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UNIVERSITY OF SOUTHAMPTON
ABSTRACT
FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES
SCHOOL OF CHEMISTRY
Doctor of Philosophy
THE DEVELOPMENT OF NANO-SIZED SILICAS AS ANALYTICAL
TOOLS
by Mohammed Algaradah

Even at low concentrations the presence of toxic materials, such as metals or organic
pesticides, in water can be harmful to humans. Extraction and preconcentration of
these materials is an important part of many analytical procedures. In this work
functionalised solid phase extractants, 250 nm in size (nanoscavenger), have been
used to collect and concentrate metals and organic species from water using a
nanoscavenger dispersion extraction (NSDE) approach.

Stober-type silica with a mean diameter of ca. 250 nm and a surface area of ca. 20 m?
g™ has been synthesized by hydrolysis and condensation of tetraethoxysilane in a
methanol and ammonium hydroxide medium. Increasing the surface area to increase
the loading of functional groups on the surface was achieved by adopting
mesoporous silica as the nanoscavenger core. This was successfully synthesized from
tetramethoxysilane in the presence of a dodecyltrimethylammonium bromide
template: 250 nm particles prepared in this manner had a surface area of ca. 1325 m?
g*. The properties of synthesized sub-micron silicas have been investigated using
various techniques.

One of the main aims of this work was to use the nanoscavengers for the analytical
recovery of trace analytes from water. Nanoscavengers were prepared by chemically
modifying mesoporous silicas with groups such as mono- and diamines,
dithiocarbamates, hydroxyquinoline, mercaptobenzamide and, for organic
extractions, a mixed functionality diol and C,g modification. The nanoscavengers
were characterized by Fourier transform infrared spectroscopy, scanning electron
microscope, transmission electron microscope and thermogravimetric analysis.
Copper capacity measurements for complexant nanoscavengers ranged between 0.1
and 2 mmol g™ depending on the type of silica and the loading group.

The nanoscavengers were evaluated for the preconcentration of trace analytes from
water. The dithiocarbamate, hydroxyquinoline and mercaptobenzamide nano-
scavengers were used to preconcentrate eight metal ions (Cu®*, Cd*, Ni**, Pb*,
Co®, Cr¥*, Mn®" and Zn**) from water. A dual functionality diol/Cys-nanoscavenger
was used to collect four estrogenic compounds, polynuclear aromatic hydrocarbons
and tributyltin from water. The recovery of extracted analytes by nanoscavengers
exhibited good results.
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Chapter 1: The measurement of contaminants in water

Chapter 1

The measurement of contaminants in water

The presence of inorganic and organic contaminants in water even at low
concentration levels is a problem of widespread concern. Regulations are in place in
most countries which specify permitted levels of concentration in water. Compliance
with their regulations must be monitored through the application of suitable
analytical techniques. When concentrations are too low for direct measurement or
measurements are impeded by the presence of interfering species, preconcentration is

often employed.
1.1 The nature of the problem

Water is vital for the existence of all life forms. For humans, it is used for drinking,
agriculture, cooking, washing, transport and almost all sorts of industries. A wide
variety of materials have been identified as contaminants in natural water. These
include inorganic materials, organic chemicals, radionuclides and pathogens. Some
of these materials naturally exist in water while others can come from industrial
sources. Whilst at low levels of concentration the vast majority of the toxic
contaminants of water are colourless, tasteless and odourless, they nevertheless
render it unsuitable for human use. Specific analytical techniques must therefore be

employed to detect the presence of each’.

The difficulty is that on some occasions these materials contaminate the water at
concentrations so low that they can not be directly detected by commonly available
analytical techniques. The word "trace™ applies to this kind of contamination and the
term “trace analysis” is widely used to describe the application of analytical
chemistry to measure a very small quantity or concentration of analyte?. Some
analysts, however, prefer to define the term more specifically as applying to analyses
where the concentration of the analyte is at such a low level that it causes a problem
for those attempting to obtain accurate results®. Thus the term trace analysis is, in this
case, applied to the measurement of analytes which have a concentration equal to or
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less than 1 pg g or 1 pg mL™? for liquids. Chemist’s definitions of the term
continuously change as sample preparation and analytical techniques improve,
meaning that what is considered today to be trace analysis, may become easier to

determine in the near future with the development of new analytical instruments.

The following two sections provide a more detailed discussion of inorganic and

organic contaminants present in water.

1.1.1 Inorganic contaminants

This section explains the nature and sources of inorganic contaminants, as well as the
problems they cause. It will be restricted to metal contaminants in water since these

are the focus of this study.

Metals such as arsenic, mercury and copper have been introduced to the environment
as a result of natural processes, industrialisation and other human activities. During
the processing of products containing metals, loss of the metal results in the
contamination of air, water and soils. The metals then directly contaminate human
drinking water or contaminate food in an indirect manner, as is seen in the first case

below.

Mercury is probably the metal contaminant with the worst reputation. In a small
village on Minamata Bay in Japan, at least 3000 people suffered from birth defects
and nervous system damage after inadvertently eating mercury-tainted shellfish and
fish. This occurred because a fertiliser and petrochemical company released around
27 tons of mercury compounds into Minamata Bay during the period between 1932
and 1968, resulting in the shellfish and fish absorbing the methyl mercury that
accumulated in the water®. Cadmium also poisoned Japanese farmers between 1940
and 1960, after their rice crop was irrigated by the contaminated water. Thousands of
men and women in contaminated regions suffered from kidney failure and severe
osteoporosis as a result of eating the contaminated rice. Cadmium remains a major

source of rice contamination in Asia®.
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A recent example of metal contaminated water occurred in Bangladesh. The
concentration of arsenic in drinking water is currently up to 1000 pg L™,
considerably higher than the limit recommended for drinking water by the World
Health Organization (WHO) (10 pg L™) or that set by the Bangladesh authorities (50
ng L. Many people were killed as a consequence of consumption of this water®?®.
Berg et al.’, investigating arsenic in drinking water from Hanoi, Vietnam and
surrounding areas, found that the average concentration in ground water used directly
as drinking water was 436 pg L™. They pointed out that such high levels of arsenic

can lead to many deaths and diseases.

In addition to affecting humans, metal pollutants can also affect plants and animals.
For example, in the 1850s, arsenic caused the death of deer in Germany®, and
thousands of cattle, deer and horses were killed when copper smelting first began in
1900, in the USA™. It was reported that metals such as copper, silver and zinc
affects phytoplankton in lakes in Canada and marine waters in the USA'? 3.
Measurement of metal concentration in water, especially when they are under the

detection limit of the available instruments, is therefore important.

Preconcentration of metal is widely applied to the metal ions prior to their
measurements using any analytical technique. The preconcentration process can be
defined as increasing the analytes concentration by transferring them from large
volume of solution to small one. This process may also lead to removal of the
interfering materials from the matrix'*. The challenge for analytical chemists is to
improve preconcentration techniques to achieve lower detection limits, so that it may
become possible to determine metals at very low concentrations. This aspect is
highlighted in Section 1.3.

1.1.2 Organic contaminants

Organic materials contaminate drinking water supplies sourced from surface and
ground waters. Contamination of surface water can lead to contaminate ground
water as it is the main source of ground water recharge. When organic contaminants

are introduced to the ground water through the recharge process, they will either
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move with the water to reach the aquifer or be adsorbed by the solid surfaces such as
soil. Whenever such retained contaminates do not decompose, they will accumulate
in the aquifer. This accumulation may have a long term impact, as shown by one
study which concluded that more than fifty volatile organic compounds lasted more

than 50 years™.

Agriculture is the main source of contamination of water by organic materials. It is
very difficult to prevent, since herbicides, pesticides and fertilizers are used
extensively in the field. Animal farms are another source of water contamination, as
pharmaceuticals (antibiotics and hormones) are frequently used to prevent and treat
microbial infection and as growth promoters. Following medication, the animals
excrete between 40 and 90 % of the dosage. This bioactive residue then
contaminates water, in some cases with contaminants that are even more harmful

than the original compound*®.

Chromatography provides a unique tool to determine complex matrices of water
samples which typically contain different types of organic compounds. The low
concentrations, complexities and varieties of organic pollutants in water make their
recovery and identification challenging. Since ordinary analytical techniques are
usually inapplicable due to lacking the required sensitivity to detect extremely low
concentration, new specific methods are necessary to detect these substances.
Preconcentration of the materials is therefore required. Many analytical methods can
be applied to isolate and preconcentrate organic materials which will be discussed in
Section 1.3.

1.2 Regulations for permitted levels

International legislation has been required to ensure that water is clean enough for
human consumption. Water quality criteria, standards or guidelines have been
established above which metals and organic compounds are considered to be
hazardous for human health. Drinking water quality guidelines focus on permissible
values of *':

o Micro-organisms, e.g pathogenic bacteria, viruses, toxic algae.
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o Inorganic chemicals, e.g nitrate, heavy metals.

o Organic chemicals, e.g toxic organic compounds, pesticides, disinfection by-
products.

o Radioactive materials.

International organizations which produce regular reports specifying permissible
levels of contaminants in water, include the WHO'"® and the US Environmental
Protection Agency (EPA). In addition, most countries publish their own guidelines.
Many organizations have set guidelines for organic compounds. For example WHO
set a guideline value for atrazine as an organic compound up to 2 ug L™, This can be
determined by GC/MS which has a detection limit of 0.01 pg L™ %%,

Rules have been set for the metals based on their level of human toxicity. Table 1.1
shows some guidelines, instrumental detection limits and health risks of some metals

which may contaminate aquatic environments.
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Table 1.1 Risk-based drinking water criteria recommended by WHO® % (2004)

Metal Drinking The detection limit Health risk

water criteria
(Mg L™

As 10 0.1 pg L™ by ICP/MS, 2 pg  Skin damage or
L by hydride generation problems with
AAS or FAAS circulatory system, and

may increase risk of
getting cancer

Mn 400 0.01 pg L™ by AAS, 0.05 pg  Particularly harmful for
L by ICP/MS, 0.5 pg L™ newborns and children
by ICP/optical emission
spectroscopy, 1 pg L by
EAAS, 10 ug L™ by FAAS

Cd 3 0.01 ug L™ by ICP/MS, 2 Damaged kidney, liver,
ug L by FAAS bone and blood

Co 50 7 ug L' by FAAS -

Cr 50 0.05-0.2 ug L™ by AAS Damage to liver, kidney
circulatory and nerve
tissues; dermatitis

Cu 2000 0.02-0.01 ug L™ by Cause stomach and
ICP/MS, 0.5 pug L™ by intestinal distress, liver
FAAS and kidney damage, and

anaemia.

Ni 20 0.1 pg L™ by ICP/optical Decreased body weight,
emission spectroscopy, 15 heart and liver damage
ug L™ by ICP, 20 pg L™ by and dermatitis
FAAS

Pb 10 1 pg L by FAAS Cause cancer, cereb-

rovascular and kidney

disease in humans.
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Maximum permissible concentrations have changed over time as the recognition of
the risk posed by the material increased. For example, in 1958 the WHO
International Standards for drinking water recommended a maximum concentration
of 0.1 mg L™ for lead, and this value was lowered to 0.05 mg L™ in 1963. However,
it was raised to 0.1 mg L™ again in 1971 as no evidence of health problems had been
observed. In 1984, the acceptable level was reduced to 0.05 mg L™, when lead was
found to be an accumulative poison in children. The guidelines issued in 1993

recommended 0.01 mg L™ as a maximum of concentration of lead in water™.

It is well documented that in some places metal and organic contamination levels in
the environment has declined in recent decades, due to strict regulations. However,
the level of contaminants in water must still be monitored frequently to ensure that
the water is safe, and the example of lead above illustrates the need to develop new

techniques to detect lower and lower concentrations.

Instrumental techniques are required to measure the concentrations of contaminants
in water. But sometimes the analytes are present in the water below the detection
limit of the instrument. In addition, in some cases the water sample is very complex,
containing other components that interfere with the direct measurement by the
instrument; even if the analyte concentration is above the detection limit.
Preconcentration/extraction techniques can bring the concentration of the analytes to

the instrumental detection limit and can isolate the analyte from interfering species.
1.3 Preconcentration approaches

Analytical instruments with sufficient sensitivity and selectivity are not always
available to directly determine analytes in water, therefore preconcentration of the
water samples prior to the analysis then becomes essential. In some cases
preconcentration is also used to eliminate substances that may be present in water
sample which can interfere with the determination of the analytes of interest or
render them difficult to measure. Many analytical techniques have been developed
to preconcentrate and extract the analyte to a level high enough for detection and

some examples will be discussed in the following section.
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1.3.1 Conventional preconcentration techniques

There are many classical techniques that have been applied to preconcentrate the
analytes from aqueous samples which include evaporation, solvent extraction, ion
exchange, co-precipitation, precipitation and electrochemical deposition. Solvent
extraction and co-precipitation have both been widely applied to preconcentrate the
analytes from water. While the former can be used to extract either organic or

inorganic material, co-precipitation is generally applied to preconcentrate metal ions.

1.3.1.1 Solvent extraction

Solvent extraction, also known as liquid-liquid extraction, can be used to extract both
inorganic and organic contaminants. When two immiscible phases are shaken
together, solutes partition between the two phases, the polar solutes prefer to dissolve
in more polar solvents, while less polar solutes prefer to partition into less polar

solvents.

The key factor affecting the efficiency of this method is to be the choice of solvent. It
is crucial that the solute does not react with the solvent as it may lead to the
formation of a new species. Furthermore, the solute should be easily recoverable

from the solvent

Chloroform, dichloromethane and hexane are the most popular solvents used to
extract trace analytes®*. Sometimes, it is possible to improve the efficiency of solvent
extraction by adopting a mixed solvent system. For example, a mixture of ether and
alcohol is commonly used in the thiocyanate extraction of some metals. Similarly
thorium was extracted from a nitrate solution wusing a mixture of
dibutoxytetraethylene glycol and ether?.

Jain et al.?®

reported the extraction of thorium (IV) from an ethyl acetate solution
using octa-functionalized calyx[4]resorcinarene hydroxide acid. A 133-fold
preconcentration factor was obtained with this approach. A complete recovery of

thorium was obtained when ethyl acetate was used as a solvent but the recovery
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dropped to 11, 36 and 85 % when benzene, toluene and chloroform respectively were

used instead of the ethyl acetate.

Cadmium has been extracted from river water by solvent extraction (chloroform) of
its dithizone complex. A 50-fold preconcentration factor was achieved with this
method®. Copper, iron (I11) and nickel have been extracted from HNO; leachate
from waste printed circuit board by extracting into a solution of LK-C2 (one of the
hydroxyl oxime extractants) in kerosene. The separation and recovery of copper, iron
and nickel was based on the pH dependence of their extraction behaviour. The
copper was extracted at pH 2.6 with 100 % recovery; the iron and nickel were
extracted at pH 3 and 10 with recoveries of 96 and 99 %, respectively?’. Makrlik et
al.?® recently extracted microamounts of strontium and barium into nitrobenzene
using hydrogen dicarbollycobaltate in the presence of dicyclohexano-24-crown-8.
They found that the stability complex between barium and ligand to be higher than
that of the strontium complex.

Solvent extraction has been successfully applied to extract a wide range of organic
materials from water. For example, dichloromethane was used to enrich trace
amounts of herbicides from water collected from the Elorn River . LC-MS
confirmed the presence of triazines such as atrazine, simazine, metolachlor,
isoproturon and diuron in the sample*’. Chou and co-workers developed a dispersive
liquid-liquid microextraction technique to selectively preconcentrate phenylurea
herbicides (PUHs) from the aqueous samples. Tetrahydrofuran (THF) was used as
dispersive while dichloromethane as an extraction solvent. The technique yielded a
high preconcentration factor (68-126), good recovery results (91-104 %), short
extraction time and low cost when compared to solid phase extraction techniques

used to preconcentrate PUH compounds®’.

Recently, conventional solvent extraction has been developed to overcome some of
its disadvantages such techniques include liquid-phase microextraction and
microfluidic chip based microextraction. Early studies (1996) in this field
demonstrated the efficiency of systems based on microextraction with 1.3 pL and 8
uL single droplets of organic solvent®* 3. Chen et al.** developed a microfluidic sub-

nanoliter liquid-liquid extraction in which the organic solvent (1-hexane) droplet was

9
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trapped in the channel wall of a microfabricated glass chip. The analytes in aqueous
solution passed through the channel and were enriched within organic droplets. A
100 % preconcentration factor was achieved in a 12.5 minute period. Aluminium
(1) was extracted using improved microfluidic liquid-liquid extraction system with
chemiluminescence detection. A 12 minute period was required to do one analysis
and an enrichment factor of 85 was obtained in the extraction, consuming just 1.8 pL
of sample®. The advantages of these kinds of technique are low consumption of
sample and extractant (in the nL-pLs ranges) and high extraction efficiency due to
the microscale effect in microchannels. In addition, they provide a short analysis
time and occupy only small space. However, the negative aspects are that they are

generally expensive, and their design and operation are complicated*®.

To sum up, solvent extraction is simple and convenient, but has many drawbacks that
limit its use as a preconcentration technique. These drawbacks include the high cost
of some organic solvents, the difficulty of disposing of organic solvents, and the fact
that the technique is both labour-intensive and time consuming.

1.3.1.2 Co-precipitation

Co-precipitation is the simultaneous precipitation of a normally soluble component
with a macro-component from the same solution by the formation of mixed crystals,
by absorption, occlusion or mechanical processes. This method is mainly used to
preconcentrate trace elements from matrices that adversely influence atomic
absorption spectrometric detection. One of the main requirements for this technique
to be effective is that the collector should easily separate from the matrix solution;
this can be achieved by filtration or centrifugation and then washing the precipitate
with a suitable solvent. Furthermore, the collector should be pure®’. The main
advantages of this technique are that it is a simple, fast approach and several analyte

ions can be simultaneously preconcentrated.

The collectors most widely used to preconcentrate trace metal ions from different

matrices are metal hydroxides such as iron (IlI), indium, gallium, cerium (IV),

39
l.

lanthanum, and aluminium. For instance, Kagaya et a successfully used yttrium

10
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phosphate to quantitatively coprecipitate lead, iron (111), chromium (I11), manganese

(1), cobalt, nickel, copper and zinc.

A number of studies have recently reported the use of co-precipitation to
preconcentrate trace analytes. For example, dysprosium hydroxide was applied as a
co-precipitant to enrich Cr (I1l) and Cr (VI) from tap water. The recoveries of the
chromium species were affected by the pH. The Cr (111) was quantitatively recovered
over the pH range 9-12, but the recovery of Cr (VI) was 10 % lower over the pH
range 11- 12. The method detection limits were 0.65 pg L™ for Cr (111) and 0.78 ug
L for Cr (VI)*®. Co, Pb, Cu, Fe and Zn were preconcentrated using a Ni®*/2-nitroso-
1-naphthol-4-sulfonic acid precipitate prior to their determination using FAAS.
Nitric acid was used to dissolve the precipitate and the recovery results for the metal
ions were above 95 %. Table 1.2 summarizes some of the different materials used as
precipitants in co-precipitation techniques as reported in the literature**. The pH
needs to be adjusted depending on the type of precipitant if good recovery results are
to be achieved (Table 1.2).

In conclusion, co-precipitation is a convenient technique for the preconcentration of
metal ions from water. However, the many stages employed in the process may cause
the loss of analytes and may result in interferences which can occur as a result of the
high concentration of contaminating material present in the precipitant. Reagent

purity is critical to avoid obtaining high blank values*.

11
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Table 1.2 Comparison of some trace metal extractions using different batches of
coprecipitant (reproduced from reference** with permission from the publisher)

Metal ions Precipitant Carrier pH PF DL Ref
(MgL™)
element

Pb, Fe Violuric acid Cu 7 50- 0.16-0.18 44
100

Cu, Fe, Pb, Diethyldithio- Co 6 225 4-64 46
Mn, Zn Cd, carbamate
Ni, Bi, Cr

Pb, Cr 5-Chloro-2- Cu 8 50 1.2 48
hydroxyaniline

Cd, Pb, Ni Diethyldithio- Cu 9 22-45 0.23-3.2 50
carbamate

Mn (11), Zirconium - 8 50 0.75 51

Mn (VII) (IV) hydroxide

(PF: preconcentration factor, DL: detection limit, Ref: references)

12
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1.3.2 Solid phase extraction

Solid phase extraction (SPE) is widely used for the isolation and concentration of
analytes. The principle of SPE is similar to that of solvent extraction, involving
partitioning between two phases, whereas in solvent extraction the partitioning
occurs between two immiscible liquids, in SPE it takes place between a liquid
(sample matrix) and a solid phase (sorbent). The analytes must have a greater affinity
for the solid phase than for the sample matrix. The collected analytes are eluted from
the sorbent using either an organic or an inorganic eluent® that causes the extracted
materials to release from the solid phase. Many different sorbents, for instance
poly(styrene divinylbenzene), Schiff bases functionalized Amberlite XAD4°%>* Cyg-
silica and activated carbon, have been used in solid phase extraction.

SPE can be applied in several different ways. The sorbents can be dispersed in the
sample matrix and shaken for a period of time. Later on, it is separated from the bulk
matrix by filtration or centrifugation® *°. Alternatively, most commonly in modern
SPE, the sorbent is packed into a polyethylene cartridge as a small column or

incorporated into a membrane disk.

As with any technique, SPE has advantages and disadvantages. The benefits are that
it is fast because the sample can be quickly passed through the SPE column or
cartridge under gentle pressure or suction; it requires only a small quantity of organic
solvent; and it provides high concentration factors®. However, overloading the
sorbent, blocking of the pores and the pressure or sucking required can be
disadvantages of SPE.

The choice of adsorbent is critical, as this controls selectivity, capacity and affinity
for the analytes. Solid phase extractants are frequently classified as polar, nonpolar
or ion exchangers, based on chemical characters of the functional groups bonded to
the support phases (Table 1.3). These functional groups can be physically loaded or
chemically bonded to a solid phase support, the most common of which is silica gel.
Silica does not swell or strain in solvent, and it demonstrates good mechanical and
thermal stability®®, high capacity and it is easily modified due to the presence of

reactive hydroxyl groups.

13
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Table 1.3 Nonpolar, polar and ion exchange phases commonly used in SPE

(reproduced from reference® with permission from the publisher)

Type of Name Structure

reagent

Nonpolar Octadecylsilane -Si-(CH,);,-CHj;
Octylsilane -Si-(CH,);-CH;
Ethylsilane -Si-CH,-CHj,

Cyclohexylsilane -
-1

Phenylsilane @
—Si

Polar Silica -Si-OH
Cyanopropylsilane -Si-CH,CH,CH,CN
Diolsilane OH OH

-Si-CH,CH,CH,0OCH,CH-CH,

Aminopropylsilane -Si-CH,CH,CH,NH,
lon Benzenesulfonylpropylsilane . )
-SI-CH2CH2CH2 SO3
exchange
Sulfonylpropylsilane -Si-CH,CH,CH,-SO";
Carboxymethylsilane -Si-CH,COO"
Diethylaminopropylsilane -Si-CH,CH,CH, "NH(CH,CH,),

Trimethylaminopropylsilane  _gi-cH,CH,CH,"N(CH;);

In recent years, a considerable number of publications have reported the use of

modified silica in solid phase techniques. He et al.%

immobilized p-toluene-
sulfonylamide on a silica surface for use in the extraction of metal ions from water.
Trace amounts of Cr (I11), Cu (I1), Pb (I1) and Zn (1) were taken onto the p-toluene-
sulfonylamide-silica at pH 4 but recoveries were lower below this pH. The

preconcentration factor was in the range of 125 to 250 and the detection limit was

14
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between 0.19 and 1.59 ng mL™, depending on the type of metal ion. A new solid
phase extractant was prepared by loading 2,6-pyridine dicarboxylic acid on the
surface of nano-sized silica®, and this was applied to selectively preconcentrate Hg
(1) from water using a batch equilibration approach prior to its determination by
inductively coupled plasma atomic emission spectrometry (ICP-AES). The pH
affected the efficiency of Hg (I1) extraction in the presence of other metals. It was
found that the maximum uptake capacity of the 2,6-pyridine dicarboxylic acid-silica
for Hg (1) was 92 mg g™ at pH 3. 4-Amino-2-mercaptopyrimidine (AMP) chelate
was attached onto the surface of silica gel through an organosilane reaction. This
sorbent showed a high affinity for the Cu (I1) present in fresh water samples but the
recovery was affected by some interferences by other ions that were present in the

samples®.

In order to improve the handling of solid phase extraction materials, they have been
developed into a number of alternative physical forms such as cartridges; disk and
solid phase microextraction.

1.3.2.1 Cartridge formats

A SPE cartridge is generally a commercially produced small column made of
polypropylene or polyethylene and packed with 100 mg to 1 g of a functional
sorbent. During the process of extraction, the sample passes through the sorbent and
the extracted analytes are then eluted using a suitable solvent. The sample flow rate
usually is slow and the presence of small particles in the sample can block the
channels between the particles, reducing the flow rate and capacity of the cartridge to
retain the analytes. This is considered one of the main disadvantages of this

technique®.

Cartridges can be used to extract organic and inorganic contaminants from water
samples. For example, Cd (Il) was enriched from water samples using cartridge
containing  2-(2-quinolinylazo)-4-methyl-1,3-dihydroxydibenzene loaded on a
graphitized carbon black sorbent. A preconcentration factor of 500 was obtained and
a detection limit was reached of 0.05 ug L™ ®. In another study, Bahramifar and

Yamini applied a cartridge filled with octadecyl-silica loaded with 1-(2-pyridylazo)
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2-naphtol (PAN) to preconcentrate some rare earth elements and uranium. A low
detection limit up to 11 ng L™, an enhancement preconcentration factor (382) and
high recoveries (between 95 and 106 %) demonstrated the main advantages of this
type of extraction technique®. In a further experiment, carbon nanotubes were
packed into cartridge and applied to extract three herbicide compounds
(nicosulfuron, thifensulfuron and metsulfuron-methyl). The extracted compounds
were eluted from the sorbent using acetonitrile containing 1 % acetic acid to achieve
recovery results in the range of 87 to 111 %. The detection limits for nicosulfuron,

thifensulfuron and metsulfuron-methyl were 6.8, 11.2 and 5.9 ng L™, respectively®®.
1.3.2.2 Disk

In the solid phase extraction disk, sorbent particles (8-12 pum diameters) are
immobilised in a web of polytetrafluoroethylene (PTFE) microfibrils, with typical
composition of 90 % w/w adsorbent and 10 % PTFE fibers®” ®. Such disks are
usually employed for large volume, low concentration samples which are difficult to
extract using the cartridge technique. Since the disk has a large surface area with a
thinner sorbent bed, the sample flow rate is higher than in the cartridge and
blockages are minimized. This method has been further developed by incorporating
the disks into multiwall extraction plates to extract small volume samples,

particularly those of biological origin®.

As with SPE cartridges, the disks can be used together with metal chelators to extract
contaminants metal ions. A number of studies have produced good results using this
technique. For example, octadecyl bonded silica disks impregnated with bis(2,2,4-
trimethylpentyl)monophosphinic acid (Cyanex 302) could be applied to
preconcentrate cobalt (1) from urine samples prior to its determination by FAAS.
The Co (I1) was absorbed on the disk at pH 6 and eluted using hydrochloric acid
(0.003 M). The recovery of Co (Il) was 99 % with the Cyanex 302 but only 9.7 %
without the complexant. This experiment demonstrated positive features such as
good reusability (>35 cycles) and a high preconcentration factor (133)"°. Similarly,
mercury (I1) and methyl mercury have been extracted from water samples using
octadecyl-silica membrane disks modified with 2-[(2-mercaptophyenylimino)-

methyl]phenol (MPMP). The MPMP chelate was capable of separating mercury ions
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from solution by complex formation, whereas the unmodified disk did not show any
tendency to retain mercury ions. The recovery of mercury was affected by the
amount of MPMP loaded to the disk; recovery of only 80 % was obtained when 5 mg
of MPMP was loaded, but 7 mg or more was found to achieve approximately 100 %
recovery. A preconcentration factor of 500 was achieved with low concentrations of
mercury (3.8 ng L), This octadecyl-silica disk, modified by MPMP, was also used

to preconcentrate silver’.

Cyg-silica disks were originally developed for the collection of organic materials
from water. Just one of the many direct applications of such disks was their
application in the determination of approximately 100 pesticides in drinking water.
Following GC-MS analysis of water extractant, at around 0.1 pg L™, the recoveries
ranged from 72-120 %". Recently, Niu et al.”* reported a new kind of solid phase
extraction disk based on a sheet of single-walled carbon nanotubes (SWCNTS).
These disks permitted fast sample flow rates to be used; with one litre of water
sample being passed through the disk within 10-100 minutes with reasonable
recoveries. The performance of the SWCNT-disks in the extraction of some organic
compounds (phthalate esters) from water samples was compared with commercial
Cig-disks. The SWCNT-disks have showed extraction ability for all the studied
analytes, even though the SWNT-disks contained only 60 mg of adsorbent whilst
there was 500 mg of adsorbent packed into the commercial Cyg-disk. The SWCNTSs-
disk showed some attractive features such as strong extraction ability of compounds
with different polarities and that a large volume of sample could be extracted at a
high flow rate. However, the main disadvantage is that the preparation of the sorbent

is currently expensive.

1.3.2.3 Solid phase micro-extraction

Solid phase micro-extraction (SPME) employs a fibre coated with an extraction
phase such as poly(dimethylsiloxane)/divinylbenzene and Carbowax/divinyl-
benzene. For protection, the fibre can be retracted inside the needle of a syringe.
Analytes are usually adsorbed onto the fibre by placing it in an agitated sample for
between 2 to 15 minutes. The analytes are desorbed from the fibre by introducing

the needle into the heated injector of a gas chromatograph®. Invented by Pawliszyn
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and co-workers”™ in 1989 the technique incorporates sampling, extraction,
concentration and sample introduction into a single solvent-free step. It has been
successfully applied to extract a wide variety of analytes (volatile or non-volatile)
from environmental, food, clinical and pharmaceutical samples. It has been directly
coupled to HPLC and HPLC/MS'®,

In order to improve the ability of SPME to extract/preconcentrate a wider range of
compounds, alternative approaches have been developed for the production of SPME
fibres® "% SPME fibres coated with multi-walled carbon nanotubes (MWCNTS)
have, for example, been applied to the preconcentration of polar aromatic compounds
from water. The average thickness of MWCNTSs/Nafion was found to be 12.5 pm
according to scanning electron microscope (SEM) (Figure 1.1). The MWCNT coated
Nafion fibre showed a high ability to extract polar compounds in low concentration
(0.03-0.57 ng mL™) compared to commercial fibre®*.

Bagheri et al.®

synthesized a sol-gel based amino functionalized fibre to be used for
the SPME of organophosphorus pesticides in water. Chemical bonding of the coating
to the surface of the silica led to chemical and thermal stability of the fibre coating. It
was found that the fibre could be used more than 120 times for extractions with 250
°C desorption, without any significant change in its stability. A novel SPME fibre
based on a molecularly imprinted polymer (MIP) template with 17 B-estradiol was
reported by Hu et al.%. This MIP-coated fibre was developed for the extraction of
estrogenic compounds and give recoveries between 80 and 83 %. The attraction of
SPME is that it is a simple, low cost, rapid, complete desorption of analytes and
solventless extraction approach that is convenient to use. However, its main
disadvantage is the limited number of commercially available stationary phases for

extracting different types of analytes.
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Figure 1.1 SEM image (50,000X) of MWCNT coated Nafion fibre surface (taken

from reference® with permission from the publisher)

1.3.3 The nanoscavenger dispersion extraction

Solid phase dispersion extraction (SPDE), or dispersive solid phase extraction
(DSPE) as it is called in some literatures, was originally introduced by Anastassiades

et al.¥’

as a clean up step. A small amount of solid phase extraction sorbent is
initially dispersed into the crude extract to remove co-extracted materials. The clean
up process can be easily carried out by shaking and the sorbent can then be removed
by centrifugation. Silicas functionalized with primary, secondary amines or Cig
(octadecyl), graphitized carbon black and carbon nanotubes have been used as
sorbents in SPDE¥ . Since its original introduction, there have been many reports
of SPDE being used in the analysis of samples. Phthalates have been extracted from
fruit jellies® and soil®?, estrogens from aquatic animals®, sulfonylurea herbicides
from soil**, pesticides from honey and wine®. The technique can however be
lengthy, it requires the use of organic solvent and can after only be used to achieve a

clean up of the sample extract.

In 2005, a novel SPDE technique was developed by Howard and Khdary®® that
employed carefully size-selected modified Stéber-type silica particles modified with
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an extracting agent. Many contaminants, both organic and inorganic, could be

directly preconcentrated from an aqueous samples using these designed particles.

In this study functionalized spherical mesoporous silica particles have been
developed to preconcentrate metal ions and organic materials from water.
Mesoporous silica has been chosen as the core support because it is relatively cheap,
stable material with a large surface area that does not significantly swell or shrink in
different solvent. Spherical mesoporous silica particles of 250 nm were synthesized
and modified for use as analytical tools. These modified mesoporous silica particles
are called nanoscavengers. Their size is critical. It falls within the colloidal range and
the particles can therefore be dispersed easily in aqueous solution where they move
naturally without external agitation. They sediment very slowly and therefore remain
dispersed in the sample for sufficiently long for them to achieve complete analyte
extraction. They can however be easily recovered by centrifugation or filtration
(Figure 1.2). Modified silica particles will be employed to extract analytes from

water using a technique will be called nanoscavenger dispersion extraction (NSDE).
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Figure 1.2 Diagram illustrating the process of preconcentrating metal analytes using

nanoscavenger dispersion extraction
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This method requires no mechanical agitation facilitating its use in the field. This
results in the need to transport only small quantities of solid sample, as opposed to
carrying litres of liquid. Furthermore, performing this process in the field limits
sample contamination, oxidation and loss which might otherwise occur during

transportation.

1.4 Conclusion

In conclusion, water contamination is a worldwide problem that becomes more
difficult to assess when the contaminants are at levels below the detection limit of
available analytical instruments. Even with major technological developments in
analytical instruments, contaminants at low concentration level can still not be
detected satisfactorily without a preconcentration step. In addition to raising the
concentration of the analytes, preconcentration can also overcome interferences
between the target analytes and other materials in the sample matrix. Various
methods have been used to enrich the analytes to detectable level of concentration,
including solvent extraction, co-precipitation and various solid phase extractions.
However, some of these techniques have drawbacks such as the use of harmful
solvents, the difficulty of dealing with large quantities of sample, slow processes and
high cost. Hence, it has been necessary to further develop techniques that give high
recovery of the analytes whilst is not damaging to the environment.

Among the numerous preconcentration techniques that are available, a novel
nanoscavenger dispersion extraction technique is clearly one of the simplest and
most effective procedures. The procedure can be designed to be highly analyte
selective, fast and can be carried out in the field, with no mechanical or manual
shaking required. In addition only small amounts of organic solvent are used to elute
organic analytes and no organic solvent are normally required to elute metal ions

from a nanoscavenger.

For these reasons, the nanoscavenger dispersion extraction technique has been
selected for further development as a main preconcentrating/extracting of a number

of metal ions and organic compounds from water.
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Chapter 2
Silica particles: types, characteristics and

applications

This chapter reviews the process of preparation of silica materials and highlights
some porous materials and their major applications. Particular attention has been
paid to mesoporous silica, as it is the main material under development as a
nanoscavenger. Its synthesis, control of its pore size and different formation
mechanisms are discussed. In addition, different types of silica modification and the
physical characteristics of the silica particles are discussed.

2.1 The historical development of silicas

2.1.1 Gel materials

A sol can be defined as a colloidal dispersion of particles in a liquid, and a gel is a
substance that consists of a solid skeleton enclosing a continuous liquid phase. The
presence of the liquid phase and solid phase together is necessary, as the liquid
prevents the solid collapsing and the solid keeps the liquid from escaping. Therefore,
the process of sol-gel formation is defined as a growth of colloidal particles, joining
together to produce a gel*. The precursor of colloidal particles usually contains metal
or metalloid elements surrounded by various reactive groups. The starting materials
proceed to form colloidal particles (sol) in contact with water or diluted acid.

