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1. Aluminum

1.1 General information

Aluminum is the third most abundant element (8%) in the Earth's crust, exceeded by
oxygen (47%) and silicon (28%).

Because of its strong affinity to oxygen, aluminium never occurs as a metal in nature but
is found only in the form of its compounds, such as alumina. This strong affinity to oxygen
also explains why it withstood all attempts to prepare it in its elemental form until well into
the 19th century. The metal's name is derived from alumen, the Latin name for alum. In 1761
the French chemist Guyton de Morveau proposed the name alumine for the base in alum, and
in 1787 Antoine Lavoisier identified alumine as the oxide of a still undiscovered metal. In
1807 Sir Humphry Davy assigned the name aluminum to the metal and later agreed to change
it to aluminum. Shortly thereafier, the name aluminium was adopted to conform with the -ium
ending of most elements, and this spelling is now in general use throughout the world, except

in the United States (where the second i was dropped in 1925) and Italy (where alluminio is

- used) [1].

1.2 Properties of aluminum

Aluminum has the chemical symbol Al, atomic number 13, and atomic weight 26.98.
The isotope with mass number 27 is the only stable isotope. It is a soft, light, grey metal that
resists corrosion when pure in spite of its chemical activity because of a thin surface layer of
oxide. It is nonmagnetic and nonsparking. Its density is 2.6989 g/cm’, melting point 669.7°C
and boiling point 1800°C. Its electrical resistivity is 2.824 pQ-cm at 20°C, with temperature
coefficient 0.0039°C", the same as copper's. Its thermal conductivity is 2.37 W/em-K at
300K, and the linear coefficient of expansion is 23.86x10°°C™. The specific heat is 0.2259
cal/g-K, and the heat of fusion is 93 cal/g. The first ionization potential is 5.96V, second
18.74V and third 28.31V. Its electrode potential is 1.67V positive with respect to hydrogen.
When near its melting point, it becomes ‘hot short’ and crumbles easily. As a pure metal, it is
quite soft, and must be strengthened by alloying with Cu, Mg, Si or Mn before it can be used
structurally. Aluminum bronze is 90 Cu, 10 Al, a strong, golden-yellow alloy with excellent
physical properties. The Young's modulus of pure aluminum is 10x10° psi, the shear modulus



3.8x10° psi, Poisson's ratio 0.33, and the ultimate tensile strength 10,000 psi, with 60%
elongation. Pure aluminum is very ductile and malleable, and unsuitable as a structural
material. Its hardness is 15 Brinell (500 kg, 10 mm). The useful wrought alloys contain 1-7%
magnesium and 1% manganese. Its crystal form is face-centred cubic, with lattice constant a =
0.404 nm, and nearest-neighbour spacing of 0.286 nm.

The familiar strong aluminum alloy Duralumin is an alloy 96 Al, 3.5 Cu, 0.5 Mg. The
hard intermetallic CuAl, is forming slowly, making hard bits that would hinder the
propagation of slip dislocations.

Liquid aluminum easily absorbs gases from the air, and these gases are expelled on
solidification, causing flaws in castings. Casting alloys include silicon, and perhaps a little

copper or nickel to help to avoid this. Also, large crystals may be a problem if the aluminum
is poured while too hot [2].

1.3 Chemistry of aluminum

The electron configuration of aluminum is 15?2s*2p®3s*3p. The outer three electrons
occupy three s’p hybrid orbitals that point in orthogonal directions.

Aluminum shows a strong tendency to covalency, although the AI’* cation is present in
AlF3, ALOj;, ALC3 and as the hydrated ion [AI(H,0)s]>* in some of its salts.

1.4ir. Aluminum is stable in air at ordinary temperatures, because of the formation of a
highly protective film of oxide which can be removed by rubbing with mercury or mercury
(I1) chloride solution. This forms an amalgam which reacts readily with moist air, and the
surface of the metal soon becomes covered with a furry growth of oxide and hydroxide.
Aluminum burns when heated in air, forming a mixture of oxide and nitride (Al,Os, AIN).

2.Water. Water has no action on aluminum, because the oxide film protects it. Sea water
corrodes Al readily. Aluminum does not react with steam even at high temperature because of
the protective film of oxide.

3. Acids.

HCI. Aluminum reacts slowly with cold dilute HCl, rapidly with hot concentrated
because of the solubility of Al;O3 in HCL

Al+3H — AP + % Hat

H>S0,. The dilute acid has little or no action on Al. The oxide film on the aluminum is

not soluble in dilute sulphuric acid.




Hot concentration sulphuric acid reacts vigorously as an oxidizing agent with Al,

forming aluminum sulphate, and being itself reduced to SO,.
2A1+ 6H,S04 — AL(S04); + 6H20 + 3S0,1

HNQO; Aluminum is unaffected by dilute nitric acid, cold or hot, and by cold
concentrated nitric acid. The metal is rendered passive because of an unreactive oxide layer.
The concentrated acid when heated to about 90°C reacts quite vigorously with aluminum, -
oxides of nitrogen being evolved.

1 Alkalis. Aluminum dissolves in aqueous caustic soda or potash giving aluminate ion
and hydrogen.

Al+ OH + 3H;0 — [AI(OH)s] + %Hﬁ

The protective AL, O3 film has been removed by OH ions, because aluminum oxide is
* amphoteric.

5.Combination with non-metals. Aluminum combines directly with halogens, oxygen,
sulphur, nitrogen, and carbon forming binary compounds; the more electronegative the other
elements are, the more readily does combination take place. The compounds formed with
aluminum are thus: AlFs, AbOs, ALSs, AIN, ALC;.

6.1éeducing action. Because of its great affinity for oxygen and other electronegative
elements, Al is powerful reducing agents [3].

1.4 Aluminum occurrence in soil

1.4.1 Mineralogy

Aluminum is a highly electropositive element and a strong lithophile, being found
exclusively as aluminum(III) in combinations with oxygen. Some of important minerals are
shown in Table 1.1:



Table 1.1. Some important Al-containing minerals{4}.

Mineral Typical composition
Feldspars:
plagioclase (K,Ca)[(A1,S1)40s]
alkali (Na,K)[AlSig()g]
Clay minerals:
kaolinite Al[S10,0}(OH)s
montmorillonite (Ca,Na)o 7(ALMg,Fe)q[(Si,Al)s020}(OH)nH,O
Constituents of bauxite:
gibbsite Al(OH);
boehmite and diaspore AlO(OH)

The aluminosilicate feldspars are the most abundant minerals of the crust, being major
components of igneous rocks such as granite.

Feldspar, KAISi;Og (potash feldspar), hydrates on weathering to form clay, such as
kaolin, AlL[Si1Oy0](OH)s. Lapis lazuli, the mineral lazurite, is Nas.sAl;(SiO4);S. This
beautiful dark blue stone was greatly prized in antiquity, and is one aluminum compound that
is not white. The best comes from northeastern Afghanistan. Finely ground, it made the
pigment ultramarine. Ultramarine is now artificially made by fusing clay, carbon and sodium
sulphate. Also not white is turquoise, Al,(OH);PO4'H;O. These two stones are beautiful
enough to compensate for all the white powders. Garnet and jade (jadeite, not nephrite) also
contain some aluminum [2].

At the Earth’s surface the aluminosilicates are broken down by weathering reaction
through the action of water and carbon dioxide, to form clay minerals. These are important
constituents of most soils, and play an essential role in retaining water and nutrient elements
such as potassium and calcium [4]. The commonest clay minerals are kaolinite,
montmorillonite.

Further weathering under tropical conditions leads to the removal of the most elements
and the formation of oxide and hydroxide minerals, which make up bauxite, the major mineral
source of aluminum [4].

The variable rock bauxite, named after the deposit at Les Baux-de-Provence, in southern
France near Arles, is a mixture of the mineral gibbsite, a-Al(OH);, with lesser amounts of the
denser and harder boemite, y-AIO(OH) and diaspore, a-AIO(OH). It is produced by lateric
supergene weathering of clays in most cases, and is pisolitic in form. This is a gaudy way of

saying that it is weathered by water from above, and consists of pea-like granules. A notable




deposit is in Trinidad, but Australia, Brazil and Guinea have most of the resources. A famous
deposit in the United States was in Arkansas, and other deposits were in Alabama and
Georgia.

Alumina, ALOs, is the refractory oxide of aluminum, which does not melt below
2000°C. Corundum is the natural form of alumina a~AlLOs, a very hard (9 on the Mobhs scale,
just below diamond) and heavy (4.02 g/cm’) that is a valuable gem when transparent. A
chromium impurity makes ruby, while iron, cobalt or titanium makes sapphire. Emery is a
natural corundum substance with magnetite or hematite as an impurity, which turns it black.
At 1700°C, alumina crystal becomes plastic and can be bent into any desired shape, for things
like thread guides and phonograph needles.

Aluminum sulphate is found in nature as the rare mineral Kalinite, which is soluble in
water, so it is found only near volcanoes and such places where it is made by the action of
sulphuric acid on clays, such as on Lipari, near Vesuvius, and a few places in Germany and
South America. Alum, KAI(SO4),-12H,0 (or twice this) is not as scarce, but is still rare, found
in Europe and Utah. This mineral is partly hydrated, crystallizes in the hexagonal system, and
is insoluble. It dissolves in sulphuric acid, however.

Cryolite is sodium fluoroaluminate, NasAlFs. The density of cryolite is 2.90, and its
melting i)oint is 1000°C. It is a soft rock, with hardness only 2.5, but its curious distinction is
an index of refraction of 1.364, very close to that of water. Because of this, particles of it in
water seem to disappear. Its name, based on Greek, means ‘ice-rock’, because of its

appearance as a cloudy warm ice [2].

1.4.2 Soil and soil solution

Transformation of primary minerals by chemical weathering reactions results in new
solid phases (i.e., secondary minerals). Aluminum-bearing secondary minerals such as
smectite, vermiculite and chlorite are often found soils in developed on glacial till.

Inputs of aluminum into soil solutions usually occur by mobilization of aluminum
derived from the chemical weathering of soil minerals. The most important reaction in the
chemical weathering of the common silicate minerals is hydrolysis. However, aluminum is
not very soluble over the normal soil pH range; thus, it generally remains near its site of
release to form clay minerals or precipitate as amorphous or crystalline oxides, hydroxides or
hydrous oxides [6]. In some parts of the world, the extent of chemical transformation by
chelation is believed to exceed that by hydrolysis alone. In forest soils of cold and humid




regions, such as those of eastern Canada, aluminum is believed to be transported from upper
to lower mineral soil horizons by organic acids leached from foliage and the slow
decomposition of organic matter in the forest floor [7]. The movement of aluminum—organic
complexes stops when the soil solution becomes saturated (or when the aluminum-to-organic-
carbon ratio reaches a critical value), thereby reducing their solubility. A third important
reaction involving aluminum is the transformation of one mineral into another through the
exchange of interlayer cations {8].

Although the dissolution and precipitation reactions of aluminum-bearing minerals are
often good indicators of the solubility of aluminum in soils, they are by no means the only
pedogenic processes controlling the concentrations of aluminum in soil solutions. Many other
processes may partly control the bioavailability of aluminum to plant and soil organisms.
Aluminum may be

1 adsorbed on cation exchange sites,

2 incorporated into soil organic matter,
3 absorbed by vegetation,

4 leached out of the soil system [9].

In eastern Canada, the atmospheric deposition of strong acids, such as nitric acid and
sulphuric acid, has accelerated the soil’s natural acidification. The increased H' activity
(lower pH) in the soil solution creates a new equilibrium where more aluminum(lII) is
dissolved in the soil solution, cation nutrients (Ca®*, Mg®* and K*) are replaced on the soil
exchange complex by aluminum(IIl)and the base cations are eventually leached out of the
soil.

The fluoride and hydroxide complexes are the two strongest groups of inorganic ion
associations with aluminum in soil solutions [10]. In very acidic soils, aluminum in the soil
solution is present mainly as free AP, as pH increases, free A" hydrolyses to form
complexes with OH" ions (e.g., AIOH*", A(OH)," , A(OH);®). Near pH 6.5, aluminum
solubility is at a minimum, but it increases at neutral to alkaline conditions because of the
formation of Al(OH)s [8]. According to Lindsay et al. (1989) [11}], fluorine, the most
electronegative and one of the most reactive elements, is released through the dissolution of
fluoride-bearing minerals. In acidic soils (pH <5.5), low-ligand-number complexes such as
AIF*" are normally formed. In neutral to alkaline conditions, it is more difficult for F to

compete with OH™ for aluminum in the soil solution because of the increased level of OH".




Consequently, aluminum-—hydroxide complexes predominate over aluminum—fluoride
complexes in alkaline conditions.

The complexation of aluminum with sulphate is weaker than that with fluoride.
However, in acidic soils where the sulphate concentration is high, aluminum may also form
aluminum-sulphate complexes [8]. At low sulphate concentrations, AISO," is the dominant
aqueous form, whereas Al(S04);" is predominant in soil solutions with higher sulphate
concentrations. Brown and Driscoll (1992) [12] showed that several aluminosilicate
complexes, including A1SiO(OH);*".

The use of alum sludge as a soil amendment is the primary pathway by which aluminum
enters the terrestrial environment. However, the amount of aluminum added to soil through
this practice is small in comparison with aluminum naturally present in soil. Moreover, since
spreading on agricultural land is permitted only when the pH is greater than 6.0 or when
| liming and fertilization (if necessary) are done, the solubility (and hence bioavailability) of
this aluminum is expected to be very limited [5].

1.4.3 Sediment

Sediments, where the metal is generally considered as biologically unavailable, are an
importa;lt compartment for aluminum [13,14]. Aluminum occurs naturally in
aluminosilicates, mainly as silt and clay particles, and it can be bound to organic matter
(fulvic/humic acids) in sediments [13]. At pH >5.0, dissolved organic matter (DOM) can co-
precipitate with aluminum, thereby controlling its concentrations in lakes with elevated
concentrations of DOM [15].

Experimental acidification of lakes and limnocorrals has shown that aqueous aluminum
concentrations rapidly increase in response to inputs of acid [16]. Mass-balance studies have
demonstrated that retention of aluminum by sediments decreases as pH decreases [17,18].
Under such conditions, sediments in acidified watersheds can provide a source of aluminum

to the water column [19].

1.5 Process for aluminum occurrence in water

The aluminum ion bonds through oxygen to form a wide variety of functional groups. In
igneous rocks, aluminum is largely bonded to oxygen ions in tetrahedral coordination. As the
rocks weather, aluminum progressively acquires more octahedral bonding. The weathering

release of aluminum from 2:1 layer silicates in soils is enhanced by inputs of acids from the




natural decomposition of organic matter and minerals and from pollution [20]. Acids as weak
as dilute H;CO; have been shown to decompose the silicates and montmorillonite (hydrous
aluminum silicate) layers facilitating the release of aluminum [21].

1.5.1 Aluminum speciation in water

The aqueous chemistry of aluminum has been extensively reviewed by Driscoll and
Schecher, 1989 [22]. Three major categories define the various aluminum fractions in water
[23):

(1) Total aluminum, which is the sum of suspended, colloidal, and monomeric forms of
aluminum. (2) Particulate aluminum, which is the sum of suspended and colloidal aluminum.
(3) Monomeric aluminum, which is further divided into two forms, those of non-labile
(aluminum associated with dissolved organic carbon) and labile (aquo, and hydroxide,

fluoride, and sulphate complexes of aluminum). See Figure 1.1.

Total
Aluminum
Suspended Colloidal Monomeric
Aluminum Aluminum aluminum
Particulate
Aluminum
Non-labile Labile (inorganic)-
(organic)- aluminum Al(OH), Al-F,
associated with Al(SO4)*
dissolved organic complexes, and
aquo aluminum

Figure 1.1. The Various Fractions of Aluminum in Water Source: Srinivasan et al.
(1999) [23].




1.5.1.1 Raw water

The solubility of aluminum in equilibrium with solid phase AI(OH)3 depends on the
surrounding pH [24]. The aquo complex Al(H,0)> predominates at pH<4.0. As the pH
(and/or temperature increases), the hydrated trivalent aluminum ion undergoes hydrolysis,
(see Scheme 1.1) initially forming the AI(OH)(H,O)s** ion and then hydroxyaluminum
species such as AI(OH)2", AI(OH); (insoluble), AI(OH)s, AL(OH),", and AI(OH)s*, and.
eventually hydroxypolymers such as Al;3(OH)s;”* and others (See Table 1.2), which had been
proposed by various researchers. [24,25]. [Fluoride ions can substitute in these complexes;
however, in neutral and alkaline solutions, aluminum has greater affinity for the hydroxide ion
[26]]. Between pH 5.0 and 6.0, the predominant hydrolysis products are A(OH)** and
Al(OH)2  ; between pH 5.2 and 8.8, the solid AI(OH)s3 is most prevalent; and above pH 9.0,
the soluble species AI(OH),4 is the predominant species and the only species present above pH
10.0. Throughout the pH gradient (pH 4.7 and 10.5), polymeric aluminum hydroxides can be
found. As polymers come together, aluminum hydroxide becomes large enough to precipitate
from solution. Additionally, at pH>7.0 the aluminum hydroxide complexes dominate when
the content of dissolved organic matter and silicate is low. At lower pH, aluminum sulphate

complexes exist, as well as aluminum-humic acid and aluminum-fulvic acid complexes. [27].

