
3.20

qe after reuse
(mg/g)
0.47
1.35

% Recovery
14%
42%
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CHAPTER 3: TREATMENT OF SIMULATED PRODUCED WATER
3.1 INTRODUCTION
The oil and gas (O&G) industry deals with exceedingly large volume of produced water –
effluent water from oil/gas reservoirs containing 1-6 wt% crude oil – every day, which is
unfit for injection in oil wells, or agriculture, or disposal into the ocean. Currently,
decades-old technologies are employed for treatment of produced water, such as tilted
plate interceptors, gas flotation and nutshell filters
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. These technologies primarily

remove particulate matter and suspended oil from produced water and are less effective
in removing dissolved organics, oils or emulsified oil from water. Technologies from
other industries, such as membrane-based technologies (polymeric and non-polymeric),
are now being evaluated for the O&G industry, especially to treat produced water for
higher water quality for other beneficial use, including enhanced oil recovery
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.

However, presence of even a small quantity of suspended, dissolved or emulsified oil in
water can severely foul these membranes
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. Commonly used adsorbents such as

powdered or granular activated carbon or other types of inorganic or organic adsorbent
materials (ion-exchange) or precipitation techniques (coagulation), commonly effective
in water treatment, may not be effective for produced water treatment 64. They might be
cost prohibitive, especially for large O&G operation. Thus, an alternative method is
needed that can selectively remove oil from produced water as pretreatment before
membrane based or other alternative treatment is sought for. Currently, there are no
available technologies that can effectively and economically remove the dissolved and
emulsified portion of the oil.
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Emulsified crude oil micro-/nano-droplets are extremely stable in produced water due to
the high concentration (1-5%) of surface-active amphiphilic asphaltene molecules
(Figure 19). The functionalized silica microspheres, when exposed to asphaltenes, should
preferentially attach oil onto their surface due to non-covalent interactions, such as Van
der Waals and hydrophobic interaction, and readily float up to the air-water interface,
facilitating oil/water separation.

S

N

S

Figure 19. Typical molecular structure of an asphaltene molecule. These molecules are nonpolar; they
contain aromatic rings, heteroaromatic rings, and alkyl chains. They may be found in crude oil.
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3.2 MATERIALS AND METHODS
3.2.1 Functionalization of Silica Microspheres
The SiO2 microspheres employed for these experiments were synthesized using the same
protocol as that described in Section 3 of Chapter 2.
3.2.2 Preparation of Produced Water
To prepare one liter of synthetic produced water at a concentration of 100 ppm, 100 mg
of crude oil (density: 0.861 g/mL, 2.8% asphaltene content) were vigorously mixed with
a liter of distilled water using first the IKA T25 digital Ultra-Turrax at 20,000 rpm for
five minutes, and then a Sonicator at 60 Hz for 10 minutes. To obtain a more stable oil in
water emulsion, a surfactant, sodium dodecylbenzenesulfonate (SDBS) was used at a
10:1 ratio. The molecular structure of SDBS is shown in Figure 20. The oil content in the
emulsion was measured using an HD-1000 Portable Handheld Oil in Water Analyzer by
Advanced Sensors. To create a calibration curve, seven oil-in-water emulsions were
prepared at different concentrations (ranging between 0 ppm and 200 ppm) and their oil
content was analyzed with the device (Figure 21). The HD-1000 Oil in Water Analyzer
used automatically outputted concentration valued from the fluorescence measured.
Na+
O