Different types of material can then be produced?.
2.1.1.1 Sol-gel processing

Sol-gel materials can be prepared using alcohol as a solvent with a suitable silica
precursor. The most commonly used alkoxide resources in the sol-gel production of
silicas are tetraethoxysilane (TEOS) and tetramethoxysilane (TMOS)®. The sol-gel
process can be carried out in the following steps: hydrolysis and condensation,

gelation and aging and drying, as described below.
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I- Hydrolysis

The hydrolysis of a silica precursor (tetraalkoxysilane) takes place either with a base
or in an acid-catalyzed process. The hydrolysis reaction mechanism in both cases
follows nucleophilic substitution (Sn2), which involves a penta-coordinated
intermediate (Figure 2.1)*. Catalysis using acid or base is essential, as the water has
poor nucleophilic properties and the reaction is sterically hindered , which occurs as
a result of forming a penta-coordinated transition state with a silica atom, which has

a small size®.
Acid-catalysed
RO OR
H RO . H B R OR
AN \ . H N “ e 4\\0R +
O F rowySITTOR <= 85078103t <= HO—s{’ + ROH+ H
H RO H ‘ H OR
OR
Hydrolysis
Sn2 - ~
RO RO, OR
Z, OR
\ 8- - 5 . Z\OR
HO“"i{_a\‘_‘}_'Si OR =—= HO----- Si----- OR° =—= HO Sl‘\ OR"
RO ‘ OR
OR

Base-catalysed

Figure 2.1 Mechanisms of hydrolysis of alkoxysilane

As a result of this process, the replacement of alkoxide groups with hydroxyl groups

occurs, as seen in Figure (2.2).

Hydrolysis
H,O0

Si(OR),

Si(OH), + ROH

Figure 2.2 The hydrolysis of alkoxysilane
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During the hydrolysis process under acid or base catalysis, nucleophilic attack by the
oxygen of water on the alkoxide silicon atom leads to nucleophilic substitution by
proton transfer and to the elimination of alcohol. In base catalysed hydrolysis a
nucleophilic hydroxyl anion is formed, due to the dissociation of water. The
hydroxyl anion attacks the silicon atom and replaces the alkoxide groups to form a
penta-coordinated intermediate state. That process is followed by the removal of
alkoxide. However, in the acid-catalyzed hydrolysis process, the alkoxide is
protonated to form an alcohol. The electron density which is withdrawn from the
silicon makes it more electrophilic and highly positioned to be attacked by the
oxygen of water. A transition state forms as a result of attacking the silicon by water.
The positive charge of the protonated alkoxide is then reduced, which makes alcohol
a good leaving group. Removal of alcohol occurs by displacement of alkoxide in the

tetrahedral transition state?.
I1- Condensation

Condensation occurs simultaneously with the hydrolysis, the reactions producing
water or alcohol and involving the formation of siloxane bonds in both processes.
Figure 2.3 shows the condensation mechanisms under acid and base catalysis®. In all
cases, the rapid formation of a charged intermediate takes place from reaction with a
proton or hydroxide ion. The process is followed by slow attack of another neutral

silicon species on the intermediate.

/ Acid-catalyzed \
HO HO H OH HO OH

H' + \S' fast_\ / AWOR slow \ AWOR
NS i—OH —= W Si—OF + HO—Si —_— e Si—O—Si'
HO / HOM 7 . \ HO!
RO RO H OH RO OH
+ H;0*
OH
ol =\ o \ slow \; e
HO\'y T mowy ST HOVyy Si—OH == v~ O Sluoy
RO RO ) RO
. R . OR
OH + OH

\ Base-catalysed J

Figure 2.3 The mechanisms of condensation
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The condensation process is pH-dependent, as the transition state is protonated under
the acidic conditions and deprotonated under the base conditions. The effect of acid
catalysis is to promote the growth of a polymeric chain to produce a highly cross-
linked system and, under basic condition of catalysis, dense particles are produced.
Therefore, the reaction conditions (acid or base) can be adjusted to control the
properties of the produced materials (gel or sols)®. Iler® divided the condensation
process into three approximate pH ranges: pH < 2, 2-7 and > 7. At pH less than 2, the
hydrolysis reaction rate is fast and complete, without the formation of a gel. Highly
cross-linked systems are produced as a result of particle aggregation at pH between 2
and 7. At pH value above 7, the solubility and dissolution rate reach their maximum,
leading to particle growth without aggregation, and no gelation occurs at this pH
range. Monomers, dimers, linear trimers, cyclic trimers, tetramers, and higher order

rings are the products of the condensation process (Figure 2.4).
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Monomer
Dimer

Cyclic

!

Particle
pH less than 7 or ¢
1 nm

pH 7-10 with salts pH 7-10 with

present / : \ salts absent
/ % \ 5 nm

A EE S

d%/o\o 10 nm B\
/ \O3Onm

Figure 2.4 The polymerization pathway to form silica. Under acid conditions, the
particles aggregate and link together into branched chains and networks of gels,

under basic condition, particles grow without aggregation. (from reference?)
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I11- Aging and drying

The hydrolysis and condensation steps lead to colloidal particles linked together to
form a gel. After the gel network has formed an aging process take place. Shrinkage
of the network occurs during aging and this can cause removal of liquid from the
pores of the gel. In addition, continuing reactions increase the linkages of the
network. The solid phase separating from the liquid is the final step in aging. The
structure of the gel matrix becomes more of a solid network as the gel dries and
shrinks. At a critical point, the gel structure becomes strong enough to resist

shrinkage during liquid evaporation®.

Different types of materials can be produced by varying the drying process. When
the liquid is removed from the gel by evaporation at or near ambient pressure,
xerogel is produced. In this case shrinkage leads to a decrease in the surface area. It
was reported that the surface area of silica xerogel decreased from 330 m? g™ to 63
m? g™ when xerogel gel was heated at 250 °C for 5 hours®. When the liquid in the gel
is replaced by a gaseous phase an aerogel is produced. It was introduced by Kistler’,
who replaced most of the water with alcohol and then the alcohol was replaced by

air. No shrinkage or cracking in the silica aerogel was observed.
2.1.1.2 Major applications of sol-gel materials

The sol-gel process is a useful approach for the preparation of materials with a
variety of applications in many different fields. It plays an important role in the
preparation of materials used in chemical sensing, catalysis and the extraction of

analytes, as discussed below.

Sol-gel glasses are an amorphous form of silica which have been widely used as
solid supports for immobilization of chemical and biochemical sensors and
biosensors®™°. Various pH sensors have been developed using sol-gel technology as
the preparation of thin film sensors can be carried out at low temperature.

Jurmanovic et al.**

prepared colorimetric pH indicators by immobilization of methyl
red and bromocresol in organic-inorganic silica matrices, using a sol-gel method. The

developed thin film has high porosity and good mechanical stability, which make
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pH-based film sensors fast and sensitive to use in many applications, such as

continuous pH monitoring in solutions and gases.

Many catalysis materials have been prepared by encapsulation of catalytic groups
into sol-gel materials and immobilization of catalysts on the surface of sol-gel
materials. For instance, two kinds of Co?* Schiff base complexes were covalently
bonded to a silica matrix using a sol-gel process. These two complexes showed good
catalytic activity'®>. In addition, a Co/Fe catalyst was obtained using a sol-gel
technique on a silica base support. Good catalytic performance was noted when it

was applied as a catalyst for the conversion of trial organic compounds®.

In the analytical field, sol-gel materials are widely used for the preparation of
sorbents for separation and microextraction applications. For example, propylamine
anchored silica was obtained by a sol-gel process using TMOS and 3-
(diethoxymethylsilyl)propylamine®®. Many researchers use similar propylamine
silicas for further modification with more specific complexing groups. Amine silicas
have been used to extract metal ions from water®. For example, an amino-silica®
system was used as a solid phase extraction agent for the collection of copper (1)
from water at pH 5.5. Malik and co-workers were the first to apply the sol-gel
approach to the coating of SPME fibres. The outer surface of the fibre was coated
with a bonded sol-gel layer of poly(dimethylsiloxane). These SPME fibres were used
with GC for the preconcentration and determination of organic compounds such as
polynuclear aromatic hydrocarbons in the aquatic environment'’. Vinyl crown ether
SPME fibres were also synthesized using sol-gel process. The new SPME fibres
showed higher extraction efficiencies for some pesticide compounds than other
fibres'®. The recoveries of pesticides spiked in food samples were determined to be

more than 55 %, with a detection limit in the range of 0.003-0.09 ng g™.

There are some drawbacks to sol-gel materials, such as their physical stability and

mechanical strength which may limit their use in some applications.
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2.1.2 Porous materials

Porous materials are widely used as adsorbents, as ion exchange media, in separation
and as catalysts or catalytic supports, because of their high surface area. The porous
structures come from the aggregation or intergrowth of small grains into solid
particles, resulting in pores between these grains. In addition, using templating
materials during the growth of the particles leads to the generation of pores after the
template is removed. Thus, different materials with a variety of pore sizes can be
obtained, depending on the method of preparation. According to their average pore
size distribution, IUPAC classified them into three different materials®:

o Microporous materials which have a pore size not exceeding 2 nm in
diameter

o Mesoporous materials with medium size pores around 2-50 nm.

o Macroporous materials having large pores; more than 50 nm.

The determination of the type of material based on its porosity is important from the

point of view of the quantity and type of material that can be loaded on their surface.

The standard technique for the measurement of porosity is to use a gas adsorption
isotherm, using either nitrogen or argon as the gas adsorbate. The BET method® is
used to calculate the surface area and pore size distribution. The gas adsorption
isotherms have different shapes according to the porosity of the sample (porous or
non porous), its pore size and shape. There are six major types of gas adsorption
isotherms as classified by the IUPAC (Figure 2.5).
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Figure 2.5 Types of adsorption isotherms (taken from reference'® with permission

from the publisher)

The Type | isotherm is concave and represents microporous materials with low
external surface area. Examples of adsorbents of Type | are activated carbon and
zeolite. Types Il and Il isotherms derive from non-porous or macroporous
adsorbents. The Type Il isotherm is convex and not common, only appearing in
nitrogen adsorption isotherms of some systems, such as polyethylene. The Type IV
isotherm derives from mesoporous adsorbents and is associated with capillary
condensation inside mesopores. In its initial part it follows the Type Il isotherm path.
The Type V isotherm is related to Type Ill, but the pores are in the meso range and it
is uncommon. Type VI has more than one step as a result of multilayer adsorption on
a uniform non-porous surface. An example of this type is the isotherm obtained from
the adsorption of argon or krypton on the surface of graphitised carbon blacks™ 2. It
is noticeable that Type I, 1l and Il isotherms are reversible systems, as the amounts
of adsorbed and desorbed gas are equal. Microporous materials of Type | isotherm
can exhibit hysteresis. Types IV and V isotherms, which are related to mesoporous
systems, usually show hysteresis between adsorption and desorption. Although the

IUPAC isotherm classifications cover a wide range of adsorption systems, there are
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still some materials whose adsorption isotherm does not fit in any IUPAC

classification.

2.1.2.1 Microporous materials

Microporous materials have an average pore diameter less than 2 nm. They can be
divided into microporous (1-2 nm) and submicroporous (pores less than 1 nm). There
are many types of silica which have microporous structures; these include fumed

silica and Stober-type silicas.

2.1.2.1a Fumed silica

Fumed silica (pyrogenic silica) is a fine white amorphous powder prepared in a high-
temperature vapour process. The source of silica is silicon tetrachloride (SiCl,)
which is hydrolyzed in a hydrogen/oxygen flame, as shown in Figure 2.6. The
combustion process leads to the production of silicon dioxide molecules which
condense to form particles. The prepared silica has a large surface area®’; the primary
particles are non-porous and a microporous structure forms as a result of the linking

of primary particles.

Figure 2.6 The formation of fumed silica

The most important applications of fumed silicas are as thickening agents in ink for
printers and paint, thermal insulators and reinforced filler in rubbers®. Aerosil, arc

and plasma silicas are three different classes of pyrogenic silicas.

I- Aerosil silicas

In 1942 Kloepfiner discovered a method to produce aerosil by flame hydrolysis,
which involves burning SiCl, vapour with oxygen and hydrogen?. Particles with a
unimodal size distribution are obtained (with diameters of 10-20 nm) as a result of

the homogenous formation conditions®. Particles of aerosil are coagulated outside
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the combustion area to form particles of 1-2 um diameters. The surface area can be
adjusted over the range 50-400 m? g by manipulating the reaction conditions, such
as the concentration of SiCly, the flame temperature and the residence time of the
materials in the flame. The individual primary spheres of aerosil are not porous, the
pores are generated between the arranged small aerosil particles. The diameter of the

pores varies between 0.34 to 0.9 nm, based on a close-packing arrangement?*.

I1- Arc silicas

Arc silicas are prepared commercially by reduction of high purity sand (quartz) to
silicon monoxide at high temperature. The silicon monoxide is then oxidized to
silicon dioxide in an air atmosphere?®. The size of the particles varies and the surface

area is around 170 m? g,

I11- Plasma silicas

Ultra-fine silica particles can be prepared by conversion of quartz to a plasma state at
high temperature in an inert gas or nitrogen. It involves transferring an arc consisting
of decomposed quartz (SiO) + O,), followed by an oxidizing quench back to SiO».
No by-product like HCI is obtained if silica is produced by plasma technology. This
is because cheap and easily available material (quartz) is used instead of SiCly,.
Pristavita et al.? studied the surface area of different batches of plasma silica. The
measured surface areas ranged from 105 to 263 m? g*. They found that the specific
surface area increased as a result of the formation of smaller particles at a higher

quenching rate®.

2.1.2.1b Stober-type silica

Stober et al.?’

synthesized spherical silica particles by hydrolysis of TEOS in a
medium containing alcohol and ammonia. This type of silica is non-porous.
However, micropores can be obtained by combustion of the silica or by using a
template. Several attempts have been made to obtain spherical silica particles of
different porosities. Most of these efforts were based on modifications of the Stdber

method, by adding templating materials such as an alkylamine. The pore diameter of
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the particles can be controlled by varying the length of the alkyl-chain of the
surfactant. The shorter the alkyl-chain, the smaller the pore diameters. Two
examples of attempts to prepare microporous spherical silica using modified Stober
methods are discussed below.

Yano and Fukushima synthesized spherical silica particles using TMOS with a
decyltrimethylammonium bromide (C1,TMABTr) template in a mixture of methanol
and water. The particle diameters changed with varying the synthesis temperature,
water: methanol ratio and silica precursor. However, the particle sizes remained
unchanged when Ci3,TMABr and TMOS concentrations were varied. The surface
area was between 700-1000 m® g, with an average pore diameter in the

microporous range (1.7-2 nm)®.

Spherical microporous silica powders were synthesized using a TEOS silica
precursor in a medium containing ethanol and ammonia. Microporosity in these
particles was obtained by introducing either glycerol or 3-aminopropyl-
triethoxysilane (NH,Si(OEt)3) during the formation of the particles. The micropores
can be then generated by calcination of the organic materials. The surface area of the
particles was 36.5 m* g, with no organic materials added and the surface area
increased with increasing the amount of added materials. The surface area reached 86
m? g™ with 50/50 % NH,Si(OEt)s/TEOS. Increasing the added material to TEOS led
to an increase in particle size and particles of irregular shape were obtained when the

amount of added materials was more than 50 %2°.

2.1.3 Mesoporous silica

The mesoporous silicas have an average pore diameter of between 2-50 nm and
usually show the Type IV adsorption isotherm of the IUPAC classification. Ordered
mesoporous silicas were first discovered by Kresge and co-workers at the Mobil Oil
Corporation in 1992°°. The general procedure that the Mobil group applied was to
produce mesoporous silica using surfactant supramolecular assemblies as a template.
Silicas with a mesoporous structure were obtained after the template had been

removed. The pore diameters fall in the range between 2 and 10 nm, with hexagonal
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and cubic arrays. Since this breakthrough, a lot of research has been carried out to
obtain mesoporous silicas of different pore sizes, by manipulating factors such as
silica precursor, type of template and reaction solvents. So far, the Kresge et al.
article has been cited over 8277 times in 18 years.

2.1.3.1 Method of preparations

The preparations of mesoporous silica involve three general steps: synthesis, drying
and template removal. Synthesis of silica is the most important step among the three,
as the silica characteristics are based on it. Thus, choosing the type of reagent and the
reaction conditions is crucial to control the size and pore diameters of the particles.
Once the materials are formed, they are isolated and rinsed with water to remove the
residue of reagents and solvents. A drying process then takes place at temperatures
between 25 and 45 °C, which has little effect on porosity. The final step to obtain
the mesoporous silica is the removal of the template. The method and conditions to
remove the template affect the pore size and surface area of the silica®’.

2.1.3.1a Synthesis of mesoporous silica

Five reagents are normally required to synthesize mesoporous silica: a silica
precursor, a surfactant, water, alcohol and a catalyst. All the materials except the
silica precursor are mixed together to form micelles. To the micellar solution, a silica
precursor which is usually TMOS or TEOS is added to form the phase. Three types
of pure silica mesophase structure can be formed: hexagonal which is a 1-d system of
hexagonally arrayed cylindrical pores (2.7a), cubic which consists of a bicontinuous
system of pores (2.7b), and lamellar (2.7c), which is a 2-d system of metal oxide
sheets interleaved by surfactant bilayers *" 3 (Figure 2.7). When the template is
removed, the structure will collapse to generate pores.
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Figure 2.7 The silica-surfactant mesophase structures: a) hexagonal, b) cubic

bicontinuous, c) lamellar (taken from reference®! with permission from the publisher)

2.1.3.1al Control of pore diameter

The mesoporous silica materials exhibit specific surface areas varying from 400 m?
g™ to greater than 1000 m? g* with pore volumes of more than 0.5 cm® g™. The pore
diameters can vary from 2 to 50 nm, depending mostly on the surfactant templates
used. Surfactants are defined as bifunctional molecules that contain two ends, a head
group, which is solvent-loving (lyophilic) and a tail which is solvent-hating
(lyophobic). They are considered as amphiphiles®®. There are three types of
surfactants: charged, neutral and non-ionic surfactants. The charged surfactant can be
either cationic or anionic, depending on the type of charge on the hydrophilic group.
Examples of cationic surfactants include alkylammonium salts such as hexadecyl-
trimethylammonium bromide (C1sTMABYr). Alkylcarboxylic acids such as
C17H3sCOOH are examples of anionic surfactants®. In neutral surfactants such as
primary amines® the hydrophilic group is not charged. The non-ionic surfactants,
such as polyethylene oxide®, are normally polymers. The type of surfactant affects
the pore size. For example, a large pore size (> 20 nm) can be obtained using

polymeric surfactants. Yu et al.®’

synthesized mesoporous silica with an average pore
diameter of 23 nm and a surface area of 610 m? g, using polymer as a surfactant. A
pore size of less than 20 nm can be obtained using ionic and neutral surfactants. For
example, silica particles of mesoporous type with particle diameters of 300-500 nm
and pore sizes of 3 and 12 nm were synthesized using the ionic surfactant N-

lauroylsarcosine sodium®. The surface area of the particles was 536 m? g™ and the
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pore volume was 0.83 cm® g. The pore diameter can be manipulated by changing

the length of the hydrophobic chain.

The simplest way to tune the pore size is by altering the surfactant tail length.
Cationic surfactants, suitable for use as templates, are available with the general

formula;

[ CnH2n+1(CH3)sNX where n = 8, 10, 12, 14, 16, 18 and X= Br, Cl, OH ]

It has been found that the pore diameter of as-synthesized materials increases by
about 2.25 A with each carbon atom added to the hydrocarbon chain in the
surfactant. The smallest pore size that can be obtained is around 15 A, using the
shortest surfactant chain with 8 carbon atoms. The maximum pore size can be
achieved by using surfactants, with a hydrocarbon chain length of 18, is around 45
A3L323 Increasing the number of carbons in the surfactant chain to more than 18
may cause problems such as low solubility and high melting point of the surfactants.
These theoretical calculations of the pore diameter alter in practice as the surfactant’s

form changes according to the nature of the medium used, as discussed later.

There are many reports about controlling the pore size by adjusting the surfactant’s
tail length. Hamoudi et al.** synthesized mesoporous silica with pore diameters
ranging from 2.9 to 4.4 nm using alkyltrimethylammonium chloride with different
hydrocarbon chain lengths (n = 8, 12, 14, 16, 18). They found that the pore diameters
of prepared mesoporous silicas increased in parallel with the surfactant carbon chain
length. Alkylammonium surfactants of various alkyl chain lengths (n = 12, 14, 16,
18) were used by Xia and Mokaya to prepare mesoporous silicas with pore sizes
tunable from 2.3 to 4.1 nm. It was found that variations in surfactant chain lengths
not only changed the pore size but also changed the morphology of the particles.
Irregular particles were formed when the surfactant’s chain length had more than 12

carbon atoms*.

The pore size of mesoporous silicas can depend not only on the type and surfactant
alkyl chain length; there are many minor factors that affect the pore diameters. These

factors include the concentration of the silica precursor, addition of a swelling agent
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and a condensation catalyst (NaF) and the reaction temperature. Generally,
increasing or adding these factor increase the pore diameter** **. Boissiere et al.**
studied the influence of the factors on the pore size of mesoporous silica. They
found that adding swelling agent such as 1,3,5-trimethyl benzene (TMB) led to an
expansion of the pore diameter. The pore diameter increased by 1 nm when the
reaction temperature was varied between 35 and 75 °C, as well as when the NaF/Si
molar ratio was changed from 1 to 6 %. A small increase was observed when

changing the Si/surfactant ratio**.
2.1.3.1a2 Formation mechanisms

Several models have been proposed to describe the formation of mesoporous
materials. Understanding the synthesis procedure and interaction of the materials
during the reaction is important for designing the final product. Most proposed
mechanisms consider the template molecules to play key roles in controlling
mesostructure formation”>.  Some other factors can be considered such as
condensation degree and the structure of the silica precursor. Although these
mechanisms offer some explanations of the manner of formation of mesostructures,
the templating mechanism is still not completely understood. The mesostructure
formation reaction involves numerous and complex species and equilibria, diffusion,
nucleation, and a growth process which is affected by concentration, pH, temperature
and reaction time. Some of the proposed mechanisms in the literature will be

discussed in the following sections.
I. Liquid Crystal Templating (LCT) mechanism
The LCT mechanism was proposed when Mobil scientists noted that the resulting

silica/surfactant mesophases strongly resembled the mesophases seen in simple

surfactant-water systems* *2. Two pathways were suggested (Figure 2.8).
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Figure 2.8 The liquid-crystal templating mechanisms scheme. Path 1 is liquid
initiated and path 2 is silica anion initiated (taken from reference® with permission

from the publisher)

In the first path, the surfactant liquid crystal is already present in the solution prior to
the addition of the silica precursor and it acts as a template. The inorganic (silicate)
species are located at the external surface of micelles and then condense to form the
inorganic network. The second pathway postulates that interactions between the
silicate species and the surfactant influences the ordering of surfactant micelles to the
desired liquid crystal phase. In both pathways, there is a strong electrostatic
interaction between the surfactant and the silica species, and through the
condensation of silica species around the surfactant arrays, an ordered inorganic

structure is ultimately produced.

1. The cooperative Self-Assembly pathway

Monnier et al.*®

postulated this mechanism based on their observation of the
formation of a lamellar phase prior to the hexagonal MCM-41(Mobil Composition of
Matter No. 41) phase. Three processes in the formation of mesostructures have been
suggested. In the first step, the oligomeric silicate polyanions act as multidentate
ligands for the cationic head groups of the surfactant. This leads to a strong
interaction at the surfactant-silicate interface with a lamellar phase. Secondly, as the
negative charge of the silica species is balanced by the surfactant, there is a
possibility that the silicate concentration is high at the surfactant-silicate interface;
therefore polymerization of the silicate species is preferred. Once the condensation of

silica starts, the negative charge density is reduced. This new situation leads to a
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charge rearrangement that induces the phase transition from lamellar to hexagonal
(Figure 2.9)*
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Figure 2.9 The transformation mechanism of a surfactant-silicate system from a
lamellar (left side) to a hexagonal (right side) mesophase (taken from reference

with permission from the publisher)

An experimental observation supported this lamellar to hexagonal transition, in
which kanemite, a single layered hydrated sodium silicate is used as the inorganic
source for the preparation of a mesostructured phase*” 2. This phenomenon was also
observed in materials called folded sheet materials (FSM), which were prepared by
intercalation of an alkyltrimethylammonium surfactant into kanemite. After ionic
exchange of sodium for alkyltrimethylammonium ions, the surfactant was folded by
silica layers, leading to a hexagonal structure. However, the postulated synthesis
mechanism is still debated, for instance by Linden et al.*®. They used in-situ X-ray
diffraction (XRD) to study the formation of MCM-41 in a tubular reactor. It was
found that the hexagonal silica-surfactant mesostructure was directly formed by
precipitation in alkaline media.

1.° revealed the formation mechanism for MCM-41. The formation of

Firouzi et a
silicate-surfactant mesophases was investigated at high pH and low temperature; thus

the silica condensation was hindered, in order to separate the effects of self-assembly
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from the kinetics of silica polymerization. It was demonstrated that in a micellar
solution of C1sTMABT the counterions were ion exchanged for silicate oligomers,
forming aggregations of inorganic-organic silica whose structure can be different
from that of micelles (Figure 2.10). The multidentate interaction of the silicate
oligomers with surfactant prevents the electrostatic repulsion between the head
groups of the surfactant. This process induces self-assembly of the silicatropic liquid
crystal (SLC). This behaviour is analogous to the effect of electrolytes on micellar
systems. Heating of the synthesis mixture results in condensation, leading to MCM-

4145, 50.

recursor
Solutions

=CTA*

]
®

lon Exchange

monomers

Surfactant
./_' o o o] & Inerganic

or
oligomers

-

/

-

Assembly of
the Silicatropic
Liquid Crystal

Mesophase

Phase
Transitions

Figure 2.10 Schematic pathways for the cooperative organization of silicate-

surfactant mesophases (taken from reference® with permission from the publisher)

2.1.3.2 Template removal

There are generally two methods for removal of the template: solvent extraction and
calcination®" 2. In solvent template extraction, acidic ethanol is widely used. Hue et
al.> used solvent extraction to remove the template from the silica structure and by

Fourier transform infrared (FT-IR) spectroscopy confirmed a complete extraction
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into ethanol/HCI solution. Weak bonding between the template ions and the
inorganic species is believed to help achieving a complete extraction of the template.
The average pore diameter of the mesoporous silica was 2.4 nm, (from the N,
adsorption isotherm). Solvent extraction with ethanolic HCI has also been used to
remove the template from MCM-48 mesoporous silica. Around 90 % of the template
was removed at room temperature over 24 hours. XRD study of the prepared
materials revealed that the extraction process did not destroy the mesostructure of the
MCM-48 material®*.

The advantage of removal of the surfactant using solvent extraction is that the
mesophase structure does not shrink. Therefore the pore size does not change, and
the mesostructure could be easily maintained after extraction. In addition, it is
possible to recycle the template, and the concentration of silanol groups on the pore
walls and on the surface does not change. However, incomplete removal of

surfactant and time consumption are the main disadvantages of solvent extraction.

Calcination is the most common method used to remove templates from
mesostructured silicas. The calcination process is normally carried out by heating as-
synthesized materials to a high temperature in oxygen, nitrogen or air, to burn off the
organic materials from the structure. Removal of the template by calcination can lead
to a decrease in pore size and surface area, and could lead to the collapse of the
mesoporous channel® *. MCM-41 samples were originally calcinated at 540 °C in
N, for one hour and then in O, for six hours by Mobil scientists®>. Chen et al.””’
investigated the effect of calcination on the mesostructure of MCM-41 samples under
heating to 540 °C over a period of 10 hours. They observed variation of up to 25 %
of pore sizes according to synthetic conditions. Heating the mesoporous silicas
(MCM-41) at more than 900 °C caused collapse of the framework of the silicas, as
observed by Chen et al.>’. Therefore, it is advisable when removing the surfactant by
thermal treatment to keep the calcination temperature lower than 650 °C, to avoid the

collapse of the mesostructure of the materials and condensation of the silanol groups.
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2.1.3.3 Surface functionality of mesoporous silicas

Many silica properties are based on the chemistry and geometry of their surfaces, and
these properties determine the practical applications of silicas. Therefore, the
chemistry of the silica surface is an interesting field of study. The surface of silica
was studied using transmission infrared spectroscopy by Hair’®. In addition,
continuous studies were carried out in the field, using different techniques and
methods, such as diffuse reflectance infrared Fourier transform (DRIFT)
spectroscopy, 2°Si nuclear magnetic resonance (NMR)* and BET method®, to

identify the functional groups on the surface.

Many groups have been identified on the surface of silicas. These groups involve Si-
O bonds either as silanols or siloxanes. The silanol groups are formed on the silica
surface during the process of the condensation of Si(OH), to synthesize silica, and
they can also be obtained by aqueous treatment of thermally dehydroxylated silicas.
The silanol groups can be classified according to their nature and type of association
to the following types®:

a) An isolated group, also known as a single or free silanol, consists of a hydroxyl
group placed at a sufficient distance from a neighboring hydroxyl group to prevent
hydrogen bonding (Figure 2.11). In the IR spectrum, the isolated silanol group shows
a sharp band at around 3750 cm™.

b) Geminal (silanediol) groups have two hydroxyl groups on the same silicon atom.
Hensley postulated the existence of this group and they were experimentally
confirmed by ?°Si NMR spectroscopy®.

c) Silanetriol groups consist of three hydroxyl groups bonded to one silicon atom.
The existence of these groups on the surface of silica was proven by solid-state
NMRGZ, 63.

d) Vicinal or hydrogen-bonded silanol groups are hydroxyl groups located on silicon

atoms and close enough to make hydrogen bonding (Figure 2.11).

The silanol groups are not only present on the surface of silica but also inside the

pores and within the structure.
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Figure 2.11 Different types of silanol groups and siloxane bridges on

the surface of silica

The external and internal silanol groups of silica may thermally dehydroxylate to
form strained siloxane bridges (Figure 2.11). At high temperature (> 500 °C), the
strained siloxane groups are converted to form stable siloxane groups. The type of
silanol affects the process of dehydroxylation to produce siloxane. It was found that
vicinal silanol groups are easy to dehydroxylate because of the existence of
neighboring silanol groups. These vicinal silanol groups can be condensed at
temperatures between 150-600 °C. However, the isolated silanol may be thermally
removed in the range of temperature between 600-900 °C%. The stable siloxane
bridge can be rehydroxylated, but at a slow rate. For example, silica with a surface
area of 340 m? g* was completely dehydroxylated at 900 °C. It has been found that
this dehydroxylated silica needed five years of contact with water at room
temperature to be rehydroxylated completely®. The rate of dehydroxylation of the
silica surface can be encouraged by catalyzing the aqueous solution with acid or

base.
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2.1.3.4 Major applications of mesoporous silicas

The unique properties of mesoporous silicas make them attractive materials to use in
the areas of separation, catalysis, nanotechnology etc. The applications of
mesoporous silicas in the fields of catalysis and environment remediation will be
discussed in the following sections as they may be considered to be the most

important applications of mesoporous silicas reported in the literature.
2.1.3.4a Catalysis

Mesoporous silicas have been functionalized as catalysts for oxidation and as acid
and base catalysts. Titanium dioxide has been immobilized into mesoporous silicas
for use as an oxidation catalyst for organic materials in the presence of H,0,. It has
been found that the activity of the Ti is affected by the nature of the silica matrix. A
possible explanation is that it is related to the hydrophobicity of the surface of the
silica. The more hydrophobic the surface, the higher the reaction rate, as the
concentration of organic materials increases at the hydrophobic surface, which
contains a Ti active site. Many researchers have enhanced Ti-mesoporous silicas,
making the surface more hydrophobic by post synthesis silylation by alkylsilane® or
chloroalkylsilane®’. The enhanced Ti-mesoporous silica was used as catalyst for
oxidation of several substrates, such as alkenes®, ketones®®, aromatic or aliphatic
hydrocarbons and fatty esters’™, in the presence of H,0, or tert-butyl hydroperoxide.
Various organometallic complexes have also been grafted on aminopropyl-

mesoporous silica and applied as oxidation catalysts™" "2.

Mesoporous silicas have been used as solid supports to prepare both acid and base
catalysts. For example, sulfonic acid was immobilized onto MCM-41 mesoporous
silica and applied as an acid catalyst for glycerol esterification by lauric acid”. The
sulfonic acid could be loaded onto the silica by coating or silylation. On the other
hand, a base catalyst can be prepared by post synthesis modification of mesoporous
silicas. These modifications may be accomplished either by direct reaction of
mesoporous silicas with trialkoxysilanes containing amine functional groups or via a
two step synthesis. The two step synthesis consists of reaction between mesoporous

silicas and chloroalkoxysilane, followed by reaction with a free secondary amine,

49



Chapter 2: Silica particles: types, characteristics and applications

such as piperidine’ ™. In both preparations of basic catalysts, the residual hydroxyl
groups were removed by reaction with hexamethyldisilazane. The catalytic activity
of base catalyst-mesoporous silicas was investigated with various esterification and
condensation reactions. For example, Cauvel and co-workers™ found that when
mesoporous silica modified with piperidines was used to catalyze the esterification of
glycidol, the best yield was 90 %. This yield was high compared to those obtained
using unmodified materials and aminopropyl-mesoporous silicas. The high surface
area of the mesoporous silica made it a good host material for immobilizing

catalysts.

2.1.3.4b Environmental applications

Mesoporous silicas have been extensively used in environmental applications. The
surface of mesoporous silica can be easily modified to act as extraction agents and
the materials can be used for many kinds of environmental applications. They can
either be used for removal or the extraction/preconcentration of pollutants.

I. Removal applications

The removal of heavy metals from wastewater can be achieved using modified
mesoporous silicas. For instance, mesoporous silica modified with 3-
mercaptopropyltrialkoxysilane has been applied to the removal of Hg®*, Cu®*, Zn*",
Cr?* and Ni?* from wastewaters. It was found that the adsorption capacity for the
metals was not only proportional to the concentration of the thiol groups on the
surface but was also strongly depended on pore size’” "®. In more recent work, amine
functionalized hexagonal and cubic silicas (type MCM-41 and MCM-48) were
applied to remove Cd**, Co*", Cu*and Pb*" from water. The affinity of metal ions
for the amino-mesoporous silicas depended on the metal”®. The adsorption capacity

order was Cu?* > Pb?* > Cd** > Co?".

Modified mesoporous silicas can also be applied for the remediation of water
contaminated by organic materials. Sawicki and Mercier®® prepared cyclodextrin-
mesoporous silica as an organic adsorbent. These materials were shown to be

promising agents for the removal of low concentrations of pesticides from water.

50



Chapter 2: Silica particles: types, characteristics and applications

Recently, various types of mesoporous silicas (MCM-41, MCM-48, SBA-15) were
directly used (without modification) to remove large-molecule pesticides such as
1,1,1-trichloro-2,2"-bis(p-chlorophenyl)ethane (DDT) from water. All materials
exhibited high efficiency for DDT removal and adsorption was rapid. The efficiency
of DDT removal was affected by pore volume, pore diameter, pore connectivity and
hydroxyl groups on the surface. SBA-15 has the highest adsorption efficiency
(around 95 %) among all the mesoporous silicas, as a result of its large pore diameter
and volume. After removal of DDT, the silicas were thermally treated and almost
100 % of the DDT was decomposed. The materials could be reused several times to

remove organic materials®®.
I1. Preconcentration applications

Since the discovery of mesoporous silicas, significant effort has been devoted to
synthesize mesoporous silicas of high surface areas, defined sizes and pore diameters
for extraction/preconcentration purposes. The mesoporous silica is used as a
supporting phase to immobilize the extraction agent. The selectivity of the sorbent
relies strongly on the affinity of the surface-coated functional ligand for specific
pollutants. The modification of mesoporous silica with 2-mercaptopyridine, for
example, has been carried out in two steps. The 2-mercaptopyridine was first reacted
with 3-chloropropyltriethoxysilane and the product was used to functionalize the
silica surface. Using a batch technique, the mercapto-mesoporous silica showed a
high affinity for extracting Cr®* from aqueous solution, with a maximum adsorption
value of 0.35 mmol g* ®. Noble metal ions such as Pt** and Pd** have been
selectively extracted from water using an imidazole-functionalized mesoporous silica
adsorbent. This adsorbent was prepared by grafting N-(3-triethoxysilylpropyl)-4,5-
dihydroimidazole onto the surface of the mesoporous silica. It showed a high
selectivity for extraction of Pt*" and Pd®* in the presence of other competing metal

ions®e,

Enhancing the method of immobilization of the extraction agent can lead to
improvements in the extraction ability of modified mesoporous silica. Dai et al.®*
developed a novel synthesis of selective functionalized mesoporous sorbents, based

on imprint coating. In this method the functional groups were introduced onto the
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surface of the mesoporous silica. The key enhancement in this work was that the
surface was modified not just with the ligand, but also with the target metal. After
removal of the metal ions, ligand imprints of the template metal ions are created on
the mesoporous surface. The selectivity of the new sorbent was investigated using an
aqueous solution of Zn** and Cu?*. They found that the new sorbent materials
exhibited higher binding selectivity towards the target metal ions than sorbents
prepared by the conventional coating method. This comes as a result of the memory
of the size and stereochemical signature of the template ion.