Scheme 1.1. [28] The steps in the dissociation of protons from the hydrated aluminum
ion in dilute solution

[AH0)6)** > [AKOH)(H,0)s)** + H
[AYOH)(H,0)s]** > [A(OH),(H,0)4]" + H"
[AI(OH)2(H,0)]" < [AKOH)3(H>0)s] + H'
[AI(OH)3(H>0)3] <> [AOH)s(H20)] + H
[AOH)(H,0),] < [A(OH)s(H0)f" + H'

[AOH)s(H,0)]* < [Al(OH)s]* + H

heat
[AI(OH))* — AIO™ +2H,0 +20H

L5.1.2 Treated Water
The use of aluminum-based coagulants for the removal of particulate, colloidal, and

dissolved substances in water usually results in an increase in the amount of aluminum in the

finished water, with a portion of the coagulant remaining as residual aluminum, which




consists of dissolved and particulate species [23]. However, treatment can also decrease the
total aluminum content. Generally, a concentration between 1 and 5 mg/L is desired with
addition of an aluminum salt during water treatment [26].

The speciation of aluminum in the treated water depends on pH, temperature of the
water during treatment, the type of organic and inorganic ligands in the raw water, and
treatment conditions (e.g., the amount of coagulant employed) [23].

The form in which aluminium is presented in drinking water is also dependent on
whether the water is fluoridated, as fluoride has a strong affinity for aluminum, particularly
under acidic conditions. In unfluoridated water at pH values above 6.5 and with an aluminum
concentration of 100 pg/L, the predominant species is AI(OH)s. In fluoridated water
(typically 53 umol/L), AIF," and AlF; species are among those that can be found below pH
6.5; above pH 6.5, mixed OH/F" complexes or AI(OH)4 may occur [29].

Table 1.2. Polymeric aluminum hydrolysis species [27)

Polymer Reference

A12(0H)2“;‘+ Kubota (1956)

Al(OH)yy” Hsu and Bates (1964)
Alg(OH);5 Brosset (1981)

Al;(OH);7*" and Al;3(OH)ss>" Snoeyink and Jenkins (1980)
Alg(OH)* Matijevic et al. (1961)

. Hayden and Rubin (1974)
Aljo(OH)x2*" Hsu and Bates (1964)
AlLio(OH)2* and Al;3(OH)so”* Hsu (1977)
Al;304(OH)24™ Johanason (1960)

Bottero et al. (1980)
Al;3(OH)3,™ Aveston (1965)

1.5.2 Water treatment processes

Drinking water production begins with coagulation, followed by flocculation,
clarification, filtration, and finally disinfection {26]. Aluminum removal depends on the
transformation of the aluminum ions into AI(OH); species [23].

Treatment therefore involves chemical precipitation by pH adjustment (pH range 6.5-
8.0). The addition of sulphate expands this range of coagulation (lowers the limit of pH to
6.0) while serving as a catalyst in the formation of solid Al(OH); particles. Treatment by
cation-exchange resin, reverse osmosis, and electrodialysis is the most effective process for

the removal of aluminum in water (90-100% efficiency), whereas processes involving

10




aeration and stripping, anion-exchange resin, and chemical oxidation/disinfection are poor (0-
20% efficiency) [23]. Lime softening and coagulation coupled with sedimentation and
filtration are moderately effective methods (0-70% efficiency). The treatment of the water
supply is not without problems [23,30]. The increased aluminum concentration in treated
water can enhance turbidity through the post-precipitation of a hydrous aluminum precipitate
in the distribution system, limit the disinfection process by enmeshing and protecting
microorganisms, and reduce the carrying capacity of pipes with the accumulation of
aluminum hydrolysis products on their walls. Reduction of residual alaminum, which consists
primarily of particulate and dissolved forms of aluminum, as much as possible is, therefore,
essential. Since particulate aluminum is mostly derived from turbidity-causing substances, the
elimination of turbidity from raw water will reduce its presence in treated waters. Particulate
aluminum can be readily removed by solid- liquid separation facilities such as clarifiers (93-
96% efficiency observed) and filters (75-87% efficiency observed using sand filtration).
Experimental data indicate that the soluble aluminum fraction can be removed by granular

activated carbon (65% efficiency).

1.6 Aluminum occurrence in air

Tl;e largest source of airborne aluminium-containing particulates is dust from soil, the
weathering of rocks, volcanic activity, and human activities, such as mining and agriculture
[25]. Aluminum is found as silicates, oxides, and hydroxides in the particles, which are
deposited onto land and water by wet and dry deposition. Aluminosilicates from aluminium
dust comprise up to 14% of the Earth's surface [31].

Levels of aluminum vary in the atmosphere, depending on the location of the sampling
site, meteorological conditions (e.g., summer versus winter), and the level of industrial
activity or traffic in the area [25]. They are expected to be low in areas near the ocean and
high in areas with wind-blown soil. Background levels of aluminum in the atmosphere
generally range from 0.005 to 0.18 ng/m’, but are significantly higher in cities and industrial
areas, which range from about 0.4 to 10 ng/m’. In the late 1960s to mid-1970s, concentrations
up to 8678 ng/m’ were measured [24]. Anthropogenic releases are primarily to the
atmosphere and account for about 13 % of atmospheric aluminum [25]. The major
anthropogenic sources of aluminum-containing particulate matter include coal combustion,
aluminum production, and other industrial activities processing crustal minerals. Aluminum

levels ranging from (3.7-37) x10°® M have been found in air particulate emissions from iron
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and steel foundries and brass and bronze refineries. Additionally, motor vehicle emissions add
0.9 to 9 % of the observed elemental concentration of aluminum in the air. Aluminosilicates,
which can be manmade, are found in products such as talcum powder, asbestos, cat-box litter,
table salt, and cigarette smoke [31]. Because aluminum in compounds cannot be oxidized,
atmospheric transformations are not expected to occur during transport [25].

However, if aluminum metal particles are released during anthropogenic activities such

as metal processing, they would be rapidly oxidized.

1.7 Health impacts of aluminum

1.7.1 Human exposure

The large quantity of aluminum in nature and its many uses make exposure to aluminum
unavoidable. Table 1.3 shows the determined or estimated daily intakes of aluminum.
Exposure for the generally population is mainly through oral intake, and the major sources are
drinking water (from the use of aluminum in municipal water treatment), residues in foods,
cooking utensils, food and beverage packaging, and aluminum-containing medications (e.g.,

antacids and buffered aspirins).

Table 1.3. Daily intake of aluminum by human [32].

Sample Aluminum concentration
Tea (1% extract) 14-90.6 pM
Herbal tea 5.18-39.5 yM
Drinking water 0.08-0.224 mg/day
Food 24 mg/day (median)
beverages 0.74-159.4 uyM
animal products 2.22-522.6 yM
fruits 1.85-114.9 yM
grains 1.48-14825.8 yM
vegetables and legumes 3.7-934 yM
dried herbs (3.04-114.2)x10° uM
baking powder 85.3x10° uM
Canned drink stored 3.7-2742.8 yM
Medications
antacid 35-208 mg/dose
buffered aspirins 9-52 mg/dose
antidiarrheal drugs 36-1450 mg/dose
anti-ulcerative 207 mg/dose
Atmospheric dust 3.6ng/day
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Additionally, children may ingest aluminum from dirt from unwashed hands or when
playing in contaminated soils, vitamin/mineral supplements, treatment for
hyperphosphatemia, and from consumer products not normally ingested by adults (e.g.,
toothpaste) [25]. The daily ingestion of aluminum is 30 to 50 mg for almost every individual
[31]. Other sources for potential exposure to aluminum for children are vaccinations
containing aluminum adjuvants, parenteral feeding of premature infants, and dialysis fluids.
Other routes of potential exposure to aluminum are via inhalation of atmospheric dust and
through the skin (e.g., via use of antiperspirants) [24, 25].

Occupational exposure to aluminum occurs in the refining of the primary metal and in
secondary industries that use aluminum products, such as aircrafts, automotives, and metal
products.

Greater exposure to aluminum is possible for persons living in the vicinity of industrial
emission sources and hazardous waste sites, undergoing long-term hemodialysis treatment,
drinking water from residential well, and those consuming large quantities of antacid
formulations, anti-ulcerative medications, buffered analgesics, or kaolin-based anti-diarrhoea

medications [25].

1L ’7.2 Aluminum as neurotoxicant

Historically, aluminum has been considered relatively non-toxic; healthy individuals can
tolerate oral doses as high as 7 grams per day without experiencing harmful effects. However,
abundant evidence now shows that aluminum may adversely affect the nervous system in

humans and animals.

1.7.2.1 Dialysis encephalopathy

Patients with kidney disease who undergo dialysis regularly and who consequently may
be exposed to high levels of aluminum in dialysis fluids and medications can develop dialysis
encephalopathy, a progressive form of dementia characterized by tremors, convulsions,
psychosis and other changes in speech and behavior [33, 34]. Most experts agree that high
levels of aluminum in dialysis fluids and medications are responsible for the dementia, and

that controlling the levels of aluminum significantly reduces the incidence of this disease.
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1.7.2.2 Alzheimer's disease

Alzheimer's disease is the most common primary degenerative brain disease in Canada
and is a leading cause of death. The first recognizable symptoms of Alzheimer's disease,
which mark the start of progressive mental deterioration, include memory lapses,
disorientation, confusion, and depression.

Scientists are investigating possible theories to determine the causes of Alzheimer's
disease. These theories take into account the roles of genetic factors, abnormal proteins,
infectious agents, environmental agents including aluminum, other metals or solvents, and
metabolic changes. Growing evidence suggests that complex interactions exist between
genetic predisposition and aging, for example, and the series of events leading to the onset of
the disease.

Aluminum exposure was suggested as a possible cause of Alzheimer's disease because
the average aluminum content of control human brains (1.940.7 mg/kg dry weight) was found
to be less than that of AD-affected brains (3.8 mg/kg dry weight) [35]. However, it is not
clear whether the accumulation of aluminum is a cause or a result of the disease.

Several studies on humans have shown a slightly increased risk of Alzheimer's disease
or related dementia in communities where the drinking water contains high concentrations of
aluminum [36, 37]. On the other hand, a number of other studies have shown no relationship
between aluminum in drinking water and the onset of dementia [38, 39]. In addition, scientists
have been unable to induce Alzheimer's disease-type changes in the brains of laboratory
animals exposed to aluminum, or to explain the absence of Alzheimer's disease-type changes
in brains of patients suffering from dialysis encephalopathy [40,41,42,43]. Some studies have
also shown little or no accumulation of aluminum in the brain tissues of Alzheimer's patients
[44].

After weighing all the evidence, experts have concluded that even though a true
association between dementia (including Alzheimer's disease) and high concentrations of
aluminum in drinking water has not yet been proven, the possibility cannot be ruled out,

especially for the most elderly.

1.7.2.3 Lou Gehrig's and Parkinson's diseases
Aluminum has also been associated with other severe diseases of the nervous system,
such as Lou Gehrig's disease (often referred to as amyotrophic lateral sclerosis, which is a

progressive neurodegenerative disease that affects nerve cells in the brain and the spinal cord)
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and Parkinson's disease (which belongs to a group of conditions called movement disorders
and characterized by muscle rigidity, tremor, a slowing of physical movement (bradykinesia)
and, in extreme cases, a loss of physical movement (akinesia).). As with Alzheimer's disease,
the significance, if any, of the association is unknown.

An unusually high incidence of Lou Gehrig's and Parkinson's diseases in indigenous
populations in Guam and New Guinea suggests a possible correlation between the diseases
and local environmental conditions, including high levels of aluminum and low levels of
calcium and magnesium in soil and food [45]. As with Alzheimer's, humans with these
disorders tend to have high levels of aluminum in some areas of their brains, although it has
not been demonstrated that the presence of aluminum in the brain initiates the onset of the
diseases [46]. Other possible contributing factors that need to be examined more closely
include the diet of the Guam population - in particular, the seeds of the false sago palm [47,
48], which contain a toxic amino acid that causes a condition similar to Lou Gehrig's disease
in monkeys - as well as the possibility that the dementia is caused by genetic rather than

environmental factors [49].

L ?.2.4 Other health effects

The intake of large amounts of aluminum can also cause anemia [50,51], osteomalacia
[52, 53] (brittle or soft bones), glucose intolerance of uranemia [54], and cardiac arrest in
humans [53].

1.7.3 Absorption, Distribution, Metabolism, and Excretion
The human body burden originating from largely insoluble environmental sources of
aluminum is very low (about 0.1 %). In Table 1.4 are reported concentration of aluminum in

various human tissues and body fluids.

Table 1.4 Mean concentrations of aluminium in a body tissue [4]:

Tissue Aluminum concentration, uM
Whole blood 5.2-231.3
Plasma 4.8-5.93
Serum <0.37
Urine 0.1-0.3
Bone (dry weight) 37-111.2
Brain (mostly grey matter) 37-111.2
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Most aluminum compounds are poorly absorbed through the lungs, skin, and
gastrointestinal tract. Uptake from the gastrointestinal tract may be regulated by water
solubility of the aluminum species and by mucosally associated luminal metal-binding
ligands. Aluminum is also poorly distributed in most tissues except the lung. Aluminum
transport in the blood is about 89 % bound to iron transferrin and about 11 % as aluminum
citrate. Elimination of absorbed aluminum is mainly through the kidney. Chelation with
compounds such as desferrioxamine (deferoxamine [DFO]) may increase urinary aluminum
excretion.

Of particular concern is the possible enhancement of intestinal absorption in the
presence of dietary constituents such as citrate and fluoride. Added or natural fluoride in
drinking water may form strong, water-soluble aluminum complexes (one to five fluoride ions
per aluminum atom). Slightly acidic pH favours formation of aluminum fluoride and citrate
complexes.

The standard American diet contains about 4 g citrate per day. Citrate is known to
increase intestinal absorption as well as tissue accumulation of aluminum. However, in one
study with human volunteers administered aluminum and citrate in the drinking water, no
difference was observed between the plasma concentrations of aluminum in subjects receiving
citrate with the drinking water and those that did not. While increasing aluminum absorption,
citrate may also enhance urinary excretion, resulting in no significant increase in aluminum
plasma concentration in individuals with normal kidney function. The greatest risk of
aluminum absorption and distribution after citrate exposure would be for those individuals
with renal insufficiency or failure. '

Aluminum may form complexes with other dietary acids, for example, malic, oxalic,
tartaric, succinic, aspartic, and glutamic acids, which may increase its gastrointestinal
absorption.

Formation of aluminum maltolate from the dietary constituent maltol (a common food
additive) may also occur. The aluminum makltolate complex is also associated with increased
aluminum uptake.

Administration of fluoride with aluminum has resulted in decreased fluoride absorption
from the intestinal tract, indicating that aluminum-fluoride complexes are not absorbed as
readily as fluoride alone. It has been suggested, however, that administration of fluoride alone

can cause the co-accumulation of aluminum in bone {32].
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2 Indicators

2.1 Dyes

Dyes are substances that can be used to impart color to other materials, such as textiles,
foodstuffs, and paper. Unlike pigments, dyes are absorbed to a certain extent by the material
to which they are applied. The colors from some dyes are more stable than others, however. A
dye that does not fade when the material it was applied to be exposed to conditions associated
with its intended use is called a fast dye. Contrariwise, a dye that loses its coloring during
proper usage is referred to as a fugitive dye. Some of the conditions that could cause such a
change in the properties of a dye include exposure to acids, sunlight, or excessive heat as well
as various washing and cleaning procedures. Certain dyes may be considered both fast and

fugitive, depending on the material with which they are used [1].

2.2 Metal indicators

The color of organic dyes is due to the chromophore groups and the addition of a metal
cation éauses a change in the electron distribution of the dye molecule. The indicators in
which this occurs are called by Schwarzenbach [2] and by Korbl and Ptibil [3] metal
indicators as opposed to indicators that form with metal ions colored complexes in which the
metal ion is the chromophore. A third group of indicators comprises those metals with
incomplete 3d shells which form colored ions in solution. As the color intensity of such
solutions is low, these ions are only rarely employed as indicators in complexometric
titrations. Pfibil has taken as an additional group of indicators compounds that form
precipitates or colloidal particles with metal ions. Metal indicators which form the first group
have been called metallochromic indicators by Pfibil, but also the name chelatochromic
indicators has been employed [4].