OS
O

Figure 20. Chemical structure of a sodium dodecylbenzenesulfonate (SDBS) molecule. Its amphiphilic
nature enhances emulsion stability, since the nonpolar tail interacts with crude oil droplets and the polar
head interacts with water.
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Figure 21. Calibration curve obtained by preparing seven oil-in-water emulsions of varied concentrations
(0 ppm, 10 ppm, 30 ppm, 50 ppm, 75 ppm, 125 ppm and 200 ppm) and measuring their oil content using a
HD-1000 Handheld Oil-in-Water Analyzer. An R2 value of 0.95 was obtained.
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3.3 RESULTS AND DISCUSSION
In order to establish a standard methodology for the recovery of oil from synthetic
produced water using silica microspheres, kinetic studies were first conducted using SiO2
microspheres functionalized with dodecyltriethoxysilane (C12).
For the first study, synthetic produced water (PW1) obtained from one of our
collaborators was used. Due to confidentiality, its composition was not known. An uptake
experiment was carried out by mixing 1 L of PW1 with 0.5 g of C12 SiO2 microspheres
for 24 hours. The oil concentration drastically dropped from 90 to 30 ppm during the first
hour, and reached a plateau after that (Figure 22). The silica microspheres were able to
remove 60% of the oil that was dispersed in the produced water sample.

Figure 22. Average oil concentration vs. time for 1 L of produced water of unknown composition (PW1)
treated with 0.5 g of C12 SiO2 microspheres. Equilibrium was reached after the first two hours, and an
uptake of 60% was achieved.
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The successful removal of oil from PW1 was also apparent visually. Figure 23 shows the
difference between produced water treated with commercial silica microspheres and that
treated with functionalized C12 microspheres. As evidenced, produced water “treated”
with commercial silica kept its dark brown color, while the produced water that was
exposed to the functionalized C12 silica microspheres appeared significantly clearer after
treatment.

a)#

b)#

Figure 23. Industrial produced water (PW1) after mixing with a) commercial silica microspheres and b)
functionalized silica microspheres (C12). When using commercial SiO2, the produced water retained its
brown color. However, when using the functionalized microspheres, the produced water became
transparent as the adsorbent carried the oil micro-droplets with it to the surface.

To reproduce these results, a protocol for the preparation of synthetic produced water had
to be established. The first synthetic produced water was prepared by creating an oil-inwater emulsion (100 ppm) using crude oil (100 mg), deionized water (1 L), and SDBS
(10 mg) for stability. This protocol yielded highly stable synthetic produced water (PW2);
oil remained dispersed in water for up to one week. Their ability to stabilize oil-in-water
emulsions is attributed to their amphiphilic nature; they contain a hydrophilic group as
well as a long, hydrophobic alkyl chain. Water molecules thus interact with the waterloving group of the molecule, while oil droplets absorb the water-hating chains.
C12 silica beads (0.5 g) were put into contact with the PW2 and after mixing for five
minutes the oil concentration was measured through Laser-Induced Fluorescence.
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According to the calibration curve (R2 = 0.953), the amount of oil adsorbed by the
functionalized C12 microspheres was 41%.
Due to the high stability of the produced water, the silica microspheres were found to
adsorb loosely bound surfactants rather than asphaltene and other oil molecules. After
treatment, the silica microspheres were still white in color, as seen in Figure 24,
suggesting that oil was not adsorbed.

Figure 24. Silica microspheres recovered after being mixed with a) industrial produced water of unknown
composition and b) synthetic produced water containing a surfactant (SDBS). The brown color exhibited by
the microspheres in vial “a” evidences the adsorption of oil micro-droplets onto C12. Those contained in
vial “b” remained white, indicating the adsorption of loosely bound surfactants, rather than oil droplets,
onto the adsorbent.

To overcome this issue, a new protocol for synthetic produced water preparation was
tested. Produced water was prepared without a surfactant (PW3) and analyzed in terms of
oil concentration. Figure 25 shows the results obtained after mixing 1 L of PW3 with 0.5
g of C12 silica microspheres for 24 hours.
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Figure 25. Average oil concentration versus time for 1 L of produced water made with asphaltenic crude
oil and no surfactant (PW3) treated with 0.5 g of C12 SiO2 microspheres. As observed, equilibrium was
reached after five hours, when the microspheres exhibited an uptake of 80%.