The large surface area of mesoporous silicas allows them to be loaded with more
than one functional group for metal ions uptake, as described by Olkhovyk and
Jaroniec®. They functionalized periodic mesoporous silicas with two functional
groups, and the product was used as an adsorbent for heavy metal ions, such as
mercury. In the synthesis of the bi-functional adsorbent, heterocyclic isocyanurate
rings were incorporated into the structure during the formation of the particles. A
second functional (thioether bridging) group was then introduced to the surface after
the particles had formed. They noted no change in pore size and structure when the
first groups were incorporated into the framework. On the other hand, after
introduction of the thiol functionality along with isocyanurate moieties, the structure
changed. Incorporation of the functional groups during the formation of the particles
causes them to be distributed within the structure and inside the pore, and this will
not hinder further modification of the surface. The method of modification can lead

to enhanced metal adsorption®.

Mesoporous silicas are widely used as a supporting phase to immobilise extraction
agents, such as Cig, for the extraction and separation of organic compounds® &, Ma
et al.®® synthesized large pore mesoporous silica and the surface was functionalized
by dimethyloctadecylchlorosilane (DMC15CISi). The Cyg-silica was packed into an
HPLC column for separation of small aromatic molecules, and large molecules, such

as proteins.

To sum up, the mesoporous silicas are not normally effective in environemental
applications without prior modification of their surface to give the silica with

functionality suited to the particular application.
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2.2 Modification of silica

Solid phase extraction of analytes from water involves transferring them from a
water medium to the adsorbent matrix. The adsorbent usually consists of a solid
support, linked chemically to a hydrocarbon chain, terminating in functional groups
that work as the main extraction agent (Figure 2.12). The hydrocarbon chain used to
carry the extraction groups is often a propyl chain as this keeps the extraction groups
away from the surface of the solid and reduces a steric hindrance effects at the silanol

site, allowing more extraction groups to react with analytes®.
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Figure 2.12 Silica surface functionalization

Silica is one of the most popular substrates for carrying functional groups. It has
many advantages over other substrates, such as thermal and mechanical stability, no
swelling and great resistance to organic solvents. In addition to the ease of linkage of
the functional groups to the silica surface, which is covered by different types of

active silanol groups, as discussed earlier.

The surface of silica can be modified either by physical adsorbing or chemically
grafting the functional groups to the surface. The chemical bonding of the functional
groups to the surface is preferable, as the grafted groups have a strong covalent
bonded with the surface, which prevents leaching of the groups during the sample
preparation. Modification of silica using a silane agent and organically modified
silicates (ormosils) are widely used to functionalize the surface of silicas and

prepared modified silicas. These methods will be discussed in the following sections.
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2.2.1 Modification of silica by silane agents

Modification of the silica surface using organosilane agents is extensively practised
by many researchers. The organosilanes of type RSiX, where R is the functional
group and X is the reactive group, such as halogen, ethoxy and methoxy, firstly
hydrolyse and react with the hydroxyl groups to covalently link the extraction groups

to the surface of the silica®.

Among the functional groups of interest for loading onto the surface of the silica are
amine derivatives, which can be used for metal ions and DNA extraction. The 3-(2-
aminoethylamino)propyl group was grafted to the surface of the silica and applied to
preconcentrate Au, Pd and Cu prior to their determination by FAAS. The recovery
results were more than 90 % for all metal ions. In addition, amino-silica was also
functionalized to the surface of silica using NH,Si(OMe);. The prepared amino-silica
was packed in a column and applied to extract and purify DNA. The 50 mM of DNA
was dissolved in tris(hydroxylmethyl)aminomethane-EDTA buffer at pH 7 and
eluted using 300 mM of potassium phosphate solution at pH 10. No organic solvent

was used for elution or washing the column®?,

Grafting the organic groups for extraction of metal ions can be done via the reaction
between the silanol on the silica surface and alkoxysilane. Hernandez and
Rodriguez® modified the silica surface with mercaptopropyltrimethoxysilane. They
found that the adsorption properties of silica particles were improved after the
attachment of thiol groups to the surface. This increase in the adsorption of metal
ions is due to the strong affinity of thiol groups to various metal ions, such as Hg, Pb
and Cu. Moreover, mercapto groups were grafted to silica gel and applied by
Howard and co-workers® to selectively preconcentrate arsenite from a water sample
using column and batch techniques. The recovery results were in the range between
94-96 %. The good selectivity of mercapto-silica gel towards arsenite over other
arsenic speciation allowed it to be used as storage stabilizer of arsenic prior to

analysis.
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The surface of silica can be reacted with alkyltrichlorosilanes to immobilize the
hydrocarbon groups, such as octyl (Cg) and octadecyl (Cig), for extraction of organic
materials. Yoo et al.** inserted Cig onto the surface of silica via a reaction with
octadecyltrichlorosilane (C;gSiCl3). Silicas modified with C1g groups are commonly
used as solid stationary phase in the chromatography column and as sorbents in solid
phase extraction for extraction/preconcentration of organic compounds. The key
attraction mechanism between organic analytes and alkyl groups is based on
hydrophobic forces. The length of alkyl groups could affect the extraction ability.
Therefore, Cyg-silica is more commonly used for extracting organic compounds than

Cg-silica®.

2.2.2 Organically modified silicates (ormosils)

Organically modified silicates (ormosils) are composites containing organic
/inorganic hybrid materials. These materials have the potential to provide unique
combination properties, such as no crack coating and bulk monoliths, which cannot
be achieved with other materials®®. Ormosil materials can be produced by using
various organotrialkoxysilane agents. For example, when a tetraalkoxysilane is
combined with different types of trialkoxysilane, it results in the formation of

ormosils as described below.

The polydimethylsiloxane (PDMS) oligomer was added to TEOS as a modifier to
produce silica xerogels and give toughness and flexibility to the product. The final
structure of this type of hybrid material can be governed by many factors, such as
catalysis type, the amount and molecular weight of added organic material, solvent
and water quantities, temperature and reaction time®”. In similar research, it has been
found that using basic catalysis enhances co-condensation between PDMS and
TEOS. However, an acidic catalysis has more influence on the hydrolysis reaction
and a large amount of free organic species was found when acid was used as the
catalyst. Moreover, the prepared silica xerogel was affected by water and the pH of
the reaction solution. The hydrolysis rate of the sol was increased by increasing the

water quantity®.
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Organo modified alkoxysilane can be used directly to prepare ormosil materials. For
example, surface modified ormosil nanoparticles were prepared by hydrolysis and a
polycondensation reaction of vinyl triethoxysilane. The vinyl groups were produced
out from the surface of the particles. The prepared particles were spherical, with an
average size of 87 nm®. In addition, Das et al.’® prepared organic/silica hybrid
spherical nanoparticles (100 nm) using octyltrimethoxysilane. Organic modified
silica nanoparticles with high surface hydrophobicity due to octyl groups were
obtained.

2.3 The physical characteristics of silica particles

2.3.1 Brownian motion

This phenomenon was firstly observed in 1827 by Robert Brown when he studied the
movement of pollen grains and other small particles in water. In 1888, the French
scientist Leon Gouy investigated this motion and revealed that it was more active in
low viscosity liquid. He believed that the random motion was generated by thermal
molecular collisions. After a few years, Jean Perrin won the Nobel Prize for proving
the reality of atoms. He studied the motion of colloidal particles in water and studied

the isolated particles under a microscope’® 12,

The theoretical analysis of Brownian motion can be explained using Einstein’s
equation.

The mean displacement due to Brownian motion (v) is shown in Equation 2.1
v=+v2Dt (2.1)

Where D is the diffusion coefficient and t is the time required for a particle to move a

distance from its original position'®.

Spherical sub-micron sized silica particles follow Brownian motion when suspended
in water. The motion of each particle leads to movement through the liquid, and
collision between particles and liquid molecules causes a change in direction of the

particles.
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2.3.2 Stability of colloidal silica

Colloidal silica is an expression referring to the dispersion of silica particles with
diameters of 5 to 1500 nm in a liquid. In an aqueous solution, silica particles with
sizes in the range of 5 to 100 nm may remain for a long time without settling or loss
of stability. The stability of a silica sol means that the particles do not aggregate at a
significant rate to cause settlement of the particles. There are two forces present
between colloidal particles according to Derjaguin-Landau-Verwey-Overbeek
(DLVO)™. These are London-van der Waals and electrostatic forces, which
generate as a result of particle electrostatic forces. The repulsive force between
particles of same charge prevents aggregation. On the other hand, an interaction
force between colloidal particles through London-van der Waals forces encourages

aggregation between the particles™ %% 104,

The DLVO theory postulated that when two particles become close to each other, the
repulsive forces prevent them from approaching and adhering together. An energy
barrier is created as a result of this process. An aggregation and adhering can take
place when colloidal particles have sufficient energy to overcome the energy barrier

otherwise they will remain stable (Figure 2.13).
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Figure 2.13 DVLO interaction potential against particles distance (taken from

reference'® with permission from the publisher)
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Hamaker calculated the interaction energy'® between spherical particles as seen in

Equation 2.2'%,

—-Aa

Vgt = —
att 12H

(2.2)

Where A is the Hamaker constant which depends strongly on the nature of the
particles and the medium and a is the spherical particle radius. The minimum
distance between the particle surfaces was expressed by H and can be calculated
from Equation 2.3.

H=R-2a (2.3)

Where R is the distance between particle centres.

When the dispersion medium used is liquid instead of a vacuum or the air, the
attraction energy is lower and the Hamaker constant can be calculated from Equation
2.4.

A= (VA2 - VA1)’ (2.4)

Where Al is the Hamaker constant of liquid-liquid interaction and A2 for particle-
particle interaction. The interparticle attraction will be the lost state, when the

chemistry of particles and the dispersion medium are similar*®.

There are generally two types of repulsion forces: steric and electrostatic, which lead
to stabilization of the particles (Figure 2.14). Steric repulsion can be generated as a
result of coating the surface of the particles by long chain molecules. In this case
some of these molecules are insoluble in the medium; they repel each other leading

to repulsion between the particles.
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-

k Steric stabilization Electrostatic stabilization/

Figure 2.14 The two types of colloidal stabilization as a result of repulsion forces

Steric repulsion occurs because of the two effects, osmotic and volume restriction.
The osmotic effect take places as a result of high concentration of chain molecules in
the overlap area (Figure 2.15a). The volume restriction effect is obtained from
possible loss of chain conformation in the narrow space between the two surfaces
(Figure 2.15b). Steric repulsion is highly affected by the length and nature of the
modified groups, the adsorption energy and by changing the solvent properties'®.

4 N

\_ (2 W

Figure 2.15 The two types of steric repulsion: (a) osmotic effect and (b) volume

restriction effect
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On the other hand, the electrostatic repulsion is based on the charge of the particles,
either positive or negative, and similar charged particles repelling each other. It is
not, however, as simple as normal repulsion, since the charged particles surrounded
by the opposite charge ions create an electric double layer (Figure 2.16). The
difference between the charge of this transferable layer and that of the suspended
liquid is called zeta potential. The electric double layer is affected by addition of
electrolyte. Adding electrolyte to stable colloidal particles leads to a decreasing the

zeta potential, which causes aggregation of the particles and loss of stability’®.

Zeta potential \

Distance from particle surface

Qﬂdensed layer /

(D(D(DG)(D(D(D(D(D(D(D(D\

DR CRCECES

Figure 2.16 Double layer formation (taken from reference''® with permission
from the publisher)

2.4 Conclusion

A number of different types of silica have been reviewed in this chapter, ranging
from silica gel monoliths to porous materials. TMOS and TEOS are the most popular
precursors for the preparation of controlled particle size silica, as they are cheap and
commercially available. The synthesis of silica occurs in two major steps, hydrolysis
and condensation. These two steps can be catalysed by addition of acid or base, the
choice of which can control the properties of the final product. Acidic catalysis
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promotes the growth of polymeric chains to yield a network system of silica.

However, dense particles with spherical morphology are produced by base catalysis.

Porous materials can be divided according to the pore size into microporous (< 2
nm), mesoporous (2-50 nm) and macroporous materials (>50 nm). Many factors may
control the pore size of silica particles, such as type of silica precursor, concentration
of water and solvent and types of template. The pore size of the particles is
influenced by high temperature and the porous structure of silicas may collapse by
heating the silica particles over 900 °C. In addition, high temperature leads to
condensation of the silanols on the silica surface that are very important for further

modification of the silica.

Modification of the silica surface is essential to give it the unique properties for
specific applications in catalysis, drug delivery or extracting materials.
Organotrialkoxysilanes are widely used to link chosen functional groups to the
surface of silica through hydrolysis of the alkoxy moiety and condensation with
silanol groups on the silica. The nature of the functionalized groups on the surface of

silica affects the stability of silica particles in water.
2.5 Overall objectives

This project develops the use of sub-micron sized silica particles in the extraction of

analytes from aqueous solution. There are three basic research aims:

I) The synthesis and characterization of sub-micron sized silica particles, having
high surface areas resulting from mesoporosity or disruption of structural regularity.
The research will focus on a particle size of around 250 nm, as such particles will
disperse as a colloidal sol under the right conditions and will sediment very slowly.
The extraction of samples does not require external agitation, because the particles
move naturally throughout the sample by Brownian motion, convection and

sedimentation. Finally, it is easy to recover the particles by filtration.
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I1) Chemical modification of the silica surface with amino, dithiocarbamate,
hydroxyquinoline, mercaptobenzamide and with dual functionality (octadecyl and

diol groups).

I11) The use of the modified silica particles in analytical applications such as the
analytical preconcentration of metal ions (copper, nickel, cobalt, chromium,
cadmium, lead, manganese and zinc) and organic compounds (estrogenic

compounds, polynuclear aromatic hydrocarbons and tributyltin).
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Chapter 3

Synthesis of nano-sized silica particles

The development of synthetic methods for the production of nano-sized spherical
silica particles is reported in this chapter. There were two main targets to achieve.
The first was to synthesize monodisperse spherical silica particles with a mean
diameter of around 250 nm. This size of the particles was selected according to
several criteria. Their size had to fall within the colloidal range, so that they remain
suspended in aqueous samples and they must be easy to recover. The second aim was
to increase the surface area of the silica particles so that the loading of the functional
groups on the surface could be enhanced.

The Stober method of preparing spherical silica particles was the starting point.
Spherical silica particles of ca. 250 nm diameter were synthesised from TEOS. A
number of approaches were evaluated to increase the surface area of the particles. In
one such method 1,2-bis(triethoxysilyl)ethane (BTEE) * was added to the reaction
mixture during the formation of the particles to disrupt the growth of the particles

and increase the surface area. This method was not however successful.

Mesoporous silica particles were found to have the required high surface area. These
were prepared from TMOS wusing a dodecyltrimethylammonium bromide
(C12,TMABT) template.

Dodecyltrimethylammonium bromide
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3.1 Preparation of Stober-type silica

The synthesis of spherical silica particles is commonly carried out using methods
derived from that which was originally reported by Stober et al.%. In their syntheses a
tetraalkoxysilane is used as a silica precursor, with polymerization catalyzed by
ammonia. Tetraethoxysilane and tetramethoxysilane are the most common
tetraalkoxysilanes used to produce silica particles, as many other alkoxysilanes are
immiscible with water. Under neutral conditions the rate of hydrolysis of the
tetraalkoxysilane in water and alcohol is slow but the rate can be enhanced by adding
acid or base to initiate the hydrolysis and condensation of the reaction intermediates.
Using tetraalkoxysilane based systems spherical silica particles, can be then
synthesized with controlled morphology and properties. Silica particles are produced
through the hydrolysis of the alkoxysilane to give silanols, which then condense to
give Si-O-Si linkages, which ultimately lead to solid silica. The condensation process

can occur either via alcohol or water producing mechanisms® (Figure 3.1).

a: r O

Ro/Ti\OR + H,0O ——»» RO/Ti\OH + ROH  Hydrolysis
OR OR
OR TR <|3R TR
l‘ + Si —» s Si + ROH
rRo™ |I\OH ro” ||\OR rRo” | ~o | ok
OR OR OR OR .
Condensation
I I T T
Si + Si —» s Si + H0
Q/V\OH o™ ||\OR rRo™ | ~o" | ok /
OR OR OR OR

Figure 3.1 The hydrolysis and condensation mechanisms to form silica particles
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The formation of the silica particles from primary particles can be carried out by two

%% and controlled aggregation®®. These

possible mechanisms, monomer addition
models divide the formation of silica into two events: nucleation and growth, and use
different approaches to describe particle growth. The monomer addition model
suggests that the growth of the particles occurs through the addition of hydrolyzed
monomers to the particle surface. The second model, controlled aggregation, claims
that growth occurs continuously throughout the reaction as small particles aggregate

to form bigger particles.

Jafarzadeh et al.” supposed that the concentrations of tetraalkoxysilane, ammonia,
water, as well as the types of co-solvent (alcohol) and reaction temperature were the
main parameters governing the particle size and distribution. By controlling these

I.lO

parameters, Park et al.” prepared silica particles within the range of 13.7 £ 4.0 nm.

Rahman et al.'!

reported that monodispersed silica, with an average size of 20.5 +
3.5 nm, can be synthesized in the presence of a small quantity of NH4Br. Normally
nanospherical silica particles are synthesized using ethanol as a solvent but
Venkatathri'? was also able to prepare a monodisperse nanosilica using acetone,
isopropanol and n-octanol solvents. Razo et al.™ controlled the particle diameter over
a wide range by varying only the amount of the alkoxide, whilst keeping the
concentration of all the other parameters fixed. Most recently, Rahman et al.**
reported that the synthesis of silica nanoparticles depends on the optimization of
parameters such as the concentration of reactants, ammonia and temperature under

ultrasonic mixing.

The specific surface area (m? g™, specific pore volume, the distribution of pore size
or pore area and particle size are fundamental parameters which physically
characterize the surface area. Knowledge of the specific surface area is critical as a
measure of the concentration of surface functional groups that can be modified. Pore
size distribution provides deeper information about silanol group availability.
Specific surface area can be estimated from a nitrogen adsorption isotherm. The
specific areas of Stober-type silicas fall in the range of 18 to 24 m? g™*. Poor surface
area is one of the main disadvantages of Stober-type silicas.
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3.1.1 Materials

Octadecyltrimethoxysilane (C1sSi(OMe)3) (90 %), tetraethoxysilane (TEOS) (98 %),
tetramethoxysilane (TMOS), 1,2-bis(triethoxysilyl)ethane (BTEE) (96%) , and

sodium fluoride were purchased from Aldrich (Poole, UK). Methanol and ethanol
(laboratory grade), ammonium hydroxide (SG = 0.88, 35 % (w/v)), hydrochloric acid
(36 % (w/v)), ethylene glycol and sodium hydroxide were bought from Fisher
Scientific ~ (Loughborough, UK).  Hexadecyltrimethylammonium  chloride
(CisTMACI) (98 %) was obtained from Fluka (Gillingham, UK).
Dodecyltrimethylammonium bromide (C;,TMABr) was supplied by Alfa Aesar,
(Heysham, UK). Sucrose (Ci2H2,0;1, analytical grade) was purchased from BDH
chemicals Ltd (Poole, UK). Water was purified by deionisation using an Elga Option

4 system.

3.1.2 Characterization of the particles

The prepared silica particles in the Thesis were characterized using a wide variety of
techniques and devices:

o A laser scattering particle size analyzer (COULTER N4 Plus) equipped with
size distribution processor (SDP) and multi-angles options was used to measure the
particle size and assess the size distribution. When suspended particles are irradiated
with a laser beam, light is scattered by particles over a wide angle range. The particle
size distribution can be obtained through the analysis of scattered light. The silica
particles (10 mg) were prepared for the measurement by dispersion in deionised
water (10 mL) and sonication for an hour. The suspension was transferred to a quartz
cuvette and the measurement was carried out using the following conditions:

Angle selected: 90°, equilibrium time: 1 minute, run times: 5 minutes, refractive
index: 1.333 and temperature: 20 °C,

o The surface area and pore size distribution was measured using a

Micromeritics Gemini 2375 and Quantachrome NovaWin apparatus. The silica
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sample was dried overnight at 150 °C and kept in evacuated desiccator before
measurement and the run was carried out under the following conditions:
Evacuation time: 5 minutes, evacuation rate: 300.0 mmHg min™, equilibration time:

5 seconds, saturation pressure: 760.00 mmHg.

o SEM was utilized to measure the particle size and to evaluate the morphology
of the particles. Silica particles (10 mg) were dispersed in deionised water (10 mL)
using ultrasonicator and the sample was then prepared by dispensing drops of pre-
dispersed silica onto a glass plate. The water was allowed to evaporate at room
temperature and the glass surface was then coated with a thin gold film. SEM
measurement was carried out using a Philips XL-30 ESEM instrument under these
conditions:

Mode: high vacuum, detector: Secondary Electron (SE).

o The structure of mesoporous silica was evaluated using a Jeol JEM-3010
transmission electron microscope (TEM). Mesoporous silica particles (1 mg) were
dispersed in methanol (10 mL) for an hour using ultrasonicator. A small drop of the
suspended particles was placed on a copper grid with holey carbon film and then

kept in a desiccator for commencing measurement.

o The settling time of a colloidal suspension of the nanoscavenger was
measured using a Perkin ElImer Lambda 3 spectrophotometer. The silica suspension
was prepared by dispersing of silica particles (10 mg) in deionised water (10 mL),
held in a 1 cm pathlength quartz cuvette and the light transmission at 600 nm was

measured over time.

o The thermal analysis of the particles was carried out using thermogravimetric
analysis (TGA), type Perkin-Elmer TGS-2 instrument attached to a Perkin-Elmer
Datastation-3700 and a System 4 thermal analysis microprocessor. An accurate
weight of sample (7-10 mg) was analyzed using temperature program that run from
25 to 800 °C at temperature rate of 2 °C min™, under air.

o Fourier transform Infrared spectroscopy was carried out using a Perkin-Elmer

1600 series instrument. The silica samples were directly measured as solid materials.
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3.1.3 Experiments

3.1.3.1 Syntheses of silica particles with undiluted tetraethoxysilane

In this experiment, undiluted TEOS was added to the ammonium hydroxide solution
directly according to the method described by Howard and Khdary®®. Methanol (250
mL) and ammonium hydroxide (250 mL) were transferred to a conical flask (1000
mL) and mixed for 5 minutes using a magnetic stirrer. TEOS (5 mL) was then slowly
added. The reaction was left to proceed at 20 °C for one hour. The product was then
centrifuged for 30 minutes at 8400 g and the supernatant was isolated and discarded.
The silica was then rinsed with methanol six times and the product was dried under

continuous vacuum for an hour giving a white solid (1.46 g).

3.1.3.2 Pre-diluted tetraethoxysilane

In this method the TEOS was pre-diluted with methanol to improve its dispersion in
the hydrolysis medium.

Methanol (250 mL) and TEOS (5 mL) were transferred to a conical flask (1000 mL)
and mixed for 2 minutes using a magnetic stirrer. Ammonium hydroxide (250 mL)
was then added. The reaction was left to proceed at 20 °C for one hour. The solid
product was then isolated by centrifugation for 30 minutes at 8400 g. The silica was
then rinsed with methanol six times and the product was dried under continuous

vacuum for an hour giving a white powder (1.12 g).

3.1.4 Results and discussion

For preparation of Stober-type silicas, two approaches have been applied: un-diluted
and pre-diluted approach. Three main criteria have been considered for the
production the silica particles: particle size, particle size distribution and wettability
of the particles. 250 nm sized spherical particles were synthesized by adding neat
TEOS to a mixture of methanol and ammonium hydroxide. The laser scattering
particle size analysis (LSPSA) of silica from the un-diluted approach showed a broad
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particle size distribution compared to narrow size distribution obtained from the pre-
diluted approach (Table 3.1).

Table 3.1 Particle size analysis of the prepared silica particles

Main Method Mean diameter
approach
Pure Un-diluted 272 =62 nm
alkoxysngne Pre-diluted 244 +15nm
synthesis

The two approaches produced monodispersed silica particles (Figure 3.2 and 3.3) of
similar size although the diameter of silica particles decreased slightly using the pre-
diluted method. The pre-diluted method produced silica particles with a more
uniform size distribution than the un-diluted method. The pre-dilution of the TEOS
helps to disperse the silica precursor prior the addition of the catalyst (NH;OH). The
hydrolysis, condensation and growth of the particles therefore takes place more
uniformly to generate similarly sized particles. Poor dispersion of TEOS in the

reaction mixture leads to the production of silica with wide standard deviation.
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Figure 3.2 LSPSA of silica particles prepared using undiluted alkoxide
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Figure 3.3 LSPSA of silica prepared by adding NH4OH to pre-diluted TEOS and

methanol

Scanning electron microscope was carried out to confirm the morphology of the

prepared silica particles. Figures 3.4 and 3.5 show that the silica particles are
spherical with highly by uniform sizes.

AccV Spot Magn Det WD Exp F——— 2um
300kv59 8980x SE 1041

Figure 3.4 SEM image (8980X magnification) of the silica particles prepared using

undiluted alkoxide
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Figure 3.5 SEM image (9779X magnification) of silica particles prepared by adding
NH4OH to pre-diluted TEOS and methanol

3.2 Efforts to increase the silica surface area

The surface of Stober-type silica particles is highly dense and the specific surface
area is therefore too low to permit a high loading of analytically useful functional
groups to be grafted on the surface of Stober-type silica’®. Many researchers have
tried to manipulate the chemical parameters to increase the surface area of the

particles. Hai et al.’

managed to increase the surface area of Stober-type silica to
200 m? g™t by reducing the silica using magnesium under pressure and at 750 °C for 5
hours. A high surface area was formed after removing the MgO. Sodium chloride
(NaCl) has also been employed as a templating medium during the synthesis of silica
particles. Spherical nanosized mesoporous silica particles were attained after
removing NaCl from the silica by washing. After removing the salt from silica
structure, surface areas from 17 to 700 m? g™ were obtained that varied with the
hydrolysis time (from 1 to 50 hours). Salt templating offers the advantages of being
inexpensive and easy to remove by aqueous rinsing'®. Recently silica particles with
high surface area have been synthesized using low cost sodium silicate as a silica
precursor™®. A cetyltrimethylammonium bromide (CTMABY) was used as an additive

to control the particle shape and produce a large surface area. The particle size and
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specific surface area were controlled by manipulating the molar ratios of a silica

precursor, CTMABT, ethyl acetate and deionised water.
3.2.1 Pilot study of silica preparations

3.2.1.1 Preparation of nano-sized silica particles using BTEE and TEOS

In this method, BTEE was added during the formation of the silica particles to
disrupt the growth of the particles. The BTEE has two silane moieties linked by
ethylene bridge. The surface area increases eventually after the organic materials had

L )\
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Q—Bis(triethoxysilyl)ethane (Ble

Two approaches were used. In the first, TEOS was added to prehydrolyzed BTEE. In

been removed.

another approach, BTEE and TEOS were dissolved in methanol before the addition
of ammonium hydroxide. Introducing the BTEE into the silica structure may

generate pores after combustion of BTEE and increase the surface area.

3.2.1.1a The pre-hydrolysed BTEE method

In this experiment BTEE was added to a mixture of methanol and ammonium
hydroxide solution to prehydrolyze the BTEE before adding TEOS. Methanol (250
mL) and ammonium hydroxide (250 mL) were transferred to a conical flask (1000
mL) and mixed for 5 minutes using a magnetic stirrer. BTEE (0.1 mL) was added.
After 3 minutes, TEOS (4.9 mL) was slowly added. The reaction was left to proceed

at 20 °C for an hour. The solid product was isolated by centrifugation for 30 minutes
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at 8400 g. The silica was then rinsed with methanol six times and the product was
dried under vacuum for one hour. Combustion in air at 500 °C for 6 hours gave a

white powder (1.15 g).

3.2.1.1b The premixed BTEE and TEOS method

In this experiment BTEE and TEOS were dissolved in methanol before ammonium
hydroxide solution was added. The concentrations of BTEE and TEOS were varied
and the total added volume of silica precursor was 5 mL.

Methanol (250 mL), BTEE (0.1, 0.25 and 0.5 mL) and TEOS (4.9, 4.75 and 4.5 mL)
were transferred to a conical flask (1000 mL) and mixed for 1 minute using a
magnetic stirrer. Ammonium hydroxide (250 mL) was then added. The reaction was
left to proceed with stirring at 20 °C for two hours. The product was then isolated by
centrifugation for 30 minutes at 8400 g. The silica was then rinsed with methanol six
times and the product was dried under continuous vacuum for one hour. Combustion

in air at 500 °C for 6 hours produced a white powder (1.12 g).

3.2.1.2 Silica synthesized using NaF

Several researchers?®? have implied NaF during the preparation of mesoporous
silicas to improve the hydrothermal stability of these materials as the fluorinated
silica surface is much more hydrophobic and more resistant against water molecules
attack than a silanol silica surface?® %, In addition, several studies have reported the
etching of silica by HF?*. In this experiment NaF was added during the formation of
the silica. After the addition of NaF some HF (weak acid) will be formed which

attacks the surface of the silica with an anticipated increase in surface area.

Methanol (125 mL), TEOS (2.5 mL) and ammonium hydroxide (125 mL) were
transferred to a conical flask (500 mL), and the mixture was agitated using a
magnetic stirrer for 15 minutes at room temperature. NaF (50 mL of 1 mol L™) was
added. The flask was left for 48 hours at 20 °C with a magnetic stirring. The silica
was isolated by centrifugation and rinsed with water 10 times. The silica was left in

air to dry, giving a white powder (0.74 g).
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3.2.1.3 Silica preparation using sucrose as a template

In this experiment, sucrose was used as a template and TEOS as the silica
precursor®. The organic template will be trapped inside the structure during the silica
formation. The removal of the template was easily carried out by rinsing with water.
Methanol (125 mL) and ammonium hydroxide (125 mL) were transferred to a
conical flask (500 mL) and mixed for 5 minutes using a magnetic stirrer. Sucrose (25
mL, 1M) and TEOS (2.5 mL) were then added. The reaction was left to proceed at 20
°C for 8.5 hours. The product was then centrifuged for 15 minutes at 8400 g and the
supernatant was isolated and discarded. The silica was rinsed with water five times
and three additional times with methanol. The product was dried under continuous

vacuum for 3 hours.

3.2.2 Results and discussion

3.2.2.1 Synthesis of nano-sized sized silicas using TEOS and BTEE

In this approach, BTEE was introduced to the reaction mixture anticipating that this
would disturb the growth of the silicas particles, leading to enhancement in the
surface area after burning off the organic species. The pre-hydrolysed BTEE method
afforded particles that were 375.4 + 98.2 nm before combustion and 257.3 £ 25 .3
nm after combustion (Table 3.2). With premixed BTEE and TEOS, the particles
shrank from 240.5 + 20.3 nm to 229.1 + 29 nm on combustion (Table 3.2).

Table 3.2 Particle size analyses of silica particles prepared using BTEE and TEOS

Mean diameter
Main approach Method Not combusted Combusted at
500 °C
Preparation Pre-hydrolysed 375.1£98.2 nm 257.3+25.3
using BTEE BTEE nm
and TEOS Pre-mixed BTEE 240.5 + 20.3 nm 229.1+ 29 nm
and TEOS

Thermogravimetric analyses carried out from 25 to 800 °C showed four regions of
weight loss. The first change occurred between 37 and 160 °C, a weight loss thought
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to be that of water adsorbed on the silica surface and residual solvent®. There was
then a large weight loss from 160 to 450 °C, followed by another between 450 and
500 °C. Most of the weight was lost between 160 to 450 °C (Figure 3.6). No
significant change was observed between 500 to 800 °C. There was a sharp weight
loss between 450 and 470 °C for material prepared from BTEE and TEOS.

100
=
g 90f
=
S
80 | } ] |
210 390 570 750
Temperature (°C)

Figure 3.6 Thermal analysis of silica produced by the premixed BTEE-TEOS
method

Surface areas of the two silicas were 18 m* g™. BET isotherm is of Type Il according
to IUPAC classification?”, characteristic of non porous materials (Figure 3.7). This
means that the BTEE did not break up the structure of the silica as expected. The
BTEE might possibly hydrolyse and polymerize to produce its own particles, but be
fragmented by combustion of the organic bridge within the particles.
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Figure 3.7 N, adsorption isotherm of nano-sized sized silica prepared by the
premixed TEOS- BTEE method

3.2.2.2 NaF as an additive during the silica formation

In this method, NaF was added to the reaction mixture during the formation of the
silica to attack the surface of the silica to make it rough and increase the surface area.
The LSPSA illustrates a bimodal distribution of silica particles (Figure 3.8). The
existence of small particles may be due to the effect of the electrolyte. It has been
reported that addition of NaF to the reaction mixture leads to an increase in the
population of the silica seed particles and decreases the size of the particles®.
Growth of the particles is achieved via aggregation of primary particles and the
presence of electrolyte in the reaction medium inhibits the growth of the particles and
produces smaller size particles. This is due to the electrolyte enhancing the electric
charge on the particle surface?®. The average size of the particles (main population)

was found to be 324 nm with 100 nm standard deviation.
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Figure 3.8 LSPSA of silica particles prepared by addition of NaF during silica

formation

Scanning electron microscopy showed spherical particles with a mean diameter of
around 259 *+ 47 nm. Figure 3.9a shows a chunk of aggregated particles. This may
occur whilst evaporating the water during the preparation of the sample for SEM or

the sonication process was not enough to disaggregate these particles.

iAccY Spot Magn  Det WD Exp F—— 5um AccV  Spot Magn Det WD Exp 1 2um
30.0kV 6.0 5000x SE 101 1 30.0kV 6.0 11417x SE 10.1 1

Figure 3.9 SEM images of silica particles prepared by addition of NaF to silica

reaction mixture
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The surface area (BET) was around 20 m? g™ indicating that the surface area was not
improved by the addition of NaF during the formation of the particles. NaF did not
give the hoped for results.

3.2.2.3 Silica preparation using sucrose as a template

In the previous methods spherical silica particles were synthesized but an
improvement in the surface area remained a challenge. Therefore sucrose was tested
as a template to create pores with the template being removed by washing with

deionised water. Sugar was used by Sang et al.?

as template to prepare zeolite
materials. The templating is reported to take place on glucose and fructose generated
by the hydrolysis of sucrose. It was reported that glucose increased the surface area
whilst the fructose was responsible for the formation of a large pore size®. The
templating mechanism may take place by condensation of hydroxyl groups of

sucrose isomers and silica precursor.

Figure 3.10 shows monodispersed silica particles prepared using sucrose as a
template. The average particle size was of 412 nm with a standard deviation of 24
nm. The expected average particle diameter is around 250 nm as obtained in the

same condition without using sucrose.

100

£Y

Intensity %
tn
=
plabe by talatatatytald

0 | | | | T 11T
00 200 300 500 1000

Size (nm)

Figure 3.10 LSPSA of silica prepared using sucrose as a template
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The N, adsorption isotherm was Type | according to the IUPAC classification®’

(microporous) (Figure 3.11) and the BET surface area was 109 m? g™
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Figure 3.11 N, adsorption isotherm of nano-sized sized silica prepared using a

sucrose template

Templating the Stober-type silica using sugar increased the surface area from 20 m?
g™ to 109 m? g*. The increase in the surface area may be attributed to the generation
of pores inside the structure of silica. It was reported that silica gel surface area was
increased by more than two folds up to 750 m? g using a sucrose template. It was
found that the surface area increased with increasing the sugar ratio in the reaction®,
However, the size of the prepared silica particles (412 nm) is not suitable to use as a
substrate materials for the preparation of nanoscavenger as their large size results in
particle sedimentation (by observation).

3.3 Synthesis of controlled size mesoporous silica particles

The formation of mesoporous silica involves the templating of silicate materials
between ordered surfactant micelles. Controlling the size of the particles is the most
challenging part in the preparation of mesoporous silica, as increasing the pore size
of the particles may lead to an increase in the size of the particles. A few reports in

the literature have reported the production of mesoporous silicas with average sizes
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of less than 500 nm. There are a number of factors that can be taken to control
particle size, including changing the length of the alkyl chain of the surfactant ,
changing the reaction temperature®, using a double surfactant system, selecting the
appropriate type of solvent, quenching the formation of the silica after a short period
of time by the addition of water®, controlling the stirring speed and etc. Some of the

most important factors will be discussed below.

Long chain alkyltrimethylammonium halides are known to template mesoporous
silica; the pore size of which can be controlled by adjusting the alkyl chain length
from Ci, to Cys. Yano and Fukushima® synthesized mesoporous silicas using TMOS
as a silica precursor and alkyltrimethylammonium chlorides of different alkyl lengths
(C14, Ci6 and Cyg) as templates in a mixture of methanol, water and NaOH. The
specific surface areas of the prepared silicas were in the range 1150-1200 m? g™,
with pore volumes in the range 0.60-0.81 cm® g™. They found that the average
particle size increased from 490 nm to 1002 nm when the alkyl-chain length of the

surfactant was increased®?.