Metal indicators are classified according to their chemical constitution. Also those
compounds which form metal complexes in which the metal is the chromophore are included.
Bellow, group A comprises indicators that contain an azo group. Group T comprises
indicators that are triphenylmethane derivative. All other indicators are included in the group
O. This division has also been employed by P¥ibil [5]. Each group includes several subgroups

as shown in the following.
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The azo group may be bound to various cyclic groups which form the basic of the

following classification:

A Azo dyes

Subgroup Azo group between
ABB two benzene rings
ABI a benzene and an imidazole ring
ABN a benzene and a naphthalene ring
ABP a benzene and a pyridine or pyrazoline ring
ABQ a benzene and a quinoline ring
ABT a benzene and a thiazole ring
ANI a naphthalene and an imidazole ring
ANN two naphthalene rings
ANP a naphthalene and a pyridine or pyrazoline ring
ANQ a naphthalene and a quinoline ring
ANT a naphthalene and a thiazole ring
APQ a pyridine and a quinoline ring

T. Triphenylmethane Dyes

TP phthaleins

TS sulphonephthaleins

O. Other Dyes
OA anthracene derivatives
OB benzene derivatives
ON naphthalene derivatives
00 redox indicators and other unclassified dyes

Substances, whose fluorescent properties in solution are influenced by change in
hydrogen ion concentration, oxidation potential or metal ion concentration, may be used as
fluorescent indicators' in titration in which a well-defined change in one of these properties
occurs at the equivalence point.

A number of organic compounds which form complexes with cations in solution with a
consequent quenching or appearance of fluorescence have been employed as indicators in
compleximetric titrations. As indicators these compounds fuction in a similar manner to
metallochromic indicators. The term 'metallofluorescent indicators' proposed by Kérbl (6] for
these compounds has been adopted by I[UPAC [7].
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2.3 Mechanism of Azo Dye Formation
2.3.1 Mechanism of Diazotization [8, pp 414-430]
Nitrous acid is made in situ, most often by mixing hydrochloric acid with
sodium nitrite. It dissociates to produce nitrosonium ion NO* rather than H' (although the

solution is acidic because HCI is also present).

Na®* 'O0-N=0 4+ HCI =—=——= H-O0-N=0+ NaCl

+ + +
H-O—-N=0 + H —— H—O0—N=0 =———=OH, + NO
H
The nucleophilic amine, which is present in the reaction mixture from the beginning,
reacts with the electrophilic nitrosonium ion, producing the diazonium ion by a series of acid-

base and elimination reactions:
.._..__.::,.
: 0 5C

Z-T

—-N"'O

I-r“
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2.3.2 Mechanism of Coupling Reaction

The diazonium ion has another resonance contributor, however, in which the
terminal nitrogen atom bears the positive charge.

+ +
N=N. .N=N:
@ — @

If an actived aromatic compound is added to a solution of the diazonium salt,
then electrophilic substitution occurs. The electrophile in this case is the diazonium ion itself,
rather than a simpler electrophile like NO;" or Br'. Only the most actived arenas, like a
phenol or dialkylaniline, can be employed for this reaction, because the diazonium salt is a
weak electrophile. The transformation occurs in two stages, the first of which involves

reaction between the nucleophilic ring and the electrophilic nitrogen atom.

“g
+ .
i W t
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The second step in the regeneration of the aromatic % system.

OH OH
i O
*N=N N=N

Ci
> + HCI

This coupling reaction produces molecules that are brightly colored as a result of
extended conjugation of the m systems across the nitrogen-nitrogen double bond. Such
compounds find applications as dyes [9, pp. 1171-1178].

2.4 Isomerism in azo dyes
2.4.1 Geometrical isomerism
As with any double bond, the planar -N=N- bond shows geometrical isomerism:

QN&@ — Qu;p

This change from trans (preferred) to cis can be effected by exposure to UV radiation.
This can lead to photochromism, a light-induced reversible color change in some dyes, for
example C.I. Disperse Red 1. This effect was considered a nuisance and has largely been
eliminated by careful development of more stable dyes. But photochromic dyes are beginning
to make a comeback in technology like sunglasses and sunroofs in cars.

2.4.2 Tautomerism

Following the discovery in 1870 of the coupling reaction between diazonium salts and
phenols [10] the colored products were believed to be hydroxyazo compounds. The first
challenge to this was made in 1883 by Liebermann [11] who postulate that the hydroxyl
proton of 1-phenylazo-2-naphthol, IT (R=H), was labile and could be capable of bonding with

a nitrogen atom of the azo group. Evidence to support Liebermann’s assertion came the
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following year when Zincke and Bindewald [12] reported that they obtained the same product
either by coupling the benzene diazonium ion with 1-naphthol or by condensing
phenylhydrazine with 1,4-naphthoquinone. Kuhn and B#r [13] proved the existence of a
rapidly formed tautomeric equilibrium of the type I(R=H) between the azo and hydrazo
forms. It is know that this equilibrium is influenced by both structural factors within the

molecule and by the nature of the medium surrounding the molecule.

I 4-Phenylazo-1-naphthol[14]

>R R
-H o-—H\ )
N N
e § )
- N
-
II 1-Phenylazo-2-naphthol[14]

Most azo phenol dyes exist in the azo form because of the resonance stabilization energy
of the aromatic ring system. The loss in energy in going from hydroxyl naphthalene to
naphtha quinine is less than in going from hydroxyl benzene to benzo quinine. Thus in azo-
naphthol-dyes, the hydrazo form prevails [15].
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3. Molecular Absorption Spectrometry

3.1 Interaction of electromagnetic radiation with matter [1].

In spectrometric methods, the sample solution absorbs electromagnetic radiation from
an appropriate source, and the amount absorbed is related to the concentration of the analyte
in solution. ‘

Electromagnetic radiation can be considered a form of radiant energy that is propagated
as a transverse wave. It vibrates perpendicular to the direction of propagation, and this imparts
a wave motion to the radiation.

The wave is described either in terms of its wavelength, the distance of a complete
cycle, or in terms of the frequency, the number of cycles passing a fixed point per unit time.
The reciprocal of the wavelength is called the wavenumber and is the number of waves in a
unit length or distance per cycle.

The relationship between the wavelength and frequency is:
C
v

A= G.1)

where A is the wavelength in centimeters (cm), v is the frequency in reciprocal seconds
(s™), or hertz (Hz), and c is the velocity of the light (3x10'%m/s). The wavenumber is
represented by v , in cm™:

1 v
V= 273 3.2)

The wavelength unit preferred for the ultraviolet and visible regions of the spectrum is
nanometer, while the unit micrometer is preferred for the infrared region.

In this last case, wavenumbers are often used in place of wavelength, and the unit is
cm’.

Electromagnetic radiation processes a certain amount of energy. The energy of a unit of
radiation, called the photon, is related to the frequency or wavelength by

he
E=hy =— 3.3
V=" (33)

where E is the energy of the photon in ergs and h is Planck's constant, 6.62x10°* joule-
second (J-s).
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3.2 Absorbance of Electromagnetic Radiation {2, pp. 380-381).

In absorption spectroscopy a beam of electromagnetic radiation passes through a
sample. Much of the radiation is transmitted without a loss in intensity. At selected
frequencies, however, the radiation’s intensity is attenuated. This process of attenuation is
called absorption. Two general requirements must be met if an analyte is to absorb
electromagnetic radiation. The first requirement is that there must be a mechanism by which
the radiation’s electric or magnetic field interacts with the analyte. For ultraviolet and visible
radiation, this interaction involves the electronic energy of valence electrons. The second
requirement is that the energy of the electromagnetic radiation must exactly equal the
difference in energy, 4E, between two of the analytes quantized energy states. The energy
level diagram in Figure 3.1 explains an absorbance spectrum. The thick lines labelled £, and
E; represent the analyte's ground (lowest) electronic state and its first electronic excited state.
Superimposed on each electronic energy level is a series of lines representing vibrational

energy levels.
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Figure 3.1 Energy level diagram showing difference between the absorption of infrared
radiation (left) and ultraviolet-visible radiation (right)

3.3 Beer's Law

Py !P-.c ‘H‘-»P-dP P

x=0 »|le x=h
dx

Figure 3.2 Factors use in deriving the Beer-Lambert Law
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When monochromatic electromagnetic radiation passes through an infinitesimally thin
layer of sample, of thickness dx, it experiences a decrease in power of dP (Figure 3.2). The
fractional decrease in power is proportional to the sample’s thickness and the analyte’s
concentration, C; thus

37‘:5 = aCdx (3.4)

where P is the power incident on the thin layer of sample, and o is a proportionality
constant. Integrating the left side of Equation 3.4 from P=P, to P=Pr, and the right side from

x=0 to x=>b, where b is the sample’s overall thickness

P=p x=b
- [2 fatx (3.5)
P=P, P x=0
gives
ln[f"—] = abC (3.6)
F T

Converting from In to log, and substituting Equation 3.6, gives
. A=abC 3.7

where a is the analyte's absorptivity with units of cm™ conc™. When concentration is
expressed using molarity, the absorptivity is replaced by the molar absorptivity, ¢ (with units
ofcm™ M)

A =ebC (3.8)

The absorptivity and mblar absorptivity give, in effect, the probability that the analyte
will absorb a photon of given energy [2, pp.385].

Both absorbance and absorptivity are wavelength dependent. Actually a
spectrophotometer does not measure the absorbance directly, but rather it must be calculated
by taking the negative logarithm of the fraction of light transmitted through the sample. If Pr
is the power of the light passing through a sample and Py is the power of the light detected
when the concentration of absorbing material is zero, the fraction of the light transmitted is
defined as the ratio of the electromagnetic radiation’s power exiting the sample, Py, to that
incident on the sample from the source, Py and is given by:

T =i—f (3.9)
0
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where T is the transmittance, often given as %7. Absorbance is given by:

A=~logT = log%- (3.10) 3]

T

3.3.1 Fundamental limitations to Beer's Law

Beer’s law is a limiting law that is valid only for low concentrations of analyte [4]. Both
chemical and instrumental deviations from Beer's Law may occur.,

Chemical deviations are caused by reactions such as molecular dissociation or the
formation of 2 new molecule. The most prevalent cause is some type of association caused by
hydrogen bonding. For example, at very low concentrations in an inert solvent, alcohol exist
as monomers, but as the concentration is increased the monomers combine to form dimmers,
trimers, etc. Thus the concentrations and absorbances due to the monomers do not increase
linearly with the total concentration of the species.

There are two instrumental sources of deviation from Beer’s Law.

The first has to do with the fact that the Law was derived from monochromatic radiation
[1].

Consider a beam consisting of just two wavelengths A'and A”. Assuming that Beer's law
applied strictly for each of these individual wavelengths, we may write for radiation 4’

A'=log —;;9’- =¢g'bC 3.11)
or

Py _yomee (3.12)

X
and

P,'= P',107% (3.13)
Similarly, for 4"

P "= P",107°% (3.14)

When an absorbance measurement is made with radiation composed of both
wavelengths, the power of the beam emerging from the solution is given by Pr'+Pr" and that
of the beam from the solvent by P',+P*,. Therefore, the measured absorbance is:

P +P"
P',107°% + P 107

A =10g (3.15)
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When &' = ¢", Equation 3.15 simplifies to
A=¢'bC (3.16)
and Beer’s Law is followed.

Absomhance

Figure 3.3 Effect of wavelength on the linearity of a Beer’s law calibration curve

However, nonlinearity can occur at higher concentrations if there is a significant
difference between &' and ¢”, as shown in Figure 3.3 [S, pp.305-306].

Stray radiation is the second contribution to instrumental deviations from Beer's law.
Stray radiation arises from imperfections within the wavelength selector that allows
extraneous light to 'leak’ into the instrument. Stray radiation adds an additional contribution,
Paray, to the radiant power reaching the detector; thus

P, +P

A =log—2——=2 3.17
gﬂ+ﬂm (3.17)

For small concentrations of analyte, Py is significantly smaller than Py and Py, and the
absorbance is unaffected by the stray radiation. At higher concentrations of analyte, however,
Peray is no longer significantly smaller than Pr and the absorbance is smaller than expected.
The result is a negative deviation from Beer’s law [2, pp.386-388].
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4. Molecular Luminescence Spectrometry

4.1 Introduction to fluorescence

4.1.1 Electron spin

The Pauli Exclusion Principle states that no two electrons in an atom can have the same
set of four quantum numbers (n-principal quantum number; l-angular momentum number; m-
magnetic quantum number; s-spin quantum number [1]). This restriction requires that no
more than two electrons can occupy an orbital and furthermore the two must have opposed
spin state. Under this circumstance, the spin are said to be paired. Because of spin pairing,
most molecules exhibit no net magnetic field and are thus said to be diamagnetic- that is, they
' are neither attracted nor repelled by static magnetic field. In contrast, free radicals, which
contain unpaired electrons, have a magnetic moment and consequently are attracted into a
magnetic field; free radicals are thus said to be paramagnetic [2, pp 356].

4.1.2 Singlet/ triplet excited states

A ;nolecular electronic state in which all electron spins are paired is called a singlet
state, and no splitting of electronic energy levels occurs when the molecule is exposed to a
magnetic field. The ground state for a free radical, on the other hand, is a doublet state
because the odd electron can assume two orientations in a magnetic field, which imparts
slightly different energies to the system.

When one of the pair of electrons of a molecule is excited to a higher energy level,
either a singlet or triplet state is formed. In the excited singlet state, the spin of the promoted
electron is still paired with the ground-state electron; in the triplet state, however, the spins of
the two electrons have become unpaired and are thus parallel. These states can be represented

as follows where the arrows represent the direction of the spin:
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Figure 4.1. Difference between singlet and triplet states

Note that the excited triplet state is less energetic than the corresponding excited singlet
state. The properties of a molecule in the excited triplet state differ significantly from those of
the excited singlet state, for example: a molecule is paramagnetic in the triplet state and
diamagnetic in the singlet state, More important, is the fact that a singlet/triplet transition (or
the reverse), which also involves a change in electronic state, is a significantly less probable
event than the corresponding singlet/singlet transition. As a consequence, the average lifetime
of an excited triplet state may range from 10™ to several seconds, as compared with an
average lifetime of 10~ to 10® s for an excited singlet state. Furthermore, radiation-induced
excitation of a ground-state molecule to an excited triplet-state has a low probability of
occurring, and absorption peak due to this process are several orders of magnitude less intense
than the analogous singlet/singlet transition [2, pp 356-357].
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4.1.3 Energy-level diagrams for photoluminescent molecules

The Figure 4.2 is a partial energy-level diagram for a typical photoluminescent
molecule.
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Figure 4.2. Partial energy diagram for a photoluminescence system (one form of a
Jablonski diagram), vr is vibrational relaxation, ic is internal conversion, ec is external
conversion and isc is intersystem crossing. The lowest vibrational energy level for each

electronic state is indicated by thicker line [3, p.423-425).

The lowest heavy horizontal line represents the ground-state energy of the molecule,
which is normally a singlet state and is labeled Sy. At room temperature, this state represents
the energies of essentially all of the molecules in solution. The upper heavy lines are energy
levels for the ground vibrational level of three excited electronic states. The two lines on the
left represent the first (S;) and second (S;) electronic singlet states. The one on the right (7))
represents the energy of the first electronic friplet. state. Numerous vibrational energy levels
are associated with each of the four electronic states, as suggested by the lighter horizontal
lines. As shown in Figure 4.2, excitation of this molecule can be brought about by absorption
of two bands of radiation, one centered about the wavelength A; (Sy-S;) and the second around
the shorter wavelength 4; (Sy-S,). The excitation process results in conversion of the molecule
to any of the several excited vibrational states. The rate at which a photon of radiation is

absorbed is enormous, the process requiring on the order of 10 *to 10™°s.
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Note that direct excitation to the triplet state is not shown because this transition does
not occur to any significant extent since this process involves a change in multiplicity, an
event which has a low probability of occurrence (a low-probability transition of this type is
called ‘forbitten") [2, pp 357-358].

4.1.4 Deactivation processes

An excited molecule can return to its ground state by a combination of several
mechanistic steps. As shown in Figure 4.2, two of these steps, fluorescence and
phosphorescence, involve the emission of a photon of radiation. Fluorescence is a radiational
transition between electronic states of the same multiplicity. Fluorescence usually occurs from
the ground vibrational state of S; to various vibrational levels in Sy (S;—S, + Av). Typically,
fluorescence requires 107° to 10° s to occur. Fluorescence usually appears at longer
wavelengths than absorption because absorption transitions are to higher excited electronic
states or to higher vibrational levels in the S, manifold. Fluorescence can occur from higher
electronic states in rare instances. Azulene and its derivatives exhibit S,—.S, fluorescence.