In this case, oil content was decreased by 80%, from 100 ppm to 20 ppm, and equilibrium
was reached after five hours. However, it was noticed that a significant amount of oil was
lost due to emulsion instability and adsorption to the glass walls. To analyze the effect of
emulsion instability and try to optimize the synthetic produced water, four different oilin-water emulsions were compared. The first emulsion contained no surfactant (PW3), the
second contained SDBS at a 1:100 crude oil to SDBS ratio (PW4), the third was made
with SDBS at a 1:1000 ratio (PW5), and the fourth was prepared using an electrolyte
sample (1M NaCl calibrated with calcite and CO2) instead of deionized water (PW6).
After letting each one of these synthetic produced water samples mix for about five hours
without adding any SiO2 microspheres, the oil content was measured and compared to
their initial oil concentration. As shown in Figure 26, the electrolytic produced water was
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the most unstable, showing a decrease in oil content of 69%. The sample with the highest
ratio of SDBS was the most stable, as expected.

Figure 26. Percent decrease in oil concentration after stirring four different produced water samples (PW3,
PW4, PW5, and PW6) for five hours without the addition of an adsorbent. This was executed in order to
investigate the instability of the different synthetic produced waters that were prepared.

Based on these results, uptake experiments were performed using PW4 and PW5 with
varied amounts of C12 silica microspheres. Compared to the results obtained without any
silica microspheres, PW4 had 13% higher removal when treated with 0.5 g of silica
microspheres, 22% higher when treated with 0.75 g, and 28% higher when treated with 1
g. On the other hand, PW5 only showed 5% higher removal when treated with 0.5 g of
functionalized microspheres. These results indicate that adding surfactant prevents large
amounts of oil to be lost due to emulsion stability, but it also prevents oil micro droplets
from adsorbing onto the surface of the silica microspheres.
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Figure 27. Percent decrease in oil concentration after stirring four different produced water samples with
varying amounts of C12 SiO2 microspheres for five hours. This decrease does not take into account the
instability of the emulsions.

Finally, two additional produced water samples were prepared using oil-equilibrated
electrolytic water containing 0.1M (PW7) and 0.5M NaCl (PW8). However, these
synthetic produced waters also exhibited high instability. Without the addition of any
SiO2 microspheres, the oil concentration in PW7 and PW8 decreased by 56% and 86%,
respectively, after 5 hours of continuous stirring. The results obtained with all different
synthetic produced waters used in this chapter are summarized in Table 15. Experiments
using C8, C18, and Caro still need to be carried out.
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Table 15. Summary of the results obtained in the removal of oil from produced water of varied
compositions. All experiments were performed using C12 as the adsorbent and SDBS as the surfactant.

Produced
Water
PW1*
PW2
PW3
PW4
PW4
PW4
PW4
PW5
PW5
PW6

Amount
Crude oil : SDBS
of C12 (g)
0.5
0.5
1:10
0.5
1:100
0.5
1:100
0.75
1:100
1
1:100
1:1000
0.5
1:1000
-

PW7

-

-

PW8

-

-

*Unknown composition due to confidentiality.

Salinity
1M NaCl
0.1M NaCl
(Oil equilibrated)
0.5M NaCl
(Oil equilibrated)