The reaction temperature also affects the particle size when the length of the alkyl-
chain of the surfactant is C;, or fewer. Since a decrease in temperature results in
larger particles, it was supposed that an increase would lead to increased nucleation
and thus generate small particles®*. However, no size change was observed with
mesoporous silica when the reaction temperature was varied between 10-50 °C, when
C1sTMACI was used as a surfactant®?. Mesoporous silica with an average particle
size of 110 nm was obtained when the temperature of the reaction of TEOS,
C12TMAB!, water, ethanol and NH4OH was increased from 25 to 40 °C. The surface

area of the prepared silica was 910 m? g™ with an average pore diameter of 2.5 nm**,

Mesoporous silica particles with an average particle size of 50 nm were obtained
using a double surfactant system according to work carried out by Suzuki et al.*.
They used two types of surfactant, a cationic surfactant (CTMACI) and a non-ionic
surfactant triblock copolymer (Pluronic F127, EO10sPOgEO106). Large size particles
(100-200 nm) were obtained when silica was templated only with CTMACI.
However, the size of the particles dropped to 50 nm with addition of Pluronic F127.

It was assumed that the triblock copolymer surfactant hindered the growth of the
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mesostructured CTMA-silica composites. The existence of the Pluronic F127
micelles stabilizes the mesostructure by covering nanoparticles and leading to the
generation of small particles. However, the drawback of this approach is that the
particles have an irregular morphology and a wide pore diameter*>.

A simple method for producing small particles is to use a highly diluted aqueous
solution of surfactant-silica. A dilute solution of CTMABr and sodium silicate was
used to synthesise particles with an average size between 30-100 nm. It was found
that the size decreased as the pH value decreased: the former was reduced to 30 nm
when the latter was lowered to 5.5. This is because the pH value turned the strong
electrostatic interaction between the surfactant and silicate into a weak hydrogen
bonding leading to a wormhole-like mesostructure. However, the reduction of the pH

value may produce particles with irregular sizes®®.

Finally, the type of solvent affects the particle dimensions. Methanol and ethanol are
the most commonly used solvents in the preparation of mesoporous silica, and it has

I*" and ethanol® led to smaller

been reported that a low concentration of methano
particles. Significant work carried out by Japanese researchers® involved the
synthesis of mesoporous silica spheres of different particle diameters (100-400 nm)
using TMOS and C1,TMABF as a template, and using ethylene glycol as a co-solvent
instead of methanol or ethanol. It was postulated that increasing the reaction solution
viscosity caused a higher generation of primary particles, resulting in the eventual
production of smaller particles. Moreover, this research demonstrated that particles
became larger as the concentration of ethylene glycol in the reaction mixture
increased®. This clearly shows that a decrease in the concentration of solvent

produces reduced particle size.

To sum up, it is clear that changing the alkyl chain length of the surfactant and the
reaction composition are the most powerful factors available to control the particle

size.
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3.3.1 Experiments

In previous work, nano-sized silica with a mean particle size of ca. 250 nm was
successfully prepared, but the surface area was found to be low (~ 20 m? g%). New
approaches have therefore been taken to synthesise nano-sized silicas using
surfactant templates to create pores in the silica structure and hence increase the
available surface area. Four different methods have been applied in order to obtain

spherical silica particles of 250 nm diameter and possessing high surface area.

3.3.1.1 Syntheses of mesoporous silicas using BTEE as a silica precursor and a
C1sTMACI template (Method a)

In these approaches, hexadecyltrimethylammonium chloride was used to template
silica formation from BTEE and hence produce a mesoporous product. Five
variations of the method were carried out in attempts to change the size of the
particles. These experiments involved changing the amount of ammonia, deionised

water and the amount and type of alcohol.
General method

In a conical flask (50 mL), Ci;sTMACI (0.38 g) was dissolved in a mixture of
deionised water, ethanol or methanol, and ammonia solution and stirred at room
temperature. After 15 minutes, BTEE (0.4 mL) was then added. A white precipitate
appeared. The mixture was stirred for two more hours. The product was then isolated
by centrifugation for 30 minutes at 3000 g, rinsed with deionised water four times
and one additional time with methanol. The product was left to dry in air overnight.
Removal of the surfactant was carried out by Soxhlet extraction with a mixture of
ethanol (200 mL) and concentrated HCI (6 mL) for 24 hours. The product was then
dried under vacuum for an hour. Table 3.3 shows the materials and quantities used in

the different experiments.
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Table 3.3 The materials and quantities of mesoporous silicas synthesized using

BTEE as a silica precursor and using a C;TMACI template

Materials and quantities

Experiment | EtOH | MeOH | NH,OH | H;0O
(mb) | (mb) | (mL) | (mL)

la 5 | - 5 8

2a | - 12 1 12

3a 6 | - 1 6

I I 10 1 10

5a 15 | - 1 15

3.3.1.2 Mesoporous silica prepared using TEOS and C1 TMACI (Method b)

In a conical flask, C;sTMACI (0.38 g) was dissolved in a mixture of deionised water,
methanol or ethanol and ammonium hydroxide solution (conc.) and stirred at room
temperature. After 15 minutes, TEOS (0.4 mL) was added and a white solid formed.
The mixture was stirred for two more hours and then filtered. The solid was rinsed
with deionised water (four times) and then once with methanol. The product was left
to dry in air overnight. Removal of the surfactant was carried out by burning the
silica in a furnace for 12 hours at 550 °C; this final temperature being reached at a
heating rate of 5 °C / min. Table 3.4 shows the materials and quantities used in the

different experiments which have been carried out.
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Table 3.4 The materials and quantities of mesoporous silicas prepared using TEOS
and CleTMAC|

Materials and quantities
Experiment | EtOH MeOH | NHsOH | H,0
(mL) (mL) (mL) (mL)
b | - 6 1 6
b | 10 1 10
3b 10 | - 1 10
4b 25 | 1 25

3.3.1.3 Mesoporous silica prepared using TEOS and ethylene glycol (Method c)

In these experiments, C1TMACI or C;,TMABTr was used as a template and TEOS as

a silica precursor. Ethylene glycol was used instead of methanol or ethanol.

General method

In a conical flask (250 mL), a suitable amount of C;,TMACI or C;,TMABr was
dissolved in a mixture of deionised water, ethylene glycol and ammonium hydroxide
(conc.) or sodium hydroxide (1M) under stirring at room temperature. After 15
minutes, TEOS (0.45 mL) was added. The reaction mixture was left to proceed at 20
°C for a period of time (2 — 24 hours). The product was isolated by centrifugation and
the white solid was rinsed with water 5 times and left to dry. The removal of
surfactant was carried out by combustion of the silica at 550 °C, rating at 5 °C / min
in air. Table 3.5 shows the materials and quantities used in the different experiments

that were carried out.
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Table 3.5 The materials and quantities used to prepare mesoporous silica

Materials and quantity
_ Ethylene
Experiment H,0 NH;OH | NaOH
glycol C1TMACI | C1,TMABr
(mL) (mL) | (mL)
(mL) (9) (9)
1c 10 10 1 | - 042 | e
2C 40 60 1 | - 042 | -
3c 22.5 75 1 | - 042 | e
4c 27 30 | - 1 | - 0.42
5C 20 73 | e [ E— 0.42

3.3.1.4 Synthesis of a large batch of mesoporous silica using TMOS (Method d)

In this approach, C1,TMABr was used as a template, TMOS as a silica precursor,
ethylene glycol as a co-solvent and NaOH as a base®.

Ethylene glycol (90 mL), deionised water (310 mL), NaOH (3 mL, 1M) and
C1,TMABTr (1.68 g) were transferred into a conical flask (1000 mL). The mixture
was stirred for 15 minutes at 20 °C. TMOS (1.8 mL) was then slowly added and the
reaction was allowed to proceed for 8 hours under stirring. The mixture was then
aged overnight. The white solid was isolated by centrifugation for an hour at 8300 g,
rinsed with water five times, and then dried at 45 °C for three days. The white
powder was calcinated to remove the surfactant at 550 °C for 12 hours after taken to
that temperature at 1 °C / min. The experiment was repeated five times and the
combined products were gently ground and mixed together

3.3.2 Results and discussion

3.3.2.1 Controlling the size and surface area of the silica particles

One of the aims of this study was to synthesise spherical silica particles with an
average diameter of 250 nm and possessing a high surface area. Mesoporous silica is
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a material with a high surface area which allows control of the particle size. There
are many factors that play important roles in determining the size and surface area of
mesoporous silica. The factors investigated in this study were: silica precursor, alkyl
chain length of the surfactant, solvent type and concentration and base type.

Four methods were applied in order to achieve the aim stated above. In all of these,
the silica precursors were BTEE, TEOS or TMOS.

3.3.2.1a Syntheses of mesoporous silicas using BTEE and C;TMACI (Method a)

In this approach mesoporous silica particles were synthesized using BTEE as the
silica precursor, and templated by C;sTMACI. Experiments were carried out in
which the solvent type and base concentration were changed to achieve particle size

and surface area characteristics suitable for the work.

Figure 3.12 shows the SEM image and LSPSA of mesoporous silica prepared using
approach la. The SEM images showed aggregated particles, these results support the
result obtained by the LSPSA in which the average particle diameter was 2400 nm
(Figure 3.12). The solvent was changed from ethanol to methanol in Experiment 2a.
The particle diameter might be expected to decrease with the decreasing the
molecular weight of the solvent’. The LSPSA of the batch showed a bimodal
distribution of silica particles (Figure 3.13) with 90 % of the particles were larger
than 5000 nm. The main reason for these results was aggregation of the particles and
the existence of some amorphous particles as shown in the SEM image (Figure 3.13).
Sometimes the aggregation of particles occurs due to weak static attraction between
the particles that can be overcome by sonication of the particles in a suitable solvent.
With these samples, despite sonication prior to the particle sizing, aggregation of
nano-sized particles remained, a feature that can occur when the particles are

chemically linked.
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Figure 3.12 SEM image and LSPSA of mesoporous silica prepared using [BTEE
(0.4 mL), C16TMACI (0.38 g), EtOH (5 mL), NH4OH (5 mL) and H,O (8 mL)
(Experiment 1a)]
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Figure 3.13 SEM image and LSPSA of mesoporous silica prepared using [BTEE
(0.4 mL), C1TMACI (0.38 g), MeOH (12 mL), NH,OH (1 mL) and H,O (12 mL)
(Experiment 2a)]

Further experiments (3a and 4a) were carried out by varying the amount and type of

alcohol. Scanning electron micrographs of the resulting particles (Figure 3.14)
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showed them to be spherical with an average diameter between 450 and 700 nm. In
addition, some of the particles were amorphous. Despite the alteration of the type of
alcohol, ammonia and water concentrations resulting in some improvement in
dispersity, no significant change was observed in particle size. In Figure 3.14, the
silica particles appear as a lump of aggregated particles. The solid silica particles can
usually be dispersed in water using an ultrasonicator bath within 1 to 3 hours but
these particles could not be disaggregated (Figure 3.14), even over a period of 10
hours.

“
)f}a

n Det WD Exp 1 2um
17x SE_ 100 1

g—' 458 nm|

e

AccV Spot Magn  Det WD Exp' .
30.0kv 50 5000x SE 95 1

SEM image of mesoporous SEM image of mesoporous
silica prepared using ethanol silica prepared using methanol
[BTEE (0.4 mL), CisTMACI [BTEE (0.4 mL), Ci,xTMACI
(0.38 g), NH4,OH (1 mL) and (0.38 g), NH,OH (1 mL) and
H,0 (6 mL) (Experiment 3a)] H,0 (10 mL) (Experiment 4a)]

Figure 3.14 SEM images of different batches of mesoporous silica prepared using
(Method a)

Experiment (5a) was carried out by increasing the proportion of ethanol in the
reaction but still the dispersion of the obtained silica in water was very poor. No
SEM and further characterization of this batch was carried out as it sedimented
rapidly making it unsuitable for the job. The ethylene bridge of the silica precursor
could hinder the growth of the particles, possibly accounting for the poor spherical
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shape of the particles and some apparently amorphous materials. Bridging between

particles may account for the tendency for these particles to irreversibly aggregate.

3.3.2.1b Mesoporous silica prepared from TEOS with a CisTMACI template
(Method b)

In these experiments BTEE was replaced by TEOS, which does not have a bridge
and ethanol and methanol quantities were varied in an attempt to obtain the desired
particle diameter. In Experiment 1b methanol was used as a solvent. An SEM image
of the product showed aggregated particles with an average diameter of 337 + 68 nm
(Figure 3.15). The aggregation was reflected in the LSPSA particle size (main
population) of 1551 + 553 nm (Figure 3.15). The proportion of methanol used in the
synthesis was then increased (Experiment 2b) in an attempt to reduce the size of the
particles and improve the dispersity. SEM images of these silicas showed the
particles to be spherical with an average diameter of 323 + 71 nm. Pre-assessment of
the particles show rapid sedimentation.
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Figure 3.15 SEM image and LSPSA of mesoporous silica prepared using TEOS (0.4
mL), C;sTMACI (0.38 g), MeOH (6 mL), NH,OH (1 mL) and H,O (6 mL)
(Experiment 1b)

Further experiments were carried out using different concentrations of ethanol
instead of methanol (Experiment 3b and 4b). Pre-assessment of the production by
dispersion in water showed poor dispersion and rapid settlement due to large or

aggregated particles as shown in SEM images (Figure 3.16). These particles were
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not therefore suitable for use as substrates to prepare nanoscavengers. Generally the
particles prepared using this method were smaller than those prepared from BTEE,

but they are still bigger than desired.
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Figure 3.16 SEM image of mesoporous silica prepared using TEOS (0.4 mL),
C1sTMACI (0.38 g), EtOH (10 mL), NH4OH (1 mL) and H,O (10 mL)
(Experiment 3b)

3.3.2.1c Mesoporous silica prepared using TEOS and ethylene glycol (Method c)

In these experiments ethylene glycol replaced ethanol or methanol, to increase the
viscosity of the reaction solution. This was predicted to lead to the generation of
larger numbers of primary particles and hence particles of smaller particle size*. The
silica precursor was TEOS. A surfactant of shorter chain length (C1,TMABTI) was
adopted as it was expected to reduce the size of the particles®>. Method ¢ was
catalysed by NH,OH or NaOH, bigger particles being anticipated when the NH,OH
was used. Using NH,OH as a catalyst is reported to produce long silicate rod-like
micelles leading to big particles. Whilst NaOH gives short silicate rod-like micelles

leading to small particles®.

SEM images of silica particles prepared in Experiment 1c (Figure 3.17) show
spherical particles and the average particles diameter (SEM) is 288 + 60 nm. The
average particle diameter seemed to have decreased using ethylene glycol. However,
the dispersion of the particles in water was still poor, as shown in the LSPSA (Figure
3.17). The average size of the particles according to LSPSA was 2077 + 1742 nm,
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the result being attributable to the aggregation of the particles. The concentration of
ethylene glycol were decreased (Experiment 2c and 3c ) in order to reduce the size of
the particles®. Pre-assessment of the particles obtained showed rapid sedimentation

of the particles.
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Figure 3.17 SEM image and LSPSA of silica prepared using TEOS (0.45 mL),
Ci16TMACI (0.42 g), ethylene glycol (10 mL), NH,OH (1 mL) and H,O (10 mL)

(Experiment 1c)

The surfactant and base types were changed in order to obtain spherical silica with an
average diameter of 250 nm (Experiments 4c and 5c). Sodium hydroxide was used
instead of the NH,OH and C,TMABr was used instead of the C;sTMACI. SEM
images of silica prepared in Experiment 4c showed spherical silica with an average
diameter 614 + 274 nm (Figure 3.18). The size of the particles decreased with a
decreasing amount of ethylene glycol (Experiment 5c) giving an average particle
diameter (SEM) of 332 + 71 nm (Figure 3.18). This supports the results obtained by
Yamada and Yano® who found that the size of mesoporous silica particles increases
with increasing the proportion of ethylene glycol. There are however some
amorphous silica particles (Figure 3.18) that may come about from reducing the
proportion of NaOH in the reaction mixture; the spherical morphology of the
particles is reported to increase with increasing the proportion of the base?. To sum
up, changing the amount of ethylene glycol, base and surfactant types was not

successful in obtaining the required size of particles.
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prepared using TEOS (0.45 mL),
Ci,TMABr (0.42 g), ethylene
glycol (20 mL), NaOH (1 mL) and
H20 (73 mL) (Experiment 5c)

silica prepared using TEOS
(0.45 mL), C;,TMABr (0.42
g), ethylene glycol (27 mL),
NaOH (1 mL) and H,O (30
mL) (Experiment 4c)

Figure 3.18 SEM images of different batches of mesoporous silica prepared using
(Method c)

3.3.2.1d Mesoporous silica particles prepared using TMOS (Method d)

In this approach, mesoporous silica was successfully synthesized using TMOS as the
silica precursor and a C1,TMABTr template. TMOS hydrolyzes faster than TEOS due
to the small leaving group on the TMOS. This phenomenon was noted in
experiments as the reaction solution mixture changed from colourless to opalescent
and then to a milky colour within one minute of adding TMOS to the solution
mixture. This process takes place over 5 minutes in the case of TEOS. The rapid
hydrolysis of TMOS can help to generate more (smaller) primary particles that grow

to give the final product particles.

In order to increase the viscosity of the reaction mixture ethylene glycol was used
instead of ethanol or methanol. The highly viscous solution mixture helps to generate
more primary particles. These primary particles work as a seed for the formation of
the final particles, and therefore the size of the final particle can be controlled by
manipulating the concentration of the reaction mixture®.
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Scanning electron microscope imaging of the particles revealed them to be spherical,
with a mean size of ca. 250 + 35 nm (Figure 3.19), (the size of the particles was
calculated by taking the size of 50 particles from the images). All the particles
appeared spherical. The laser scattering particle size analyzer gave a mean diameter
of 299 £ 52 nm (Figure 3.20), a little higher than the SEM results due to some
aggregation of particles.

Figure 3.19 SEM images of silica particles prepared from TMOS using a C;,TMABTr
template in ethylene glycol as a solvent (Method d)
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Figure 3.20 SEM and LSPSA of silica prepared using TMOS as silica precursor, a
C1,TMABTr template and ethylene glycol as a solvent (Method d)

The TEM images confirmed the spherical morphology of the silica (prepared in
Method d) and the mesoporosity of the particles (Figure 3.21). The calculated pore
diameter from the images was 2.88 = 0.24 nm which indicate these materials classify
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as mesoporous type materials. The obtained pore diameters coincide with the pore

diameter calculated using the BJH method, as will discussed in Section 3.3.2.

Figure 3.21 TEM images of mesoporous silica (prepared in method d) intensity
through the line draw between point (a) and (b)

It has been noticed that some particles were linked together through a bridge of silica
(Figure 3.22a). In this bridging area, the hexagonal array was more obvious than in
the spherical particles (Figure 3.22b). This may be due to the fact that the formation

of hexagonally arrayed cylindrical pores is easier in non-spherical surfaces.
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Figure 3.22 TEM images of : a) two particles joined together and b) the area

between the particles

3.3.2.2 General comparison of the synthetic methods

Several factors influence the size of the particles such as choice of silica precursor,
the length of alkyl chain in the surfactant, alcohol type and base choice. All of these
factors were altered in an attempt to change the size of the particles. Table 3.6
summarizes the materials used in each method, together with some of characteristics

of the particles produced by each approach.

The choice of silica precursor has a major impact on particle size. The largest
particles were obtained when BTEE was used. This may be due to a physical
enlargement due to the ethylene bridge in BTEE or its slow hydrolysis rate (no data
available) (Method a). TEOS produced smaller particles but those with an average
diameter of around 250 nm were easiest to prepare when TMOS was used as the
silica precursor. The hydrolysis of TMOS is faster than that of TEOS due to the
steric bulk of the EtO™ groups. The fast hydrolysis of TMOS is believed to lead to the
rapid generation of small seed particles with limited precursor being available for
subsequent particle growth.
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Turning next to the solvent type, three were used: methanol, ethanol and ethylene
glycol. It has been generally found that the particle size has increased as the

d? 3" 3 4 In order to reduce the size of the

proportion of this solvent increase
particles, the proportion of these solvents in the reaction mixture was therefore
decreased. However, the reduction of the organic solvent in the reaction medium led
to particles with a wide range of diameters. Thus, it is difficult to control the size
whilst maintaining the monodispersity of the particles by changing the type and
concentration of the solvent. One of the most effective ways to control the size was
found to be using a solvent with a high viscosity such as ethylene glycol. This
increases the viscosity of the reaction medium causing the production of a large
number of primary particles and results in smaller product particles® (as seen in

Method d).
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Table 3.6 Some characteristics of mesoporous silicas prepared using four different

methods
Method Reaction Particle  Dispersion of  Characteristics of
contents size (nm)  the particles the particles
a BTEE, EtOH or  450-700 Poor Irregular spherical
MeOH, NH,OH, dispersion, particles, some
H,0, C1sTMACI rapid amorphous
sedimentation particles,
aggregated
particles
b TEOS, EtOH or  300-400 Poor Aggregated
MeOH, NH,OH, dispersion, particles, some
H,0, C1sTMACI rapid amorphous
sedimentation particles
c TEQOS, ethylene ~ 250-400 Poor Aggregated
glycol, NH4OH or dispersion, particles, some
NaOH, H,0, rapid amorphous
CisTMACI or sedimentation particles
C1,TMABTr
d TMOS, ethylene 299 £ 52 Good Spherical
glycol, NaOH, dispersion, particles
H,0, C.,TMABr particles last
more than 5

hours without
sedimentation

3.3.2.3 Removal of the template from the structure

Removal of the surfactant from the silica structure was carried out using two
approaches: solvent extraction and combustion in air. In Method a (BTEE precursor)
solvent extraction was the only possible approach to remove the surfactant as
removal of the template by burning would combust the ethylene bridge and lead to
the collapse of the silica structure. A mixture of ethanol/hydrochloric acid solution
was therefore used to remove the template from the silica structure. The weak
electrostatic bond between inorganic materials and the cationic surfactant helps in

getting good extraction of the template®?.

TGA of the sample before extraction showed four regions of weight loss (Figure

3.23). A 10 % weight loss appeared between 38 and 120 °C which may be attributed
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to the loss of adsorbed water and residual solvents. This is followed by a large
weight loss (23 %) between 120 and 290 °C due to burning of the surfactant. Ignition
of organic materials continued between 290 and 310 °C. The last area of weight loss
for 310 to 775 °C (9 %) may be assigned to the combustion of residual surfactant

molecules or the BTEE ethyl bridge.
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Figure 3.23 Thermogravimetric analysis of mesoporous silica prepared using
(Method 1a) (BTEE (0.4 mL), C16TMACI (0.38 mL), water (8 mL), NH,OH (5 mL),
ethanol (5 mL))

The TGA trace of the sample after extraction (Figure 3.23) illustrates three weight
losses. The steep weight loss (2.23 %) between 271 and 290 °C may be attributed to
the combustion of residual surfactant from incomplete extraction of the template. A
13 % of weight loss between 290 and 778 °C is due to the combustion of the ethylene

bridge of the silica structure.

FT-IR spectra (Figure 3.24) of silica showed a significant reduction in organic
content through a diminution of the CH bands (ca 2900 cm™) but complete removal
of the template by solvent extraction could not be confirmed as, after extraction, the

BTEE ethylene bridge should remain.
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Figure 3.24 FT-IR spectroscopy of mesoporous silica prepared using (Method 1a)
[BTEE (0.4 mL) as silica precursor, a C1sTMACI template and ethanol (5 mL) as a

solvent], before and after solvent extraction of the surfactant

Removal of the template by solvent extraction has some drawbacks. These include
solvent consumption; lengthy procedures and incomplete template removal. These
drawbacks would limit its implementation unless it was the only option. Calcination
was an easier and more efficient means of completely removing the surfactant. The
calcination was carried out by burning the as-synthesized mesoporous silicas in air at
around 550 °C, raising the sample to this temperature at a low ramp rate. The
removal of the surfactant was confirmed by thermogravimetric analyses in air. A
33.5 % weight loss between 154 °C and 332 °C weight loss disappeared from the TG
trace after combustion of the silica approving complete removal of the surfactant
(Figure 3.25).
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Figure 3.25 Thermal analysis of mesoporous silica (in air) prepared using (Method
d) [TMOS as silica precursor, a C1,TMABTr template and ethylene glycol as a

solvent: before and after burning off the surfactant]

Additional confirmation of template removal was obtained by FT-IR spectroscopy.
The CH, and CHj stretching peaks at 2942 and 2853 cm™ were absent after burning
off the organic materials (3.26). The siloxane (Si-O-Si) band appears as strong peak

at 1059 cm™. The band appearing at 811 cm™ belongs to Si-O.
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Figure 3.26 FT-IR spectroscopy of mesoporous silica prepared using (Method d)
[TMOS as silica precursor, a C;,TMABT template and ethylene glycol as a solvent,

as synthesized and after burning off the surfactant]
3.3.2.4 Surface area of prepared mesoporous silicas
The surface area of the mesoporous silica was determined using the Brunauer-

Emmett-Teller (BET) method. Employing equation (3.1) to calculate the surface

area.

1 __ 1 . _ci P (3.1)
WI[(P,/P)-1]  WmC  WmC\ p,

Where C is the BET constant, W is the weight of gas adsorbed at a relative pressure
P/P, and Wm is the weight of adsorbate constituting a monolayer of surface
coverage®™. The pore diameter was measured using Barret, Joyner and Halenda
(BJH) method which is the most widely used method for calculations the pore size

distribution of mesoporous materials**.
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Measurement of the mesoporous silica surface area, carried out using a N, adsorption

isotherm, gave high surface areas for the mesoporous silicas (Table 3.7).

Table 3.7 Surface area and pore diameter of mesoporous silicas

Pore diameter

Method Reaction contents Surface area (m* g™) (nm)
BTEE, MeOH, NH4OH,
2a H,0, CeTMACI 1208 2.19
TEOS, EtOH, NH,OH,
3b H,0, C1sTMACI 1090 2
TEQOS, ethylene glycol,
¢ NH,OH, H,0, CisTMACI 1205 218
q TMOS, ethylene glycol, 1395 5 96

NaOH, H,0, C;,TMABr

Figure 3.27 to 3.29 show of N, adsorption isotherms of mesoporous silicas prepared
using methods 2a, 3b and 1c respectively. The isotherms do not precisely belong to
Type | or Type IV of the IUPAC isotherm classification 2" ** but they do possess
high surface areas and pores of mesopore dimension (Table 3.7). Despite using three
different solvents (methanol, ethanol, ethylene glycol) in the preparations, the pore

sizes and surface areas of the samples are quite similar.

The mesoporous silica prepared in Method d showed an isotherm clearly to belong to
Type IV?" * according to the IUPAC classification (Figure 3.30). Type IV curves
occur when the material is mesoporous (pore widths between 2 and 50 nm)®’. Similar
adsorption isotherms have been reported by Yamada and Yano® for their synthesis
of monodispersed mesoporous spherical particles using TMOS and C;,TMABT. The
isotherm from the mesoporous silica can be divided to three divisions: the monolayer
and multiple adsorption of N, on the wall of mesopores of silica, followed by
capillary condensation of N, inside the mesopores and finally the saturation step™.
The sudden N, uptake at P/Po = 0.96 is as a result of condensation of N, between
particles® (Figure 3.30). The surface area of silica prepared in Method d (Table 3.7)
is higher than that obtained in the previous three samples (2a, 3b and 1c). This may
be due to a decrease in the size of the particles and enlargement of the pore diameter

of the particles in Method d, allowing more N, to be adsorbed and leading to higher
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surface area. In all figures the adsorption/desorption isotherm curves are reversible
showing no hysteresis between the adsorption and desorption branches*® and
showing that the amount of adsorbed gas is almost equal to the amount of desorbed
gas. This may due to symmetrical cylindrical pore structure.

The mesoporosities of all samples were confirmed by calculating the pore size
distribution using the method proposed by Barrett, Joyner and Halenda (BJH) (Table
3.7). The BJH pore size is based on the Kelvin equation and is widely used for
mesoporous materials*’. This method calculates the pore diameters based on the
desorption isotherm. The average pore diameters of mesoporous silicas of samples
2a, 3b and 1c are similar, which indicates little dependence on the type of solvent. A
larger pore size was obtained using TMOS as the silica precursor, a C;,TMABr
template and ethylene glycol solvent (Method d). The average pore diameter
calculated based on the BJH method was 2.96 nm and it coincides with the pore
diameter (2.88 nm) calculated from TEM images. These results confirm the
mesoporosity of the prepared silicas.
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Figure 3.27 N, adsorption isotherm of mesoporous silica prepared using BTEE (0.4
mL), C1sTMACI (0.38 g), MeOH (12 mL), NH4OH (1 mL)
and H,O (12 mL) (Experiment 2a)
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Figure 3.28 N, adsorption isotherm of mesoporous silica prepared using TEOS (0.4
mL), C1sTMACI (0.38 g), EtOH (10 mL), NH,OH (1 mL)
and H,0O (10 mL) (Experiment 3b)
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Figure 3.29 N, adsorption isotherm of mesoporous silica prepared using TEOS (0.45
mL), C1sTMACI (0.42 g), ethylene glycol (10 mL), NH4OH (1 mL)
and H,O (10 mL) (Experiment 1c)

111



Chapter 3: Synthesis of nano-sized silica particles

600 1

i
1

500 f

400 -

—e— Adsorption
300 H o - Desorption

Vol. Adsorbed cm3 g

200 - .
0.0 0.4 0.8 1.2

Relative pressure (P/Po)

0.006 A

0.004 4

0.002 4

Pore volume (cm®°A™L g1y

0.000 - . . . .
0 20 40 60 80 100

Pore radius (°A)

Figure 3.30 N, adsorption isotherm and pore size distribution (calculated from the
desorption branch using the BJH method) of mesoporous silica prepared using
TMOS as silica precursor, a C;,TMABT template and ethylene glycol
as a solvent (Method d)
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3.3.2.5 The settlement rate of mesoporous silica prepared using Method d

Mesoporous silica particles with a mean diameter of ca. 250 nm have been produced
for use as a support solid for functionalization with specific active groups. The
modified silica particles are then to be used in NSDE techniques. The concept of
NSDE is to disperse the particles in water and to allow the particles to move
naturally in the sample without external agitation. The particles should stay
suspended in the sample long enough for the extraction process to be completed. The
stability of the suspended particles in an aqueous solution was therefore examined.
10 mg of mesoporous silica was suspended in 10 mL of deionised water (pre-filtered
using 0.1 um cellulose nitrate membrane filter). 2 mL of the suspended particles
were transferred to a 1cm pathlength quartz cuvette. The settling rate of the particles
was assessed using a Perkin EImer Lambda 3 spectrophotometer by monitoring light
transmission over time. Figure 3.31 shows the light transmission remained
essentially constant for more than 5 hours without obvious sedimentation. The result
demonstrates the extremely low sedimentation rate of the particles.

The concentration of silica particles in the water sample influenced the stability of
the particles. Increasing the concentration of the particles increased the probability of
particle to particle interaction and interparticle collisions. This could cause
aggregation of the particles and accelerate the sedimentation rate. The concentration
of the silica particles in the deionised water was around 1 mg mL™. This
concentration will be adequate for the nanoscavengers to preconcentrate the analytes

from water and will be discussed later.
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Figure 3.31 Settling of mesoporous silica prepared using TMOS as silica precursor,
a C1o,TMABTr template and ethylene glycol as a solvent (Method d)

from its suspension in water

3.4 Conclusion

Stober-type silica particles of around 250 nm diameter were prepared from TEOS in
a medium containing methanol and ammonium hydroxide (1:1). The reaction was
carried out at room temperature for 2 hours. The particles presented good spherical
morphology with monodisperse particle sizes but their surface area was very low
according to their N adsorption isotherm (~ 20 m? g*). The low surface area is not
favourable to obtain high capacities of surface modification.

A number of attempts have been made to improve the surface area, such as adding
BTEE to the reaction mixture during the synthesis of the Stober-type silica to disrupt
the growth of the silica particles. There was not however much change in the surface
area after removing the organic materials from the silica particles. Moreover adding
NaF during the formation of the Stdber-type silica particles did not improve the

surface area. However, using sucrose as a template increased the surface area from
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20 to 109 m? g™*. The sizes of the particles were not however of the target size (250

nm).

The unique characterisation of mesoporous silica, such as its thermal stability, well-
ordered pore size and high surface area makes it a good material for use as a
supporting solid phase. Mesoporous silica particles were first synthesized using
BTEE or TEOS as a silica precursor with different alkyl chain length of template.
The surface areas attained were in the range 1000 to 1200 m? g, and the size of the
particles varied from 300 to 700 nm. The base, silica precursor and alcohol type and
concentration were manipulated in an attempt to obtain the right particles size (250
nm). However, adjusting these factors was ineffective to obtain the target particle
size (250 nm) with high surface area until TMOS was used as the silica precursor and
ethylene glycol as a solvent. Ethylene glycol increased the viscosity of the reaction
mixture and led to the generation of more primary particles and decreased the size of
the final particles to 250-300 nm. N, adsorption isotherms of the mesoporous silica
particles gave surface area of ca. 1325 m? g™*. These mesoporous silica particles
were deemed to possess suitable properties for their use as supporting solid phases,
to be further modified to produce a variety of solid phase nanoscavenger extraction

materials.
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Chapter 4
Synthesis and characterization of amino-nano-

Scavengers

4.1 Introduction

Silica particles are just one of the many types of solid phase used in solid phase
extraction. Their advantage over most other materials is that the surface of the silica
can be readily modified with organic materials to optimize the selectivity of the
particles. Covalent bonding of the organic modifier on the surface of silica generally
results in a stable material which can be used over a relatively wide pH range.

Among the available organic modifiers which can be linked to silica are those
containing amine groups. The amine groups can be grafted onto the silica either post
synthesis of the silica particles or during particle formation. Functionalization during
silica formation can be achieved by co-condensation of aminotrialkoxysilanes with
TEOS or TMOS®. The post synthesis approach may be preferable as particle
structure is stabilized before coverage of the surface and inside of the pores with the
grafting agent. Incorporation of the amine groups during the process of forming the
particles may also lead to the trapping of amine groups inside the structure of silica
preventing the metal ions from reaching the ligand. Table 4.1 illustrates some of the
differences between synthesis during formation of silica and post synthesis

functionalization.
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Table 4.1 Differences between the main two approaches to the synthesis of

aminosilica
Incorporation of amine
Characteristics groups during silica Post synthesis amination
formation
Reaction step One Two
] . Inside the structure and Just on the surface and
Amine position
outer surface inside the pores.

Amine capacity High Low

A number of researchers have reported the immobilization of amino groups on the
surface of silica® ®. The amino-silicas can themselves be utilized as extractants, but
they are also a useful base through which more specific functional groups can be
linked to the silica. For example, amino-silica prepared by the post-synthesis
approach was used to extract Pb** and Cu*" from water®. The adsorption capacity
was affected by the pH value. The best adsorption capacity achieved for Cu®* was
0.57 mmol g* at pH 7.1 and 0.09 mmol g™ for Pb** at pH 4.7. Amine-functionalized
mesoporous silicas have also been prepared by post synthesis modification with N-
N-dimethyldodecylamine and dodecylamine groups. The amino-silicas were capable
of complexing Cd**, Co**, Cu** and Pb?* from an aqueous solution®.

Amine-functionalized silicas are not limited to metal extraction but can be employed
to immobilize other materials. For example, functionalized spherical silica particles
have been prepared by co-condensation of 3-aminopropyltrimethoxysilane
(NH,Si(OMe)3) and TEOS. The aminopropyl-silica was applied to covalently link
glucose oxide on the surface and the product exhibited high stability®. Amino-silica
particles (25 nm) prepared by Kemin et al.” were used as carriers to deliver antisense
oligonucleotides to treat cancer cells. Aminopropyl-silica was synthesized and used

to immobilize o-hydroxybenzophenone onto the silica surface &
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The quantity of amine groups that can be loaded onto a silica surface is governed by
several factors, such as the types of silica used (porous or non-porous) and the
method of preparation. It is clear that porous silicas can accept higher loads than non-
porous silica materials because of their large surface areas. Typical synthetic
approaches can immobilize between 1 and 1.5 mmol g™ of amine groups. However, a
special synthetic modification was developed using ethylenediamine to catalyze the
reaction between 3-aminopropyldimethylethoxysilane and hydroxyl groups of silica
surface that achieved more than 3 mmol g™* of amine loading®.