The radiational deactivation process between electronic states of different multiplicity is
called phosphorescence (typically, T; —Sy + Av). Usually, phosphorescence takes 10 to 10 s
to occur because the process is spin forbidden. The wavelengths of phosphorescence for a
given molecule are generally longer than those for fluorescence because the energy of 7 is
less than §;, due to the electrons being unpaired and in different molecular orbitals.
Phosphorescence is usually not seen in fluids solutions at room temperature. This is because
there are many deactivation processes which compete with emission, such as nonradiative
decay and quenching process [4, pp 5-6].

Fluorescence caused by direct excitation to the S; state or internal conversion to the S;
state is called more precisely prompt fluorescence. Delayed fluorescence has a longer lifetime
than prompt fluorescence because S; is populated by indirect mechanisms. For example, in E-
type delayed fluorescence, S) is populated by thermally assisted intersystem crossing (7
—S)) back from a triplet state originally derived from an S; state; P-type delayed fluorescence
involves a bimolecular reaction between triplet state followed by triplet-triplet annihilation (7}
+ T; — S; + 8p). The term photoluminescence is used to describe any emission of photons
after photon excitation. For molecules, photoluminescence includes prompt and delayed

fluorescence as well as phosphorescence [5].

38




The first observation of fluorescence from a quinine solution in sunlight was reported by
Sir John Frederick William Herschel in 1845 [6].

An important feature of fluorescence is high-sensitivity detection. The sensitivity of
fluorescence was used in 1877 to demonstrate that the rivers Danube and Rhine were
connected by underground streams. This connection was demonstrated by placing fluorescein
into Danube river. Some 60 hours later, its characteristic green fluorescence appeared in a -
small river which led to the Rhine [7].

The other deactivation steps are radiationless processes. The favored route to the ground
state is the one that minimizes the lifetime of the excited state. Thus, if deactivation by
fluorescence is rapid with respect to the raditionless processes, such emission is observed. On
the other hand, if a radiationless path has more favorable rate constant, fluorescence is either

absent or less intense.

4.1.4.1 Vibrational relaxation (vr)

As shown in Figure 4.2, a molecule may be promoted to any of several vibrational levels
during the electronic excitation process. In solution, however, the excess vibrational energy is
immedia:tely lost as a consequence of collisions between the molecules of the excited species
and those of the solvent; the result is an energy transfer and a minuscule increase in
temperature of the solvent. This relaxation process is so efficient that the average lifetime of a
vibrationally excited molecule is 107'%s or less, a period significantly shorter than the average
lifetime of an electronically excited state. As a consequence, fluorescence from solution,
when it occurs, always involves a transition from the lowest vibrational level of an excited
electronic state. Several closely spaced peaks are produced, however, since the electron can
return fo any one of the vibrational levels of the ground state (Figure 4.2), whereupon it will
rapidly fall to the lowest vibrational level of the ground electronic state by further vibrational
relaxation.

A consequence of the efficiency of vibrational felaxation is that the fluorescence band
for a given electronic transition is displaced toward lower frequencies or longer wavelengths
from the absorption bands (the Stoke’s shift); overlap occurs only for the resonance peak
involving transitions between the lowest vibrational level of the ground state and the

corresponding level of an excited state {2, pp 356-358].
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4.1.4.2 Internal conversion (ic)

The crossover between two states of the same multiplicities is a nonradiative electron
state transition called internal conversion. This is likely to occur when the potential energy
curves for two electronic states cross such that the lower vibrational levels of the higher
electronic state are approximately of the same energy as higher vibrational level of the lower
electronic singlet state. Internal conversion can occur between excited states (e.q., S — S)) or
between the first excited electronic state and the ground electronic state (S; — S;). Generally,
internal conversion between excited electronic states is rapid (107 s). Internal conversion
from the S; to the S state depends on the molecule but is often less efficient if there is a wide
energy separation between S; and Sy, so that there is no overlap of the potential energy wells.
After internal conversion, the excess vibrational energy is rapidly dissipated through

vibrational relaxation to the ground vibrational level of the lower electronic state [5, pp 339].

4.1.4.3 External conversion (ec)

Deactivation of an excited electronic state may involve interaction and energy transfer
between the excited molecule and the solvent or other solute. These processes are called
collectively external conversion, or collisional quenching. Evidence for external conversion
includes the marked effect upon fluorescence intensity exerted by the solvent; furthermore,
those condition that tend to reduce the number of collisions between particles (low
temperature and high viscosity) generally lead to enhanced fluorescence. Radiationless
transitions to the ground state from the lowest excited singlet state and triplet state (Figure
4.2) probably involved external conversion, as well as internal conversion [2, pp 360].

4.1.4.4 Intersystem crossing (isc)

Intersystem crossing is a process in which the spin of an excited electron is reversed,
and a change in multiplicity of the molecule results. As with internal conversion, the
probability of this transition is enhanced if the vibrational levels of the two states overlap.

Intersystem crossing is most common in molecules that contain heavy atoms, such as
iodine or bromine (the heavy - atom effect). Spin/orbital interactions become large in the
presence of such atoms, and a change in spin is thus more favorable. The presence of
paramagnetic species such as molecular oxygen in solution also enhances intersystem

crossing and a consequent decrease in fluorescence {2, pp 360].
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4.2 Fluorescence [2p.425-426]

Fluorescence occurs when a molecule in the lowest vibrational energy level of an
excited electronic state returns to a lower energy eléctronic state by emitting a photon. Since
molecules return to their ground state by the fastest mechanism, fluorescence is only observed
if it is a more efficient means of relaxation than the combination of internal conversion and
vibrational relaxation. A quantative expression of the efficiency of fluorescence is the -
Sfluorescent quantum yield, ®@r which is the fraction of excited molecules returning to the
ground state by fluorescence. Quantum yields range from 1, when every molecule in an

excited state undergoes fluorescence, to 0 when fluorescence does not occur.

4.2.1 Quantum yield [2, pp360-361]
The quantum yield, or quantum efficiency, for fluorescence and phosphorescence is
. simply the ratio of the number of molecules that luminescence to the total number of excited
molecules. For a highly fluorescent molecule such as fluorescein, the quantum efficiency
under some conditions approaches unity. Chemical species that do not fluorescence
appreciably have efficiencies that approach zero.

The fluorescence quantum yield @F for a compound is determinated by the relative rate
constant;s k, for the processes by which the lowest excited singlet state is deactivated-namely,
fluorescence (&), intersystem crossing (k;), external conversion (%..), internal conversion (k),
predissociation (k,4), and dissociation (k;).We may express these relationships by the
Equation
- ks

k;+k+k,+k, tk,+k,

(4.1)

Dr

where the k terms are the respective rate constants for the several processes enumerated
above. Equation (4.1) permits a qualitative interpretation of many of the structural and
environmental factors that influence fluorescence intensity. The magnitude of %; the
predissociation rate constant k,; and the dissociation rate constant k; are mainly dependent
upon chemical structure; the remaining constants are strongly influenced by environment and

to a somewhat lesser extent by structure.

4.2.2 Transition types in fluorescence [2, pp361]
The fluorescence seldom results from absorption of uliraviolet radiation of wavelengths

lower than 250 nm because such radiation is sufficiently energic to cause deactivation of the
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excited state by predissociation or dissociation. Fluorescence due to o — ¢ transitions is
seldom observed; instead, such emission is confined to the less energetic 7 — x and 7 — n
processes.

As we have noted, an electronically excited molecule ordinarily returns to its Jowest
excited state by a series of rapid vibrational relaxations and internal conversions that produce
no emission of radiation. Thus, fluorescence most commonly arises from a transition from the
lowest vibrational level of the first excited electronic state to one of the vibrational levels of
the ground state. For the majority of fluorescent compounds, then, radiation is produced by

either an n— or a 7—x transition, depending upon which of these is the less energetic.

4.2.3 Quantum efficiency and transition type [2, pp361]

It is observed empirically that fluorescence is more commonly found in compounds in
which the lowest energy transition is of a 7—7 type than in compounds in which the lowest
energy transition is of the n—7 type.

The greater quantum efficiency associated with the 7— state can be rationalized in two
ways. First, the molar absorptivity of #—z transition is ordinarily 100- to 1000-fold greater
than for an n—m process, and this quantity represents a measure of transition probability in
either direction. Thus, the inherent lifetime associated with a 7—7 transition is shorter 107
to 10 s compared with 107 to 107 s for an n—~ transition) and krin Equation (4.1) is larger.

Second, the rate constant for intersystem crossing &; is smaller for 7— excited state
because the energy difference between the singlet/triplet state is larger, that is, more energy is
required to unpair the electron of the 7 excited state.

The intensity of fluorescence, Ij is proportional to the amount of the radiation from the
excited source that is absorbed and the quantum yield for fluorescence. ‘

I, =k® (P~ F) @.2)
where k is a constant accounting for the efficiency of collecting and detecting the
fluorescence emission. From Beer’s law we know that
£ g0 4.3)
0
where C is the concentration of the fluorescing species.
We obtain:

I, =k® P(1-10"") (4.4)
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For low concentrations of the fluorescing species, when &bC is less than 0.01, this

Equation simplifies to
I, =2.303k®; FebC (4.5)

The intensity of fluorescence therefore, increases with an increase in quantum
efficiency, incident power of the excitation source, the molar absorptivity and concentration
of the fluorescing species.

Fluorescence is generally observed with molecules where the lowest energy absorption
is a w—n transition, although some n— 7 transitions show weak fluorescence. Most
unsubstituted, nonheterocyclic aromatic compounds show favorable fluorescence quantum
yields, although substitution to the aromatic ring can have a significant effect on®..

For example, the presence of an electron-withdrawing group, such as -NO;, decreases
. @ whereas adding an electron-donating group, such as —OH, increases Pr. Fluorescence
also increases for aromatic ring systems and for aromatic molecules with planar structures. A
molecule’s fluorescence quantum yield is also influenced by external variables such as
temperature and solvent. Increasing temperature generally decrease @ because more frequent
collisions between the molecule and the solvent increases external conversion. Decreasing the
solvent’s viscosity decreases @ for similar reasons. For an analyte with acidic or basic
functional groups, a change in pH may change the analyte’s structure and, therefore, its
fluorescent properties. Changes in both wavelength and intensity of fluorescence may be
affected. Fluorescence may return the molecule to any of several vibrational energy levels in
the ground electronic state. Fluorescence, therefore, occurs over a range of wavelengths.
Because the change in energy for fluorescent emission is generally less than that for
absorption, a molecule’s fluorescence spectrum is shifted to higher wavelengths than its
absorption spectrum [2, 360-361].

4.3 Excitation versus Emission Spectra [2, p.427]

Photoluminescence spectra are recorded by measuring the intensity of emitted radiation
as a function of either the excitation wavelength or the emission wavelength. An excitation
spectrum is obtained by monitoring emission at a fixed wavelength while varying the
excitation wavelength. Figure 4.3 shows the excitation spectrum for the hypothetical system
described by the energy level diagram in Figure 4.2 when corrected for variations in source

intensity and detector response, a sample’s excitation spectrum is nearly identical to its
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absorbance spectrum. The excitation spectrum provides a convenient means for selecting the
best excitation wavelength for a quantitative or qualitative analysis. In an emission spectrum a
fixed wavelength is used to excite the molecules, and the intensity of emitted radiation is
monitored as a function of wavelength (nanaometers) or wavenumber (cm™). Although a
molecule has only a single excitation spectrum, it has two emission spectra, one for
fluorescence and one for phosphorescence. The corresponding emission spectra for the

hypothetical system in Figure 4.2 are shown in Figure 4.3,
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Figure 4.3. Example of molecular excitation and emission spectra.

4.3.1 Stokes’Shift

Examination of the Jablonski diagram (Figure 4.2) reveals that the energy of the
emission is typically less than that of absorption. Hence, fluorescence typically occurs at
lower energies or longer wavelengths. This phenomenon was first observed by Sir G. G.
Stokes in 1852 in Cambridge [8].

One common cause of the Stokes’shift is the rapid decay to the lowest vibrational level
of S;. Furthermore, fluorophores generally decay to higher vibrational levels of Sy, resulting
in further loss of excitation energy by thermalization of the excess vibrational energy. In
addition to these effects, fluorophores can display further Stokes’shifts due to the solvent

effects, excited-state reactions, complex formation, and/or energy transfer [4, pp 6].

4.3.2 Emission spectra are typically independent of the excitation wavelength

Another generally property of fluorescence is that the same fluorescence emission
spectrum is generally observed irrespective of the excitation wavelength, because of rapid
vibrational relaxation. This is known as Kasha’s rule [9].

Although Vavilov reported in 1926 that quantum yields were generally independent of
excitation wavelength [7].
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The generally symmetric nature (the mirror image rule) of these spectra (absorption and
emission spectra) is a result of the same transitions being involved in both absorption and

emission and the similarities of the vibrational energy levels of S¢ and S;.

4.3.3 Exception to the Mirror Image rule

Deviations from the mirror image rule usually indicate a different geometric
arrangement of nuclei in the excited state as compared to the ground state. Nuclear
displacement can occur prior to emission because of the relatively long lifetime of the S; state,

which allows time for motion following the instantaneous process of absorption [4, pp 8].

4.4 Structural factors

Fluorescence is expected in molecules that are aromatic or contain multiple-conjugated
double bonds with a high degree of resonance. Both classes of substances have delocalized z-
electrons that can be placed in low-lying excited singlet states. In polycyclic aromatic system
where the number of 7-electrons available is greater than in benzene, these compounds and
their derivatives are usually much more fluorescent than benzene and its derivatives [10].

Thé nature of substituent groups (especially chromophoric ones) of aromatic compounds
play an important role in the nature and extend of a molecule’s fluorescence, as summarized
in Table 4.1

Table 4.1 Effects of substituents on luminescence of aromatic compounds [11, pp 88-92]

Substituent Effect on frequency of emission  Effect on intensity
Alkyl None Very slight increase or decrease
Hydroxyl (OH), methoxyl (OCHj3) Decrease Increase
Carboxyl (CO,;H), keto (COR) Decrease Large decrease
Nitro (NQ3), nitroso (NO) Large decrease Large decrease
Primary (NH;), secondary (NHR), Decrease Increase
or tertiary amine (NR3)

Cyanide (CN) None Increase
Sulphydryl (SH) Decrease Decrease
Soulphonic acid (SO;H) None None

F Decrease Decrease
Cl

Br

I
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A simple generalization is that ortho-para-directing substituents often enhance
fluorescence, whereas meta-directing groups repress it. Many of the common meta-directing
substituents possess low-lying (n7’) singlets. The lowest-lying (n,x") singlet increase the
extent of singlet—triplet intersystem crossing relative to that in the parent hydrocarbon [12].

In contrast, the -CN substituent is meta-directing, yet cyanosubstituted aromatics often
fluoresce more intensely than the parent hydrocarbon. Evidently (n7") singlet states in
cyanoaromatics are sufficiently higher in energy than the lowest (z,7") singlet for the former
to have no significant perturbing effect [13].

Some ortho-para-directing substituents (-OH, -NH,, -OCH; ) tend to enhance the
fluorescence of aromatic compounds, whereas, they have a strong tendency to hydrogen-bond
with solvent or occasionally with other solutes, hence increasing the efficiency of S;"— Sp
internal conversion.

The trends for luminescence yields in haloaromatics are usually rationalized by
postulating that heavy-halogen substitution (‘heavy-atom' effect [14,15 pp 40-43]) increases
the rates of S;"— T, intersystem crossing and 7;,"— S, phosphorescence.

Molecular rigidity reduces the interaction of a molecule with its medium and thus
reduces the rate of collisional deactivation (internal conversion). This reduced rate of
deactivation by nonradiative processes leads to a greater probability of luminescence.

The quantum efficiency of fluorescence in most molecules decreases with increasing
temperature because the increased frequency of collisions at elevated temperatures improves
the probability for deactivation by external conversion [2, pp 363).

The fluorescence of a molecule is decreased by solvent containing heavy atoms or other
solute with such atoms in their structure. Heavy-atoms solvents usually induce a significant
decrease in @ and a concomitant in the efficiency of §;"—> 7T; intersystem crossing [16].

The heavy-atom effect increases the rates of both intersystem crossing T)"—S, and
phosphorescence, but the effect on the latter is usually greater [17].

The fluorescence spectra of most aromatic compounds containing acidic or basic
functional groups are very sensitive to the pH of the solvent. Most proton-transfer reactions in
polar solvents are very fast, such that Bronsted acid-base reactions can occur during the
lifetime of an excited-singlet state of an aromatic molecule. Bronsted acidity differences
between the ground and lowest excited singlet states of organic molecules are large,
commonly ranging 4-9 pK units. Some compounds classes, especially phenols, thiols, and

aromatic amines, become much stronger acid on excitation, whereas others (nitrogen and
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sulfur heterocyclics, carboxylic acids, aldehydes, and ketones) with lowest (mz ) singlets

becomes much more basic (Table 4.2).