Decrease in [oil]
after 5 hrs. (%)
60%
41%
80%
17%
30%
39%
45%
26%
31%
69%
56%
86%
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CHAPTER 4: CONCLUSIONS AND FUTURE WORK
Organic/inorganic hybrids based on hollow silica microspheres were successfully
synthesized using four different silanes as coupling agents: C8, C12, C18, and Caro. The
successful hydroxylation and silanization reactions were confirmed via FTIR, SEM, and
contact angle analyses. IR spectra exhibited peaks corresponding to the symmetric and
asymmetric CH2 vibrations for C8, C12, and C18 and a peak corresponding to C=C
stretching vibrations for Caro, in addition to the characteristic silica peaks in all four
cases. SEM imaging and contact angle measurements validated the spherical, hollow, and
hydrophobic nature of the functionalized microspheres.
Methylene Blue uptake experiments carried out using C12 and Caro as the adsorbent
showed an increase in dye removal percentage and a decrease in adsorption capacity as
the amount of adsorbent was increased. qe and % adsorption values were significantly
higher for Caro due to the presence of π-π interactions in addition to the supramolecular
(i.e. ionic, van der Waals and hydrophobic) interactions involved between the dye
molecules and both adsorbents.
Although the Langmuir model did not fit the Caro data accurately, it did yield consistent
values for Ka and qm. These values can be improved by optimizing the synthesis protocol.
However, they are not comparable to those found in the literature, as the materials used
as adsorbents in this work are not porous and thus have a lower surface area.
While investigating the effects of initial dye concentration, initial solution pH, and ionic
strength on the adsorption behavior of functionalized silica, it was concluded that when
the initial dye concentration is decreased, dye removal efficiency is increased due to a
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high number of available sorption sites. However, adsorption capacity is decreased as a
result of a lower driving force for aqueous to solid phase dye mass transfer. On the other
hand, varying initial solution pH (pH 5 to pH 9) and ionic strength did not seem to have a
significant impact on adsorption capacity or percent adsorption.
It was deduced that Caro has the highest adsorption ability among all tested silica
derivatives, followed by C8. C12 and C18 exhibited the lowest adsorption capacities.
Having longer hydrocarbon chains was expected to enhance adsorption. Nevertheless, the
silica microspheres with larger alkyl groups tended to aggregate due to stronger
hydrophobic interactions acting among them, which hindered dye adsorption.
Efforts were made to regenerate and reuse the surface-modified silica microspheres in
order to increase their feasibility as an adsorbent. Through a set of preliminary
experiments, it was found that the most efficient way to recover the microspheres is to
expose them first to a basic solution (NaOH) and subsequently to organic solvents (DCM
and THF). The addition of NaOH seemed to allow the cationic dye molecules to desorb
from the adsorbent’s surface as a result of the change in solution pH. The organic
solvents were then able to separate the dye molecules and expedite recovery.
In order to enhance the results presented for the removal of textile dyes from simulated
wastewater, the following future work must be carried out:
•

Investigate the effect of factors such as contact time and temperature.

•

Determine the optimal amount of NaOH, DCM, and THF required for adsorbent
regeneration.

•

Sieve the commercial silica microspheres to use only those with the smallest
diameter and obtain higher uptake capacities.
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•

Carry out a parallel experiment using activated carbon as the adsorbent.

•

Carry out a cost analysis for the removal of Methylene Blue using the
functionalized silica microspheres, and compare to the cost of using activated
carbon.

•

Functionalize fumed silica (larger surface area) and compare its adsorption
efficiency to that of hollow silica.

It is evident that alkyl chain-containing hollow silica microspheres preferentially adsorb
oil due to non-covalent interactions. However, preparing synthetic produced water that is
stable enough to carry out kinetics experiments is a challenge. Adding a surfactant, such
as SDBS, gives sufficient stability to the oil-in-water emulsion, but prevents oil micro
droplets from adsorbing onto the surface of the modified silica possibly due to the
competition between SDBS and oil for adsorption sites. Thus, the challenge is obtaining a
stable oil-in-water emulsion to minimize oil loss without interfering with the performance
of the SiO2 microspheres. Possible alternatives might include increasing the initial oil
concentration in the produced water, the oil droplet size, or the amount of silica
microspheres used for treatment. Once a stable emulsion is obtained, experiments can be
carried out in order to investigate the kinetics, sorption capacities and constants, and the
microspheres’ regeneration ability using the four different functionalized SiO2
microspheres.
Through the work described in this thesis, the ability of surface-modified silica
microspheres to remove organic pollutants from water was confirmed and our hypothesis
validated. Grafting alkyl chains and aromatic groups onto the surface of hollow silica
spheres allowed them to preferentially attach Methylene Blue and oil onto their surface,
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facilitating removal. Although further experiments must be carried out to optimize the
synthesis protocol and improve adsorption capacities, this novel adsorbent certainly
demonstrates potential for wastewater and produced water treatment.

74

REFERENCES
1

Zeinab Salahshoor, A. S. Review of the Use of Mesoporous Silicas for Removing
Dye from Textile Wastewater. European Journal of Environmental Sciences 4,
116-130, doi:http://dx.doi.org/10.14712/23361964.2014.7 (2014).