A further point to note is that with most commercially available amine modifiers the
amino groups are linked to a propyl chain terminating in a silicon alkoxide. The
reaction between silanol groups on the surface of the silica and the amino-silicon
alkoxide molecules proceeds with the hydrolysis of the alkoxy groups (first step)
followed by the covalent bonding of the hydroxysilane product (second step),
resulting in the formation of an amino-silica'® **. The silanization reaction can be
carried out using unhydrated or hydrated (that is thermally untreated) silica. When
the silanization is accomplished on silica under aqueous conditions or hydrated silica
in toluene, the product illustrates a higher degree of polymerization on the silica
surface as the water catalyzes the hydrolysis of alkoxysilane. The disadvantage of the
wet method is that the amino-alkoxysilane can self polymerize outside the surface of

the silica®®.

This chapter describes work carried out to synthesize and characterize amino-
nanoscavengers, functionalized with a primary amine (Figure 4.1) and
ethylenediamine (Figure 4.2). These amino-nanoscavengers are to be used as

starting materials for the preparation of a range of new chelating nanoscavengers.

The amino-nanoscavengers were characterized using scanning electron microscopy,
laser scattering particle size analysis; thermogravimetric analysis and Fourier
transform infrared spectroscopy. Amino group loadings on the silica were assessed

by measuring the copper capacity.
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Figure 4.1 Modification of silica particles with 3-aminopropyltriethoxysilane
(NH_Si(OEt)3)
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Figure 4.2 Modification of silica particles with [3-(2-aminoethyl)aminopropyl]-
trimethoxysilane (Z-6094)

4.2 Experiments

4.2.1 Materials

TEOS (98 %) and NH,Si(OEt); (99 %) were obtained from Aldrich (Poole, UK). Z-
6094 (96 %) and C;,TMABr were supplied by Alfa Aesar (Lancashire, UK).
Ammonium hydroxide (SG = 0.88), methanol and ethanol were laboratory grade.
Whatman cellulose nitrate membrane filters (47 mm diameter, pore size 0.2 um) and
toluene were supplied by Fisher Scientific (Loughborough, UK). The toluene was

dried using Dean-Stark apparatus.

Acetate buffer was prepared by dissolving 3.402 g of sodium acetate trihydrate in
200 mL of 0.1 mol L™ of acetic acid and the pH was adjusted to 5.7 using 0.5 M
sodium hydroxide. The volume was then made up to 250 mL using deionised water.
A standard copper solution containing 1000 pug mL™ of Cu®* was prepared by

dissolving 0.393 g of copper (11) in 95 mL of deionised water and 5 mL of acetate
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buffer. All apparatus was soaked in nitric acid (5 % v/v) and rinsed with deionised

water before use.

4.2.2 Characterization of amine-nanoscavengers

Preparation of the samples for the instruments was carried out according to the
methods described in Section 3.1.2.

4.2.3 Synthesis of diamino-nanoscavengers (DiINH,@SiO,)

4.2.3.1 Diamine modification of pre-formed Stéber-type silica

Dried toluene (80 mL) was transferred to a three necked round-bottomed flask (250
mL) fitted with a condenser and under a N, atmosphere. Nano-sized sized St6ber-
type silica (1 g) with a BET surface area of ca. 20 m? g (prepared as described in
Section 3.1.3.2 and then dried in an oven at 120 °C overnight) was dispersed in dried
toluene. The mixture was stirred using a magnetic stirrer for 15 minutes and then
heated at 95 °C, whilst maintaining the stirring. Z-6094 (1 mL) was slowly added to
the flask after the temperature had stabilized. After 8 hours, the reaction mixture was
allowed to cool. The product was isolated by centrifugation, rinsed thoroughly with
toluene five times and twice with methanol. The white solid was then dried for five

hours under continuous vacuum.

4.2.3.2 Diamine modification of pre-formed mesoporous silica in dried toluene

This experiment was carried out according to the method described in Section
4.2.3.1, except that mesoporous silica (prepared as described in Section 3.3.1.4) was

used instead of Stéber-type silica.
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4.2.3.3 Diamine modification of pre-formed mesoporous silica in ethanol

Ethanol (30 mL) was transferred to a three necked round-bottomed flask (100 mL)
fitted with a condenser. Mesoporous silica (0.07 g) (prepared as described in Section
3.3.1.4 and then dried overnight at 120 °C in an oven) was dispersed in ethanol. The
mixture was mixed using a magnetic stirrer for 15 minutes and then heated under N,
to 80 °C, whilst maintaining the stirring. 0.8 mL of Z-6094 was slowly added. After 8
hours, the reaction mixture was stirred overnight at room temperature. The white
suspension was then centrifuged and the supernatant was removed. The product was

rinsed with ethanol five times, and dried overnight under continuous vacuum.

4.2.4 Synthesis of aminopropyl-nanoscavengers (NH,@SiO,)

4.2.4.1 Grafting of the monoamine onto mesoporous silica in dry toluene

Mesoporous silica (4 g) (prepared as described in Section 3.3.1.4 and then dried
overnight at 120 °C) and dried toluene (200 mL) were transferred to a two necked
round-bottomed flask (500 mL) fitted with a condenser. The mixture was sonicated
for an hour and heated to 90 °C under N, and stirring. Dried toluene (30 mL) and
NH,Si(OEt); (4 mL) were transferred to the dropping funnel under N, and after
mixing were added to the reaction flask slowly. The reaction was left to proceed at
90 °C under N and stirring for 8 hours. The mixture was left to cool for an hour. The
solid product was isolated by centrifugation for 15 minutes at 8400 g, rinsed with
dried toluene five times and three additional times with ethanol and dried under

continuous vacuum.

4.2.4.2 Post-synthesis grafting of a monoamine onto mesoporous silica in ethanol

Mesoporous silica (0.1 g) (prepared as described in Section 3.3.1.4) and ethanol (20
mL) were transferred to a conical flask (50 mL). The mixture was sonicated for an
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hour, NH,Si(OEt); (0.1 mL) was added and the reaction was left to proceed under
stirring for 14 hours at 20 °C. The white product was isolated by centrifugation for 5
minutes at 8500 g, and rinsed with ethanol five times, and then dried under

continuous vacuum.

4.2.4.3 Grafting of a monoamine onto Stober-type silica

This experiment was carried out according to the method described in Section
4.2.4.1, except that Stober-type silica (prepared as described in Section 3.1.3.2) was

used instead of the mesoporous silica.

4.2.4.4 Single pot synthesis of NH,@SiO,

C1,TMABT (1.68 g) was dissolved in a mixture containing ethylene glycol (90 mL),
deionised water (310 mL) and NaOH (3 mL). The mixture was stirred for 15
minutes using a magnetic stirrer. TMOS (1.8 mL) and NH,Si(OEt); (1.8 mL) were
mixed together and then added to the reaction mixture. The reaction was left to
proceed at 20 °C for three days. The white product was centrifuged, rinsed with water
five times and left in a fume cupboard to dry. Removal of the surfactant was carried
out by Soxhlet extraction using ethanol. The solvent was changed every 12 hours for
3 days. The product was dried under continuous vacuum.

4.2.5 Measurement of copper capacity

An accurate (10 mg) weight of modified nano-sized silica particles was placed in a
polyethylene tube (10 mL). Buffered (pH 5.7) copper (1) solution (5 mL, 1000 pg
mL™), was added to the tube. The mixture was shaken for 5 minutes, the tube was
centrifuged and the supernatant discarded. The product was rinsed 5 times with
deionised water. Hydrochloric acid (10 mL, 6 M) was added to the tube, the mixture
was centrifuged and the acidic solution was then transferred to a volumetric flask
(100 mL). A second aliquot of HCI (10 mL) was added to silica, and the resulting
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acidic solution was added to the volumetric flask. The flask was made up to the mark

and the copper content of the solution was measured by FAAS.

4.3 Results and discussion

Primary amine and ethylenediamine moieties were chemically immobilized on both
Stober-type silica and mesoporous silica. Two different synthetic approaches were
evaluated. Post-synthesis grafting methods were based on the modification of pre-
formed silica particles and a single pot synthesis, in which the amine precursor is

added during the formation of the silica particles.

4.3.1 Diamino-nanoscavengers (DiINH,@SiO,)

The surface of silica particles were modified with diamino- groups using Z-6094.
Post grafting synthesis was applied to immobilized diamino- groups on the silicas.
Two solvent types were explored to maximize the loading groups on the silicas

surface.

4.3.1.1 Morphology and size distribution of DINH,@SiO, particles

The particle sizes of the diaminosilicas were assessed using a laser scattering particle
size analysis (LSPSA) (Table 4.2). It is clear from these measurements that the
diamine silicas were significantly larger than the starting materials. This could be
attributed to aggregation of the diaminosilica particles but no confirmatory SEM
study was carried out for most of the diamine functionalized silicas as these batches

exhibited low copper capacities as will be discussed in Section 4.3.1.5.

Whilst LSPSA of DiNH,@SiO, (prepared using mesoporous silica in dried toluene),
revealed particles with a mean diameter of 551 nm (standard deviation of 33 nm)
(Figure 4.3). SEM (Figure 4.4) showed the particles to be spherical with a mean size
of 249 £ 24 nm. This discrepancy in size results was believed to be due to
aggregation of the particles in the sample suspension used for the LSPSA. The
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morphology of the particles in this batch was spherical (Figure 4.4) indicating no

apparent effect of the modification on the morphology.

Table 4.2 Average particle sizes of silicas and diaminosilicas

LSPSA (nm) SEM (hm)
Batch Solvent Size + SD Size + SD
Stober-type silica 244 £ 15
DiNH,@SiO, (1)
(Stober-type silica) Toluene 35073
Mesoporous silica 299 + 52 250 + 35
DINH,@SIO, (11) Toluene 551 + 33 249 + 24
(Mesoporous silica)
DINH,@Si0 (1) Ethanol 667 + 120

(Mesoporous silica)

100 —

Intensity %
tn
=
|||||||||I|||||||||

I I I I
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Figure 4.3 LSPSA of DiNH,@SiO; (prepared using mesoporous silica in toluene)
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Figure 4.4 SEM image (11257X magnification) of DiINH,@SiO, (1) (prepared

using mesoporous silica in toluene)

4.3.1.2 Thermogravimetric analysis (TGA) study of DINH,@SiO,

Thermogravimetric analysis was carried out to confirm the loading of diamino
groups on the surface of the silica. The analysis was carried out between 25 and 800
°C at a heating rate of 5 °C / min in an air atmosphere. Figure 4.5 shows the
thermogravimetric traces from different DINH,@SiO, syntheses. The TGA trace of
DiNH,@SiO, prepared using mesoporous silica in dried toluene shows 7 % weight
loss (Figure 4.5c) between 27-126 °C, attributed to residual solvent and adsorbed
water. Around 13 % weight loss between 126 and 434 °C, followed by 8 % weight
loss, at a temperature range of 434-773 °C due to oxidation of organic materials.
On the other hand, 2 % and 12 % of the weight loss (Figure 4.5b) was observed
between 126-254 °C and 254-773 °C, respectively, when ethanol was used as a
solvent to immobilize diamino moiety on the surface of mesoporous silica. The
modification carried out in dried toluene rather than ethanol, gave a higher diamine
loading, as ethanol can hinder the hydrolysis process*2. Modification of the Stober-
type silica shows just a 6 % weight loss between 126-773 °C (Figure 4.5a) a low
loading attributed to the low surface area of the silica. The highest loadings were
found for mesoporous silica modified in toluene (Table 4.3).
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Table 4.3 Total weight loss of different DINH,@SiO; batches according to TGA

Total of weight loss (%)

Batch Solvent between 126 and 773 °C

DiINH,@SiO, (1)

(Stober-type silica) roene 6
DiNH,@SiO; (I1) Toluene 21
(Mesoporous silica)

DiNH,@SiO(111) Ethanol S

(Mesoporous silica)

100 1

o)
o1

% Weight

70

30 190 350 510 670 830
Temperature (°C)

Figure 4.5 Thermogravimetric analyses of DiINH,@SiO, prepared in A) dried
toluene using Stober-type silica B) ethanol using mesoporous silica C) dried toluene

using mesoporous silica
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4.3.1.3 Infrared spectroscopy of DINH,@SiO,

DiNH,@SiO,, (I1) (prepared using mesoporous silica in toluene) was selected for IR
study. The FT-IR spectrum of DiNH,@SiO; (I1) between 4000 and 400 cm™ (Figure
4.6) shows small bands at 2934 and 2884 cm™ due to the CH, stretching vibration.
The existence of CH, group bands on the spectrum can be a good indication of
loading of the diamine reagent on the surface of the silica. On the other hand, no
bands from the NH stretching vibration were distinguishable at around 3276 and
3295 cm™ (as seen in the Z-6094 spectra) (Figure 4.6)°.
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Figure 4.6 FT-IR spectra of mesoporous silica, Z-6094 and DiNH,@SiO,
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4.3.1.4 Colour test of DiNH,@SiO,

The functionalization of the diamino moiety on the silica particles was assessed by a
colour test in which 20 mg of DiNH,@SiO; particles and 20 mg of unmodified SiO;
were separately equilibrated with 5 mL of copper (I1) solution (1000 pg Cu mL™).
The colour of the DiNH,@SiO; particles turned from white to blue but unmodified
silica particles were unchanged. The colour change from white to blue is attributed to
the diamine ligand chelating the Cu®*.

4.3.1.5 Measurement of the copper capacity of DINH,@SiO,

The number of diamine groups available on the silica was assessed by measurement
of its copper capacity. The loading of diamine groups on the mesoporous silica is
significantly higher than the loading on the Stober-type silica, as a result of the high
surface area of the mesoporous silica (Table 4.4). The copper capacity measurements
of diamine-mesoporous silicas slightly decreased when the solvent was changed

from toluene to ethanol.

Table 4.4 The copper capacities of different of DiNH,@SiO, batches

Batch Solvent Corlc:]prﬁg ::e;pla’lc(irt]y:igiD,
(s[igﬁsrzgselgﬁ i(gjl) Toluene 0.10+0.01
(raielzlcz)zo?osuis?szi |(il(!<’);1) Toluene 1.62 £ 0.064
DiNH,@SiO; (111) T3 o0m

(mesoporous silica) Ethanol
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4.3.2 Aminopropyl-nanoscavengers (NH,@SiO,)

4.3.2.1 Morphology and particle size distribution of NH,@SiO, (1)

The NH,@SiO; (I) prepared by modifying preformed mesoporous silica with
NH,Si(OEt); in toluene is the only batch studied by SEM and LSPSA as it was the
most promising batch according to copper capacity measurement, as will be
discussed in Section 4.3.2.5. Laser scattering particle size analysis of NH,@SiO, (1)
shows the size of the particles (main population) to be 581 nm (with 151 nm standard
deviation) (Figure 4.7). This result did not match the size of the particles estimated
from SEM images (Figure 4.8). The size of the particles, calculated by averaging
measurements of fifty particles, was 248 + 14 nm. The SEM results of the batch
show that the morphology of the particles was spherical with sizes around 250 nm.
These results confirmed that modification did not affect the size and the morphology

of the modified particles.
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Figure 4.7 LSPSA of NH,@SiO; (I) prepared in toluene
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Figure 4.8 SEM image (5071X magnification) of NH,@SiO, () prepared in toluene

4.3.2.2 Thermogravimetric study of NH,@SiO,

Modification of the silica surface was confirmed by thermogravimetric analysis. On
the post grafting synthesis of NH,@SiO; (1) in toluene there were in general three
regions of weight loss on the TGA traces. The first change between 27 °C and 126
°C was a4 % weight loss believed to be adsorbed water and residual solvent'*. A
2.43 % weight loss between 126 to 342 °C, and another 9 % weight loss between
342 and 773 °C were due to oxidation of organic material® (Figure 4.9a). The
thermogravimetric analysis of NH,@SiO, (lIl) (prepared using the single pot
method) revealed 18 % weight loss between 303 and 750 °C (Figure 4.9b), as a result
of the oxidation of organic materials. Some of this weight loss can also be attributed
to oxidation of the template, as solvent extraction can not completely remove the
template. TGA of NH,@SiO, (IV) particles prepared from Stéber-type silica showed
a 6 % weight loss between 126 and 773 °C (Table 4.5). It is obvious that
modification of pre-formed mesoporous silica with aminopropyl groups either in
toluene or ethanol medium resulted in a higher loading of the aminopropyl moiety
than modification of Stdber-type silica (Table 4.5). This is again due to the high

surface area of mesoporous silica.
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Table 4.5 Total weight loss of different NH,@SiO; batches according to TGA

Total weight loss (%)

Batch Solvent between 126 and 773 °C
NH,@SiO, _(I_) Toluene 11.43
(mesoporous silica)
NH,@SIO, (I1) Ethanol 10
(mesoporous silica)
NH,@SiO; (I11)
(prepared during the formation of Ethylene glycol 20

mesoporous silica)

NH,@SiO, (IV)

(Stober-type silica) Toluene 6

100 =,

88 -

% Weight

74 I I I i I
30 190 350 510 670 830

Temperature (°C)

Figure 4.9 Thermogravimetric analysis of NH,@SiO; particles prepared A) in
toluene using mesoporous silica (NH,@SiO; (1)) B) during the formation of
mesoporous silica (NH,@SiO, (111))
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4.3.2.3 Infrared spectroscopy study of NH,@SiO,

In FT-IR spectroscopy the N-H stretching vibration at 3300 cm™ is often too difficult
to observe, especially when the silica particles are covered by a chemically bonded
monolayer of aminopropyl moiety **. This band was not observed, even when the
FT-IR spectroscopy was carried out for NH,Si(OEt); (Figure 4.10). The FT-IR
spectroscopy (Figure 4.10) carried out of NH,@SiO, (I) was prepared using post
synthesis method in dried toluene, and revealed a weak band at 2940 cm™ which
might belong to a CH, asymmetric stretching mode, and a band at 1556 cm™ which
might come from deformation vibrations of N-H. On the other hand, two notable
bands were detected at 2937 and 2873 cm™ in the case of NH,@SiO; prepared using
the single pot approach. It can not be confirmed that these bands just refer to
stretching vibrations of CH, groups on the NH,Si(OEt)s. As stated previously, the
extraction of a template using a solvent cannot completely remove the entire
template from the structure of NH,@SiO,. Therefore the bands may drive from alkyl
groups of the remaining template in the NH,@SiO; structure. In all IR spectra, a
sharp and strong band was observed at 1066 cm™, which was attributed to the
stretching mode of siloxane (Si-O-Si)* (Figure 4.10).
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NH,Si(OEt),

- 85

- 50

% Transmittance

- 15

— Mesoporous silica

- 90

- 55

% Transmittance

- 20

—Aminosilica

- 95

- 70

% Transmittance

45

3200 2200 1200 200
Wavenumbers (cm1)

Figure 4.10 FT-IR spectroscopy of 3-aminopropyltriethoxysilane, mesoporous silica
and aminosilica (NH,@SiO; (1))
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4.3.2.4 Colour test of NH,@SiO,

When white NH,@SiO, particles were added to a copper (II) solution (1000 pg
mL™), the colour of the recovered particles turned light blue. It was noted that the
colour of the particles developed over time due to the attachment of more copper (11)
ions. One hour was found to be more than enough to reach the clear light blue stage.
Other researchers have also found that the colour of aminopropyl-silica particles
turned pale blue after immobilization of Cu (I1) on the surface of the particles™.

4.3.2.5 Measurement of the copper capacity of NH,@SiO, particles

To assess the functionalized amino groups on the silica surfaces, copper capacity
measurements were carried out (Table 4.6). The preparation of amino-mesoporous
silica in toluene gives the highest amine loading. The number of functionalized
amine groups on the surface of mesoporous silica dropped when ethanol was used as
a reaction solvent. Modification of mesoporous silica during the formation of the
particles gives the lowest amine loading amongst the mesoporous silica
modifications. Functionalization of the aminopropyl moiety on the surface of the
Stober-type silica gives a copper capacity 0.30 mmol g™ which is three times the
copper capacity obtained for the corresponding diamine. This could be as a result of

steric hindrance caused by the diamine group.
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Table 4.6 The copper capacity of different NH,@SiO, batches

Copper capacity + SD,
Batch Solvent
mmol g, (n = 3)

NH,@SiO; (I)

Toluene 1.87 £ 0.07
(mesoporous silica)
NH,@SiO, (1)

Ethanol 1.23+£0.09
(mesoporous silica)
NH,@SiO; (I11)
(prepared during particles Ethylene glycol 1.0 £0.02
formation mesoporous silica)
NH,@SiO; (IV)

Toluene 0.3+0.02

(Stober-type silica)

4.4 Conclusion

From the above study, it can be concluded that nano-sized silica particles can be
modified with diamino or aminopropyl groups. Different types of solvents were used
in attempts to increase the loading of amino groups on the surface of particles. The
copper capacities of DiINH,@SiO, batches prepared using ethanol and dried toluene
as a solvent show no significant differences. The low surface area of the Stdber-type
silica affects the immobilization of diamino group on the surface. The copper
capacity of modified Stéber-type silica is around 17 times lower than that attained by

modification of mesoporous silicas.

Both single pot synthesis and post grafting methods were applied to prepare
NH,@SiO, particles. According to the copper capacity results, the post synthesis
method has a higher amine loading than single pot synthesis. There were many
disadvantages arising from the single pot synthesis, such as long preparation time as
well as difficulties with the removal of the template from the NH,@SiO, structure by

solvent extraction.
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The morphology of DiINH,@SiO, and NH,@SiO, particles observed using scanning
electron microscope was uniformly spherical. Moreover, the size of the particles
confirmed by SEM was not affected by the modification. They were still around 250

nm.
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Chapter 5
Dithiocarbamate-nanoscavengers (NCS,@SiO,) and

their applications in the extraction of metal ions

5.1 Introduction

As has been discussed in Chapter 1, analytical instruments are frequently too
insensitive to directly determine the low levels of concentration of trace metal ions in
water. Trace metal measurements can also suffer from interferences from other
materials in the sample. Under such circumstances preconcentration / extraction can
be an essential step before measurement can take place. Examples of techniques that
can be employed for this purpose are coprecipitation, chelating ion exchange?,
chelation-solvent extraction® *, solvent evaporation® and solid phase extraction based

on modified solid support (Section 1.3.2).

Dithiocarbamates bind to a large range of metal ions®. The versatility of the
dithiocarbamate ligand is attributed to its small bite angle, leading to stabilization of
a wide range of metal oxidation states”®. The complexing capability of
dithiocarbamate ligands comes from the donation of electrons on the sulfur atoms to
the positive charge on the metal™.

The surface of silica can be modified with dithiocarbamate moieties by converting a
pre-formed amino-silica to its dithiocarbamate by reaction with carbon disulfide
(CS,). This can be performed under neutral pH conditions but adding base to the
reaction medium is reported to improve the conversion of amine to
dithiocarbamate®. In the 1970s, Leyden et al. prepared a series of dithiocarbamate-
silicas by reacting pre-formed amino-silica with CS, in the presence of
tetramethylammonium hydroxide and used these dithiocarbamate-silicas to

preconcentrate metal ijons*?™.

15-17

Similar syntheses have employed sodium
hydroxide Mahmoud et al. converted an amino-silica to its dithiocarbamate
without adding base to the reaction medium®® *°. The main drawback of these two

step syntheses is incomplete conversion of amine moieties into their
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dithiocarbamates. This can be overcome by pre-forming the dithiocarbamated
alkoxysilane and then reacting it with silica. Such a product has been used to extract
Hg (1™,

Dithiocarbamates are frequently used for the extraction of metal ions as they
establish stable complexes with many metal ions. Dithiocarbamate reagents possess
some disadvantages in direct application to extract metal ions as the extraction
requires use of some hazardous organic solvents. Immobilization of the
dithiocarbamate moiety on solid support materials optimizes the ability of

dithiocarbamates to preconcentrate metal ions.

In this chapter the two step syntheses of dithiocarbamate-nanoscavengers will be
described. Mesoporous silicas were modified with mono and diamine groups
(prepared as described in Chapter 4) and these materials were then reacted with
carbon disulfide to produce mono- (Figure 5.1) and bis-dithiocarbamates (Figure
5.2). Following characterization, the dithiocarbamate-nanoscavengers were used to
preconcentrate Cu*, Cd**, Ni**, Pb*, Co?*, Cr**, Mn®" and Zn®* from water using a

nanoscavenger dispersion extraction (NSDE) approach.

0] o) H S-
AN NaOH O |
O—Si — 0O—Si H
@O/ N _~_NH, CS, @0/ Sl\/\, S

Figure 5.1 Synthesis of a monodithiocarbamate-nanoscavenger

o / N\ NaOH
@O;Si\/\’NH NH,— > O Sl\/\, - é
(0]

Figure 5.2 Synthesis of a bis-dithiocarbamate-nanoscavenger
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5.2 Experiments

5.2.1 Materials

Carbon disulfide (99.9 %), hydrochloric acid (36 % (w/v), AR grade),
tris(hydroxymethyl)aminomethane and sodium acetate were obtained from Aldrich
(Poole, UK). 2-Propanol and sodium hydroxide was purchased from Fisher Scientific
(Loughborough, UK). Chloroform (HPLC grade) was supplied by Rathburn
(Walkerburn, UK). Nitric acid (AR grade), sodium diethyldithiocarbamate and tri-

ammonium citrate were obtained from BDH limited (Poole, U.K).

A tris-buffer was prepared by dissolving of tris(hydroxymethyl)aminomethane (12.1
g) in deionised water (80 mL) in a beaker (200 mL). The solution was adjusted to
the desired pH (7 or 9) using concentrated hydrochloric acid. Acetate buffer (1 M,
pH =4 or 5.7 ) was prepared by mixing acetic acid (211.75 mL, 1 M) and sodium
acetate (38.25 mL, 1 M) together in a 500 mL beaker and the pH was adjusted to the

desired pH by variation of the amount of acetic acid or sodium acetate.

Stock standard solutions (1000 pg mL™) of Cu?*, Cd®**, Ni?*, Pb*, Co*, Cr*,
Mn?* and Zn** were individually prepared by dissolving (0.393, 0.274, 0.160,
0.496, 0.494, 0.770, 0.410 and 0.440 g) respectively of each metal salt
(CuSO45H,0, Cd(NO3)2.4H,0, Ni(NOs),.6H,0, Pb(NOs),, Co(NO3),.6H,0,
Cr(NO3)3.9H,0, MnS04.4H,0 and ZnS0O,4.7H,0) in 95 mL of deionised water and 5
mL of acetate buffer (pH = 5.7). The prepared standard solutions were stored in
polyethylene containers (125 mL).

5.2.2 Analysis of metals

The metal ions (Cu?*, Cd**, Ni?*, Pb*, Co?*, Cr**, Mn*" and Zn?*) were measured
using a Perkin-Elmer 2380 atomic absorption spectrophotometer. The calibration
was typically carried out in the range of 1 to 5 pg mL™. The employed measurement

parameters are shown in Table 5.1.

143



Chapter 5: Dithiocarbamate-nanoscavengers and their applications in the extraction of metal ion

Table 5.1 The FAAS parameters for metal ion analysis

Element Slit width (nm) Wavelength (nm)  Lamp current (mA)
Cu 0.7 325 4
Cd 0.7 228.8 3
Ni 0.7 232 5
Pb 2 217 5
Co 0.7 240.7 10
Cr 0.7 357.9 5
Mn 0.7 279.5 10
Zn 0.7 213.9 5

5.2.3 Characterization of the nanoscavengers

Preparation of the samples for the instruments was carried out according to the

methods described in Section 3.1.2.

5.2.4 The synthesis of a monodithiocarbamate—nanoscavenger
(MNCS,@SiO,)

Aminopropyl-nanoscavenger (2.4 g) (prepared as described in Section 4.2.4.1) and
deionised water (80 mL) were transferred to a conical flask (250 mL) and sonicated
for an hour. The mixture was stirred and NaOH (2 mL, 0.1 M), carbon disulfide (8
mL) and 2-propanol (8 mL) were added to the flask. The reactants were stirred for an
hour at room temperature and then centrifuged for 5 minutes at 8400 g. The
supernatant was removed and discarded. The pale yellow product was rinsed with 2-
propanol 5 times and three additional times with methanol. The product was dried

under continuous vacuum overnight and then stored in the dark under N, at 4 °C.

144



Chapter 5: Dithiocarbamate-nanoscavengers and their applications in the extraction of metal ion

5.2.5 Synthesis of a bis-dithiocarbamate-nanoscavenger
(BNCS,@SiO,)

The experiment was carried out according to the method described in Section 5.2.4,
except that the diamino-nanoscavenger (prepared as described in Section 4.2.3.2)

was used instead of the aminopropyl-nanoscavenger.

5.2.6 Copper capacity measurement of the dithiocarbamate-

Nanoscavengers

This experiment was carried out according to the method described in Section 4.2.5.

5.2.7 Extraction of metals using the monodithiocarbamate—

nanoscavenger

In this experiment, Cu®*, Ni**, Pb*, Cd** Cr**, Mn?*, Co* and Zn** (5 mL, 10 pg
mL™) were spiked into a polyethylene bottle containing deionised water (1 L), tris-
buffer (5 mL, pH =7, 1 M) and MNCS,@SiO; (200 mg) (pre-sonicated in 5 ml of
deionised water). The bottle was left for 2 hours and filtered using a 0.2 um cellulose
nitrate membrane filter. The filter was transferred to a polyethylene tube and a
mixture of HCI and HNOg3 (5 mL, 1:1) was added to the tube and heated to 45 °C for
2 hours using a water bath. The tube mixture was centrifuged and the acidic solution
was transferred to a volumetric flask (10 mL). Deionised water (5 mL) was added to
the tube, the contents shaken and centrifuged, then added to the volumetric flask. The
volume was made up to the mark using deionised water. The concentration of each

metal was measured by FAAS. This experiment was replicated three times.
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5.2.8 The rate of metal uptake by the MNCS,@SiO,

This experiment was carried out according to the method described in Section 5.2.7,
except that the equilibrium time allowed for the metals ions to react with the

MNCS,@SiO, was reduced from two hours to 15 minutes.

5.2.9 The affect of pH on metal extraction efficiencies using
MNCS,@SiO,

A known weight of MNCS,@SiO, (ca. 150 mg) was transferred to a glass vial (5
mL). Deionised water (5 mL) was added and the mixture was sonicated for 30
minutes. Deionised water (100 mL) was added to a low density polyethylene bottle
(125 mL), with 1 mL of a mixture containing 20 pg mL™ of each metal [Cu(ll), Cd
(11, Ni (I1) and Pb (11)] (first group of metals) or (Co (1I), Cr (1I1), Mn (Il) and Zn
(1)) [second group of metals]. The pH of each mixture was adjusted to pH = 4, using
acetate buffer, or pH 7 or 9 using tris buffer. The MNCS,@SiO; suspension was
added to the bottle and the bottle was shaken gently and then left for an hour prior to
filtration using a 0.2 um cellulose nitrate membrane filter. The filter was carefully
transferred to a sealed centrifuge tube (10 mL) and a mixture of HCI and HNO3; (5
mL, 1:1) was added. The tube was left for 2 hours in a water bath at 45 °C. The tube
was centrifuged, the acidic solution was transferred to a volumetric flask (10 mL)
and deionised water (5 mL) was added to the tube. It was shaken for 2 minutes and
centrifuged, and the aqueous solution was added to the volumetric flask. The volume
was accurately made up to the mark using deionised water and the concentrations of

the metals were measured by FAAS.

5.2.10 Colorimetric determination of copper as a dithiocarbamate

complex

Copper (Il) was determined colorimetrically after solvent extraction of its
diethyldithiocarbamate complex into chloroform (HPLC grade). Tap water (100 mL)
was transferred into a separating funnel (250 mL) and the pH was adjusted to 7.0
using a triammonium citrate (10 % wi/v) solution. Sodium diethyldithiocarbamate (2
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mL, 1 mg mL™) was added to the funnel and the mixture was shaken for 5 minutes.
Chloroform (2.5 mL) was added. The funnel was shaken vigorously for 5 minutes
and the organic layer was collected into a volumetric flask (5 mL). The last step was
repeated again. The organic layer was added to the volumetric flask and the volume
was made up to the mark using chloroform. The absorbance was measured at 435 nm
and the concentration was calculated according to a calibration curve derived from

the extraction of standard copper solutions.
5.2.11 Calibration of the colorimetric approach

Standard solutions for colorimetric approach was prepared by spiking a known
quantity of Cu (Il) to deionised water (100 mL) and extracted and measured

according to the method described in Section 5.2.10.
5.2.12 MNCS,@SiO, extraction of Cu®* from tap water

An aliquot (100 mL) of tap water was transferred to a low density polyethylene
bottle (125 mL) and the pH was adjusted to 7.0 using triammonium citrate (10 mL,
10 % wi/v) solution. MNCS,@SiO, (100 mg) (pre-dispersed in 5 mL of deionised
water) was added to the bottle mixture and mixed together. The solution was left for
2 hours prior to vacuum filtration through a 0.2 um cellulose nitrate membrane filter.
The filter was then transferred to a sealed centrifuge tube and a mixture of HCI and
HNO; (2.5 mL, 1:1) was added. The tube was heated to 45 °C for 2 hours using a
water bath. The acidic solution was transferred to a volumetric flask (5 mL).
Deionised water (2.5 mL) was added to the solid residue in the tube, shaken for 1
minute and centrifuged. The washings were added to the volumetric flask, and the
volume was made up to the mark using deionised water. The concentration of copper

in the solution was measured by FAAS.
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5.3 Results and discussion

5.3.1 Morphology and particle size distribution

Scanning electron microscopy of dithiocarbamated nanoscavengers showed spherical
particles (Figures 5.4a and 5.4b). The average size of the MNCS,@SiO, particles
was calculated from SEM image as 252 nm with 17 nm standard deviation. However,
according to laser scattering particle size analysis (LSPSA) the mean diameter of the

particles was 395 nm with 82 nm standard deviation (Figure 5.3).
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Figure 5.3 LSPSA of MNCS,@SiO,

Figure 5.4 SEM images of a) MNCS,@SiO, (4678X magnifications) and b)
BNCS,@SiO, (6779X magnifications)
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The average size of BNCS,@SiO; calculated from SEM images (Figure 5.4b) was
255 + 20 nm and 446 + 179 nm based on LSPSA measurement. The aggregation of
the particles could be the main reason for obtaining higher average sizes in particles
size measurements. The average sizes of nanoscavengers before and after introducing
dithiocarbamate to the nanoscavengers according to the SEM measurements did not
change (Table 5.2).

Table 5.2 The average particle sizes of some nanoscavengers

Type of nanoscavenger SEM measurement (nm)  LSPSA measurement (nm)

NH,@SiO, (1) 248 + 14 581 + 151
MNCS,@SiO; 252 +17 395 + 82
DiNH,@Si0; (I1) 249 + 24 551 + 33
BNCS,@SiO; 255 + 20 446 +179

5.3.2 Thermogravimetric analysis of dithiocarbamate-

Nanoscavengers

To confirm the dithiocarbamation of the silica, thermogravimetric analyses were
carried out (Figure 5.5). With the NH,@SiO; (I) (Table 5.3), 11 % weight loss
occurred between 126 and 773 °C (Figure 5.5a). In contrast, the TG trace of
MNCS,@SiO, showed around 15 % weight loss in the same area (Figure 5.5b). The
4 % increase in weight loss may be attributed to the dithiocarbamation.
BNCS,@SiO, showed ca. 23 % weight loss between 126 and 773 °C, 5.3 % (Table
5.3) higher than DINH,@SiO,, (11) (Figure 5.5¢ and d).
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Table 5.3 Total weight loss of amino-nanoscavengers and dithiocarbamate-

nanoscavengers
Batch Total weight loss between 126 to 773 °C (%)
NH,@SiO; (1) 11
MNCS,@SiO, 15
DiNH,@SiO, (II) 18.3
BNCS,@SiO, 23

70

30 190 350 510 670 830
Temperature (°C)

Figure 5.5 Thermogravimetric analysis of A) aminopropyl-nanoscavenger B)
monodithiocarbamate-nanoscavenger C) diamino-nanoscavenger D) bis-

dithiocarbamate-nanoscavenger
5.3.3 Infrared spectroscopy of dithiocarbamate-nanoscavengers

FT-IR of the dithiocarbamate-nanoscavengers showed CH, stretching bands of the
hydrocarbon chain at 2975 and 2940 cm™. A broad and strong band for siloxane (Si-
O-Si) appeared at 1060 cm™ and a band due to Si-—O bond stretching was observed at
951 cm™. The IR absorption of the dithiocarbamate moiety, usually exhibited at
1493.88, 1286.25, and 956.96 cm™ (assigned to N-C=S)?, did not appear in the
dithiocarbamate-nanoscavengers spectrum. The absence of these bands may be

attributed to signal overlap, in addition to the strong vibrational bands of the silica
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framework™. Therefore the IR spectrum is not useful in confirming the linkage of the

dithiocarbamate moiety to the silica.