Table 4.2. Excited-state acidities for some aromatic compounds *

Compound rK,
Ground Singlet’ Triplet

Phenol 10.00 4.0 8.5
4-Methoxyphenol 10.21 5.6 8.6
2-Naphthol 9.5 3.1 7.7
1-Naphthoic acid 3.7 ~11 4.6
2- Naphthoic acid 4.2 ~11 4.2
Quinolinium ion 5.1 10.5 5.8
Acridinium ion 5.5 10.6 5.6
2-Naphthylammonium ion 4.1 ~2 3.1

? Data from Jackson and Porter [18], Weller [19], and Wehry and Rogers [20]
® First excited-singlet state

® Lowest triplet state.

The formation of chelates with metal ions, in general, also promotes fluorescence by
promoting rigidity and minimizing internal vibrations. When a fluorescence ligand is
complexed with a closed-shell, diamagnetic, metal ion, such as AP*, Zn®*, Mg®*, Cd**, Ga™",
In**, and TP, the complex is likely to fluoresce; its fluorescence spectrum will tend to
resemble that of the free ligand. For this behavior to be observed, the lowest energy spin-
allowed ligand-localized z— " transition (i.e., Sg—>S;) must be lower in energy than any of
the metal-centered transitions [21, pp 109-110].

The introduction of paramagnetic metal ions, such as Cu®* and Ni**, in a sample tends to
quench the fluorescence of fluorescent molecules and to increase the efficiencies of S, —T,"
intersystem crossing and spin-forbidden radiative pfocess (both phosphorescence and Sg—T;"
absorption) [15, pp 284].

The paramagnetism of most transition metal ions is a direct consequence of the fact that
they have an unfilled d subshell. The color of many transition metal salt are due to spin-
allowed d-d transitions, which usually occur at lower energies than the nm—m transitions in

aromatic ligands [22,23].
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On the other hand, whereas paramagnetic species quench fluorescence, they strongly

promote intersystem crossing so that those cations are observed to promote phosphorescence.

4.5 Quenching and excited-state reaction [3, p.343-344]:
The luminescence signals observed can be reduced by the presence of concomitants
through several mechanisms. Reabsorption of emitted radiation by other species (or even

other analyte molecules) is sometimes called trivial quenching.

4.5.1 Dynamic quenching.

Quenching normally refers to nonradiative energy transfer from excited species to other
molecules. Dynamic quenching or collisional quenching requires contact between the excited
lumophore and the quenching species, the quencher (Q). The rate of quenching is diffusion
controlled and depends on the temperature and viscosity of the solution. The quencher
concentration must be high enough that the probability of collision between the analyte and
the quencher is significant during the lifetime of the excited species.

If the magnitude of the quenching depends linearly on the concentration of the
quencher, then the quenching is said to obey Stern-Volmer kinetics and follows the Stern-
Volmer Equation:

—g:— =1+k, -[Q] (4.6)

where k, is the Stern-Volmer quenching constant, @, is the fluorescence quantum yield
when no quencher is present, and @, is the quantum yield in the presence of a quencher

concentration of O moles per liter. When the quenching process is a collisional process and
diffusion controlled, the Stern-Volmer Equation can be written in the form
% =1+71,, -k, -[0] 4.7
where 7, is the fluorescence lifetime in the absence of QO and k,, is the rate
parameter of the diffusion-controlled quenching process. In the case of concentration
quenching or self-quenching, a diffusion-controlled process as well, the solute fluorescence is

decreased with increase of solute concentration. The Stern-Volmer law can be applied here

and written as:
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Do 14k-[x] (4.8)
(bq
where & is the Stern-Volmer coefficient of concentration quenching and X is the solute

concentration [24].

4.5.2 Static quenching.
Another form of quenching is static quenching in which the quencher and the
fluorophore in the ground state form a stable complex (i. e. the dark complex). Fluorescence

is only observed from the unbound fluorophore.

4.5.3 Long-Range Quenching

Energy transfer can occur between molecules without collisions. This type of
nonradiational deactivation is called long-range quenching or Forster quenching. It can be
considered to be due to dipole-dipole coupling between a donor (the excited lumophore) and

an acceptor (the quencher). The rate of energy transfer (&, ) to a specific acceptor is given by

ky =15 (5"—) (4.9)

where 7, is the luminescence lifetime of the donor, R is the average distance between

-

the donor and acceptor molecules, and Ry is the Forster distance. The Forster distance for
efficient quenchers is often in the range 20 to 50 A and can be as large as 100 A. Efficient
long-range energy transfer is favored in situations where the emission spectrum of the donor
and the absorption spectrum of the acceptor overlap and the molar absorptivity of the donor is
relatively high in the overlap region. The rate of energy transfer increases with acceptor
concentration as the average distance between molecules decreases. The dependence of the
degree of quenching on the quencher concentration is complex and does not follow the Stern-
Volmer model. |
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5. Analytical methods of aluminum measurements in

pharmaceutics, environmental and biological samples

Large amounts of toxic elements such as metal ions have been and are nowadays
discharged into the environment as a consequence of human activities. Exposure to these
compounds is of great concern as it poses not only severe carcinogenic risks to humans, but
also potentially unacceptable ecological risk to plants, animals and microorganisms.
Therefore, it is necessary to ensure a timely warning for possible accumulation of polluting
trace metal in natural waters in order to protect public health. The accurate determination of
trace metals in a variety of environmental samples at the low 10 M levels according to the
tolerable levels imposed by European directives is thus required, along with the development
of speciation schemes to discriminate between different chemical forms.

Although aluminum is the third most abundant element in the Earth’s crust, its
concentration in natural waters is low because of the relatively low solubility of aluminum
minerals (viz. feldspars). In spite of this fact, the possible relationship between environmental
aluminum exposure and Alzheimer’s disease prompted an increased awareness of aluminum
levels in the environment and forced the development of analytical methodology suitable for
ultratrace detection of the target element [1].

An intractable chemical nature coupled with the lack of specific reagents combine to
make aluminum one of the most difficult of the commonly occurring elements to determine
chemically. Any sample taken from the environment will contain a wide range of inorganic
substances, among which there will be present almost always a metal ion or counterion to
cause interference effects. Therefore, separation, masking, critical control of pH, etc., must be

performed routinely during chemical analysis for aluminum [2].
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A variety of analytical methods have been used to measure aluminum levels in
biological materials and environmental samples, including graphite furnace atomic
absorption spectrometry (GFAAS), flame atomic absorption spectrometry (FAAS), neutron
activation analysis (NAA), inductively coupled plasma-atomic emission spectrometry (ICP-
AES), inductively coupled plasma-mass spectrometry (ICPMS), laser ablation microprobe
mass analysis (LAMMA), emission spectroscopy (ES), titrimetry (I), voltammetry (V),
polarography (P), fluorescence (F), X-ray fluorescence (XrF) and other methods (see Table
5.1 and Table 5.2). Front end separation techniques such as chromatography are frequently
coupled with analytical methods.

Atomic absorption/emission spectroscopic methods are based on the fact that atoms in
the ground state can absorb or emit light at characteristic wavelengths. In atomic absorption
spectrometry (4AS), absorption of the light by ground state atoms in a flame (FAAS) or
 furnace (GFAAS) is measured. In emission spectrometry, emission of the atoms excited at
high temperature is measured. In these methods, the aluminum compounds and complexes are
thermally decomposed, thereby allowing the measurement of total aluminum without sample
pre-treatment. However, in the case of more refractory materials such as suspended aluminous
minerals, the decomposition may not be complete.

Tw;> types of AAS analysis are distinguished by whether or not a flame or a furnace is
used to vaporize and atomize the sample. Aluminum can be determinate using a nitrous oxide-
acetylene flame [13,73], but for most natural waters this method lacks sufficient sensitivity
without pre-concentration[3].

Aluminum is more commonly determined using the most sensitive graphite furnace
(flameless) techniques. GFAAS is used for the determination of low levels of aluminum in
biological tissues [61,64,65,67,68,71,72,73] and in environmental samples [4,6,7,8,10,11].
This is because GFAAS offers the best combination of sensitivity, simplicity, and low cost.
Detection limit of (1.5-7.0) x10"* M were reported. Flow injection system (FIA) using ETAAS
detection have been used to monitor aluminum levels in water and biological material, with
detection limits as low as (5.6-14.8)x10” M in aqueous solution [9] and 3.7x10® M in dialysis
concentrates [75]. When solid-phase extraction method is used to separate and preconcentrate
trace quantities of aluminum, GFAAS can detects low level of aluminum as 7.8x10™'° M[12].

The atomic emission measurement of aluminum in different samples is accomplished

generally by using inductively coupled plasma (ICP) as the excitation source.
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The ICP-AES technique, also referred to as ICP-optical emission spectroscopy (ICP-
OES), has been reported for the measurement of aluminum in biological materials and is an
excellent alternative to GFAAS for those laboratories possessing the appropriate
instrumentation[76,78,79]. ICP-AES is a multi-elemental technique that is relatively free of
chemical interferences. The matrix problems that can exist in atomic absorption spectrometry
(AAS) are minimized in ICP-AES due to the very high excitation temperature of the sample.
The limits of detection for ICP-AES method have been reported to be about 1.5x10® M [79]
of aluminum in bone in hemodialysed patients. A major problem with using the ICP-AES
technique is the intense and broad emission of calcium which increases the aluminum
background and can raise the detection limit of this element. Titanium also interferes with
aluminum analysis. Also the relatively high cost and complexity of this technique can limit its
routine use in many laboratories. Flame emission (FEAS) is rarely used for aluminum
determination analysis because of low sensitivity. Another type of plasma, direct current
plasma (DCP), is sometimes employed as the source. In principle its use is very similar to that
of ICP. In this method the most commonly used spectral line for the determination of
aluminum is 309.3 nm.

Instrumental neutron activation analysis (INAA) has been used to determine low
levels of aluminum in biological tissues, serum and drinking water [14, 80, 81]. INAA
involves the bombardment of a sample with neutrons, which transforms some of the stable
27A1 atoms into several radioactive aluminum isotopes beginning with **Al, and measurement
of the induced radioactivity. Advantages of INAA include good senbsitivity and relative
independence from matrix (or media) effects and interferences. Moreover, this technique can
be used to detect almost all elements of environmental concern in the same samples. One
major problem with INAA with aluminum is the need to correct for interfering reaction with
phosphorous and silicon, which produce the same radioisotope (**Al) of aluminum. Other
disadvantage of this technique include its high cost, the limited availability of nuclear reactors
for INAA, the short 2.25 minute half-life of 2*Al that requires prompt analysis of the sample
following bombardment with neutrons, and disposal problem of radioactive waste,

Determination of aluminum by reacting with an organic reagent and measuring the
light absorbed by the aluminum-organic complex is very common. These methods are
categorized under ‘molecular absorption methods' and are widely used. It is based on the
absorption of ultraviolet-visible radiation by molecular species, which are usually. formed by

controlled complexation of the analyte with various organic and inorganic ligands. The
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complexing reagents are not always specific for aluminum. They may react with other cations
as well. Iron is probably the most common seriously interfering cation, but other cations may
also interfere. Cation interference is generally reduced by either adding another reagent to
complex the interfering ion or by extracting interfering ions into an organic phase using a
complexing agent. Anions that complex aluminum may interfere with formation of the analyte
complex. F, PO4>" and organic anions are the most important interfering anions. These -
interferences can sometimes be minimized by adjusting the pH value of the reacting solution.
Organic compounds may be removed by oxidation before reaction. Aluminum can also forms
hydroxypolimers, which react only slowly with the organic complexing agents. Some of the
most commonly used complexing agents for aluminum determination using molecular
absorption methods are: m-carboxyphenylfluorone (MCPF)[15], pyrocatechol violet
(PCV)[16,28,35], 8-hydroxylquinoline (8-HQ)[26,27,30], bisfol[17], Chromazol-KS[18], 4,5

- dihydroxyl-3-(p-sulphophenylazo)-2,7-naphthalene-disulphonic ~ acid  trisodium  salt

(SPADNS)[19}, hydroxynaphtol blue (HNB)[20], gallocyanine[21], Tiron[32], 8-quinolinol
(8-Q)[9,14], Chrome azurol S[83], 3,5,7,2"-4' pentahydroxy flavone (Morin)[82], eriochrome
cyanine R (ECR)[84]. The limits of detection for UV-VIS method have been reported to be
about 4.4x10°M [21).

In order to decrease the detection limit, UV-VIS method is often combined with front-
end separation and pre-concentration techniques such as high-performance liquid
chromatography.

Reverse-phase high-performance liquid chromatography (RP-HPLC) using UV-VIS
detection can detect aluminum in aqueous and biomedical samples of (3.7-7.4)x10° M
[27,30), while ion pair reverse-phase high-performance liquid chromatography (IP-RP-
HPLC) using spectrophotometric detection had a detection limit of 8.9x10® M aluminum in
water[25] .

Catalytic kinetic spectrophotometry (CKS) has been used to measure 2.9x10° M
concentration of aluminum in water and tea samples [35]. The method involved separation of
extraction of dithizone-carbon tetrachloride solution.

Additionally, diffuse reflectance spectrometry (DRS) have been used to measure
aluminum level in water of (1.48-3.7) x10” M [36,37,38].

Anodic  stripping voltammetry (ASV) as well as adsorptive stripping voltammetry
(AdSYV) are very powerful techniques for the determination of aluminum traces; detection
limits in the range of (0.37-3.7)x10® M of aluminum were reported [39,40,41,85,89]. The
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same range of detection limits was obtained using methods, such as differential pulse
voltammetry (DPV) [42,43,44,87,88,90] and oscillo-polarography (OP) [47.48,49,50).

Also, other methods, such as ion selective electron (ISE) [58) and chronopotentiometry
[55] have been employed for measuring aluminum levels of 10® M in water samples.
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6. Spectrofluorimetric method for determining aluminum in

biological and environmental samples

Fluorescence continues to prove itself as an ultrasensitive and potentially selective
analytical technique {1].

Good reviews, on the use of fluorescence in analytical chemistry, with data on the
determination of Al(IIT) , appear every two years in Analytical Chemistry.

These reviews, in the Fundamental Review section of the journal, have been written by
White C.(1960-1972), Weissler A.(1974), O’Donnell C.M. and Solie T.N.(1976, 1978).

Potential problems with the use of these methods include interfering fluorescence by
humic substances (Figure 6.1), F or quenching by iron (III). These interferences could,
however, be dealt by masking and extraction (Fe®* is masked with 1,10-phenantroline (Figure
6.2), whereas F~ is masked with Be?*). The presence of humic substances in natural waters can
cause interference, if detection is made at a wavelength in the UV or lower visible range.
There are -at least two ways of minimising this interferences; either by using a reagent that
forms complex with Al, absorbing at wavelengths at which humic has got a low absorption, or
by extracting the complex formed into an organic solvent, to which the extraction of humic
substances is not large enough to cause interference). Advantages of fluorescence include the

possibility of obtaining a very good detection limit [2].

H((:=O (sugar)
HO COOH (CH—OH),

|
OO oy T
HO o N o o Q n,
/

O (peptide)

Figure 6.1 Hypothetical model structure of humic acid [3)
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Figure 6.2. Structure of 1,10-phenanathroline

The most used reagents for the fluorescent detection of aluminum are: Eriochrome

Red B, Lumogallion, Morin, Salicylaldehyde Picolinoylhydrazone, 5-Bromo-Salicylaldehyde
Salicyloylhydrazone, 8-Hydroxy-Quinoline-5-Sulphonic acid, Alizarin Red PS, Acid Alizarin
Garnet R, Chromotropic Acid and others.

Eriochrome Red B (ERB) (Figure 6.3) was first proposed as a fluorescent reagent for
determining aluminum in 1968 [4].

Later, the method has been widely applied for the analysis of aluminum in water
samples. Detection limit of 3.7x10"° M, was reported [5].

Figure 6.3 Structure of Eriochrome Red B

The traditional fluorometric determination of dissolved aluminum by the complex with
Lumogallion (LMG) (Figure 6.4) is based on the exhibition of aluminum- lumogallion
compound at an excitation wavelength of 465 nm and an emission wavelength of 555 nm. The
method was first proposed by Nishikawa and co-workers in 1967 [7] and later modified by
Hydes and Liss in 1976 [8].

The method was improved by Howard et al, who developed a sensitive fluorescence

assay method of lumogallion for aluminum determination that exploits the 5-6-fold increase
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in the fluorescence intensity of the aluminum-lumogallion complex in the presence of the
non-ionic detergent Triton X-100. The procedure has a detection limit of 0.7x10° M [15].

Resing and Measures[17] applied the lumogallion method in flow injection analysis
(FIA) with in-line pre-concentration onto a column of immobilized 8-hydroxyquinoline, and
reported a detection limit of about 0.15x10” M.

Zang, et al. were developed a sensitive and selective extraction-fluorimetric method for
the determination of traces amount of dissolved aluminum in natural waters. Aluminum-
lumogallion is extracted into n-hexanol, and the fluorescence can be enhanced substantially
up to 20-fold, with a detection limit of aluminum of 0.25% 10" M[11].