2

Drumond Chequer, F. M. R. d. O., G. A.; Anastácio Ferraz, E. R.; Carvalho
Cardoso, J.; Boldrin Zanoni, M. V.; Palma de Oliveira, D. in Eco-Friendly Textile
Dyeing and Finishing (ed Melih Günay) Ch. 6, (2013).

3

Purkait, M. K., Maiti, A., DasGupta, S. & De, S. Removal of congo red using
activated carbon and its regeneration. J Hazard Mater 145, 287-295,
doi:10.1016/j.jhazmat.2006.11.021 (2007).

4

Robinson, T., McMullan, G., Marchant, R. & Nigam, P. Remediation of dyes in
textile effluent: a critical review on current treatment technologies with a
proposed alternative. Bioresource Technol 77, 247-255, doi:Doi 10.1016/S09608524(00)00080-8 (2001).

5

Yoder, C. Acid-Base Indicators,
<http://www.wiredchemist.com/chemistry/data/acid-base-indicators> (2017).

6

Jihyun R. Kim, B. S., Hyosang Kim, Eunsung Kan. Heterogeneous Oxidation of
Methylene Blue with Surface-Modified Iron-Amended Activated Carbon.
American Journal of Analytical Chemistry 4, 115-122,
doi:http://dx.doi.org/10.4236/ajac.2013.47A016 (2013).

7

Zaharia, C. S., D. in Organic Pollutants Ten Years After the Stockholm
Convention - Environmental and Analytical Update (ed Dr. Tomasz Puzyn) Ch.
3, 472 (InTech, 2012).

8

Rafatullah, M., Sulaiman, O., Hashim, R. & Ahmad, A. Adsorption of methylene
blue on low-cost adsorbents: A review. J Hazard Mater 177, 70-80,
doi:10.1016/j.jhazmat.2009.12.047 (2010).

9

Sen, T. K., Afroze, S. & Ang, H. M. Equilibrium, Kinetics and Mechanism of
Removal of Methylene Blue from Aqueous Solution by Adsorption onto Pine
Cone Biomass of Pinus radiata. Water Air Soil Poll 218, 499-515,
doi:10.1007/s11270-010-0663-y (2011).

10

Yagub, M. T., Sen, T. K., Afroze, S. & Ang, H. M. Dye and its removal from
aqueous solution by adsorption: a review. Adv Colloid Interface Sci 209, 172-184,
doi:10.1016/j.cis.2014.04.002 (2014).

11

Iqbal, M. J. & Ashiq, M. N. Thermodynamics and Kinetics of Adsorption of Dyes
from Aqueous Media onto Alumina. J Chem Soc Pakistan 32, 419-428 (2010).

75
12

Albroomi, H. I. E., M. A.; Baraka, A.; Abdelmaged, M. K. Factors Affecting the
Removal of a Basic and an Azo Dye from Artificial Solutions by Adsorption
using Activated Carbon. Journal of the Turkish Chemical Society 2 (2014).

13

Seow, T. W. L., C. K. Removal of Dye by Adsorption: A Review. International
Journal of Applied Engineering Research 11, 2675-2679 (2016).

14

Vimonses, V., Lei, S. M., Jin, B., Chowd, C. W. K. & Saint, C. Kinetic study and
equilibrium isotherm analysis of Congo Red adsorption by clay materials. Chem
Eng J 148, 354-364, doi:10.1016/j.cej.2008.09.009 (2009).

15

Yang, Z. Y. Kinetics and mechanism of the adsorption of methylene blue onto
ACFs. Journal of China University of Mining & Technology 18, 437-440 (2008).

16

McKay, G., Porter, J. F. & Prasad, G. R. The removal of dye colours from
aqueous solutions by adsorption on low-cost materials. Water Air Soil Poll 114,
423-438, doi:Doi 10.1023/A:1005197308228 (1999).

17

Karaca, S., Gurses, A. & Bayrak, R. Effect of some pre-treatments on the
adsorption of methylene blue by Balkaya lignite. Energ Convers Manage 45,
1693-1704, doi:10.1016/j.enconman.2003.09.026 (2004).