5.3.4 Colour testing of dithiocarbamate-nanoscavengers

To further confirm the dithiocarbamation of the silica, a colour test was carried out.
The dithiocarbamate-nanoscavenger particles were dispersed in copper (I1) solution
(1000 pug mL™, pH = 5.7). The colour of the particles immediately turned brown
(Figure 5.6) inside the copper solution due to the dithiocarbamate-nanoscavengers
complexing the copper. There was a noticeable change in the colour of the bis- and
monodithiocarbamate-nanoscavengers when dispersed in the copper (Il) solution.
Whilst the amino-nanoscavengers when dispersed in the copper (I1) solution were
blue (as described in Section 4.3.2.4). The dithiocarbamate-nanoscavengers particles
became brown. This is considered to be a reliable indicator of dithiocarbamate

complexation.

Figure 5.6 The colour testing of a) MNCS,@SiO; particles before dispersion in Cu
(11) solution b) MNCS,@SiO; particles after dispersion in Cu (1) solution
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5.3.5 Measurement of the Cu capacities of dithiocarbamate-

nNanoscavengers

Copper capacity measurements were carried out to assess the dithiocarbamate moiety
on the surface of the silicas. Dithiocarbamate-nanoscavenger capacities (Table 5.4)
were similar to those of the amino-nanoscavengers but the copper capacities of the
bis-dithiocarbamates were less than expected. This is believed to be due to difficulty
of releasing copper from the bis-dithiocarbamate, due to chelation by two DTC
ligands. It was noticed during the experiment that the colour of the silica after
digestion was still light brown, implying that some copper remained on the silica. A
stronger acid such as (aqua regia) should therefore be used in the digestion process to
release all the copper (I1) ions from the nanoscavengers. The copper capacities of
dithiocarbamate-nanoscavengers prepared from mesoporous silica had a copper
capacity seven times higher than that of materials prepared from a Stéber-type silica
(Table 5.4). The high surface area of the mesoporous silica allows loading of more
dithiocarbamate moiety on the surface of silica, therefore the copper capacity is

substantial if compared to the dithiocarbamate-silica of the Stéber-type.

Table 5.4 The copper capacity of dithiocarbamate-nanoscavengers

Copper capacity + SD
Sample References
mmol g™ silica, (n = 3)

Monodithiocarbamate-nanoscavenger 1.13 + 0.006 -
Bis-dithiocarbamate-nanoscavenger 0.93+0.01 -
Dithiocarbamate-Stober-type silica 0.2 21

5.3.6 The settling of dithiocarbamate-nanoscavengers from an

agueous suspension

The nanoscavenger dispersion extraction technique to extract metal ions from water

is based on the dispersion of silica in water and then its recovery together with the
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attached analytes. To avoid having to use agitation during the preconcentration
process, the modified silica particles should remain suspended long enough to
complete the extraction of the analytes. The stability of its suspension in water was
reviewed by observing settlement of particles over time (Figure 5.7). The suspension
was stable for more than 4 hours without noticeable settlement; enough to extract
most target metal ions. Even if some of the dithiocarbamate-nanoscavenger particles
settled, this would not prevent the attachment of metal ion to the nanoscavenger from

continuing on the remaining suspended particles.
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Figure 5.7 Settling of the dithiocarbamate-nanoscavenger from

its suspension in water

5.3.7 Extraction of metals using MNCS,@SiO,

The ability of dithiocarbamate nanoscavenger to extract the metal ions can be
predicted by considering the thermodynamic stabilities of the 1:1 metal-ligand
complexes. Only the 1% formation constant for the metal-dithiocarbamate complex
will be considered as it is expected that only one water molecule will be substituted
with the ligand since the dithiocarbamate is not free in water but it is bonded to
silica. Unfortunately the data of the 1* formation constant for metal-dithiocarbamate
as far as | know is not available in the literatures to make comparison between the
metal-dithiocarbamate complex in solution and the same metal-dithiocarbamate

nanoscavenger.
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The monodithiocarbamate-nanoscavenger was applied to the preconcentration of
metal ions (Cu*, Cd**, Ni**, Pb?*, Co*, Cr**, Mn*" and Zn*") from synthetic water
samples. These were prepared by spiking 50 pg of each metal ion into 1000 mL of
deionised water. The recoveries obtained using the NSDE procedure are given in
Table 5.5. All were almost 100 %, except for chromium (I1l) and manganese (I1).
The low recovery of chromium (II1) (47 %) may be attributed to the slow
replacement of surrounding water molecules by the dithiocarbamate-nanoscavenger.
This is due to the Cr** has three electrons (d®) which occupy tog orbital (low energy).
Thus the ligand field stabilization energy (LFSE) of the ion in an octahedral ligand
field would be high (6/5 Ao) which makes complexes of Cr** kinetically inert’* %, In
addition the Cr is a hard metal thus its affinity to soft ligands will be low?*. No
recovery was detected for manganese (I1). The poor recovery of Mn (1) may be
attributed to the low affinity of dithiocarbamate-nanoscavenger to Mn (1), as it is a
hard metal®. The dithiocarbamate-nanoscavenger had been able to preconcentrate
most of the metal ions from 0.05 pg mL™ to 5 pg mL™? to obtain a 100
preconcentration factor. The preconcentration factor could potentially be enhanced
by reducing the final volume of the extracted metal ion solution.

Table 5.5 The recovery of metals extracted from water using MNCS,@SiO, (Initial

sample contained 50 pg L™ of each metal)

Metal Preconcentration % Average
factor recovery = SD, n =3
Cu 100 102 + 2
Cd 100 99+0.6
Ni 100 105+ 3
Pb 100 104 + 4
Co 100 105+1
Cr 100 47+5
Mn 100 00
Zn 100 101+0.4
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5.3.8 Rate of extraction of metal ions using MNCS,@SiO,

The equilibrium between the metal ions and the dithiocarbamate-nanoscavenger was
reduced to 15 minutes, as employed by Howard and Khdary? in their solid phase
dispersion extraction of Cu®" using a bis-dithiocarbamate-silica. The recovery results
were almost 100 % for Cu®*, Cd*, Ni**, Pb**, Co®* and Zn?*. The rapid uptake of
these ions by the dithiocarbamate-nanoscavenger can be attributed to the large
available surface area of mesoporous silica, its high loading of dithiocarbamate and
the high affinity of dithiocarbamate for most metal ions. No recovery was however
observed for Mn** and Cr**. Manganese (I1) is a hard metal so it is unlikely to be
adsorbed by a soft ligand. In an aqueous solution, chromium (I11) is hard to extract
by ligand, due to its strong hydration by water molecules as Cr (Ill). This strong
hydration around Cr (l1l) prohibits the access of chelating agents to the metal

centre?®-28,

Displacement of coordinated water molecules by dithiocarbamate-
nanoscavenger is therefore difficult. Increasing the equilibrium time can enhance the
recovery of Cr (I1I). It was seen that the recovery of Cr (I1I) was 47 % when the

equilibrium time was 2 hours.

5.3.9 The effect of pH on the preconcentration

Water sample pH was adjusted within the range 4 to 9. More extreme conditions
were avoided as the dithiocarbamate decomposes under acidic conditions to sulfur
compounds such as CS, and H,S?® and in strong base the silica particles dissolve.
The affect of pH was studied at three pH levels (pH = 4, 7 and 9). The recoveries of
Cu?*, cd*, Ni**, Pb?* and Co*" were almost 100 % from pH = 4 to pH = 9 (Table
5.6). Only 8 % of Cr (I11) was recovered at pH = 4. This may be attributed to several
reasons; first the kinetic inertness of Cr (I11) hinders efficient complexation leading
to poor recovery®. Therefore, many preconcentration methods for Cr (I11) include
conversion of Cr (I11) to Cr (V1) step to enhance the recovery®. Secondly at low pH
the affinity of ligand for Cr** was low due to competition with the H*. Increasing the
pH leads to deprotonation of the ligand and increases the affinity of the ligand for the
metal ion®. Moreover, increasing the pH leads to the formation different Cr®* species
such as CrOH?*, Cr(OH)*, and Cr(OH); which can be more easily extracted®. The
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maximum recovery of Cr** was reached at the higher tested pH values. The recovery
of Zn (1) dropped to 57 % at (pH = 4) due to increased competition between H™ ions
and Zn*" at the low pH. The extraction of Mn (l1) rose with increasing pH, perhaps
due to precipitation at high pH values, of Mn (1V) oxide/hydroxide species resulting
from its oxidation with subsequent adsorb on the surface of the nanoscavenger.
These results coincided with those obtained by Sarmani et al.” in their study of the
impact of pH on the retention of the Mn-diethyldithiocarbamate complex on a Cis-
column. Their results showed that the Mn adsorption efficiency increased with
increasing pH (7.5-8.5) of the sample solution®. It has also been found in another

study that no Mn (11) was adsorbed on cross-linked chitosan at low pH (< 4)*.

Table 5.6 Effect of pH on the extraction of metals using MNCS,@SiO,

Average Recovery of Metal £ SD (n = 3)

Buffer pH Cu Cd Ni Pb Co Cr Mn Zn

FOERIe 4 992 06:07 9445 100:0 103+2 80  2:0 574l
L7 10060 97+1 97+ 1000 10340 100:4 18:2.6 101+0.9
AN 9 90s2 9082 O4s4 100+l 974 10053 80x4 10242

5.3.10 A comparison of Cu (1) determinations using MNCS,@SiO,

with a conventional colorimetric procedure

The NSDE preconcentration procedure was applied to extract copper (II) from
samples of tap water collected from Southampton, United Kingdom. Fifteen tap
water samples were collected from different sites across Southampton.
MNCS,@SiO, was used to extract copper (Il) from the samples and after recovery of
the copper it was determined by FAAS. The same samples were also analyzed using
an established solvent extraction (SE) procedure based on the formation of a Cu (1)
diethyldithiocarbamate complex and its extraction into chloroform. The Cu (II) was
determined colorimetrically at 435 nm based on the extraction of standard solutions®*
(Section 5.2.11). The Cu concentrations obtained by the two approaches were plotted

(Figure 5.8). The slope correlation calculated from the data was 1.0431 + 0.010 at 95
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% confidence level. In order to evaluate the variation in the approaches, the analysis
of variance (ANOVA) method was applied. The statistical analysis of the obtained
slope, at 95 % confidence level indicates that the slope is not statistically equal to 1.
A 4 % difference between the two procedures, indicate to the concentration obtained
using SE overall higher than the ones obtained using NSDE. This may be attributed
to the preparation of standard solutions for the SE procedure which was carried out
using the same procedure of preconcentration of Cu (I1) from the sample. Thus the
error which may come from losing some of Cu (Il) during the sample preparation
will be eliminated. However, the preconcentration of Cu (II) from samples using
NSDE procedure was different from the preparation of standard solutions which was
carried out by spiking the Cu (1) solution to the volumetric flask. Therefore there is
a possibility of losing some of Cu (Il) during the sample preparation using NSDE.
Considering this experimental error, a good match of the Cu (Il) concentration results
in both methods emphasizes the accuracy of using a dithiocarbamate-nanoscavenger

as a solid phase in NSDE to extract metals ions from water samples.
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Figure 5.8 Correlation of Cu measurements obtained MNCS,@SiO, nanoscavenger

dispersion extraction and solvent extraction methods
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5.4 Conclusion

The amino-nanoscavengers (Chapter 4) were reacted with carbon disulfide to
produce dithiocarbamate-nanoscavengers to be used as solid phase nanoscavenger
dispersion extractants to preconcentrate metal ions from an aqueous solution. The
extraction of metal ions using the dithiocarbamate-nanoscavenger could be carried

out without external (mechanical or manual) agitation.

SEM of dithiocarbamate-nanoscavengers indicated that the particle morphology and
size did not change after grafting the dithiocarbamate moiety to the surface of the
silica particles. Conversion of the amino-nanoscavengers to the corresponding
dithiocarbamate was confirmed by thermogravimetric analysis, copper measurement

and a colour test.

The MNCS,@SiO, was used to preconcentrate eight metal ions (Cu**, Cd**, Ni*",
Pb**, Co®*, Cr**, Mn* and Zn®*) from synthetic water samples. Essentially complete
recovery was achieved for all metals except manganese (II) (0O % recovery) and
chromium (I11) (47 % recovery). The preconcentration factor was 100. Due to the
strong affinity for dithiocarbamate to the metal ions, 15 minutes was found sufficient
to extract most of the metal ions. The recoveries of most metals were not pH
dependent and changing the pHs did not affect the recovery results. Only the
recoveries of three metals (Cr**, Mn®* and Zn®*) were influenced by changing the pH
of the sample. The extraction of these metals increased by changing the pH value to

basic conditions.

In order to validate the dithiocarbamate-nanoscavenger for use as a new solid phase
in the NSDE technique to preconcentrate metals ions from water, the same tap water
samples were examined using NSDE and a conventional colorimetric procedure. The
similarity in the concentrations obtained using both methods indicated that the
dithiocarbamate-nanoscavengers represent a good new alternative the pre-

concentration approach of metal ions from water samples.
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Chapter 6
Hydroxyqguinoline-nanoscavenger (HQ@SIO,)

6.1 Introduction

8-Hydroxyquinoline (HQ) is one of the most commonly employed materials in
analytical chemistry due to its selectivity for metallic ions in solution. Moreover it
can react with several metal ions as bidentate ligand to form hydrophobic complexes.
In general, it has the ability to form a stable chelating complex of 1:2 mole ratio with
many divalent metal cations™ 2. However, Stary et al. * found that HQ can form two
kinds of complexes with nickel ions at different levels of pH. The complexation with
metal ions takes place by de-protonation of the HQ and the complex is therefore

more effectively formed under basic conditions than under acidic ones®.

The incorporation of HQ into a wide variety of solid supports was studied for
potential extractors of metal ions from water prior their determination by FAAS™" >,
Such materials can preconcentrate metal ions from very dilute solution allowing the
detection limit to be highly improved. HQ can be attached to methylated polystyrene®
and polystyrene divinyl benzene gel” 8. Cellulose and polyacrylonitrile® have also
been modified with HQ to extract metal ions from water. Immobilization of HQ on
the silica gel surface has been found to be a promising approach to the enrichment of
transition metals from water. The immobilization of HQ onto silicone tubing was
used as preconcentrator for Mn, Co, Ni, Cu, Cd, Pb and Zn from sea water prior to
their determination by ICP-MS. The recovery results of the metals were highly
dependent on pH. The recovery experiments performed at pH 5.3 produced poor
recovery results with no recovery for Pb and Mn and less than 10 % recovery
obtained for Ni and Cd. The best recovery results were obtained at pH 8.2 with
recovery levels between 35 and 95 %°. Moreover, Malamas et al.® immobilized HQ
on silica and used it for preconcentration of Cu, Co, Cd, Pb, Ni and Zn from a
complex matrix at pH 6.5 with 25 minutes as a time sampling. A 500-fold
preconcentration factor was obtained from 100 mL of solution. These techniques of

preconcentration were based on packing the HQ immobilized silica into a column
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into which the sample is injected. Column blocking, interferences, difficulties to
preconcentrate large volumes of sample and no possibility of doing the
preconcentration in the field are the major drawbacks of these techniques. A new
technique therefore is required to simplify the preconcentration using HQ modified
silica.

Many synthetic procedures to functionalize HQ onto the silica gels have been
reported™™®> but these procedures usually involve many steps. The simplest

procedure has been reported by Goswami et al.'®

. The procedure involves two steps,
first the reaction of silica gel with NH,Si(OEt); and second, the formation of a Schiff
base by its reaction with 5-formyl-8-hydroxyquinoline (FHQ). This procedure was
used to prepare HQ@SiO,. For higher modification of HQ into the solid substrate,
spherical mesoporous silica has been selected to be the solid support. The high
surface area of mesoporous silica compared to other solid supports provides
opportunities to modify more HQ into the surface. The nanoscavenger was applied to

preconcentrate 8 metal ions from synthetic water samples using the NSDE approach.

This chapter describes the development of an HQ solid phase nanoscavenger that has
been based on 250 nm spherical mesoporous silica particles. The mesoporous silica
is first modified with an amino-silane and then coupled to HQ (Figure 6.1). The
functionalized silica particles with HQ facilitate the extraction of a variety of

different metal ions.
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Figure 6.1 Schematic overview of 8-HQ-nanoscavenger synthesis
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6.2 Preparation of HQ@SIO,

6.2.1 Materials

Hydrochloric acid [37 % (w/v), AR grade] was obtained from Aldrich (Poole, U.K).
HQ (99 %) was supplied by Alfa Aesar (Heysham, U.K) .Nitric acid (AR grade) was
purchased from BDH limited (Poole, U.K). Anhydrous diethyl ether, toluene and
ethanol were reagent grade. Water (>14 Mohm.cm) was purified by reverse 0smosis
followed by deionisation using an Elga Option 4 system. Cellulose nitrate membrane
filters (Whatman 47 mm diameter, pore size 0.2 um) were supplied by Fisher
Scientific (Loughborough, U.K). All apparatus was soaked in nitric acid [5 % (v/v)]
and rinsed with deionised water before use. Tris-buffer solution was prepared by
dissolving 12.1 g of tris(hydroxymethyl)aminomethane in 1 L of water and adjusting
the pH to 7.0 and 9.0 using concentrated hydrochloric acid. Stock standard solutions
of each metal (containing 1000 pg mL™ of metal ions) was prepared by dissolving a

known amount of the metal salt in deionised water to give 100 mL of solution.
6.2.2 Analysis of metal ions

The measurements were carried out according to the method described in Section
5.2.2.

6.2.3 Characterization of HQ@SIiO,

Preparation of the samples for the instruments was carried out according to the

methods described in Section 3.1.2.
6.2.4 Synthesis of 5-formyl-8-hydroxyquinoline

HQ was converted to its 4-formyl derivative using a variation of the method
described by Goswami et al.’®. To a two necked round-bottomed flask (250 mL)
were transferred 8-hydroxyquinoline (10 g), ethanol (40 mL) and aqueous sodium

hydroxide (25 mL) (20 g of NaOH dissolved in 25 ml of water). The mixture was
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refluxed while chloroform (11 mL) was added dropwise over a period of an hour.
After refluxing for 24 hours, the solvent was removed on a rotary evaporator. The
resulting residue was dissolved in deionised water (250 mL) and the solution was
made slightly acidic using diluted HCI (until the pH of the solution reached 5.5). The
resulting brown coloured sticky solid was filtered off and left overnight in an oven at
40 °C. The solid was mixed with anhydrous sodium sulfate until it became free
flowing and extracted for 24 hours with anhydrous diethyl ether using a Soxhlet

apparatus. The solvent was evaporated off, resulting in a yellow solid material.

6.2.5 Attachment of 5-formyl-8-hydroxyquinoline to the amino-

nanoscavenger

FHQ (0.60 g) was transferred to a two necked round-bottomed flask (500 mL) fitted
with a reflux condenser and anhydrous diethyl ether (200 mL) was added. The
mixture was sonicated for 10 minutes and NH,@SiO; (I) (Prepared as described in
Section 4.2.4.1) (4.00 g) was added. The mixture was sonicated for an hour and
stirred for 24 hours at room temperature. The mixture was left in the fume cupboard
until all solvent evaporated. The excess of FHQ was removed by extracting the
product for 24 hours in a Soxhlet apparatus with ethanol. The product was dried

under continuous vacuum for 5 hours.

6.2.6 Measurement of the copper capacities of HQ@SIO,

This experiment was carried out according to the method described in Section 4.2.5.

6.2.7 Extraction of metals using the HQ@SIiO,

This experiment was carried out according to the method described in Section 5.2.7.
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6.2.8 Rate of metal uptake by the HQ@SIO,

To two low density polyethylene bottles (1 L), containing deionised water (1 L) was
added a HQ@SIiO, suspension (250 mg of nanoscavenger dispersed in 5 ml of tris-
buffer, pH = 7, 1 M) and the contents of each bottle were mixed. 1 mL of a solution
containing 50 pg mL™ of each of Cu (II), Ni (I1), Pb (11) and Cd (l1) [First group of
metals] or, Co (I1), Cr (111), Mn (I1) and Zn (II) [Second group], were added to the
bottle. The solutions were left for different equilibrium times (1 minute, 30 minutes,
1 hour, 3 hours, 6 hours, 15 hours and 24 hours) prior to vacuum filtration through a
0.2 pm cellulose nitrate membrane filter. The filter was then transferred to a
polyethylene tube (10 mL) and a mixture of HCl and HNO3 (1:1) (5 mL) was added
to each tube. The tube was heated to 45 °C for 2 hours using a water bath, then
centrifuged for an hour and the acidic solution was transferred to a volumetric flask
(10 mL). Deionised water (5 mL) was added to each tube, shaken for 2 minutes and
centrifuged; the aqueous solution was added to the volumetric flask. The volume was
made up to the mark using deionised water and the metal concentrations in the

resulting solutions were measured by FAAS.

6.2.9 Effect of pH on metal extraction efficiencies

This experiment was carried out according to the method described in Section 5.2.9.

6.2.10 Colorimetric determination of copper as its dithiocarbamate
complex

This experiment was carried out according to the method described in Section 5.2.10.
6.2.11 Calibration of the colorimetric approach

This experiment was carried out according to the method described in Section 5.2.11.

6.2.12 HQ@SIO, extraction of Cu?* from tap water

This experiment was carried out according to the method described in Section 5.2.12

but replacing the nanoscavenger to be HQ@SiO,.
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6.3 Results and discussion

6.3.1 Synthesis of FHQ

FHQ was prepared by a variation of the method reported by Goswami et al.'®. The
reaction time was increased to 24 hours to increase the yield; the product was
extracted with anhydrous diethyl ether in a Soxhlet apparatus achieving around 20 %
yield. The 3C NMR spectrum of the product showed a signal at 192 ppm for the
carbon of the aldehyde group and in the *H NMR spectrum a singlet signal appears
at 6 10.1 ppm for O=C-H . Moreover the FT-IR spectrum demonstrated C-H
stretching bands from the aldehyde group at 2828 and 2755 cm™ and a band at 1685
cm™ from the carbonyl (CO) group. All of these results confirm the formation of 5-

formyl-8-hydroxyquinoline.

Figure 6.2 The structure of FHQ
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Table 6.1 *C NMR spectrum result of FHQ

Carbon atom position C, Cs Cy Cs Ce C, Cs Coy Cyo Cu

Signal (ppm) 147 124 140 121 134 110 148 137 128 192
—H
Q [ o5
—FHQ
[
S
L 70 B
£
-
|_
45
L] L] L] 20
3500 2800 2100 1400

Wavenumbers (cm-1)

Figure 6.2 FT-IR spectrum of HQ and FHQ

6.3.2 Synthesis of the HQ@SIO,

The final step in the preparation of HQ@SIO, was achieved by condensing
NH,@SiO, with FHQ in anhydrous diethyl ether to form a Schiff base. This caused
the surface of the silica to turn brown which could be a good sign of successful

loading of HQ onto the surface of the silica.

6.3.2.1 Morphology and particle size distribution

Scanning electron microscope showed spherical particles with a mean diameter
around 249 £+ 10 nm (Figure 6.3). Laser scattering particle size analysis indicated a
monodispersed population of particles with a mean diameter of 236 + 35 nm (Figure
6.4). There had been no significant change of particle morphology, population or the
size compared to the original silica. These results showed that the particles remain
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within the size range required for colloidal dispersion (250 nm) which allows them to
be used for the extraction of metal ions from the water using the nanoscavenger
dispersion extraction approach. Dispersed particles of this size, can stay suspended
long enough for enrichment of the metal ions to occur. The copper capacity of the
HQ@SiO, was 1.34 + 0.1 mmol g ™.

AccV Spot Magn Det WD Exp F———— 2um
30.0kv 5.0 10729x SE 120 1

Figure 6.3 SEM image (10729 X) of HQ@SIO,
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Figure 6.4 LSPSA of HQ@SIiO;
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6.3.2.2 Thermogravimetric analysis of HQ@SIO,

Thermogravimetric analysis was carried out in air over the temperature range from
25 to 800 °C. The TGA suggested a significant loading of 8-quinolinol on the silica
surface. Figure 6.5b showed a 7 % weight loss between 25 to 125 °C that was
attributed to the thermodesorption of physically adsorbed water and remaining
solvent'’. A 2.7 % weight loss in the 125 to 304 °C region was attributed to thermal
decomposition of 8-hydroxyquinoline on the surface of silica. Between 304 and 773
°C oxidation of the remaining organic materials on the surface of silica particles
resulted in a further 16 % weight loss. The HQ@SIO, lost 7 % more weight between
125 and 773 °C than the NH,@SiO, which is confirmed the attachment of FHQ to
the silica surface (Figure 6.5a).
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Figure 6.5 Thermogravimetric analysis of a) NH,@SiO; b) HQ@SiO,
6.3.2.3 Infrared spectroscopy of HQ@SiO,

In order to confirm the linkage of 8-hydroxyquinoline to the silica surface infrared
spectroscopy was carried out between 4000 and 200 cm™. The FT-IR spectrum
(Figure 6.6) showed bands at 2978, 2935 and 2895 cm™ due to C-H stretches. The
band of CO which appears at 1685 cm™ in the 5-F-8-HQ spectrum was found to be
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absent from the HQ@SIO, spectrum. A stretching band appears at 1627 may be
attributed to forming C=N*. The bands at 1595, 1548, 1505 and 1471 cm™ may be
assigned to ring vibrations. The broad and strong band which appears at 1060 cm™
attributed to siloxane (-Si—O-Si—). Most of the structure of silica consists of Si-O-Si,

causing its band to become strong, and weakening other functional groups.
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Figure 6.6 FT-IR spectroscopy of HQ@SIO,

6.3.3 The settling of the HQ@SIO, particles from an agueous

suspension

Stability of the nanoscavenger particles in aqueous suspension is an essential factor
of the nanoscavenger concept of NSDE as the particles must remain dispersed in the
solution. This allows the particles to move naturally throughout the sample solution
without external agitation. The stability of a HQ@SIiO, suspension was therefore
assessed by measuring the settling rate of the particles over an extended time period
(Figure 6.7). Light transmission remained essentially constant for more than 7 hours,

demonstrating extremely low sedimentation.
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Figure 6.7 Settling of HQ@SIO, from its suspension in water
6.3.4 Extraction of metals ions from water using the HQ@SIO,

As mentioned in Section 5.3.7 it is difficult to interpret thermodynamically the
obtained results of metal chelation with hydroxyquinoline in the absence of the data
of formation constant for metal-hydroxyquinoline complexes. The ability of
HQ@SiO; to enrich metal ions from water was tested by spiking aliquots of metal
ions into two of 1 L water samples. To a first 1 L water sample was added 50 pg of
each of four metals (Cu?*, Cd**, Ni** and Pb®"). To a second 1 L water sample was
added 50 pg of Co**, Cr**, Mn?* and Zn**. The HQ@SiO, (200 mg) was dispersed in
each water sample and the complexed metal was collected by filtration. The metal
ions were released from the nanoscavenger by acidification and oxidation using a
mixture of HCl and HNOg3 (1:1). The recovery results of eight metals were more than
92 % on all metals except Mn, which had a 45 % recovery (Table 6.2). The low
affinity of Mn as a hard metal to HQ@SIiO, may be the main reason for the low
recovery. The recovery of Mn can be enhanced by increasing the pH of the water
sample or by increasing the equilibration time as discussed later'®. Soylak and
Tuzen® reported that manganese can be efficiently extracted from water in the pH
range 8-10. The preconcentration factor of 100-fold can be improved by decreasing

the final volume of the extracted metals.
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Table 6.2 The recovery of metals extracted from water using the HQ@SiO; (Initial

sample contained 50 pug L™ of each metal)

Metal Preconcentration % Average
factor recovery + SD, n=3
Cu 100 98 +2
Cd 100 92+2
Ni 100 109+ 0
Pb 100 100+ 0
Co 100 98 +2
Cr 100 104 + 10
Mn 100 45+ 8
Zn 100 92+0

6.3.5 Rate of metal uptake from dilute solution by the HQ@SIO,

The extraction of metals over time was studied to evaluate the optimized time for
metal extraction using HQ@SIO,. In general water with low pH (< 7) is acidic and
H* can leach the metal ion from the container. Basic conditions cause the
precipitation of many metal ions. Therefore a tris buffer was added to avoid any
change of pH during sample preparation which could affect the recovery results. The
pH of the water sample was adjusted to pH = 7. The recoveries of the first group of
metal ions: Cu®*, Cd**, Ni** and Pb*" (Figure 6.8) and the second group of metal
ions: Co®*, Cr¥*, Mn?* and Zn** (Figure 6.9) were drawn versus equilibration times.
An equilibrium time of 1 minute was found to be sufficient to reach almost
maximum uptake of Zn and for Pb and Mn to reach 70 % uptake. Only 51, 34, 50, 67
and 8 % of the maximum recovery was however achieved for Cu, Cd, Ni, Co and Cr
respectively. The extraction of the metals increases with time, with lead reaching
maximum uptake within 60 minutes and Cu and Ni reaching more than 90 % uptake
in the same equilibration time. For most of the metals 3 hours was found to be
sufficient to attain maximum uptake onto the nanoscavenger, the exception being Cd,
which needed more than 6 hours. Overall, the results showed that once all the metal
ions had reached their maximum extraction, increasing the time between the metal

ions and the nanoscavenger has no significant effect on the extraction.
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Figure 6.8 Effect of time on metal ion uptake by HQ@SiO, (First group)
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Figure 6.9 Effect of time on metal ion uptake by HQ@SiO; (Second group)

6.3.6 Effect of pH on the metal enrichment

The pH of the sample solution is an important factor in the extraction of metal ions
from solution. Buffers were therefore added to the sample solution to maintain
accurate pH values between 4 and 9. This pH range was chosen to avoid strong acid
or base conditions because the chelating group on the surface of the nanoscavenger
will be damaged by strong acid medium (pH < 4) and a pH > 9 is high enough to
dissolve the silica. Acetate buffer was used to adjust the pH of the sample solution to

4 and tris buffer to adjust the sample solution to 7 and 9. Table 6.3 illustrates the
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recovery of the metals from different pH media. It shows that some metals, such as
Co, Zn and Ni, have not been influenced significantly by changing the pH value.
However, Cd, Cr, Mn and Pb recoveries improved by increasing the pH. This was
especially true for Cr, which had no recovery at all at pH = 4. The reason for the
decrease in the extraction of some metals concurrent with a decrease in the pH value
might be that the concentration of hydrogen-ion rises as the pH value lowers, which
increases the tendency towards replacement of the metal from the chelate by
hydrogen ions®. In general, binding of the metal ions to the complexing agent
decreases with decreasing the pH value due to the increasing competition between
the metal ions and H*. For the Mn (11) it was reported in several articles'® % that
the optimized pH value to extract Mn was in the pH range 8-10 as discussed in
Section 5.3.9. The extraction of the Cu ion reduces slightly as pH rises which may be
attributed to loss of some copper as a result of precipitating copper with increasing

the pH value.

Table 6.3 Effect of pH on the extraction of metals using HQ@SiO;

Average % Recovery of Metal + SD (n = 3)

Buffer pH Cu Cd Ni Pb Co Cr Mn Zn
Acetate-
99+2 83+1 9746 39+9 105+9 0 8+3 93+2
buffer
Tris-
7 92+4 97+2 9746 100+0 100+0 95+2 80+0 98+0
buffer
Tris-
buft 9 9240 98+2 103+6 100+0 100+0 93+2 102+3 98+2
uffer

6.3.7 A comparison of Cu (1) determinations using a HQ@SIO, with

a conventional colorimetric procedure

The performance of a HQ@SIO, in the nanoscavenger dispersion extraction
procedure was evaluated by comparing it against a widely adopted procedure based

on solvent extraction of a copper complex. For this experiment water samples were
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collected from a variety of domestic water sources across Southampton, UK. The
first method was a colorimetric procedure involving solvent extraction of the Cu
diethyldithiocarbamate complex into chloroform. The Cu was determined by
measurement of the absorbance of the resulting chloroform extract at 435 nm. The
concentration of Cu was calculated based on calibration with standard solutions. The
second method employed the HQ@SIO, to extract the Cu ion from the water with
subsequent measurement of the extracted Cu ion by FAAS. The concentration of Cu
from the NSDE method was plotted against the concentration measured using the
colorimetric method (Figure 6.10). The slope of the line was 1.0176 + 0.0099 which
is statically equal to 1 at the 95 % confidence level. The result proved that the Cu
concentrations measured by both approaches was identical. The good agreement of
the results obtained by the two methods suggests the HQ@SIO, approach to be a
promising new method for the extraction of metals from water. The Cu
concentrations on the tap water samples were found to range from 0.03 to 0.95 pg

mL™,
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Figure 6.10 Correlation of Cu measurements obtained HQ@SiO, nanoscavenger

dispersion extraction and solvent extraction methods
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6.4 Conclusion

Mesoporous silica of (250 nm) was modified with NH,Si(OEt); (as described in
Section 4.2.3.1) and then reacted with FHQ to chemically anchor HQ onto the
particles through a Schiff base condensation reaction. The colour of the particles
changed to be brown after loading HQ giving a good sign of successful modification.
The thermogravimetric analysis, infrared spectroscopy and copper capacity

measurement are all confirmed the immobilization of HQ on the silica particles.

Scanning electron microscope and laser scattering particle size analysis confirm the
size of HQ@SIiO; particles still in colloidal range of size (250 nm) regardless of two
steps modifications. This lead to a good dispersion of the HQ@SIiO, particles which
remained suspended in water more than 7 hours without noticeable sedimentation.

The good dispersion of the nanoscavenger in water leads to a high recovery results.

The HQ@SiO, was applied to enrich eight metal ions (Cu?*, Cd**, Ni**, Pb**, Cr*,
Co?*, Mn®" and Zn®"). The recovery result of the metals was greater than 92 % with
100-fold preconcentration factor. When the HQ@SIO, was utilized to preconcentrate
Cu?* from tap water samples, the concentrations of Cu?* that was found was similar
of the concentrations found by results which were carried out using solvent
extraction. These results attained from primary investigations of HQ@SIO, give a
good indication of using HQ@SIiO, as promising solid phase to preconcentrate metal

ions from water samples using NSDE technique.
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Chapter 7

Mercaptobenzamide-nanoscavenger (SH@SIO,)

7.1 Introduction

The surface of silica gel can be easily modified by thiol moieties to produce thiol-
silica to extract metal ions from water. Sahin et al.' modified silica gel with 3-
mercaptopropyltrimethoxysilane and wused it for selective separation and
preconcentration of selenite (Se**) from aqueous solutions containing Se** and
selenate (Se®"). Furthermore, they applied mercapto-silica for trace metal
preconcentration?, namely Cu®*, Cd**, Pb*" and Zn?* and extracted As (I11)® and Sb
(1) from highly saline aqueous solutions. This type of sorbent has only one ligand
centre (-SH) which means no chelation between metal and ligand will take place.

This will increase the chance to leach the metal ions during sample preparation.

Rudner et al.* synthesized a new adsorbent material mercaptobenzamide-silica gel
possessing multiligand centres by reacting aminopropyl-silica gel with methyl
thiosalicylate. The product was packed into a column located in the loop of an
injection valve. The sample was introduced and eluted, the final extracted sample
being introduced to the instrument on line. The main disadvantages of this procedure
are complexity, especially as the column needs at least 3 months before it can be
reused and it is time consuming to prepare the column. It is flushed with 2 M nitric
acid after each operation. Moreover, the ability of mercaptobenzamide-silica gel
sorbent to extract Cd from water was investigated by Pavon and his workers®. They
found that the recovery results were pH dependent and the optimized pH to extract
Cd was at pH 8. A new simple approach (nanoscavenger dispersion extraction),
using mercaptobenzamide-nanoscavenger (SH@SIO,) is established in this chapter

to preconcentrate elements from aqueous samples.

The synthesis of mercaptobenzamide-nanoscavenger was accomplished in two steps.
Firstly, mesoporous silica (prepared as described in Section 3.3.1.4) was modified
with a 3-aminopropyltriethoxysilane in dried toluene (as described in Section
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4.2.4.1). The aminopropyl-nanoscavenger was then reacted with methyl
thiosalicylate by displacement of methoxy groups to produce mercaptobenzamide-

nanoscavenger® (Figure 7.1).

o O SH o O SH
@ 0-si NH, + H3CO)J\ N — 0-si N
(0] 7 (0} H =

Figure 7.1 Synthesis of SH@SIO,

The mercaptobenzamide-nanoscavenger has a unique characteristic if compared to
the other nanoscavengers in that it contains three atoms (sulfur, oxygen and nitrogen)
as donor sites. These ligands atoms are located to form two different chelating angles
(bite angles). The presence of a number of chelating centres may increase the
complexing capacity of SH@SiO, nanoscavenger for one or more metal ions with
superb selectivity. In addition, the chelate complex enhances the stability of metal
ions on the nanoscavenger and may prevent leaching of metal ions during the sample

preparation.