Figure 6.4 Structure of Lumogallion

Morin (3,5,7,2°-4’ pentahydroxy flavone) (Figure 6.5) is a phenolic compound derived
from hydroxyl substitution compound derived from hydroxyl substitution on the flavone

chromophore.

Figure 6.5 Structure of Morin

Morin is only weakly fluorescent in nature. However, when chelated with non-
paramagnetic metal ions, especially aluminum(IIl) and beryllium(Il), it forms highly
fluorescent complexes. A property that has been explored in the identification and the
determination of those metal ions[18)]. The enhancement of the fluorescence upon chelating
. morin with the non-paramagnetic metal ions is related to the inhibition of the excited state
intermolecular proton transfer [19].

The method was first proposed in 1961 by Will [20] and uses it for determination of
aluminum in boiler water in the parts per billion ranges. Later, Morin has been widely used
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for the determination of aluminum ions [21,22,23,24,25]. Detection limit of 2x10® M were
reported [21].

It has been reported that the fluorescence of metal chelates is enhanced by the presence
of short tailed non-ionic surfactant, such as Tween-20, with a detection limit of 1.1x10" M of
aluminum  [26]. The  addition of  hydrophobic  surfactants such as
hexadecyltrimethylammonium bromide (CTAB) or Triton-100 would lead to a quenching of
the fluorescence due to the decomposition of the complex and enhanced of the blank [27].

Saarl and Seltz [28] have been proposed a spectrofluorometric method for aluminum
determination, based on immobilized morin. Morin is immobilized on cellulose powder and
attached to the end of a bifurcated fiber optic. When the immobilized morin is placed in a
solution containing aluminum(lIIl), fluorescence is observed from the aluminum(III)-morin
complex. Detection limit of 10°M was reported.

Also, a method for the simultaneous determination of aluminum and beryllium in
mixtures by first-derivative synchronous solid-phase spectrofluorimetry has been developed
[22].Aluminum and beryllium reacted with morin to give fluorescent complexes which were
fixed on a dextran-type resin. The method has a detection limit of 3.7x10° M.

Some authors have used Salicylaldehyde Picolinoylhydrazone (SAPH) (Figure 6.6) as

fluorescent reagent for determination of aluminum. Detection limits at nanomolar levels were

reported [29]
C 1 1
\N —N —” NS
OH
OH
Figure 6.6 Structure of SAPH

Albendin et al. [30] applied the SAPH method in reverse flow-injection (r-FIA)
manifold for the direct determination of aluminum in drinking water. It is based on a reagent-
buffer injection into the flowing sample solution, where aluminum(III) forms a complex with
SAPH in the reacting coil. The reverse flow-injection procedure allows determination of
aluminum(III) at 10® M level (detection limit was 7x10° M).

A good detection limit of 3.7x10° M was reported for the stectrofluorimetric
determination of trace amounts of aluminum with 35-Bromo-Salicylaldehyde
Salicyloylhydrazone (5-Br-SAPH) (Figure 6.7) [32].
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Figure 6.7 Structure of 5-Br-SAPH
The fluorescence properties of metal-8-hydroxy-quinoline-5-sulphonic acid (HQOS)

OH

(Figure 6.8), a derivative of oxine, chelates have been exploited by several authors
[38,39,40,41,42,43] and thus HQS has been selected as a fluorogenic ligand for
spectrofluorimetric determination of aluminum by flow injection analysis FIA [41,42] or

sequential injection analysis (SIA) [39].

OH
Figure 6.8 Structure of HOS

Zhang and Seitz[25] immobilized 8-hydroxyquinoline sulfonate (Aex = 366, Aem = 510
nm) on an ion exchange resin, Amberlite CG-400, and placed the resin at the end of a
trifurcated fiberoptic bundle. Al, Mg, Zn, and Cd could be detected at concentrations below
10 M after a 10-min reaction, but the response of the sensor was curvilinear,

In a kinetic determination of aluminum(III) with 8-hydroxyquinoline, Wilson and Ingle
[44] showed that Zn or Au (100 ppm), Sn (10ppm), Hf (6ppm), Sn (S5ppm), and Zr (1ppm)
enhanced the rate of the reaction. From 1.5x10% M to 3.7x107 M of aluminum(IlI) was
assayable.

The enhancement of the metal-HQS fluorescence by cationic micelles, especially
hexadecyltrimethylammonium ion (Figure 6.9), has been reported by a number of researchers

ot
CHy(CH,),,CH, —N*CH, CI’
CH,

Figure 6.9 Structure of hexadecyltrimethylammonium ion
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[40,41,42,43). Cationic surfactants have been shown to be the most effective surfactant
type for enhancing the fluorescence of aluminum-HQS, due presumably to the strong ion
pairing effect likely to occur between the positive quaternary ammonium group and the
negatively charged sulphonate group of HQS [27].

A time-based multisyringe flow injection procedure (MSFIA) for the spectrofluorimetric
determination of aluminum in drinking water at low mineralization levels has been proposed
[43].In order to enhance the luminescence, the reaction was carried out in micellar medium
using hexadecyltrimethylammonium chloride as surfactant. Under the selected working
conditions, a detection limit of 1.8x10"* M was obtained.

Alizarin Red PS ( 1,2,4-trihydroxy 9,10-anthraquinone-3-sulfonic acid) (Figure 6.10)
has been successfully used for sensitive fluorimetric determination of aluminum [49]. Limit
of detection of 3.3x10® M was reported.

o) OH
COCx,
OH
0] OH
Figure 6,10 Structure of Alizarin Red PS
Campi and Ingle [51] were proposed a fluorometric reaction-rate method for
determination of aluminum with Acid Alizarin Garnet R (2,4,2’-trihydroxyazobenzene-5’-
sulfonic acid) (Figure 6.11). The rate of formation of the fluorescent aluminum chelate of

2,4,2’-trihydroxyazobenzene-5’- sulfonic acid is measured within 24 s after mixing with one
reagent solution. The technique exhibits a detection limit of 3.7x10° M.

OH OH
gt sl
OH
SOH

Figure 6.11 Structure of Acid Alizarin Garnet R
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Chromotrapic Acid (1,8-dihydroxynaphthlene-3,6-disulfonic acid) (Figure 6.12) was,
also, proposed as a fluorescent reagent for aluminum determination [52,53]. Detection limit of
3.7x10® M was obtained [52].

S O;,HSOSH

OH OH

Figure 6.12 Structure of Chromotropic Acid disodium salt dehydrate

Bihan et al.[54] developed a very sensitive analytical method for the direct
determination of ultra content of aluminum in seawater by electrothermal atomization-laser
“excited atomic fluorescence (ETA-LEAF) using a pulsed Nd:Yag laser associated with an
optical parametric oscillator (OPO) and an intensified charge-coupled device (ICCD) camera
with a detection limit of 1.8x10"° M. The method was direct, did not require complex
handling and further reactants could be avoided.

Complexes of aluminum with salicylidene-o-aminophenol ([36], salicylaldehyde
carbohydrazone [34), salicylaldehyde-1- phthalazinohydrazone

(SAPhH) [35], 2-hydroxy-3-sulfo-5- chloroaniline-N-salicylidene [37), 2, 6-bis[(o-
hydroxy) phenylimino-Methyl]-1-hydroxybenzene [58], 1,2,4 trihydroxyanthraqui-none [48],
2,4,2’trihydroxyazobenzene [51], 2, 2’-dihydroxyazobenzene (DRAB) [56], 3-carboxy-2-
napthylamine-N, N-diacetic acid (CNDA) ( The method utilized CNDA as a fluorescent post-
column chelating reagent. Detection limit of 1.1x10° M was reported.) [57], Mordant red 19
(The method suggested the extraction of the Aluminum complex in isobutylmethylketone,
organic solvent. The limit of detection was 9.3x10® M) [50], Calcon [55], &-
hydroxylquinoline (8-HQ) ( The fluorescence intensity of the toluene-extracted metal chelate
was measured, with detection limit of (2.6-7.4)x10° M) [45], 8-quinolinol (8-Q) ( The method
involved a kinetic differentiation mode high-performance liquid chromatography with
fluorimetric detection of the complex.) [47] have been also investigated. Detection limits not
" lower than 3.7x10® M have been reported.

The most useful was 5-bromo-2-(salicylidene-amino) phenol, because of a low blank
fluorescence and excellent sensitivity and reproducibility.

Garcia Sanchez et al. [S9] described the simultaneous fluorometric assay of aluminum

and beryllium in mixture by synchronous derivative fluorometry. The first and second
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derivative spectra were recorded at 340 to S00 nm versus a reagent blank (AA = 96 nm), and a
graphical model was used to measure derivative amplitudes. The method is based on the
interference-free character of the isodifferential points in the derivative calibration graphs.
The isodifferential points corresponding to the aluminum series is 446 nm, whereas that for
the beryllium species is 422 nm. As little as 4.2x107 M of beryllium and 5.4x10® M of
aluminum could be assayed.

Casassas et al. [60] used 2,2 ’-dihydroxy-3, 3 ’-dicarboxy-1, 1 "-dinaphthylmethane (panoic
acid) as a reagent for Al (Aex = 379, Aem = 508 nm). As little as 7x107 M is detectable with
linearity to 6.3x10* M.

Calcon ( Mordant Black 17) was used by Mansuet et al. [61]for assay of aluminum in
food products (Aex = 546 ,Aem = 635 nm)

Salinas et al. [62] proposed the use of I-hydroxy-2-carboxyanthraquinone (1-hydroxy-
9, 10-dioxoanthracene-2-carboxylic acid) for the assay of aluminum(IIl) in Portland cement
and aluminum bronze. The detection limit is 7.4x10™"' M.

Deguchi et al. [63] described 2, 4-dihydroxybenzenaldehyde semicarbazone for assay of
very small amounts (0.001 %) of aluminum in iron and steel.

Zel'tser et al. [64] described the use of frimethoxykaempferol [which complexes with
Al(OH),"] for the assay of aluminum (Aex = 366, Aem = 495 nm). From 5.2 to 122.3 x10? M of
aluminum is assayable in tin, sewage, and natural underground waters.

Vasilikiotis et al. [65] proposed I-isonicotinoyl-2-(2°,4’-dihydroxy) benzylidene
hydrazine (2,4-dihydroxybenzenaldehyde isonicotinoxyhydrazone) for the assay of aluminum.
The excitation was at 378 nm, with emission at 478 nm and a detection limit of 1.8x10° M.
Aluminum in tap, river, and lake waters was described.

Ioannou and Siskos [66] studied the kinetics of the reaction of 2-hydroxy-1 -
naphthaldehyde-4-methoxybenzoylhydrazone with aluminum (Aex = 420, Ae = 475 nm). With
a measurement time of 1 min, 0.02-10x10° M aluminum can be determinate. Interferences
from Sc and Ga were noted.

The fluorescence spectral characteristics of a number of metal chelates with 8-quinolinol
and its derivatives have been studied under various conditions by several authors. Nishikawa
has reported on the fluorescence of the solid state chelates with the 8-quinolinol derivatives
and the metals in groups I, II, 111, and IV of the periodic system [67,68].
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7. Statistics

7.1 Units for expressing concentration {1]

Concentration is a general measurement unit stating the amount of solute present in a -

known amount of solution

amount .of solute
amount .of solution

Concentration =

(7.1)

Although the terms 'solute’ and 'solution' are often associated with liquid samples, they
can be extended to gas-phase and solid-phase samples as well. The actual units for reporting
concentration depend on how the amounts of solute and solution are measured.

| Molarity (M) expresses concentration as moles per liter of solution.

(M) = moles.solute
liters.of solution

(7.2)

Molarity is the concentration of a particular chemical species in solution.
Formality (F) [2]

(F) = moles.undissolved .solute
liters.of .solution

(7.3)

Formality is a substance’s total concentration in solution without regard to its specific
chemical form.
Normality (N) is the number of equivalent weights (EW) per unit volume.

_ equivalents.solute
liters.of .solution

(7.4)

An equivalent weight is defined as the ratio of a chemical specie’s formula weight (FW)
to the number of its equivalents

w =" (7.5)
n

For acid-base reaction, 1 equivalent = 1 mole of hydrogen ions (or 1 mole of hydroxide
ion) donated. For oxidation-reduction reaction, 1 equivalent = 1 mole of electrons. For

determining electrolyte concentration, 1 equivalent = 1 mole of charge. Normality must be

specified with respect to a define reaction.

Consequently, the following simple relationship exists between normality and molarity.
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N=nxM (7.6)
Percent concentration (or parts per hundred) (%) can be expressed several ways:

a. Weight percent (w/w).

Concentration sy = [weight solute (g)/weight solution (g)] x100% (7.7

b.Volume percent (v/v):

Concentration x) = [volume solute (mL)/volume solution (mL)] x 100% (7.8)

c. Weight/Volume percent (w/h):

Concentration ) = [weight solute (g)/volume solution (mL)] x 100% (7.9)

Parts per thousand (%o):

The definition of ppt concentration is:
Concentration(%o) = [weight of substance(g)/weight of solution(g)] x 1000 ppt (7.10)

Parts per million (ppm) [3]:

This unit of concentration may be expressed in a number of ways. It is often used to
express the concentration of very dilute solutions. The 'technical' definition of parts per
million is:

Concentration ppy = [weight of substance(g)/weight of solution(g)] % 1 ®ppm  (7.11)

Note that for dilute, aqueous solutions, /ppm = 1 mg/L because 1L approximately equals
Ikilogram of solution.

Concentration ppm = [weight of substance(mg)/volume of solution(L)] ppm (7.12)
Concentration ppm = [weight of substance(mg)/ weight of solution(kg)] ppm (7.13)

Parts per billion (ppb)[3]:

This concentration unit is also used for very dilute solutions. The 'technical' definition is
as follows:

Concentration ppy, = [weight of substance(g)/weight of solution(g)] % 1 ¢ ppb (7.14)

Owing to the dilute nature of the solution, once again, the density of the solution will be
about the same as the density of the solvent. Thus, we may also express parts per billion as:
Concentration p,, = [weight of substance(ug)/volume of solution(L)] ppb (7.15)
Concentration ppy, = [weight of substance(ug)/ weight of solution(kg) ] ppb (7.16)

7.2 Elementary statistics relevant to Analytical Chemistry

Mean [4] The mean, X is the numerical average obtained by diving the sum of the

individual measurements by the number of measurements
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N

2%
X=t 7.17
N (7.17)

Where X, the i measurement and N is the number of independent measurements.

Median[4] The median, Xpn.s is the middle value when data are ordered from the
smallest to the largest value. When the data include an odd number of measurements, the
median is the middle value. For an even number of measurements, the median is the average
of the N/2 and the (N/2)+1 measurements, the number of measurements.

Standard Deviation [4] The standard deviation, s, is a statistical measure of the precision
for a series of repetitive measurements. The average of using s to quote uncertainty in a result

is that it has the same units as the mean value and is given as

>, - X
s=|E—— (7.18)

Where N is the number of measurements, X; is each individual measurement, and X is

the mean of all measurements. The quantity (X, — X ) is called the 'residual’ or the 'deviation

from the mean' for each measurement. The quantity (N-1) is called the 'degree of freedom’ for
the measurement.
Standard error is given by:

5 =—e (7.19)

m «/ﬁ
And the variance (5°) is given by:
N —
>, - X
var iance = s* = = (7.20)
N-1
Relative Standard Deviation [4] The relative standard deviation (RSD) is useful for

comparing the uncertainty between different measurements of varying absolute magnitude.

The RSD is calculated from the standard deviation, s, and is commonly expressed as
percentage (%).

%- RSD =(-;_E)x100% (7.21)

The %-RSD is also called the ‘coefficient of variance' or CV.
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7.3 Performance characteristics of instruments

Signal to Noise Ratio

Signal/Noise ratio is a dimensionless measure of the relative strength of an analytical
signal to the average strength of the background instrumental noise for a particular sample
and is closely related to the detection level. The ratio is useful for determining the effect of
the noise on the relative error of a measurement. The Signal/Noise ratio can be measured a
variety of ways, but one convenient way to approximate the Signal/Noise ratio is to divide the
arithmetic mean (average) of a series of replicates by the standard deviation of the replicate
results [5].

Precision [4]:

Precision is a measure of spread of data about a central value and may be expressed as
the range, the standard deviation, or the variance. Precision is commonly divided into two
categories: repeatability and reproducibility. Repeatability is the precision obtained when all
measurements are made by the same analyst during a single period of laboratory work, using
the same solutions and equipment. Reproducibility, on the other hand, is the precision
obtained under any other set of conditions, including that between analysts, or between
laboratories sessions for a single analyst. Since reproducibility include additional sources of
variability, the reproducibility of an analysis can be no better than its repeatability. Errors
affecting the distribution of measurements around a central value are called indeterminate and
are characterized by a random variation in both magnitude and direction. Indeterminate errors
need not affect the accuracy of an analysis. Since indeterminate errors are randomly scattered
around a central value, positive and negative errors tend to cancel, provided that enough
measurements are made. In such situation the mean or median is largely unaffected by the
precision of the analysis [6].