18

Mohan, S. V., Rao, N. C. & Karthikeyan, J. Adsorptive removal of direct azo dye
from aqueous phase onto coal based sorbents: a kinetic and mechanistic study. J
Hazard Mater 90, 189-204 (2002).

19

Tseng, R. L., Wu, F. C. & Juang, R. S. Liquid-phase adsorption of dyes and
phenols using pinewood-based activated carbons. Carbon 41, 487-495, doi:Pii
S0008-6223(02)00367-6
Doi 10.1016/S0008-6223(02)00367-6 (2003).

20

Namasivayam, C. & Kavitha, D. Removal of Congo Red from water by
adsorption onto activated carbon prepared from coir pith, an agricultural solid
waste. Dyes Pigments 54, 47-58, doi:Pii S0143-7208(02)00025-6
Doi 10.1016/S0143-7208(02)00025-6 (2002).

21

Juang, R. S., Wu, F. C. & Tseng, R. L. Characterization and use of activated
carbons prepared from bagasses for liquid-phase adsorption. Colloid Surface A
201, 191-199, doi:Pii S0927-7757(01)01004-4
Doi 10.1016/S0927-7757(01)01004-4 (2002).

22

Kadirvelu, K. et al. Utilization of various agricultural wastes for activated carbon
preparation and application for the removal of dyes and metal ions from aqueous
solutions. Bioresource Technol 87, 129-132, doi:Pii S0960-8524(02)00201-8
Doi 10.1016/S0960-8524(02)00201-8 (2003).

76
23

Kannan, N. & Sundaram, M. M. Kinetics and mechanism of removal of
methylene blue by adsorption on various carbons - a comparative study. Dyes
Pigments 51, 25-40, doi:Doi 10.1016/S0143-7208(01)00056-0 (2001).

24

Malik, P. K. Use of activated carbons prepared from sawdust and rice-husk for
adsorption of acid dyes: a case study of Acid Yellow 36. Dyes Pigments 56, 239249, doi:10.1016/S0143-7208(02)00159-6 (2003).

25

Guo, Y. P. et al. Adsorption of malachite green on micro- and mesoporous rice
husk-based active carbon. Dyes Pigments 56, 219-229, doi:10.1016/S01437208(02)00160-2 (2003).

26

Mohamed, M. M. Acid dye removal: comparison of surfactant-modified
mesoporous FSM-16 with activated carbon derived from rice husk. J Colloid
Interf Sci 272, 28-34, doi:10.1016/j.jeis.2003.08.071 (2004).

27

Crini, G. Non-conventional low-cost adsorbents for dye removal: A review.
Bioresource Technol 97, 1061-1085, doi:10.1016/j.biortech.2005.05.001 (2006).

28

Hamdaoui, O. Batch study of liquid-phase adsorption of methylene blue using
cedar sawdust and crushed brick. J Hazard Mater 135, 264-273,
doi:10.1016/j.jhazmat.2005.11.062 (2006).

29

Hameed, B. H. Evaluation of papaya seeds as a novel non-conventional low-cost
adsorbent for removal of methylene blue. J Hazard Mater 162, 939-944,
doi:10.1016/j.jhazmat.2008.05.120 (2009).

30

Hameed, B. H., Mahmoud, D. K. & Ahmad, A. L. Sorption equilibrium and
kinetics of basic dye from aqueous solution using banana stalk waste. J Hazard
Mater 158, 499-506, doi:10.1016/j.jhazmat.2008.01.098 (2008).

31

Low, K. S. L., C. K. The removal of cationic dyes using coconut husk as an
adsorbent. Pertanika 13, 221-228 (1990).

32

Annadurai, G., Juang, R. S. & Lee, D. J. Use of cellulose-based wastes for
adsorption of dyes from aqueous solutions. J Hazard Mater 92, 263-274, doi:Pii
S0304-3894(02)00017-1
Doi 10.1016/S0304-3894(02)00017-1 (2002).