The prepared SH@SIO, was characterised using variety of techniques such as SEM,
LSPSA, TGA and FT-IR. The capability of mercaptobenzamide-nanoscavenger as an
extracting agent for trace metal ions was investigated by applying SH@SiO; to
preconcentrate eight metal ions from water samples prior to their determination by
FAAS.

7.2 Preparation of SH@SIO,

7.2.1 Materials

Methyl thiosalicylate (methyl 2-mercaptobenzoate) (97 %), hydrochloric acid [36 %
(w/v), AR grade], tris(hydroxymethyl)aminomethane and sodium acetate were
purchased from Aldrich (Poole, UK). Chloroform (HPLC grade) was supplied by
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Rathburn (Walkerburn, UK). Nitric acid (AR grade), sodium diethyldithiocarbamate

and triammonium citrate were obtained from BDH limited (Poole, U.K).

Tris(hydroxymethyl)aminomethane and acetate buffer were prepared as described in
Section 5.2.1. Stock standard solutions (1000 pg mL™) of Cu**, Cd**, Ni?*, Pb*,
Co?*, Cr**, Mn*" and zZn** were individually prepared according to the method
described in Section 5.2.1.

7.2.2 Analysis of metal ions

The measurements were carried out according to the method described in Section
5.2.2.

7.2.3 Characterization of mercaptobenzamide-nanoscavenger

Preparation of the samples for the instruments was carried out according to the
methods described in Section 3.1.2.

7.2.4 Synthesis of SH@SIO,

Aminopropyl-nanoscavenger (prepared as described in Section 4.2.4.1) (4 g) and
ethanol (200 mL) were transferred to a two neck round-bottomed flask (500 mL).
The mixture was sonicated for an hour and heated to 90 °C. Ethanol (30 mL) and
methylthiosalicylate (5 mL) were transferred to a dropping funnel, mixed together
and added slowly to the reaction flask. The reaction was left to proceed at 90 °C for
24 hours. The suspended solid was isolated by centrifugation, rinsed five times with

ethanol and dried under continuous vacuum.

7.2.5 Measurement of the copper capacity of SH@SIO,

The experiment was carried out according to the method described in Section 4.2.5.
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7.2.6 Extraction of metals using SH@SIiO,

This experiment was carried out according to the method described in Section 5.2.7.
7.2.7 Rate of metal uptake by SH@SIO,

This experiment was carried out according to the method described in Section 6.2.8.
7.2.8 Effect of pH on metal extraction efficiencies using SH@SIO,
This experiment was carried out according to the method described in Section 5.2.9.

7.2.9 Colorimetric determination of copper as a dithiocarbamate

complex
This experiment was carried out according to the method described in Section 5.2.10.

7.2.10 Calibration of the colorimetric approach

This experiment was carried out according to the method described in Section 5.2.11.

7.2.11 SH@SiO, extraction of Cu*" from tap water

This experiment was carried out according to the method described in Section 5.2.12

but replacing the nanoscavenger with SH@SiO,.

7.3 Results and discussion

7.3.1 Morphology and particle size distribution

The size and morphology of the particles are very important, as they affect the
stability of the particles when suspended in water. Thus laser scattering particle size

analysis and scanning electron microscopy were carried out to ensure that the size of
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the particles was as close as possible to the targeted size (250 nm) with spherical
morphology. The LSPSA showed the size to be 400 nm (47 nm standard deviation)
(Figure 7.2). SEM showed that the particles were spherical and their averaged size
was 240 + 20 nm (Figure 7.3). Aggregation of some particles during measurement
could be the main reason for unexpected results in LSPSA measurement. The SEM
result confirmed that the morphology and the size of particles had not been
influenced by the two step modification. The averaged size of SH@SiO, particles

was still close to the colloidal range with spherical morphology.
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Figure 7.2 LSPSA of SH@SIO,

Figure 7.3 SEM images (8392X) of SH@SIO,
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7.3.2 Thermogravimetric analysis of SH@SIO,

In order to confirm the anchoring of the thiol moiety to the surface of the silica
particles, thermogravimetric analysis was applied. The TGA was carried out for the
NH,@SiO, and the SH@SiIO, nanoscavengers (Figure 7.4). The TGA traces of
NH,@SiO, showed a 3 % weight loss between 124 and 340 °C, followed by a 7 %
weight loss between 340 and 773 °C. In contrast, in the TGA trace of SH@SiO, most
of the physically adsorbed water and remaining solvent were lost between 27 and
124 °C. Around 4 % of weight loss between 124 and 344 °C corresponded to the
complete removal of water and remaining solvent from the structure of SH@SIO;
and the start of combustion of organic materials. The last area of weight loss (14 %)
occurred between 344 and 773 °C, and was attributed to complete oxidation of
organic materials from the silica surface. The increased weight loss (8 %) in the
SH@SIO, trace gave a good sign of successful linkage of the thiosalicylate group to
the silica surface. Rudner et al.” found a large mass loss (11%) between 300 and 650
°C in the TGA of thiosalicylate-silica gel, corresponding to a loss in the thiosalicylate
group. It is obvious that mesoporous silica loads more of the thiosalicylate groups
compared to silica gel, because of the large surface area of the mesoporous silica.
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Figure 7.4 Thermogravimetric analysis of a) NH,@SiO; b) SH@SIO,

7.3.3 Infrared spectroscopy of SH@SIO,

For additional confirmation of the anchoring of the thiosalicylate moiety to the
surface of silica particles, FT-IR spectroscopy of SH@SiO, was carried out. Figure
7.5 shows the FT-IR spectra of SH@SiO,. The large mass of silica compared to the
small mass of the organic groups on the surface of the silica made it difficult to
distinguish these groups. Most of the bands belonging to the groups on the surface
of silica were weak and difficult to assign. The FT-IR of the SH@SIO, spectrum
shows bands at 2933 and 2879 cm™ that may correspond to a stretching vibration of
the alkyl groups. A band at 2644 cm™ can be attributed to an S-H stretching
vibration®. In addition, bands at 1595, 1569, 1551, 1446 cm™ may be attributed to C-

Caromatic Fing Vvibrations.
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Figure 7.5 FT-IR spectroscopy of SH@SIO,

7.3.4 Colour test and copper capacity measurement of SH@SIiO,

A colour test may reveal signs of loading of a thiosalicylate moiety on the surface of
silica. Figure 7.6a illustrates the image of SH@SIO, particles prior to dispersal in a
Cu (1) solution, in light yellow. The colour of the particles then turned to light blue
(Figure 7.6b) after dispersal in 1000 pg mL™ of Cu (l1) solution. The change in
colour is attributed to the attachment of divalent copper to the bidentate ligand or to
the residual unreacted amine groups. Further confirmation of immobilization of
thiosalicylate on the silica surface is the copper capacity result, which showed around

1.8 + 0.06 mmol g of copper per silica.

Figure 7.6 Colour tests of SH@SiO, particles a) prior to extraction of Cu®* b) after
extraction of Cu®*
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7.3.5 The settling of SH@SIO, particle from an aqueous suspension

The SH@SiO;, nanoscavenger particles were synthesized for use in the NSDE
technique to preconcentrate metal ions from water. This technique is simply based on
dispersing the nanoscavenger particles into the water sample; the particles move
naturally through the sample, thus no external agitation is required. Therefore the
stability of the particles in an aqueous solution should be examined. The SH@SIO;
particles were dispersed into deionised water and the settlement of the particles was
observed over time using UV/Vis spectroscopy apparatus. Figure 7.7 shows that the
particles remained suspended in the deionised water for more than 6 hours and no
obvious settlement of the particles was noticed. This period of time will be more than
enough to extract most of the metal ions from the aqueous solution. Even if some of
the nanoscavenger particles precipitate, it will not prevent the attachment of metal
ions to the nanoscavenger particles’.
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Figure 7.7 Settling of the SH@SiO, nanoscavenger from its suspension in water
7.3.6 Extraction of metal ions using SH@SIO,

The formation constants for metal ion and oxygen and sulphur-donor ligands data are

not available in the literature to predict thermodynamically the ability of
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mercaptobenzamide-nanoscavenger to make strong chelating complex with metal
ions. The SH@SIO, nanoscavenger was applied to preconcentrate and extract 8
metal ions from a synthetic water sample. The deionised water samples were spiked
by 50 ug of each Cu?*, Cd**, Ni**, Pb**, Co?*, Cr**, Mn?* and Zn?*. The SH@SiO,
nanoscavenger particles (200 mg) were suspended in the water samples and the
particles with attached metals were recovered by filtration. The metals were released
from ligands by acid (HCIl: HNOs, 1:1), as water cannot release the metals. This is
probably due to the strong stability of the complex formed by metal ions and the
ligand used. The precision of the method expressed as standard deviation for three
replicates. The recovery results illustrated in Table 7.1, fall into three groups. The
first group consisted of Cu®*, Cd**, Pb*" and Zn**, with recovery results of 99, 94, 90
and 90 %, respectively. The second group showed 30, 42 and 48 % recovery results
for Ni**, Co** and Cr**, respectively. The third group recorded the lowest recovery
results for Mn?*, which suggests that the affinity of SH@SiO,-nanoscavenger to this
metal is very low. The metal ions do not exist in water as free ions, but are
surrounded by water molecules, which are considered as a weak ligand. Attachment
of the ligand to the SH@SiO, nanoscavenger required replacement of some water
molecules around the metal ions by the ligands on the surface of the nanoscavenger.
The mercaptobenzamide moiety has three donor atoms, O, N and S, which act as a
bidentate ligand forming chelates with metal ions. The stability between the metal
ions and the ligand depends on how easy the metals (Lewis acid) accept the electron
pair donation from the ligands (Lewis base). The result showed that copper had the
highest recovery results due to its highly complex stability constant with most of the
ligands®. In the same manner, high recovery results for Cd**, Pb** and Zn** may be
attributed to a good complexing constant between the metal and the ligand. The
reason behind the low recoveries of Ni?* and Co?* is unclear, especially these metals
exhibited high recovery with dithiocarbamate-nanoscavenger and hydroxyquinoline-
nanoscavenger. In the case of Cr®, the recovery results were 48 %, which can be
improved by increasing the equilibration time between the metal and the ligand, as
will be discussed later. As discussed in Section 5.3.7 the Cr®* (d®) is kinetically inert
towards ligand substitution®. Two hours is not enough to accomplish 100 %
recovery. Manganese recorded no recovery at all, and this may be attributed to the
fact that Mn is most likely to bind to a hard ligand according to hard soft acid base

theory.
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Table 7.1 The recovery of metals extracted from water using SH@SiO; (Initial

sample contained 50 pug L™ of each metal)

Metal Preconcentration % Average
factor recovery + SD, n=3
Cu 100 99 +0.76
Cd 100 94 +1.15
Ni 100 30+0
Pb 100 90 +1.36
Co 100 42+1.6
Cr 100 48 £2
Mn 100 00
Zn 100 90+0.1

7.3.7 The effect of time on the extraction of metal ions using
SH@SIO,

The effect of time on the extraction of metal ions from water was studied by
measuring the recovery results of metals over different periods. The recovery results
for the metal ions were plotted against time. The error bars on the figure were
calculated based on the standard deviation for three replicates to express the
precision of the method. The time had no effect on the recovery results for Cu®,
Cd**, Pb?* (Figure 7.8) and Zn** (Figure 7.9), as they reached maximum recovery
within one minute and no further change was observed afterwards. In addition,
increasing the time did not improve the recovery results for manganese, and it was
confirmed that manganese can not be extracted by SH@SIiO;, at this pH. On the other
hand, increasing the equilibration time had a slight effect on the extraction of Ni**
(Figure 7.8) and Co** (Figure 7.9). It was noted that the recovery of Ni** increased by
15 % when the time was extended to 30 minutes. The recovery remained constant in
the equilibrium times from 30 minutes to 6 hours before the recovery dropped to 40
% after 15 hours. This means, there was leaching of Ni** from ligand due to
substitution of Ni** by some cations. The recovery of Co*" was increased from 40 %
to 48 % when the equilibrium time increased to 1 hour, after which there was no
significant change in the recovery with increasing the time. Meanwhile, the highest
effect of time on the extraction of metals was in the recovery of Cr**. The recovery

results of Cr** (Figure 7.9) had been just 7 % at 1 minute equilibrium, but it
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increased gradually with increasing the equilibration time to reach maximum within
24 hours. The gradual increase in the recovery of Cr** over time may because the
attachment of the Cr®* to the SH@SiO, nanoscavenger is kinetically slow.
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Figure 7.8 Effect of time on metal ion uptake by SH@SIiO; (first group)
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Figure 7.9 Effect of time on metal ion uptake by SH@SiO; (second group)
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7.3.8 The effect of pH on the preconcentration of metals using
SH@SIO,

Table 7.2 summarizes the recovery results attained at different pH values. As
illustrated in the table, at pH = 4 only 83, 55, 50, 30 and 22 % recovery results were
obtained for Co*, Cu®, Pb*, Ni** and Cr® respectively, while the SH@SiO,
nanoscavenger did not show any tendency to extract Cd®*, Mn®* and Zn* at this pH.
The low recovery of some of the metals at this pH (acidic conditions) may be
attributed to the protonation of the donor atoms in the ligand, which blocks the

binding of the ligand to the metal ions, leading ultimately to loss of the chelate.

Increasing the pH value affected all metal recovery results, as shown in the recovery
results of the metals at pH 7. The copper and cobalt reached their maximum at this
pH, and the recovery results for cadmium, lead, chromium and zinc were more than
90 %. The recovery results for nickel and manganese were 55 and 15% respectively.

10-13 that the optimized pH to preconcentrate Mn?*

It has been reported in literatures
from water at pH > 7. The improvements in the recovery results of the metals may
be due to a decrease in the degree of protonation of the donor atom, which leads to

good binding between metal ions and ligand atoms.

At pH = 9 most of the metal ions reached their maximum recoveries. The most
noticeable effect of the pH on the recovery results was observed on the extraction of
nickel and manganese, which recorded 91 and 77 % respectively. The increasing
recovery results for the two metals could be due to precipitation of the metals at this
high pH value®. In addition, the effect of deprotonation of the ligand leads to more

successful binding between ligand atoms and metal ions.
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Table 7.2 Effect of pH on the extraction of metals by SH@SIO,

Average Recovery of Metal + SD (n = 3)

Buffer  pH Cu Cd Ni Pb Co Cr Mn Zn
Acetate-
55+2.3 0+0 305 5040 830 22+2.9 0+0 0+0
buffer
Tris-
7 100+0 96+2.5 55+0 93+0 100+1 98+2 150 92+0.66
buffer
Tris-
buft 9 100+£1.73 99+1.9 91+0 100+0.2 100+0 102+2.9 77+2.8 102+3
uffer

7.3.9 A comparison of Cu (1) determinations using SH@SIiO, with a

conventional colorimetric procedure

The accuracy of SH@SiO, nanoscavenger as a solid phase extractor of metal ions in
the analytical field was evaluated. The concentration of extracted Cu®* from tap
water using a NSDE technique with a SH@SiO, nanoscavenger was applied as solid
phase and compared to the one attained using a conventional extraction technique
(colorimetric). The colorimetric procedure involved solvent extraction of the Cu®*
diethyldithiocarbamate complex into chloroform. The Cu** was determined
colorimetrically at 435 nm. The concentration of Cu”* was calculated using
calibration with standard solutions. Fifteen tap water samples were collected from
different places across Southampton, UK. The concentrations of Cu® ions in tap
water samples was obtained using NSDE and plotted against the one attained by the

colorimetric method, as shown in Figure 7.10.

The slope of the line was 1.0292 + 0.015 which is statically equal to 1 at the 95 %
confidence level. This indicates that the concentration of Cu?* obtained using the
colorimetric method was overall similar to the one obtained using NSDE. The good
agreement of the results attained from the two analytical approaches of extraction,
suggests the accuracy of the SH@SiO, nanoscavenger method as a promising new

approach to extract of metal ions from water samples. Furthermore, the Cu?*
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concentrations in the tap water samples were found to range from 0.087 to 0.84 g

mL™.
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Figure 7.10 Correlation of extracted Cu measurements obtained using SH@SiO;

nanoscavenger dispersion extraction and solvent extraction methods

7.4 Conclusion

Mesoporous silica particles have been successfully modified with aminopropyl
following anchoring by thiosalicylate moiety to the surface of silica particles. The
SEM results confirmed that the morphology of the particles was spherical and the
size of the particles was unchanged from the original size of the mesoporous silica,

despite the two modifications that had taken place.

The SH@SiO, nanoscavenger was applied to extract/preconcentrate eight metal ions
from synthetic samples at pH = 7. This pH has been selected to be close to the pH of
natural water. It has a good ability to extract Cu**, Cd**, Pb?* and Zn** with recovery
results more than 90%. Therefore SH@SiO, nanoscavenger can be used selectively
to extract these metal ions from aqueous solution in presence of Mn?*, Ni**, Co*" and
Cr¥*. The recovery results could be enhanced by increasing the equilibration time
between the metal ions and the ligands or by raising the pH.
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The ability of the SH@SIO, nanoscavenger as a solid phase extractor of metal ions
was assessed by comparing the concentration of Cu?* in tap water samples to the
ones attained using the well-known colorimetric approach. The obtained result
confirmed the similarity of the results attained using the two methods certify the
possibility of using the SH@SiO, nanoscavenger as a tool to extract metal ions from

water.

The results obtained from primary investigation of the nanoscavenger indicate that
the SH@SiIO, nanoscavenger offers a simple and cost effective approach to the

preconcentration of metal ions from water.
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Chapter 8
Dual functionality nanoscavenger (HOC3@SiO,)

8.1 Introduction

Cyg-silica phases are the most used sorbents in SPE, being used for the extraction and
preconcentration of many organic materials. With the increasing demand to separate
similar materials, the development of approaches to synthesize solid phase sorbent
has been necessary. Materials can be made in which the silica surface is modified by
more than one functional group. Silva et al.!, for example, prepared a stationary
phase with both the polar thiocarbamate group and a non-polar Cig group which
could be used in reversed phase HPLC. When compared with other Cig reversed
phase materials, the results were better for basic solutes and not significantly
different for non-polar solutes using the Cig-thiocarbamate stationary phase. A new
mixed-functionality silica material has also been synthesized by linking of
glycidoxypropyl and phenyl groups to the surface of silica. The oxirane ring was
hydrolyzed to the diol group by refluxing the prepared materials in perchloric acid
solution (pH 3.0). The resulting material, when packed in a column, could be used
for the analysis of hydrophobic and hydrophilic drugs in serum?.

The most common ways to functionalize the surface of silica are to react a
chlorosilane or an alkoxysilane with silanol groups on the surface of the silica. A
catalyst, or at least a trace of water, is essential for the hydrolysis of the groups
(chloro or alkoxy) to silanol. The most widely reported mechanism for the linkage of
groups to the surface of silica reaction is that the chlorosilane is first hydrolyzed by
water, eliminating HCI. This is followed by condensation of the resulting hydroxyl
group to the silica surface to form a strong Si-O-Si surface bond and eliminate H,O
(Figure 8.1). Further condensations can occur between the free hydroxyl groups of
the silane and the hydroxyl groups on the silica surface or with nearby silane
molecules forming a cross-linked layer of polymer. The main advantage of this bond
(Si-O-Si) is stability, making the modified silica phase suitable for extracting organic
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materials. The occurrence of the first step, the hydrolysis of the chlorosilane to a

silanol by the surface water, is amply supported by the literature®*.

Cl
Si” " + Ho —— g—9% 4+ ho
/ A 2 | 2
Ci Cl Ho/ \OH
OH
/OH R /OH |
@—OH + Si/OH —_— @—O—Si-——R + H,0
N PN N

OH HO OH OH‘
\_ on

Figure 8.1 Schematic reaction between silica particles and C15SiCls,

where R = C1gH37

This chapter describes the synthesis of dual functionality nanoscavengers to
preconcentrate organic materials from aqueous samples. The nanoscavenger is
functionalized with octadecyl and diol groups and will be referred to as HOCs-
nanoscavenger. The octadecyl moiety is present for the preconcentration of organic
materials from water and the diol groups are essential to allow the particles to
disperse in water (i.e. to make them wettable). Four approaches have been evaluated
for the preparation of material having a reasonable quantity of C;g yet sufficient diol

groups to allow it to disperse easily in water.

The preparation of HOC;g-nanoscavengerl was carried out by modifying
mesoporous silica with C1gSiCl3 prior to removal of the template. The later removal
of the template left pores containing hydroxyl groups. HOCg-nanoscavenger2 and
HOCg-nanoscavenger3 were prepared in two individual steps. In the first step,
C18Si(OMe)3 or C1gSiCl3 and 3-glycidoxypropyltrimethoxysilane (GSi(OMe)3) were
added together to pre-formed mesoporous silica. The second step was to open the
epoxy ring by treating the nanoscavenger with an acid solution. The HOC;g-
nanoscavenger4 was prepared in three individual steps. In the first step, mesoporous

silica particles were modified with GSi(OMe)s. The product of the first step was then
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reacted with Cy1gSiCls. The final step was to open the epoxy ring and produce diol
groups in an attempt to increase the wettability of the particles (Figure 8.2). It is

essential that the opening of the epoxy ring is the last step to prevent reaction of

GSi(OMe); or C45SiCl3 with the diol groups.
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Figure 8.2 The preparation of a HOCg-nanoscavenger (assuming the modifier

attaches to the surface from one point)
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To validate the HOC,g-nanoscavengers as a suitable analytical tool for the extraction
of organic materials, they were applied in a nanoscavenger dispersion extraction
(NSDE) of some estrogenic compounds, polynuclear aromatic hydrocarbons (PAHS)
and tributyltin (TBT).

8.2 Experiments

8.2.1 Materials

Octadecyltrichlorosilane (90 %), octadecyltrimethoxysilane (94 %), 3-glycidoxy-
propyltrimethoxysilane (98 %), tributyltin chloride (96 %), 17a-ethynylestradiol (98
%), estriol (98 %) and estrone (99 %) were obtained from Aldrich (Poole, UK).
Acetonitrile, methanol and n-hexane were HPLC grade and supplied by Fisher
Scientific (Loughborough, UK). Toluene (laboratory grade) and sodium hydroxide
were purchased from Fisher Scientific (Loughborough, UK). Octadecane (99 %), 1-
octadecanol, hexadecanol (99 %) and phosphorus pentoxide (99.99 %) were
purchased from Aldrich. A standard solution containing 13 PAH compounds (EPA
polynuclear aromatic hydrocarbons Mix B-Supelco) was obtained from Aldrich. The
mixture contains 500 pg mL™ of each compound.

All glassware was washed with detergent and water, rinsed with acetone and then

deionised water prior to use.
8.2.2 Characterization of HOCg-nanoscavengers

Preparation of the samples for the instruments was carried out according to the
methods described in Section 3.1.2.

8.2.3 Synthesis of HOCg-nanoscavengers

Four different methods were used to prepare HOC;g-nanoscavengers.
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8.2.3.1 Modification of mesoporous silica (with template) with C15SiCl; (HOC5-

nanoscavengerl)

To a two necked round-bottomed flask (100 mL) fitted with a condenser, was
transferred 1 g of mesoporous silica (prepared as described in Section 3.3.1.4 except
that the template was not removed) and dried toluene (40 mL). The mixture was
sonicated for an hour under N,. The mixture was then heated at 100 °C under N, and
stirred for 15 minutes. C1gSiCl; (1 mL) was dissolved in dried toluene (10 mL) and
added slowly through a dropping funnel. The reaction was left to proceed at 100 °C
under stirring and N, for 12 hours. The suspension was then centrifuged and rinsed
five times with dried toluene and two more times with ethanol. The white product
was dried under continuous vacuum. Removal of the surfactant was carried out for

24 hours in Soxhlet apparatus using ethanol/hydrochloric acid solution.

8.2.3.2 Synthesis of HOC;g-nanoscavenger?2

Synthesis of this nanoscavenger was carried out in two steps:

8.2.3.2a Modification of the silica surface with C15Si(OMe); and GSi(OMe)s to
synthesize HOC;g-nanoscavenger2

Mesoporous silica (1 g) (prepared as described in Section 3.3.1.4) was dispersed in
dried toluene (80 mL) in a two necked round-bottomed flask (250 mL) fitted with a
condenser. The mixture was stirred using a magnetic stirrer and left until the
temperature was stable at 80 °C. Dipropylamine (1 mL) and C;gSi(OMe); (0.5 mL)
were added to the reaction mixture. Five minutes later, GSi(OMe); (0.5 mL) was
added to the reaction mixture. The reaction was left to proceed at 80 °C for 7 hours
under N,. The product was isolated by centrifugation, rinsed with dried toluene five

times and dried under continuous vacuum.

8.2.3.2b Opening the epoxy ring

Deionised water (100 mL) was transferred to a round-bottomed flask (250 mL), and

the pH was adjusted to 3, using HCI. Cig-mesoporous silica (1 g) (prepared as
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described in Section 8.2.3.2a) was added and the mixture was sonicated for 15
minutes. The reaction mixture was refluxed at 100 °C overnight. The white
precipitate was isolated, rinsed with deionised water five times and dried in an oven
at 60 °C.

8.2.3.3 Modification of the surface of silica with C15SiCl; and GSi(OMe); to

prepare HOC;g-nanoscavenger3

This experiment was carried out according to the method described in Section
8.2.3.2a, with the following changes: no base was used in this reaction; C1gSiCl; and
GSi(OMe); were mixed together in dried toluene (20 mL) and added through a
dropping funnel. Opening the epoxy ring was carried out according to the method
described in Section 8.2.3.2b.

8.2.3.4 Synthesis of HOCg-nanoscavenger4

In this approach the HOC,g-nanoscavenger4 was prepared in three individual steps:

8.2.3.4a Synthesis of glycidoxypropyl-mesoporous silica

Mesoporous silica (2 g) (prepared as described in Section 3.3.1.4 and then dried at
120 °C overnight) and dried toluene (150 mL) were transferred to a two necked
round-bottomed flask (250 mL) fitted with a condenser. The mixture was sonicated
for 15 minutes and heated at 95 °C for an hour under N,. GSi(OMe); (1 mL
dissolved in 10 mL of dried toluene) was then added slowly through a dropping
funnel. The reaction was left to proceed at 90 °C for 7 hours. The white solid was
isolated by centrifugation, rinsed with dried toluene five times and then dried under

continuous vacuum for 5 hours.
8.2.3.4b Synthesis of Cig-mesoporous silica using C1gSiCls
Glycidoxypropyl-mesoporous silica (2 g) (prepared as described in Section 8.2.3.4a)

and dried toluene (150 mL) were transferred to a two necked round-bottomed flask

(250 mL). The mixture was sonicated for 15 minutes and CgSiCls (1 mL dissolved
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in 10 mL of dried toluene) was slowly added dropwise using a dropping funnel. The
reaction mixture was stirred at 90 °C under N, for 7 hours. The precipitate was
filtered and rinsed with dried toluene five times and twice with ethanol, and dried

under continuous vacuum for 6 hours.

8.2.3.4c Opening the epoxy ring

This experiment was carried out according to the methods described in Section
8.2.3.2b.

8.2.4 Measurement of octadecyl groups on the surface of silica

The quantity of octadecyl groups which chemically bonded to the surface of silica
were evaluated using Genieser method®. This method is based on release of
octadecane and octadecanol from the surface of silica by alkali fusion and
subsequently analyzed by GC. The sum of both of the products gives the amount of

octadecyl loaded on the surface.

8.2.4.1 Preparation of standard solutions of octadecane, octadecanol and

hexadecanol

Stock solutions were prepared by dissolving 100 mg quantities of octadecane,
octadecanol and hexadecanol individually in 100 mL of hexane. Appropriate
dilutions were carried out to obtain mixtures containing octadecane, octadecanol and
hexadecanol (40, 40 and 20 pg mL™), (20, 20 and 20 pg mL™) and (10, 10 and 20 pg

mL™) respectively.

8.2.4.2 Digestion of HOC1g-nanoscavengers

HOC s-nanoscavenger (10 mg) was transferred into a small test tube, KOH (100 mg)
was added and the tube was left in a desiccator (containing P,Os) overnight.
Triethylene glycol dimethyl ether (200 uL) was added to the tube, which was heated

in a sand bath at 216 °C for 2 hours. After one minute of cooling, deionised water
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(250 pL) was added, followed by 1-hexadecanol (100 pL, 1 mg mL™), as an internal
standard, and hydrochloric acid (140 uL, 37 % w/v). The tube was shaken for 3
minutes, and then n-hexane (2 mL) was added. The tube was shaken for 3 minutes
and then centrifuged. The organic supernatant was transferred to a volumetric flask
(5 mL) and the volume was made up to the mark using n-hexane. 1 pL was injected
into the GC (Perkin-Elmer 8700). Table 8.1 gives the chromatographic conditions

that were used.

Table 8.1 The chromatographic conditions of the GC

Parameters Setting
Oven temperature (°C) 60 200 250
Iso time (minute) 3 0 5
Ramp rate (°C /minute) 25 5 0
Injector temperature 250 °C
Detector temperature 300 °C
Type of injection Splitless
Carrier gas Nitrogen
flow rate 1 mL/min
Phase: (5 % phenyl)- 95 % methylpolysiloxane,
Column Alltech Econo-cap SE-54, 30 m x 0.25 mm X
0.25 um, (Part No. 19647)
Detector FID

8.2.5 Preconcentration of estrogenic compounds

8.2.5.1 Preparation of standard solutions of estrogenic compounds

Stock solutions were prepared by dissolving 20 mg of each compound (estriol,
estrone, P-estradiol and 17a-ethynylestradiol) individually in 10 mL of methanol
(HPLC grade). 1 mL of each solution was transferred to a small sample vial and kept

in the fridge. Appropriate dilutions were carried out to obtain mixtures containing the
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four compounds, estriol, estrone, B-estradiol and 17a-ethynylestradiol (5, 2, 1 and 0.5

ng mL™ each). The dilutions were carried out using water: acetonitrile (55:45 %).

Analysis of the samples of the estrogenic compounds was carried by HPLC under the
following conditions:

Column: Symmetry ® C1g 5 um (3.9 x 150 mm)

Mobile phase: water: acetonitrile (65: 35 %).

Flow rate: 1 mL min™.

Detector: UV at 220 nm.

Injection: 20 pL.

Sample: in water : acetonitrile (55 : 45 %).

8.2.5.2 Recovery of estrogenic compounds

A standard solution (0.5 mL) containing 20 ug mL™ of each of the four estrogenic
compounds (estriol, estrone, B-estradiol and 17a-ethynylestradiol) was added to a
volumetric flask containing deionised water (500 mL). HOC,g-nanoscavenger (150
mg) (pre-dispersed in 5 mL of deionised water) was added to the volumetric flask.
The volumetric flask was left for an hour and then the suspended particles were
collected by filtration using a 0.22 um polyvinylidene fluoride (PVDF) polymer
membrane filter. The membrane filter was transferred to a test tube, 1 mL of
acetonitrile (HPLC grade) was added and the tube was sonicated and then shaken for
10 minutes. The extract was then centrifuged and the supernatant was transferred to a
volumetric flask (5 mL). Addition of acetonitrile to the test tube was repeated once
more. The volume of the volumetric flask was made up to the mark using deionised

water and the solutions were analyzed by HPLC.

8.2.6 Extraction of PAHs

8.2.6.1 Preparation of standard solution of PAHs

0, 2, 4, 6 and 10 pL of PAHSs as supplied (500 ug mL™) were transferred to
volumetric flasks (1 mL) to prepare 0, 1, 2, 3 and 5 pg mL™ of PAHs standard
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solution. The volumes of the volumetric flasks were made up to the mark using
dichloromethane (HPLC grade).

8.2.6.2 Uptake of PAHSs using HOC;g-nanoscavenger4

HOC,g-nanoscavenger4 (300 mg) was transferred to a glass vial (5 mL) and
deionised water (5 mL) was then added. The mixture was sonicated for an hour and
transferred to a volumetric flask (500 mL), almost filled with deionised water. A 30
uL aliquot of the 500 ug mL™ PAHs standard was added to the volumetric flask and
left for 2 hours. The suspension was filtered using a 0.22 um PVDF polymer
membrane filter. The filter was transferred to a glass vial (20 mL). Dichloromethane
(5 mL) was added to the vial followed by 1 g of anhydrous sodium sulfate (Na,SOj)
(dried in an oven at 400 °C overnight) to dry the extract. The vial was left for 30
minutes and the dichloromethane extract was separated from the solid and transferred
to a volumetric flask (10 mL). The previous step was repeated using dichloromethane
(5 mL) and the volume of the volumetric flask was made up to the mark using
dichloromethane. The concentrations of the compounds were determined using GC,

based on the standard solution.

8.2.7 Extraction of TBT using HOCg-nanoscavenger4

This work was carried out in collaboration with Awad Alrashdy (Member of Alan

Howard’s research group)

8.2.7.1 Preconcentration of tributyltin chloride (TBTCI)

HOC;s-nanoscavenger4 (200 mg) was transferred to a glass vial containing deionised
water (10 mL) and the mixture was sonicated for an hour. The suspension was
transferred to a volumetric flask (1000 mL) almost filled with deionised water. 5 pL
of 0.5 pg (Sn) mL™ as TBT (2.5 ng of TBTCI by mass) was added to the flask using
a Hamilton microlitre syringe. The flask was left for 4 hours. The suspended particles

were then recovered by filtration using a 0.22 um PVDF polymer membrane filter.
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The filter was transferred to a glass vial (20 mL) and dried overnight in desiccator,

using an activated silica gel desiccant.

8.2.7.2 Derivatization

The dried filter paper was cut into small pieces inside a PTFE caped glass vial.
Hexane (1 mL) was added to the glass vial and mixed well with the filter paper
pieces. Hexylmagnesium bromide Grignard reagent (1 mL, 2 M in ether) was then
added and the reaction was left to proceed at ca. 20 °C for 2 hours. Aqueous

hydrochloric acid (2 mL, 5 % v/v) was added to quench the excess Grignard reagent.

8.2.7.3 Isolation

After the reaction had finished, the aqueous layer was discarded and the hexane layer

was dried using activated anhydrous Na,SO,.

8.2.7.4 Measurement

The dried hexane layer was transferred to a volumetric flask (1 mL) and the volume
of the flask was made up to the mark using hexane. The extracted solution (5 L)
was injected into a gas chromatograph which was fitted with a capillary column,

coupled with a pulsed flame photometric detector (GC-PFPD).

8.3 Results and discussion

8.3.1 Morphology and particle size analysis

The HOCg-nanoscavengerl (prepared from silica with template present), and
HOCg-nanoscavenger3 (modification mesoporous of silica with CygSiCl; and
GSi(OMe)3) were found to float when dispersed in water. These two nanoscavengers
lacked the main purpose of this kind of nanoscavenger, which is to obtain wettable
particles. No morphology and particle size distribution studies were therefore carried

out on these two materials.
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LSPSA of HOC,g-nanoscavenger2 showed the average particles size to be 274 nm
(Table 8.2), with a high standard deviation which could be due to aggregation of the
particles (Figure 8.3).