Accuracy: Accuracy is the nearness of a measurement or result to the true value. It is
expressed in terms of error. The term accuracy generally refers to the difference between the
mean, X , of a set of results and the true or correct value for the quantity measured. According
to IUPAC [7], accuracy relates to the difference between a result (or mean) and the true
value.

For analytical methods, there are two possible ways of determining the accuracy viz.

absolute method and comparative method.

88




Absolute method:
The test for accuracy of the method is carried out by taking varying amounts of the -
constituent and proceeding according to the specified instructions. The difference between the

mean of an adequate number of results and the amount of constituent

obtained result — exp ected result N
exp ected result

100 @2

% EBrror =

actually present, is usually expressed as parts per hundred (%) i.e. % error.

Comparative method.

In the analysis of steels, alloys, minerals, soil, biomaterials or synthetic mixtures
(laboratory made) of desired composition, the content of the constituent sought is determined
by two or more (proposed and standard/reported methods) supposedly "accurate' methods.
- These methods, of essentially different character, can be accepted usually as indicating the
absence of an appreciable determinate error. The general procedure for the determination of
above samples either in the proposed or standard/reported methods comprises of various
operations which include sampling, preparation of solutions, separation of interfering
ions/substances, if any, and also proposing a method for quantitative determination [8] .

Sensitivity [9]:

The sensitivity of an instrument or a method is a measure of its ability to discriminate
between small differences in analyte concentration. Two factors limit sensitivity: the slope of
the calibration curve and the reproducibility or precision of the measuring device. If two
methods that have equal precision, the one who has the steeper calibration curve will be the
more sensitive. A corollary of this statement is that if two methods have calibration curve

with equal slopes, the one that exhibits the better precision will be the more sensitive.

The quantitative definition of sensitivity that is accepted by the IUPAC is calibration
sensitivity, which is the slope of the calibration curve at the concentration of interest. Most
calibration curves that are used in analytical chemistry are linear and may be represented by
the Equation

Y=mX+b (7.23)

where Y is the measured signal, X is the concentration of the analyte, b is the
instrumental signal for a blank, and m is the slope of the straight line. The quantity b should
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be the Y-intercept of the signal line. With such curves, the calibration sensitivity is depended
of the concentration X and is equal to m. The calibration sensitivity as a figure of merit suffers

from its failure to take into account the precision of individual measurements.

Selectivity of a method refers to the extent to which it can determine particular analyte(s)
in a complex mixture without interference from the other components in the mixture. A
method which is selective for an analyte or group of analytes is said to be specific. The
applicability of the method should be studied using various samples, ranging from pure
measurement standards to mixtures with complex matrices. In each case the recovery of the
analyte(s) of interest should be determined and the influences of suspected interferences duly
stated. Any restrictions in the applicability of the technique should be documented in the
method [10].

Dynamic range [9]:Dynamic range extends from the lowest concentration at which
quantitative measurements can be made (limit of quantitation, or LOQ) to the concentration at
which the calibration curve departs from linearity (limit of linearity, or LOL). The lower limit
of quantitative measurements is generally taken to be equal to ten times the standard deviation
of repetitive measurements on a blank, or /0s;. At this point, the relative standard deviation is
about 30% and decrease rapidly as concentration become larger. At the limit of detection, the
relative standard deviation is 100%. To be very useful, an analytical method should have a
dynamic range of at least two orders of magnitude.

A method’s detection limit [4] is the smallest amount or concentration of analyte that
can be detected with statistical confidence. The International Union of Pure and Applied
Chemistry (IUPAC) define the detection limit as the smallest concentration or absolute
amount of analyte that has a signal significantly larger than the signal arising from a reagent
blank. Mathematically, the analyte’s signal at the detection limit, (¥)py, is

(DDLz b+ zsy (724)

Where b is the signal for a reagent blank, s; is the known standard deviation for the
reagent blank’s signal, and z is a factor of accounting for the desired confidence level.

The value for z depends on the desired significance level for reporting the detection
limit. Typically, z is set to 3. When s; is unknown, the term zs, may be replaced with ts»,

where 1 is the appropriate value from a r-table.
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The American Chemical Society’s Committee on Environmental Analytical Chemistry
recommends the limit of quantification, (¥)10g which is defined as

(Vog= b+ 10sy (7.25)

7.4 Calibration of instrumental methods:

Calibration curve:

To use the calibration curve (also called a working curve or an analytical curve)
technique, several standards containing exactly known concentrations of the analyte are
introduced into the instrument, and the instrument response is recorded. Ordinarily, this
response is corrected for the instrument output obtained with a blank. Ideally, the blank
contains all of the components of the original sample except for the analyte. The resulting
‘data are then plotted to give a graph of corrected instrument response versus analyte
concentration. Plots, that are linear over a significant concentration range (the dynamic range)
are often obtained and are desirable because they are less subject to error than are nonlinear
curves. Not uncommonly, however, nonlinear plots are observed, which require a large
number of calibration data to establish accurately the relationship between the instrument
response and concentration. Usually, an Equation is developed for the calibration curve by a
least-squares technique so that sample concentrations can be computed directly. The success
of the calibration curve method is critically dependent upon how accurately the analyte
concentrations of the standards are known and how closely the matrix of the standards
resembles that of the samples to be analyzed. Unfortunately, matching the matrix of complex
samples is often difficult or impossible, and matrix effects lead to interference errors. To
minimize matrix effects, it is often necessary to separate the analyte from the interferent

before measuring the instrument response[9].

Method of least squares:
Least-squares regression analysis [11,12] used to describe the relationship between the
_ response (Y) and concentration (X), can be represented by the general function:
Y=f(X, a bj,-~------- bm) (7.26)
wherea, by, -----— - - bm are the parameters of the function.
The Equation for a linear calibration curve is
Y=b+mX (7.27)
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where Y is the signal and X is the amount of analyte. The constants b and m are the true
Y-intercept and the true slope, respectively. The goal of linear regression is to determine the
best estimates for the slope, m, and y-intercept, b. This is accomplished by minimizing the
residual error between the experimental values, Y;, and those values ¥, predicted by Equation
7.27.

Correlation coefficient, r:
The correlation coefficient » is more helpful to indicate the relationship between the

chosen scales. Correlation coefficient is calculated by the Equation,

Y& -D-D 2%

BT SD easok

The value of r=1 indicates the exact correlation between the true variables while r=0
indicates the complete independence of the variables. The r > (.99 indicates excellent

linearity.

Standard Addition Method [9] [13] :

A standard addition method can take several forms. One of the most common forms
involves adding one or more increments of a standard solution to sample aliquots of the same
size. This process is often called spiking the sample. Each solution is then diluted to a fixed
volume before measurement. It should be noted that when the amount of sample is limited,
standard addition can be carried out by successive introductions of increments of the standard
to a single measured volume of the unknown. Measurements are made on the signal sample
and on the sample plus the standard after each addition. In the most version of the standard
addition method, the sample matrix is nearly identical after each addition, the only difference
being the concentration of the analyte or, in cases involving the addition of an excess of an
analytical reagent, the concentration of the reagent. All other constituents of the reaction
mixture should be identical because the standards are prepared in aliquots of the sample.

Assume that the several identical aliquots Vy of the unknown solution with a
concentration Xy are transferred to volumetric flask having a volume V7. To each of these
flasks is added a variable volume V5 mL of a standard solution of the analyte having a known

concentration Xs. Suitable reagents are then added, and each solution is diluted to volume.
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Instrumental measurements are then made on each of these solutions to yield an instrument
response Y. If the instrument response is proportional to concentration, as it must be if the -

standard addition method is to be applicable, we may write:

- KV X, . BV Xy (7.29)

Y
Vr Vr

where k is a proportionality constant. A plot of ¥ as a function of Vs is a straight line of the

form

Y=mV +b (7.30)

where the slope m and the intercept b are given by

kXS
- 7.31
m . (7.31)
and
b= (1.32)
Ve

A least-squares analysis can be used to determine m and b; Xycan then be obtained from
the ratio of these two quantities and-the known values of Xy, Vy, and V5. Thus,

b _ KV X, 1V, _ ViXx (1.33)
m kKX 1V, X
or
Xy = bX s (7.34)
mV,

A value for the standard deviation in Xy can be obtained by assuming that the
uncertainties in X5, Vs and Vr are negligible with respect to those in m and b. Then, the
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relative variance of the result (sy/Xy)’ is assumed to be the sum of the relative variances of m

and b. That is,
s : s ! s 2
X | =1 2
(Xx) (m) +(b) (7.35)

where sp, is the standard deviation of the slope and where s; is the standard deviation of
the intercept. Taking the square root of this Equation gives

S 2 S, 2
Sy =Cy —”—!- + -—b— (7.36)

Alternatively, a manual plot of the data may be constructed, and the linear portion of the
plot may be extrapolated to the left of the origin. The difference between the volume of the
standard added at the origin (zero) and the value of the volume at the intersection of the
straight line with the X-axis, or the X-intercept (Vx)o, is the volume of standard reagent

equivalent to the amount of analyte in the sample. In addition, the X-intercept corresponds to

zero instrument response, so that we may write

_ WXy WXy
VT VT

Y 0 (7.37)

And we obtain

x, =-Oks 039
D ¢

In the interest of saving time or sample, it is possible to perform a standard addition
analysis by using only two increments of sample. Here, a single addition of Vs mL of standard
would be added to one of the two samples, and we can write

(7.39)
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_W Xy | WX,

7.40
. 7 (7.40)

Y,

were Y; and Y; are the analytical signal resulting from the diluted sample and the diluted
sample plus standard, respectively. Dividing the second Equation by the first gives upon

rearrangement

hXsVs

= o (7.41)
o (Yz '“Yl)VX

7.5 Stoichiometry of Metal-Ligand complex
The stoichiometry for a metal-ligand complexation reaction of the following general

form:
M+yLe ML, (7.42)

can be determinated by one of three methods: the method of continuous variation, the
mole-ratio, and the slope-ratio method [14]

In the mole-ratio method, the method used in this work, the mole of reactant, usually the
metal, are held constant, while the moles of the other reactant are varied [4]. A plot of
absorbance versus mole ratio of the reactants is then prepared. If the formation constant is
reasonably favourable, two straight lines of different slope that intersect at a mole ratio that
corresponds to the combining ratio in the complex are obtained [9].
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Figure.7.1 Mole-ratio plots used to determine the stoichiometry of a metal-ligand

complexation reaction

Figure 7.1a shows a mole-ratio plot for the formation of a 1:1 complex in which the
absorbance is monitored at a wavelength at which only the complex absorbs. Figure 7.1b
shows a mole-ratio plot for a 1:2 complex in which the metal, the ligand, and the complex
absorb at the selected wavelength. Unlike the method of continuous variations, the mole-ratio
method can be used for complexation reactions that occur in a stepwise fashion, provided that
the molar absorptivities of the metal-ligand complexes differ and the formation constants are
sufficiently different. A typical mole-ratio plot for the stepwise formation of ML and ML, is
shown in Figure 7.1c.

Both the method of continuous variations and the mole-ratio method rely on an
extrapolation of absorbance data collected under conditions in which a linear relationship
exists between absorbance and the relative amounts of metal and ligand[1].
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8. Experimental part

8.1 Reagents and solutions used in the present study:
All experiments were performed with analytical-reagent grade chemicals and solvents. -
All solutions were prepared using distilled water from a borosilicate autostill (Jencons Ltd).
All working standards were prepared by appropriate dilution of stock solutions with distilled
water unless mentioned otherwise. All solutions were stored in plastic bottles at 4-6°C in
dark. Cylindrical polyethylene test-tubs were used to prepare sample and standard solutions

and a square polyethylene or silica cuvette was used for measurements. General-purpose

polyethylene transferpipettes were used to fill and empty the test-tubes and cuvettes. Bottles

and laboratory wares and cuvettes were periodically washed in 1+1 nitric acid-sulphuric acid.
Normally, they were washed in soapy water, rinsed thoroughly with tap water, then with
distilled water and finally dried in an oven at 80°C.

The following reagents and solutions were used in the present investigations:

Aluminum nitrate [AI(NO3)3.9H,0] of analytical-reagent grade, purchased from Merck,
was used to prepare stock solutions. A stock solution of Al 10 M was prepared by dissolving
0.0376 g AI(NO3)3.9H,O in 100 mL nitric acid 0.1 N. More dilute solutions (working
solutions) were prepared by diluting this solution with nitric acid 0.1 N and were daily
prepared.

Also, standard stock solutions (10~ M) were prepared by diluting a certified commercial
standard (Merck; 1000 ppm aluminum) with nitric acid 0.1 N and stored in polyethylene
bottles. Working solutions (10”° and 10® M) were prepared by mixing appropriate volumes of
the stock solution with nitric acid 0.1 N.

Buffer solutions were prepared by mixing sodium acetate (2 M) and acetic acid solutions
(2 M) in the proportions required to give the desired pH.

Acid alizarin violet N was purchased from Aldrich. A stock solution of 10> M was
prepared by dissolving 0.0366 g AVN in 100 mL distilled water. More dilute solutions
(working solutions) were prepared by diluting this solution with distilled water and were daily
prepared.

Acid Red 8 (AR8) was purchased from Aldrich. A stock solution of 10°M was prepared
by dissolving 0.0480 g ARS8 in 100mL distilled water.
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A stock solution of fluoride (10? M) was prepared by dissolving 0.0420 g of NaF
(Aldrich) in 100 mL distilled water.

A stock solution of magnesium(ll) (10> M) was prepared by dissolving 0.2460 g of
MgS0..7H,0 (Aldrich) in 100 mL distilled water.

A stock solution of nickel(Il) (10° M) was prepared by dissolving 0.0238 g of
NiCl.6H,0 (Aldrich) in 100 mL distilled water.

A stock solution of manganese(1l) (10° M) was prepared by dissolving 0.0126 g of
MnCl, (Aldrich) in 100 mL distilled water.

A stock solution of barium(Il) (10> M) was prepared by dissolving 0.0244 g of
BaCL.2H,0 (Aldrich) in 100 mL distilled water.

A stock solution of calcium(Il) (10> M) was prepared by dissolving 0.1110 g of CaCl,
(Aldrich) in 100 mL distilled water.

A stock solution of tin(Il) (10° M) was prepared by dissolving 0.0256 g of SnCh.2H,O
(Aldrich) in 100 mL distilled water.

A stock solution of chromium(IIl) (10> M) was prepared by dissolving 0.0266 g of
CrCl;.6H,0 (Aldrich) in 100 mL hydrochloric acid 0.1 N. More dilute solutions (working
solutions) were prepared by diluting this solution with hydrochloric acid 0.1 N.

A stock solution of beryllium(l) (10° M) was prepared by dissolving 0.0177 g of
BeS04.4H,0 (Aldrich) in 100 mL distilled water.

A stock solution of mercury(Il) (10° M) was prepared by dissolving 0.0297 g of HgSO4
(Aldrich) in 100 mL hydrochloric acid 0.1 N at temperature.

A stock solution of phosphate (10° M) was prepared by dissolving 0.0174 g of K,HPO,
(Aldrich) in 100 mL distilled water.

A stock solution of phosphate (10 M) was prepared by dissolving 0.0136 g of KH,PO,
(Aldrich) in 100 mL distilled water.

A stock solution of cobalt(Il) (10> M) was prepared by dissolving 0.0130 g of CoCl,
(Aldrich) in 100 mL distilled water.

A stock solution of ironIl) (10> M) was prepared by dissolving 0.0404 g of
Fe(NOs)3.9H,0 (Aldrich) in 100 mL hydrochloric acid 0.1 N.

A stock solution of copper(ll) (10° M) was prepared by dissolving 0.0242 g of
Cu(NO3)2.3H,0 (Aldrich) in 100 mL water.

A stock solution of lead(Il) (10 M) was prepared by dissolving 0.0331 g of Pb(NO;),
(Aldrich) in 100 ml water.
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A stock solution of sodium(l) (10 M) was prepared by dissolving 0.0850 g of NaNO;
(Aldrich) in 100 mL water.

A stock solution of zinc(Il) (10° M) was prepared by dissolving 0.0298 g of
Zn(NO;)2.6H,0 (Aldrich) in 100 mL water.

A stock solution of cadmium(l) (10° M) was prepared by dissolving 0.0308 g of
Cd(NOs)2.4H,0 (Aldrich) in 100 ml water.

A stock solution of strontium(Il) (10> M) was prepared by dissolving 0.0267 g of
SrCh.6H,0O (Aldrich) in 100 mL water.

A stock solution of hydroxylamine hydrochloride (0.15 M) was prepared by dissolving
1.0424 g of NH,OH.HCI (Fluka) in water.