33

Batzias, F., Sidiras, D., Schroeder, E. & Weber, C. Simulation of dye adsorption
on hydrolyzed wheat straw in batch and fixed-bed systems. Chem Eng J 148, 459472, doi:10.1016/j.cej.2008.09.025 (2009).

34

Gulnaz, O., Kaya, A., Matyar, F. & Arikan, B. Sorption of basic dyes from
aqueous solution by activated sludge. J Hazard Mater 108, 183-188,
doi:10.1016/j.jhazmat.2004.02.012 (2004).

77
35

Wang, S. B., Boyjoo, Y. & Choueib, A. A comparative study of dye removal
using fly ash treated by different methods. Chemosphere 60, 1401-1407,
doi:10.1016/j.chemosphere.2005.01.091 (2005).

36

Gupta, V. K. Application of low-cost adsorbents for dye removal - A review.
Journal of Environmental Management 90, 2313-2342,
doi:10.1016/j.jenvman.2008.11.017 (2009).

37

Yu, J. X. L., B. H.; Sun, X. M.; Yuan, J.; Chi, R. Polymer modified biomass of
baker's yeast for enhancement adsorption of methylene blue, rhodamine B and
basic magenta. J Hazard Mater 168, 1147-1154 (2009).

38

Fu, Y. Z. & Viraraghavan, T. Removal of a dye from an aqueous solution by the
fungus Aspergillus niger. Water Qual Res J Can 35, 95-111 (2000).

39

Waranusantigul, P., Pokethitiyook, P., Kruatrachue, M. & Upatham, E. S.
Kinetics of basic dye (methylene blue) biosorption by giant duckweed (Spirodela
polyrrhiza). Environ Pollut 125, 385-392, doi:10.1016/S0269-7491(03)00107-6
(2003).

40

Marungrueng, K. & Pavasant, P. High performance biosorbent (Caulerpa
lentillifera) for basic dye removal. Bioresource Technol 98, 1567-1572,
doi:10.1016/j.biortech.2006.06.010 (2007).

41

Rubin, E. R., P.; Herrero, R.; Cremades, J.; Barbara, I.; Sastre de Vicente, M. E.
Removal of methylene blue from aqueous solutions using as biosorbent
Sargassum muticum: an invasive macroalga in Europe. Journal of Chemical
Technology and Biotechnology 80, 291-298 (2005).

42

Low, K. S., Lee, C. K. & Tan, K. K. Biosorption of Basic-Dyes by Water
Hyacinth Roots. Bioresource Technol 52, 79-83, doi:Doi 10.1016/09608524(95)00007-2 (1995).

43

Babel, S. & Kurniawan, T. A. Low-cost adsorbents for heavy metals uptake from
contaminated water: a review. J Hazard Mater 97, 219-243, doi:Pii S03043894(02)00263-7
Doi 10.1016/S0304-3894(02)00263-7 (2003).

44

Wibulswas, R. Batch and fixed bed sorption of methylene blue on precursor and
QACs modified montmorillonite. Sep Purif Technol 39, 3-12,
doi:10.1016/j.seppur.2003.12.018 (2004).

45

Bagane, M. & Guiza, S. Removal of a dye from textile effluents by adsorption.
Ann Chim-Sci Mat 25, 615-625, doi:Doi 10.1016/S0151-9107(00)90003-5 (2000).

46

Woolard, C. D., Strong, J. & Erasmus, C. R. Evaluation of the use of modified
coal ash as a potential sorbent for organic waste streams. Appl Geochem 17, 11591164, doi:Pii S0883-2927(02)00057-4

78
Doi 10.1016/S0883-2927(02)00057-4 (2002).
47

Dogan, M., Alkan, M. & Onganer, Y. Adsorption of methylene blue from
aqueous solution onto perlite. Water Air Soil Poll 120, 229-248, doi:Doi
10.1023/A:1005297724304 (2000).

48

Royer, B. et al. Applications of Brazilian pine-fruit shell in natural and
carbonized forms as adsorbents to removal of methylene blue from aqueous
solutions-Kinetic and equilibrium study. J Hazard Mater 164, 1213-1222,
doi:10.1016/j.jhazmat.2008.09.028 (2009).