Table 8.2 LSPSA and SEM of mesoporous silica, HOCyg-nanoscavenger2 and
HOCg-nanoscavenger4

Material L.SPSA .SEM
Average size + SD (hm) Average size + SD, (nm)
Mesoporous silica 299 £ 52 250 +35
HOC;g-nanoscavenger2 274 + 150 225+ 30
HOCg-nanoscavenger4 230 = 23 nm 251 +18
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Figure 8.3 LSPSA of HOCyg-nanoscavenger?2 (Prepared by modification of
mesoporous silica with C;sTMOS and GSi(OMe)s)

The SEM image of HOCig-nanoscavenger2 showed the particles to be spherical
(Figure 8.4) and the average size from SEM images was 225 + 30 nm (Table 8.2).
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Figure 8.4 SEM image (5580X) of HOCg-nanoscavenger2 (prepared by

modification of mesoporous silica with C13SiCl; and GSi(OMe)3)

The LSPSA result for HOCg-nanoscavenger4 (Figure 8.5) shows the average
particle size to be 230 = 23 nm. The good dispersion of the nanoscavenger helps to
attain an accurate result from the LSPSA. Figure 8.6 shows the morphology of the
particles to be spherical. When the morphology and the average size of the particles
of HOCg-nanoscavenger4 were compared with the starting materials (preformed
mesoporous silica prepared as described in Section 3.3.1.4) (Table 8.2), they were
found to be similar, despite the two modifications of the silica. Overall, the HOC5-
nanoscavenger4 gave the best particle morphology and average particle size out of
the four HOC,g-nanoscavengers.
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Figure 8.5 The LSPSA of HOC;g-nanoscavenger4, prepared by modification of

mesoporous silica with C15SiCls and GSi(OMe); in a three-step synthesis
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Figure 8.6 SEM image (8648X) of HOCg-nanoscavenger4, prepared by
modification of mesoporous silica with C1gSiCl; and GSi(OMe); in a three-step

synthesis

8.3.2 Infrared spectroscopy

The loading of the Cig moiety on the surface of silica was studied using FT-IR.
Figure 8.7 shows the FT-IR spectrum of HOCjg-nanoscavengerl. The three bands at
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2989, 2930, 2855 cm™ could be attributed to asymmetric stretching vibration of CH,
and CHgs. However, it can not be certain whether or not the bands just came from the
CH; and CHj; of the Cy3 moiety on the silica surface or from both the alkyl groups of
the Cig moiety and the template. It is clear from the floating of the HOCg-
nanoscavengerl after dispersal in water that the surface of the particles is
hydrophobic. It might be that the surface of the silica is covered by a multilayer of
octadecyl moiety, and that hinders the complete extraction of the template by the

solvent.

The FT-IR spectrum of HOC,g-nanoscavenger2 (Figure 8.7) showed weak bands at
2958, 2930 and 2866 cm™, attributable to the asymmetric stretching vibration of CH,
and CHs. The existence of CH, and CHj3 can confirm successful modification but
can not confirm whether the loading took place of both of the groups (octadecyl and

glycidoxypropyl) or for just one of them on the surface of the silica.

The FT-IR spectrum of HOC;g-nanoscavenger3 showed two strong bands at 2922 and
2849 cm™, attributable to the alkyl groups (Figure 8.7). The bands can most likely be
attributed to the dominance of the Cig moiety on the surface of the silica, as the

particles were floated on water.

The HOCg-nanoscavenger4 was prepared in three individual steps. In the first step,
the surface of the preformed silica was modified with glycidoxypropyl moiety. The
FT-IR of glycidoxypropyl-silica showed three weak bands at 2951, 2932 and 2857
cm’, attributable to the asymmetric stretching vibration of CH,, which could be a
sign of the successful loading of the glycidoxypropyl group on the silica surface.
After reaction between glycidoxypropyl-silica and C1gSiCls, the bands attributed to
the stretching of CH, or CH3 appear clearly on the spectrum, due to loading of the
C1s groups on the silica surface (Figure 8.7).

All FT-IR spectra for the four HOC1g-nanoscavengers showed a strong sharp band at
around 1070 cm™ corresponding to the backbone Si-O-Si bond siloxane group. Free
silanol of groups appears at 950 cm™ of unmodified mesoporous silica. After
reaction this band either reduces in intensity or disappears completely from the

spectrum , due to reaction with the modifier'®. The symmetric and asymmetric
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stretching vibration of epoxy groups, which normally appears at 1250 and 904 cm™,
did not appear in any nanoscavenger spectrum, due to the position of this group near
the strong Si-O-Si band. The hydroxyl groups (bands at around 3500 cm™) generated
from the hydrolysis of epoxy to diol groups are hard to distinguish from the hydroxyl

groups from water adsorbed on the silica surface.
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Figure 8.7 FT-IR spectra of HOCyg-nanoscavengerl, HOC;g-nanoscavenger2,

HOCg-nanoscavenger3 and HOC;g-nanoscavenger4
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8.3.3 Thermogravimetric analysis (TGA)

Thermogravimetric analysis was carried out on the HOC1g-nanoscavengers between
room temperature and 800 °C in air. The TGA traces of HOC,g-nanoscavengerl prior
to extraction of the template (Figure 8.8) showed three main weight loss steps. The
first weight loss was between 37 and 164 °C and is attributed to loss of residual
solvent and adsorbed water. The second step, a sharp weight loss between 164 and
350 °C, results from oxidation of the octadecyl moiety and the template. The last
step, between 350 and 773 °C, with only 1 % of weight loss attributed to lose of the
remaining of organic materials. The TGA traces for Cig-nanoscavengerl (Figure
8.8), shows between 200 and 773 °C a weight loss of 36 % prior to the extraction

reduced to 18 % after extraction, due to the removal of the template (Table 8.3).

Combustion of HOCg-nanoscavenger2 (Figure 8.8) shows four weight loss steps.
The first is associated with combustion of residual solvent and adsorbed water. The
second and third weight loss steps were between 226 and 650 °C, and are attributed
to the oxidation of the organic materials. The removal of organic materials from the
silica started with sharp decomposition in the octadecyl group and glycidoxypropyl
on the surface of the silica, in the region of weight loss between 226 and 430 °C. The
remaining of the organic material was gradually burnt off between 430 and 650 °C.

There was no significant weight loss after 650 °C.

The TGA curve obtained for HOC,g-nanoscavenger3 (Figure 8.8) shows 27 % of the
weight loss occurring between 180 and 484 °C, which indicates a high loading of
organic groups on the silica surface. The high organic content in the HOCs-
nanoscavenger3 could be attributed to cross linking among the octadecyl-
trichlorosilane itself or to glycidoxypropylsilane causing multilayer coating of the

organic groups'* 2.

The TGA trace of glycidoxypropyl-silica (Figure 8.9) shows a 8.5 % weight loss in
the region of temperature between 200 and 773 °C. However, after inserting an

octadecyl moiety in glycidoxypropyl-silica, the weight loss in the same area was 18.5
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% (Figure 8.9). The 10 % increase in the weight loss is attributed to the pyrolysis of
the octadecyl group (Table 8.3).

All TGA traces for the HOC,g-nanoscavengers showed a dramatic weight loss in the
temperature region from ~ 200 to 400 °C, which is assigned to the degradation of the
surface grafted organic materials. The remained organic material was burnt off
between 400 and 600 °C. The highest weight loss was recorded for Cig-
nanoscavenger3 (Table 8.3), which indicates a multilayer of C1g moiety.

Table 8.3 The weight loss of HOC3g-nanoscavengers

Weight loss (%) between

Materials
200-773 °C
HOC;s-nanoscavengerl 36
before extraction
HOC;g-nanoscavengerl 18
after the extraction
HOCg-nanoscavenger2 19
HOC,g-nanoscavenger3 28
Glycidoxypropyl-silica 8.5
HOCs-nanoscavenger4 18.5
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Figure 8.8 TGA traces of HOCg-nanoscavengerl before and after removing the

template, HOC,g-nanoscavenger2 and HOCg-nanoscavenger3
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Figure 8.9 TGA traces of glycidoxypropyl-silica and HOC1g-nanoscavenger4

8.3.4 The settling of HOCg-nanoscavenger from aqueous suspension

The stability of the sol resulting from the dispersion of particles in water was
assessed by measuring light transmission over time. The stability of the
nanoscavenger particle suspension in water is essential, to the nanoscavenger
approach and rapid sedimentation or floating has to be avoided. HOCs-
nanoscavenger4 was chosen for study as HOCg-nanoscavengerl and HOCig-
naoscavenger3 were highly hydrophobic, so floated when dispersed in water.
Transmission changed little over time (Figure 8.10) and good stability of the particle
suspension in water was achieved over 8 hours. The existence of surface diol groups

helped them to achieve wettability and easily disperse in water.
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Figure 8.10 Settling of HOC,g-nanoscavenger4 from its suspension in water

8.3.5 Measurement of octadecyl groups on the silica

The octadecyl contents on the silicas were assessed using the Genieser method®,
which is based on cleaving the stable Si-C bond using a base®®. Analysis of released
octadecane and 1-octadecanol (Table 8.4) showed that HOCig-nanoscavenger3
contained more octadecyl groups than the other HOCig-nanoscavengers. This could
be attributed to a multilayer of octadecyl groups on the silica surface as a result of
cross-linking of C1gSiCls. The introduced octadecyl groups increased gradually with
the increase in the relative amount of C1gSiCl; or C13Si(OMe); used in the reaction.
Most of the cleavage products were n-octadecane and a small amount of 1-octad-
ecanol. 1-Octadecanol was detectable in analysis only in Cig-nanoscavenger2. The
ratio of n-octadecane to 1-octadecanol is reported to be affected considerably by

changing the reaction temperature or the concentration of the suspending ether®.
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Table 8.4 Octadecane and 1-octadecanol released from the HOC,g-nanoscavengers

Materials Octadecane Octadecanol
(mmol g% (mmol g
HOCs-nanoscavenger2 05+0.2 0.025
HOCg-nanoscavenger3 15+0.1 -
HOC,g-nanoscavenger4 0.80 £ 0.15 -

8.3.6 Preconcentration of estrogenic compounds using HOCig-

nanoscavengers

The HOC;g-nanoscavengers were used in NSDE to preconcentrate four estrogenic
compounds (estriol, B-estradiol, 17a-ethynylestradiol and estrone) from aqueous
solutions (10 pg of each compound was spiked into 500 mL of deionised water).
Table 8.5 shows the recovery of the compounds using different HOCg-
nanoscavengers. HOCjg-nanoscavenger?2 extracted only 8-29 % of the estrogenic
compounds. This low recovery may be attributed to the low octadecyl content of the
silica. The recovery results improved with HOC,g-nanoscavenger3, but the recovery
was still less than 50 %, in spite of HOCg-nanoscavenger3 having the highest
loading of octadecyl amongst all the HOC,g-nanoscavengers. The poor wettability of
HOCs-nanoscavenger3 caused the particles to float away from the target, probably
the main reason for the low recovery of the compounds using HOCgs-
nanoscavenger3. The highest recovery results were achieved with HOCig-
nanoscavenger4. The recovery results for estriol, B-estradiol, 17a-ethynylestradiol
and estrone were 35, 88, 91 and 96 %, respectively. It was noted that the recovery of
the compounds increased with the increased retention time of the compounds in
HPLC chromatograms as a result of improving the affinity of the compounds toward
the hydrophobic groups. The recovery of estriol was the lowest of the four, as a
result of its low affinity to the C,g group as noted in the HPLC chromatogram (Figure

8.11) the retention time (2.23 minutes) was very low.
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Table 8.5 Recovery of estrogenic compounds extracted from water using HOC -

nanoscavengers (Initial sample contained 20 pg L™ of each compound)

Compound Preconcentration Recovery of Recovery of Recovery of
factor HOC 5- HOC1s- HOC1s-
nanoscavenger2 nanoscavenger3 nanoscavenger4
(%) £ SD (%) + SD (%) + SD
Estriol 100 8x1 12+0 3B+l
p-estradiol 100 24 +2 42+ 2 88 +3
17a-
ethynyle- 100 22+ 4 45+1 91+5
stradiol
Estrone 100 291 38+3 %+l
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Figure 8.11 HPLC chromatogram of estrogenic compounds (2 ug mL™)
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8.3.7 Extraction of PAHs from water using HOCg-nanoscavenger4

The ability of HOC,g-nanoscavenger4 to preconcentrate organic compounds was
assessed by applying this approach to extract 13 compounds of PAHs from water
prior to analysis by gas chromatography. HOCig-nanoscavenger4 was applied in
nanoscavenger dispersion extraction. The recovery of the PAHs compounds ranged
from 35 % to over 100 %, as shown in Table 8.6. Most of the compounds exhibited a
strong affinity for HOC1g-nanoscavenger4. The extraction of the organic compounds
from water is based on the hydrophobic interaction between the octadecyl group on
the solid phase and the target analytes. The first four compounds (Table 8.6) showed
low recoveries. This may attributed to their low water solubility, making them not
available for the suspended nanoscavenger particles to extract. The chromatogram of

the PAH compounds under study is presented in Figure 8.12.
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Table 8.6 The recovery of PAHs compounds extracted from water using the HOC -

nanoscavenger4 (Initial sample contained 30 pg L™ of each compound)

Number Compound % Recovery = SD
(n=4)
1 Acenaphthylene 48+ 1
2 Fluorene 3B +1
3 Phenanthrene 67+2
4 Anthracene 59 +2
5 Pyrene %B+14
6 Benzo(a)anthracene 95 +1
7 Chrysene 101+ 5
8 Benzo(b)fluoranthene 106 +8
9 Benzo(k)fluoranthene 109+ 6
10 Benzo(a)pyrene 100 +2
11 Indeno(1,2,3-cd)pyrene 108 +9
12 Dibenzo(a,h)anthracene 105+ 8
13 Benzo(ghi)perylene 105+ 6
1 a4 5 !
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Figure 8.12 Chromatogram of 13 PAH compounds (2.5 pg mL™)
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8.3.8 Extraction of TBT from water using HOCg-nanoscavenger4

In order to further investigate the utility of HOCig-nanoscavenger4 for
preconcentration of organic materials. It was applied to extract TBT from water
using the NSDE approach. The analysis was carried out in four steps. The first step
involved preconcentration of tributyltin chloride (TBTCI) using HOCs-
nanoscavenger4. The concentration of TBT was calculated according to the
concentration of tin, and will be written in the form ng (Sn) / L as TBT. The initial
concentration of TBT in the water was 2.5 ng (Sn) / L as TBT. In the second step, the

TBTCI was hexylated using a Grignard reagent solution (Figure 8.13).

/IS[C|\|+ CH3(CH2)4CH2MgBr—/>J>SEIi-Iz(CHZ)4CH3

Figure 8.13 The hexylation of tributyltin chloride using a Grignard reagent solution

The substituted alkyl group in the Grignard reagent was selectively chosen as a hexyl
group for all the TBT as hexyl alkyltin is sufficiently stable'® **. Thus the hexyl
tributyltin is not volatile at room temperature and it is extremely volatile at high
temperatures. The rate of hexylation of the TBTCIl when loaded on the HOCg-
nanoscavenger4 was highly dependent on time and shaking which eventually affect
the recovery results. The recovery was found to be 87.5 % when the sample was
vigorously shaken for 30 minutes, increasing to 97 % when the shaking time was
increased to 120 minutes. The reasons for the improvement in the recovery with
increased reaction time are: some TBTCI may be localized with the pores of the
nanoscavenger and some of the nanoscavenger particles are held inside the pores of
the filter paper. Therefore the Grignard reagent needs time to penetrate pores to reach
the TBTCI. In addition, some of the Grignard was quenched by water before
reaching the TBTCI. Increasing the reaction time is therefore essential to obtain good

recovery of TBT. The next step was to add hydrochloric acid to quench the excess of
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derivatization reagent remaining in the organic layer. In the third step the organic
layer containing tributylhexyltin was isolated from the aqueous layer and dried using
Na,SiOg. In the last step, the dried TBT was collected in 1 mL volumetric flask and
determined by gas chromatography. A pulsed flame photometric detector was used to
detect the tin in the sample. The concentration of TBT was calculated based on the

standard solutions.

8.3.8.1 Rate of TBTCI uptake by HOC;g-nanoscavenger4

The time required to reach maximum extraction of TBTCI was investigated. TBTCI
was extracted using HOC;g-nanoscavenger4 over a range of equilibrium times (30 to
240 minutes). Recovery increased with increasing equilibrium time (Figure 8.14)

from 73 % in 30 minutes to approximately 90 % after four hours.
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Figure 8.14 Effect of time on TBTCI uptake by HOC;g-nanoscavenger4 (Initial
sample contained 2.5 ng (Sn) L™ as TBT)
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8.3.8.2 Extraction efficiency

The extraction efficiency of the nanoscavenger dispersion extraction approach to
preconcentrate tributyltin using HOC;g-nanoscavenger4 as a solid phase was
assessed. Nine synthetic water samples (1 L) containing 2.5 ng (Sn) L™ as (TBTCI)
were extracted using HOCyg-nanoscavenger4 and hexylated as described in Section
8.2.7. The extracted TBT was collected in 1 mL of hexane. In the mean time, 5 pL of
0.5 pg (Sn) mL™ as (TBTCI) was spiked into 1 mL of hexane and hexylated. The
experiment was replicated nine times. The extracted TBT was collected in 1 mL of
hexane. The TBT obtained from extracted and spiked samples was measured using
GC and every sample was measured nine times. All the measurements of extracted
and spiked TBT were carried out under the same conditions. The recovery of TBT

was calculated. This approach offers a number of advantages:

a) Any loss of the TBT during the hexylation step would be similar in extracted
and spiked TBT, as the TBT in both procedures reacts with the Grignard reagent.

b) The effect of the Grignard reagent on the hexylation of TBT will be
analogous for extracted and spiked TBT.

C) The difference in concentrations between extracted and spiked TBT, which
can occur during the drying process, will be negligible, as they will both go through

the drying process.

The recovery results ranged from 90 to 100 %, with a mean of 95 + 3.7 (Table 8.7).
The chromatogram for extracted TBT using Cig-nanoscavenger4 is illustrated in
Figure 8.15.
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Figure 8.15 Typical chromatogram obtained from extracted TBT (2.5 ng mL™) using

HOC;g-nanoscavenger4

Table 8.7 The recoveries of tributyltin using HOCg-nanoscavenger4 (Initial sample
contained 2.5 ng (Sn) L™ as TBT)

Spiked water sample Average recovery results (%)
+ RSD, n =9 (each experiment)

98 +3.3
93+29
95+ 3.7
97 +4
100+ 3.1
90+29
93+3
92+43
95+0.8

© O N o O AW DN PP

The recovery results show that HOCig-nanoscavenger4 dispersion extraction is a

promising approach to the preconcentration of TBT from aqueous samples.
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8.4 Conclusion

Four different approaches were carried out in attempt to prepare a nanoscavenger
containing dual functionality groups. The octadecyl group functionalized the surface
of a nanoscavenger to uptake the organic materials from water. It is essential to
increase the wettability of the hydrophobic particles by incorporation of diol groups
on the surface of the nanoscavenger; otherwise the nanoscavenger will float on the
water. Among the four HOC;g-nanoscavegers, HOCig-nanoscavenger4, prepared in a
three-step reaction, was found to be the most promising for purposes of this study. In
the preparation of HOCig-nanoscavenger4, the glycidoxypropyl group was firstly
introduced to the surface of the silica in limited quantities to avoid of
glycidoxypropyl groups impeding the loading of octadecyl groups onto the interior

surfaces during silanization.

The morphology of HOC,g-nanoscavengers was found to be spherical using SEM,
and the average size of particles was 230-274 nm based on the type of HOCs-
nanoscavenger. This means no affect of modifications in the morphologies and the
sizes of the particles. The quantities of loaded octadecyl groups on the silica surface
were found to be based on the method of preparation. The octadecyl groups were

determined by the Genieser method® to be 0.5-1.5 mmol g™ as octadecane.

All four HOCyg-nanoscavengers were employed to preconcentrate some estrogenic
compounds, and only HOC,g-nanoscavenger4 was used to preconcentrate PAHs and
TBT. The recovery of hydrophobic compounds by HOC;g-nanoscavenger increases
with increasing affinity of the hydrophobic on the nanoscavenger to the target
compound. The recovery results of estriol, B-estradiol, 17a-ethynylestradiol and
estrone were 8-35, 24-88, 22-91, 29-96 %, respectively based on the HOCs-
nanoscavengers type. High recoveries of some of PAH compounds was achieved
using Cig-nanoscavenger4 with 50-fold preconcentration factor.

A 95 + 3.7 % of TBT was recovered using Cig-nanoscavenger4 at a preconcentration
factor of up to 1000-fold. The good recovery results for organic compounds indicated

that using HOCig-nanoscavenger as a solid phase in nanoscavenger dispersion
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extraction is a novel and promising approach to extract organic materials from water,
with less solvent, more economical and less time preconcentration features. In

addition, this new approach is capable of being used with large water samples.
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Chapter 9 Conclusions and Future work

9.1 Conclusions

9.1.1 Aims of the study

The main aim of the study was to develop novel nanoscavengers and to use them to
preconcentrate analytes from water using nanoscavenger dispersion extraction
(NSDE) techniques. The initial steps were focussed on the synthesis of 250 nm sized
spherical silica particles with high surface area. Once this had been achieved, the
silicas were modified with different functional groups for use as extracting agents.
The ability of modified silicas to preconcentrate analytes from water was then
assessed by applying the materials for the extraction of metal ions and organic

compounds from water samples.
9.1.2 Synthesis of the nanoscavenger

9.1.2.1 Choosing the solid phase support

Spherical silica particles were selected to be the solid phase support for the
preparation of the nanoscavengers. Silica was chosen for the following reasons: the
materials to make it are commercially available and inexpensive; it is thermally
stable; it does not swell in organic solvents; and it is easy to dispose of safely. In
addition, the surface of silica is covered by silanol groups which are highly active

and readily functionalized by chemically straightforward silylation reaction®.
9.1.2.2 Size and uniformity of the nanoscavenger

The size of the nanoscavenger particles was selectively chosen to be around ca. 250
nm. The size of the particles is neither too large to cause rapid sedimentation, nor too
small to make the recovery of the particles difficult and expensive. Smaller particle

sizes (less than 100 nm) need powerful centrifuges to recover the particles which

229



Chapter 9: Conclusions and Future work

take a long time to achieve. In addition there is the possibility of losing small
particles during filtration or centrifugation. In contrast, large particle sizes (more
than 500 nm) require mechanical suspension to avoid rapid sedimentation prior to
extraction of the analytes.

The uniformity of the particle size (250 nm) makes the filtration and centrifugation
process straightforward. By choosing the appropriate pore-size filter paper, no
particles go through the pores and less loss of analytes is ensured. Moreover, variety
in particle size can cause loss of those sample particles which have not been settled

by centrifugation.

Particles with optimized homogenous size (around 250 nm) are therefore offering
advantages of good equilibrium times between the nanoscavenger and the analyte

leading to high recoveries.
9.1.2.3 Production of 250 nm silica with a high surface area

Two types of silica were used in an attempt to achieve of 250 nm spherical particles
with a high surface area: Stober-type silica and mesoporous silica. Firstly Stober-
type silica was synthesized by mixing TEOS with methanol. Ammonium hydroxide
was then added to the mixture and the reaction was carried at room temperature.
Silica particles with ca. 250 nm diameters, and having a surface area around ca. 20
m? g, were obtained. This surface area was considered to be too small and three
approaches were therefore explored in attempts to increase it. Firstly, BTEE was
added to TEOS to break up the structure of the silica particles with a C-C bridge.
However, the adsorption isotherm measurements showed that this was not successful
as there was no increase in surface area. Similarly, the addition of sodium fluoride
during the formation of the particles did not achieve the desired result. The next
approach was to use sucrose as a template. Whilst this increased the surface area, it
only did so only to 110 m? g, and it caused an increase in the particle size to 412 +

24 nm. None of these results were considered to be sufficiently effective.

Mesoporous silicas were selected as they are known to have a high surface area

(around 1000 m? g™)2. In order to achieve the desired particle size, four approaches
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were evaluated. In these methods, several factors were manipulated: changing the
type and amount of solvent, the silica precursor and the type of template (see Table
3.6 in Section 3.3.2.2). However, three of these resulted in the particle size being too
large and/or some particles being irregular spheres, amorphous or aggregated,
causing difficulty for their dispersion in water. The fourth method, using TMOS as a
silica precursor and C;,TMABT as a template in ethylene glycol solvent, resulted in a
surface area of around 1325 m? g™ and uniform spherical particles of ca. 250 nm
(Figure 9.1). The use of ethylene glycol increased the viscosity of the reaction
solution when compared to methanol or ethanol; as a consequence, the number of

primary particles increased and the particle size decreased®.

Figure 9.1 TEM image of mesoporous silica prepared using TMOS and C1,TMABr

9.1.3 Choosing the functional groups for extraction

Chelating groups were attached to the mesoporous silica surface to bind with a wide
range of metal ions. Three different groups were evaluated: dithiocarbamate,
hydroxyquinoline and mercaptobenzamide. For the extraction of organic materials, a
dual functionality (diol and Cjg) functionalized silica was developed. Diol was
necessary to make the surface wettable because C;g alone would hinder the
dispersion of the particles in water due to the poor wettability of a completely Cig-
functionalized silica surface.
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For metal extractions the silicas were initially modified with the aminoalkoxysilanes
(Z-6094 and NH,SI(OEt);) to immobilize diamine and monoamine groups
respectively. The quantitative loading of these groups on the surface of the silicas
were assessed by copper capacity measurements. Higher copper capacities were
obtained when mesoporous silica was used due to large surface areas of the
mesoporous silicas compared to the Stober-type silicas. The amino-nanoscavengers
were not used directly to extract the metal ions from water but rather as starting

materials for the preparation of a range of new chelating nanoscavengers.

The dithiocarbamate-nanoscavengers, hydroxyquinoline-nanoscavenger and merca-
ptobenzamide-nanoscavenger were prepared by reacting amino-nanoscavengers with
CS,, FHQ and methyl 2-mercaptobenzoate reagents, respectively, in an appropriate
solvent. The successful modifications of the silica surfaces with these groups were

proven by FT-IR, TGA, copper capacity and colour tests.

For the extraction of organic materials, modification of the silica surface with
octadecylsilane gave highly hydrophobic silica particles which hardly dispersed in
water. A novel method was therefore developed based on functionalizing the silica
surface with two different groups. The dual-functionality nanoscavenger was
prepared by modifying mesoporous silica with GSi(OMe); and C,g groups were then
incorporated. Opening the epoxy groups to generate diol resulted in an improvement
of the dispersion of HOC;g-nanoscavengers in water samples and the recovery of

organic materials.

9.1.4 Nanoscavengers applications

The nanoscavengers were applied to preconcentrate a group of metal ions and
organic materials, using the nanoscavenger dispersion extraction technique. Eight
metal ions, Cu®*, Cd**, Ni**, Pb®*, Co?*, Cr¥*, Mn®*and Zn**, were preconcentrated
using the dithiocarbamate-nanoscavenger, the hydroxyquinoline-nanoscavenger and
the mercaptobenzamide-nanoscavenger. The recoveries of most of the metals

extracted using the nanoscavengers were almost 100 %. A fast equilibration time (15
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minutes) and maximum metal recovery was found when the dithiocarbamate-
nanoscavenger was used to preconcentrate the metals. However, around 2 hours
equilibration time was needed to reach maximum recovery with the
mercaptobenzamide-nanoscavenger and the hydroxyquinoline-nanoscavenger. The
nanoscavenger dispersion extraction technique was compared with a complexation
solvent extraction technique to extract Cu®* from tap waters collected from
Southampton. The results showed no obvious differences between the two

approaches.

The HOC1g-nanoscavengers were applied to preconcentrate three groups of organic
materials: estrogenic compounds, PAHs and TBT from water. The recoveries of
estrogenic compounds from water were 35 % of estriol, 88 % of B-estradiol, 91 % of
17a-ethynylestradiol and 96 % of estrone. These results parallel the analyte polarities
demonstrating poor distribution coefficient for the more polar analytes. The recovery
results were found to be improved by increasing the dispersion of the HOCs-
nanoscavengers in the water samples. HOC;g-nanoscavenger4 with improved
dispersion was therefore selected to extract 13 PAH compounds and TBT from
water. Most of the PAHs exhibited high affinities for the HOC,g-nanoscavenger4,
resulting in good recovery results of these compounds. The extraction of TBT from
spiked water samples using HOC1g-nanoscavenger4 resulted in high recovery results
(95 %). These good recoveries of TBT encouraged the application of the HOCg-
nanoscavenger4 to the preconcentration of TBT from real water samples. This is still

under investigation by Awad Alrashdy (Alan Howard research group member).

9.1.5 The advantages of nanoscavengers dispersion extraction over

other solid phase extraction techniques

The nanoscavenger dispersion extraction technique offers a number of advantages
compared to alternatives such as solvent extraction and disk or cartridge solid phase
extraction. Firstly, the nanoscavenger can be mixed with a large volume sample with
no further shaking being required and the particles can then be easily recovered by
filtration. Thus for large investigations, much less work is needed and many samples

can be processed in parallel.
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It is possible to selectively extract target analytes by functionalizing the silica surface
with specifically selected groups such as a chelating agents, ion exchange groups”,
cyclodextrins or octadecane, having a high affinity toward the target analytes
whether they be organic or inorganic materials. On the other hand, extraction using
disk or cartridge for example, may require pre-treatment of them by immobilization

extraction agent before the extraction process take place.

After initial mixing, NSDE requires no further mechanical agitation, as the particles
remain naturally suspended and move naturally due to Brownian motion and
sedimentation. This facilitates their use in the field. When appropriate only small
quantities of solid need to be transported, as opposed to litres of liquid sample.
Furthermore, performing this process in the field limits contamination, oxidation and

loss which might otherwise occur during transportation and pre-analysis storage.

The long term dispersion of particles in water (more than 5 hours for most of the
nanoscavengers) and well controlled particle size offer an additional advantage
during filtration in that the controlled settling of the particles into the pores of the
filter membrane leads to a reduced tendency for filter blockage and rapid filtration.
On the other hand, in the extraction of the analytes using disk or cartridge systems,
the flow rate through the sorbent must be slow enough to ensure that the analytes are
retained on the sorbent. The rapid filtration that disks may offer can cause
incomplete retention of the analytes, especially with large volume samples due to

poor analytes capacity leading to lower recovery®”.

In addition this technique is environmentally friendly as the use of organic solvents is
avoided in the extraction of metal ions and only small quantities (1-5 mL) of organic
solvents are required to preconcentrate organic materials. These quantities are
considered minute compared to the large volume of organic solvent used with
solvent extraction and solid phase extraction-cartridges. Moreover, only a small
quantity of complexing agent is functionalized on the silica surface, which is less
than that used in solvent extraction. At the end of a preconcentration process using
nanoscavenger dispersion extraction only a small quantity of nanoscavenger (50-200

mg) needs to be disposed of safely. In contrast, in the solvent extraction technique a
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large quantity of solvent has to be safely discarded, and in the solid phase extraction
cartridge technique, the disposal of two materials is necessary: the cartridge and the

sorbent.

9.2 Future work

In this project the synthesis, modification and applications of nanoscavengers have
been highlighted. This primary investigation of the preparation and applications of
the nanoscavengers needs to be further developed to expand the range of
nanoscavenger procedures and to confirm their applicability in many fields such as
water purification and medical applications. Further studies and applications of

nanoscavengers which may be carried out in the future are highlighted below.

9.2.1 Effect of calcination on mesoporous silica structure

The template can be removed from mesoporous silica structure either via solvent
extraction or calcination® ° at high temperature; the latter being the most common
method due to its simplicity. Calcinations can however decrease the pore size and

surface area, as well as collapsing the mesoporous channels™® *

and dehydroxylation
the surface silanol groups. All of these affect the modification of mesoporous silica.
Thus the impact of high temperatures on the surface silanol concentration and pore
size should be investigated in further work. In addition, the effect of treating
mesoporous silica with acid to rehydroxylate the surface and improve the

modification of mesoporous silica surface could be investigated.

9.2.2 Further studies of existing nanoscavengers

A number of further studies of nanoscavengers are possible, such as the effect of
interference of some metal ions on their extraction ability; the optimal acid
concentration required releasing the metals from nanoscavengers; and the possibility
of the reuse of nanoscavengers and the cycling number at which the nanoscavenger
can still be used with high recovery. In addition to identify the method detection limit

and improve it.

235



Chapter 9: Conclusions and Future work

9.2.3 Preparation of new nanoscavengers

In this study, nanoscavengers have been successfully prepared by modifying
mesoporous silica with extracting agents such as dithiocarbamates and
hydroxyquinoline. When applied to extract metal ions from water, good recovery
results were obtained. It is obvious that extraction of metal ions from water using
solid phase relies on the affinity of the metal to the extracting group. A wide range of
chelating groups can be used to enhance the selectivity of the nanoscavenger. As

1> which has multi extraction

such example 5-amino-1,3,4-thiadiazole-2-thio
positions can functionalize the surface of mesoporous silica for preparation of a new

nanoscavenger therefore may be investigated in future.
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9.2.4 Further applications of nanoscavengers in the analytical fields

Nanoscavengers have been used to extract and concentrate metal ions by chelation
and organic materials by exploitation of hydrophobic interactions between the
analyte and the nanoscavengers. The nanoscavenger can immobilize unstable
elements that might otherwise be lost during transport and storage. Moreover the
extracted sample is very small and significantly easier to transport than the liquid
sample. These three aspects are particularly advantageous in locations where

analytical instruments are unavailable.

Arsenic is a suitable element to illustrate the potential application of nanoscavengers
in difficult circumstances. Arsenic is a toxic metalloid which has contaminated

natural waters all over the world. In developing countries, such as Bangladesh, there
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are few high quality analytical facilities, and this means that hundreds of samples of
water have to be transported to wherever suitable instruments are available to
measure the arsenic. This process is unsatisfactory as the analyte can be lost during
transportation and unconcentrated samples are excessively large and difficult to
transport. To provide a better means of sampling under such conditions, a mercapto-
nanoscavenger could be prepared by reacting mesoporous silica with 3-
mercaptopropyltrimethoxysilane. A similar large particle silica gel has been applied
to the batch and column preconcentration of arsenite from water samples that also
contain arsenate, monomethylarsonate and dimethylarsinate™. Arsenite is the most
toxic form of arsenic. A nanoscavenger dispersion extraction technique, based on
mercapto-nanoscavenger, could therefore be developed for the selective recovery of

arsenite from water in presence of arsenate.

The amine-nanoscavenger that has been prepared in this work can also be used to
incorporate other functional agents onto the silica. It has been reported, for example,
that aminopropyl silica can be reacted to give an aminothioamidoanthraquinone
silica for the preconcentration of metal ions such as Ni (11) and Cd (II) from water.
This has been used in a column technique® but such a modification of mesoporous
silica could be investigated as the basis of a new NSDE technique for the collection
of metals from water. Aminopropyl-mesoporous silica can also be potentially reacted
with salicylaldehyde to give a nanoscavenger material for the preconcentration of

U(VI) from water™.

Preconcentration of phenolic compounds from water by solvent evaporation or by
extraction are very difficult because they are volatile. The solid phase extraction
using 8-decanoloxy-7-(3,5-dinitrobenzoyloxy)propoxypropylsilylated silica gel has
however been shown to be more efficient'®. A new nanoscavenger for phenols
extraction could therefore be developed by the reaction of glycidoxypropyl-
mesoporous silica with 3,5-dinitrobenzoic acid and the product could be employed to

preconcentrate phenols from water.

The affinity of a wide range of organic materials for hydrophobic ‘reverse phase’
material has been widely exploited in both HPLC and in conventional solid phase

extraction systems. HOCig-nanoscavengers have already been prepared in this
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project and following further characterization these could be evaluated for the
preconcentration of phenylurea pesticides such as tebuthiuron, diuron and propanil

17, 18

from an aqueous solution The Cig-silicas are also potentially useful for the

extraction/preconcentration of metal chelate complexes.

9.2.5 Nanoscavengers for direct aspiration into ICP-MS

Preconcentration of metal ions from water using solid phase extraction requires the
sorbent to be recovered with attached metals by filtration or centrifugation. The
metal ions can then be released from the sorbent by using acid. The last step can be
avoided by using nanoscavengers. With the recovered nanoscavenger with attached
metal dispersed in water and the sol can be directly aspirated into an ICP-MS. The
high temperature of the plasma is capable of releasing the metal ions from the

complexing agent on the nanoscavenger surface™® %.

9.2.6 Extraction of TBT and determination as total tin

The HOCg-nanoscavenger has successfully extracted TBT from water. With the
concentration of TBT being determined by GC coupled with a pulsed flame
photometric detector (PFPD).This detector is uncommon, and sample preparation is
lengthy as the TBT has to be derivatized. A simpler technique could be developed to
extract and determine TBT based on HOC,g-nanoscavenger dispersion extraction and
following redispersion in 5 ml of water, direct aspiration into an ICP-MS. Assuming
the selective extraction of alkyltins from the water, with the nanoscavenger rejecting
the inorganic species, total tin measurement would be a good estimate of organotin

species.

9.2.7 Magnetic nanoscavengers

Magnetic nanoscavengers can be prepared by modifying mesoporous magnetic
nanoparticles (MSiO,@Fe;0,4) with suitable extractant function groups. There are
two steps in the preparation of MSIO,@Fe;O,4. First, a magnetic material such as

Fes;04 is encapsulated within a silica shell via a Stober-type method. The surface area
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of the obtained material is normally low, but an improvement can be achieved in a
second step, which is re-encapsulating the prepared magnetic silica using TEOS
templated by C;sTMABI?. A high surface area will be generated after removing the
template from the particle structure. The main advantage of magnetic nanoscavenger
particles is that the particles can be easily recovered from water by applying a

magnet, removing the need for filtration or centrifugation.
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