49

Gupta, V. K., Suhas, Ali, I. & Saini, V. K. Removal of rhodamine B, fast green,
and methylene blue from wastewater using red mud, an aluminum industry waste.
Ind Eng Chem Res 43, 1740-1747, doi:DOI 10.1021/ie034218g (2004).

50

Andrzejewska, A., Krysztafkiewicz, A. & Jesionowski, T. Treatment of textile
dye wastewater using modified silica. Dyes Pigments 75, 116-124,
doi:10.1016/j.dyepig.2006.05.027 (2007).

51

Parida, S. K., Mishra, P. K. & Mishra, B. K. Adsorption of styryl pyridinium dyes
on CTAB treated silica. Indian J Chem A 38, 639-645 (1999).

52

Zhong, Z. M., Lowry, M., Wang, G. F. & Geng, L. Probing strong adsorption of
solute onto cis-silica gel by fluorescence correlation imaging and single-molecule
spectroscopy under RPLC conditions. Anal Chem 77, 2303-2310,
doi:10.1021/ac048290f (2005).

53

Kohno, Y. et al. Adsorption behavior of natural anthocyanin dye on mesoporous
silica. J Phys Chem Solids 75, 48-51, doi:10.1016/j.jpcs.2013.08.007 (2014).

54

Messina, P. V. & Schulz, P. C. Adsorption of reactive dyes on titania-silica
mesoporous materials. J Colloid Interf Sci 299, 305-320,
doi:10.1016/j.jcis.2006.01.039 (2006).

55

Cestari, A. R., Vieira, E. F. S., Vieira, G. S. & Almeida, L. E. Aggregation and
adsorption of reactive dyes in the presence of an anionic surfactant on
mesoporous aminopropyl silica. J Colloid Interf Sci 309, 402-411,
doi:10.1016/j.jcis.2006.11.049 (2007).

56

Joo, J. B., Park, J. & Yi, J. Preparation of polyelectrolyte-functionalized
mesoporous silicas for the selective adsorption of anionic dye in an aqueous
solution. J Hazard Mater 168, 102-107, doi:10.1016/j.jhazmat.2009.02.015
(2009).

57

3M. Tiny bubbles. Big impact., <http://www.3m.com/3M/en_US/company-us/all3m-products/~/All-3M-Products/Chemicals-Advanced-Materials/GlassBubbles/?N=5002385+8710650+8710783+8711017+3294857497&rt=r3>
(2017).

79
58

Lingk, O. 3M Glass Bubbles: Lightweight Compounds and Composites based on
High Strength Hollow Glass Microspheres, <https://www.b2match.eu/system/nlnrw2016/files/3M_Germany.pdf?1456150121> (2016).

59

Dougherty, D. A. The Cation-pi Interaction. Accounts Chem Res 46, 885-893,
doi:10.1021/ar300265y (2013).

60

Israelachvili, J. N. Intermolecular and surface forces. Third edn, (2003).

61

Ahmadun, F. R. et al. Review of technologies for oil and gas produced water
treatment. J Hazard Mater 170, 530-551, doi:10.1016/j.jhazmat.2009.05.044
(2009).

62

Padaki, M. et al. Membrane technology enhancement in oil-water separation. A
review. Desalination 357, 197-207, doi:10.1016/j.desa12014.11.023 (2015).

63

Salahi, A., Gheshlaghi, A., Mohammadi, T. & Madaeni, S. S. Experimental
performance evaluation of polymeric membranes for treatment of an industrial
oily wastewater. Desalination 262, 235-242, doi:10.1016/j.desal.2010.06.021
(2010).

64

Khaled Okiel, M. E.-S., Mohamed Y. El-Kady. Treatment of oil-water emulsions
by adsorption onto activated carbon, bentonite and deposited carbon. Egyptian
Journal of Petroleum 20, 9-15, doi:http://dx.doi.org/10.1016/j.ejpe.2011.06.002
(2011).