A stock solution of 1, 10-pheanthroline (5% 10" M) was prepared by dissolving 0.0991 g
of Cy2HgN>.H;0 in 100 mL water at temperature.

| A working stock of nitric acid (0.1 N) was prepared by diluting 6.96 mL nitric acid

concentrated with water, up to 1000 mL solution.

A working stock of hydrochloric acid (0.1 N) was prepared by diluting 8.28 mL
hydrochloric acid concentrated with distilled water, up to 1000 mL solution.

Certified prawn (GBW 08572) was used to check the performance of the method.

Certified soft drinking water (UK) metals LGC 6011 (Laboratory of the Government
Chemist, United Kingdom) was used to check the petformance of the method.

Pharmaceutical antacid formulation was used to check the performance of the method.

8.2 Apparatus

Fluorescence measurements were performed with a Cary Eclipse spectrophotometer, as
well as with a Perkin-Elmer LS 3 and Shimadzu RF-5301 one equipped with an R 928
photomultiplier tube, while absorbance measurements were made with a Jasco V-530 UV-VIS
spectrophotometer, as well as with a Hitachi 2000 UV-VIS spectrophotometer. The Crison
GLP 21 pH-meter with a glass-calomel electrode was used for pH measurements.

The Cary Eclipse fluorescence spectrophotometer is ideal for routine laboratory work
and offers high performance and advanced design features. The instrument consists of two
Czerny-Turner monochromators (excitation and emission), a Xenon light source, a range of
fixed width selectable slits, selectable filters, attenuators and two photomultiplier tubes as
detectors (Figure 8.1) [1].
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Figure 8.1. Essential components of a fluorescence spectrometer [2, pp 21-28)

Sources

Pulse xenon lamp, which operate at power of 15 W, provide short (pulse width 2-3 us)
but very bright (60-75 kW) light pulse [1].

Excitation and emission monochromators

The exciting light is isolated by a grating monochromator with the possibility to select
both the excitation and emission wavelengths. Such a fluorescence spectrometer is capable of
recording both excitation and emission spectra and therefore makes full use of the analytical
potential of the technique. If monochromators are employed, it should be possible to change
the slit width of both the excitation and emission monochromators independently (Table 8.1
and Table 8.2). Many analyses will not require high resolution (essentially corresponding to
high selectivity) and greater sensitivity will be obtained with wide slit widths. Conversely, to
record the fine structure in the emission of, for example, polyaromatic hydrocarbons or to
excite selectively one compound in the presence of another, narrow slit widths will be

necessary, and sensitivity will be sacrificed [2, pp 21-28] .

Table 8.1 Properties of the excitation monochromator [1] -
Type : Czemy-Turner
g Dispersing method Grating, 30 x 35 mm, 1200 lines/mm

| Blaze angle 370 nm |
| Spectral bandwidths 1.5 nm
2.5 nm

1

; 5.0 nm
! 10 nm
|

|

20 nm
10 nm round
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Filters

Selectable
Open
Closed
250-395mm UGS
335-620nm  BG38
550-1100 nm OGS550
695 -1100nm RG695

' Auto
| Reciprocated Linear dispersion 3 mm/mm
, Wavelength range 190 to 900 nm
| Accuracy +1.0 nm, ( £0.5 nm at 541.92 nm)
Wavelength repeatability +0.2 nm
Wavelength drive Software controlled motor drive.
Non measurement phase stepping.
| Maximum Slew rate 24,000 nm/min
Maximum Scan rate 24,000 nm/min

Table 8.2 Properties of the emission monochromator [1}

Type

Czerny—Turner

it ey

Dispersing method

i
i
|
!
i

Grating, 30 x 35 mm, 1200 lines/mm

- Blaze angle

440 nm

Spectral bandwidths

Selectable fixed width at
1.5 nm
2.5 nm
5.0 nm
10 nm
20 nm and
10 nm round

Filters

Selectable
Open
Closed

250-395 nm UGS,
295-1100nm WG295,

360 -1100nm 9086,
430-1100nm GG435
550-1100om  OGS550

3%T attenuator Mesh (1.5 Abs)

Auto.
Reciprocated Linear dispersion i 3 mm/mm
Wavelength range 190 to 900 nm
E Accuracy +1.0 nm, ( £0.5 nm at 541.92 nm)
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Wavelength repeatability | £02nm

Wavelength drive | Software controlled motor drive, ‘
' Non measurement phase stepping. N
Maximum Slew rate | 24,000 nm/min |

i Maximum Scan rate _24,000 nm/min 5

e . - I

Cells and cell compartments

Fluorescence cells are polished on all four faces, and are fabricated from plastics, glass
or silica [3].

Detectors (2, pp. 21-28]

The fluorescence instrument uses photomultiplier tubes (x2) as detectors. The material
from which the photocathode is made determines the spectral range of the photomultiplier and
generally two tubes are required to cover the complete UV-visible range. The limit of
sensitivity of a photomultiplier is normally governed by the level of dark current (which is the
signal derived from the tube with no light falling on it). The dark current is caused by thermal
activation and can usually be reduced by cooling the photomultiplier. Another method of
minimizing dark current is to use a stroboscopic source since the ratio of dark current to
fluorescence will be very small during each high intensity flash. During the periods between
flashes when the dark current is relatively high, the photomultiplier output can be
disconnected. The overall result is that the dark current no longer becomes the limitation to
sensitivity.

The spectral response of photomultiplier varies with wavelength.

Read-out devices [2, pp 21-28]

The output from the detector is amplified and displayed on a readout device, a modern
computer.

The crucial optical components (Table 8.3) in UV-visible spectrometry Jasco Model V-
530/SPF UV/VIS double beam Spectrophotometer (Hitachi Model U-2010) (Figure 8.2) are
the light source, the monochromator, and beam splitting system and the detector. In addition,
the instrument includes mirrors or lens.
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Figure 8.2. Instrument design for double-beam spectrophotometer.

Table 8.3. Specifications of UV-visible spectrometry Jasco Model V-530/SPF UV/VIS
.double beam Spectrophotometer

Optical system: Double beam, single monochromator with a 1200 grooves/mm concave
grating and modified Rowland mount

Spectral bandwidth: 2 nm

W avelength range: 190 — 1100 nm

Light sources: Deuterium lamp for UV range (190 — 350 nm)

Halogen lamp for VIS range (350 — 1100nm) (automatic selected)

Wavelength repeatability: £ 0.1 nm

Wavelength accuracy: £ 0.5 nm

Photometric mode: Abs, %T, %R

Photometric range: -2,3 Abs

Photometric reproducibility. £0.001 Abs

Photometric accuracy: £0.002 Abs (obtained using NIST SRM 930D)

Stray light: 0.04%T

Wavelength scan speed: 4000, 2000, 1000, 400, 200, 100, 40 nm/min

Wavelength slew speed: 8000 nm/min

Baseline stability: = 0.001 Abs/hour

Baseline flatness: + 0.001 Abs (within 200 — 1000 nm range)

Response time: Quick, Fast, Medium, and Slow

Detector: Silicon photo-diode (S1337)

Power requirement: 130 W
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The light sources are the deuterium arc and the halogen lamps for lower and higher
wavelength regions, respectively. A deuterium lamp produces a continuum spectrum in the
ultraviolet region from 190 to 340 nm by electrical excitation of deuterium at low pressure.
The mechanism by which a continuous spectrum is produced involves initial formation of an
excited molecular deuterium followed by dissociation of the excited molecule to give two
atomic species plus an ultraviolet photon. At higher wavelengths its intensity is rather feeble.

A halogen lamp becomes useful at about 340 nm and higher wavelengths. The lower
limit is imposed by the absorption of radiation by the glass envelope that houses the filament.

A chopper controls the radiation’s path, alternating it between the sample, the blank, and
a shutter. The signal processor uses the chopper’s known speed of rotation to resolve the
signal reaching the detector into that due to the transmission of the blank (Po) and the sample
(Py). By including an opaque surface as a shutter it is possible to continuously adjust the 0% T
response of the detector. The effective bandwidth of a double-beam spectrophotometer is
controlled by means of adjustable slits at the entrance and exit of the monochromator.
Effective bandwidths of are between 0.2 nm and 5.0 nmn. A scanning monochromator allows
for the automated recording of spectra.

The sample compartment for the instrument provides a light-tight environment that
prevents the loss of radiation, as well as the addition of stray radiation. Samples are in the
liquid or solution state and are placed in cells constructed with UV/VIS-transparent materials,
such as quartz, glass, and plastic

Quartz or fused-silica cells are required when working at wavelengths of less than 300
nm where other materials show a significant absorption. The cell has a pathlength of 1cm. The
highest quality cells are constructed in a rectangular shape, allowing the radiation to strike the
cell at a 90° angle, where losses to reflection are minimal. These cells, which are usually
available in matched pairs having identical optical properties, are the cells of choice for
double-beam instruments.

The UV-visible instrument uses photomultiplier tube as detectors [3.4,5].

8.3 Certified reference materials
Prawn GBW (Guild Book Workers) 08572 was used as a certified reference material to
check the performance of the method. The following report gives the certified and

noncertified values for the metal existing in the prawn.
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Certified Reference Material: GBW 08572 Prawn
Certified Elements, Values and Uncertainty

Element Value & Uncertainty ‘
K% 0.597 0.012
Na % 0.381 0.008
Ca% 0.304 0.006
Mg % 0.160 0.003
Al% 0.131 0.004
Cupg/g 4.66 0.23
Zn pglg 60.8 1.4
Mn pg/g 196 0.13
Fe pg/g 19.8 0.4
Sr pg/g 40.6 34
As pug/g 1.42 0.06
Se pg/g 1.52 0.04
Pb ug/g 0.298 0.019
Cd pg/g 0.023 0.004
Hg ng/g 0.201 0.004
Crpug/g 0.24 0.06
Ba pg/g 429 0.72
N % 143 04
P % 0.845 0.012
F ug/g 531 0.39
Noncertified values
Element Noncertified Value
Co ug/g 0.029
Tipg/g 1.05
Brpg/g 13.5
S % 0.85

Soft drinking water (UK) metals, LGC 6011 (Laboratory of the Government Chemist,

United Kingdom) was used as a certified reference material to check the performance of the

method. The following report gives the certified values for the metal existing in the soft

drinking water.
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Certified Reference Material: LGC 6011
Soft drinking water (UK) — Metals

Certified values
Metal Content (ug/L)
Aluminum 218
Silver 9.2
Barium 104
Chromium 48
Iron 194
Manganese 52
Nickel 51
Zinc 514
Lead 50
Calcium 28
Potassium 0.5
Magnesium 1.2
Sodium 4.5
Noncertified values
Metal Content (ug/L)

Arsenic 51
Selenium 10
Antimony 11

8.4 Liquefaction of the biological sample

A sample of 0.21230 g of prawn accurately weighed was placed in a preweighed
porcelain beaker. The sample was dried into an electric oven at 80°C for a minimum of 4-5
hours, and weighed after cooling to room temperature. The sample was repeatedly dried,
cooled and weighed until a constant weigh of this was achieved. The loss was found to be

around 8 % (the moisture content of the material).

Wet digestion HNO3yH0;

About 0.2 g of the prawn powder, reference material, accurately weighed, was
quantitatively transferred into a clean beaker of 80 mL. Then, 2 mL of concentrated nitric acid
(14.0 mol/L) was added to dissolve the resulted residue. The nitrate solution formed was
warmed to about 90°C on an electric hot plate and under continuous magnetic stirring.
Finally, an aqueous solution of Hy0O, (30% v/v) was carefully added in 4.0 mL aliquots at
intervals of 10 min, until all the black particles were digested and disappeared. The solution
was evaporated to dryness and the resulting product was picked up with nitric acid 0.1 N,
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transferred quantitatively into a 1000 mL volumetric flask, filled to volume with nitric acid
0.1 N and mixed well (stock solution of prawn). The final concentration of the prawn stock

solution was 8.93x10°M.

8.5 Liquefaction of pharmaceutical formulation

To obtain a solution, 1 tablet of 1.2625 g containing 200 mg of Al(OH); (nominated
amount) was completely ground and homogenized. A weight of 15.6 mg of the powdered
product, accurately weighed, was quantitatively placed into a clean porcelain crucible. Then, a
volume of 0.5 mL of concentrated sulphuric acid was added and the system as a whole was
slightly warmed to finish the neutralization reaction. The resulting product was picked up
with distilled water, transferred into a 1000 mL volumetric flask, filled to volume with
distilled water and mixed well (stock solution of pharmaceutical formulation). The final

concentration of the standard solution was 31.683x10° M of aluminum(III).

8.6 Chemical structure and absorption spectrum of AVN

AVN (Figure 8.3) has two bulk moieties, the phenyl group and naphthyl group. Two
hydroxyl groups are located in ortho positions to the azo group. The one attached to the
phenyl m'oiety is the more acidic. The presence of negatively charged sulphonate moiety
(attached to the phenyl moiety), located away from the coordinating site, allows solubilization

of the ligand and its complexes in water [6].

Figure 8.3. Fully AMI1 optimized geometry for the neutral AVN molecule in the gas
Dphase.
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In 0,0"-dihydroxy azo dye metal-ion indicators, one hydroxyl group is 10* times more
acidic than the other. The location of the more acidic hydroxyl group has been established
through different theories.

Special attention was focused on the study performed by Dakiky on acid alizarin violet
N molecule. According to this work, in aqueous solution AVN can exist either in azo- or
hydrazo-forms, each capable of forming three distinct species through stepwise proton
ionizations (Figure 8.4). Additionally, monomer-dimer equilibrium exists at low pH. The
third proton ionization, due to the naphthol proton, occurs only in very basic media, in which
AVN is present mostly in the hydrazo form. In this form, the naphthol proton is located at the
nitrogen of the azo group. Hydrazo protons are known to be very weakly acidic.

AVN can be represented as HIn', in which the negative sign arises from the dissociation
of the highly acidic sulphonate proton. Thus pK; and pK; refer to the following dissociation
steps (Figure 8.4):

Hsln — H' + HI 8.1
HIn* & H' + In* (8.2)
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Figure 8.4. lonization steps of azo- and hydrazo-forms of AVN [7].

On the other hand, based on the charge distribution for the two oxygen atoms of the two
hydroxyl groups, derived from the theoretical calculation (Hyperchem 6 software), it is
evident that the hydroxyl group attached to the phenyl moiety is more acidic than that one
attached to the naphthyl moiety.

The trans geometries of the AVN molecule (neutral, mono-, di-, and tri-deprotonated)
were optimized at AM1 level of the theory using Hyperchem 6 [8] program. The structures of
the AVN compounds were visualized with the Hyperchem 6 program.

The structures of AVN compounds in trans conformations are shown in Figure 8.5. The
charge distributions for the optimized geometries of AVN in trans conformations, in gas
phase are shown in Table 8.4.
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Figure 8.5. Fully AMI optimized geometry for (a) di-deprotonated AVN (which lack one
hydrogen atom of the hydroxyl group to the sulphonic group and other hydrogen atom of the
hydroxyl group attached to the naphthyl moiety) and (b) tri-deprotonated AVN (which lack
one hydrogen atom of the hydroxyl group to the sulphonic group, one hydrogen atom of the
hydroxyl group attached to the phenyl moiety and one hydrogen atom of the hydroxyl group
attached to the naphthyl moiety), in trans conformations, in the gas phase.
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Table 8.4 Charge distribution for the fully AMI optimized geometry of the neutral,

mono-deprotonated , di-deprotonated and tri-deprotonated AVN molecule.

Atom Charge Charge Charge Charge Charge
Neutral AVN | Mono-deprotonated | Di-deprotonated | Di-deprotonated | Tri-deprotonated
AVN AVN® AVN’ AVN
o -0.239 -0.268 -0.422 -0.297 -0.524
(phenyl)
(4] -0.242 | -0.253 -0.292 -0.389 -0.474
(naphthyl)
(/] -0.766 -1.061 -1.085 -1.075 -1.107
(sulphonic)
N -0.096 -0.089 -0.064 -0.089 -0.035
(phenyl)
N -0.102 -0.130 -0.217 -0.121 -0.065
(naphthyl)

mono-deprotonated AVN is AVN molecule which lacks one hydrogen atom of the
hydroxyl group to the sulphonic moiety

di-deprotonated® AVN is AVN molecule which lack one hydrogen of the hydroxyl group
fo the suiphonic moiety and other hydrogen atom of the hydroxyl group attached to the phenyl
moiety.

di-deprotonated ® AVN is AVN molecule which lack one hydrogen atom of the hydroxyl
group to the sulphonic group and other hydrogen atom of the hydroxyl group attached to the
naphthyl moiety. '

tri-deprotonated AVN is AVN molecule which lack one hydrogen atom of the hydroxyl
group to the sulphonic group, one hydrogen atom of the hydroxyl group attached to the
phenyl moiety and one hydrogen atom of the hydroxyl group attached to the naphthyl moiety

According to experimental data for neutral and mono-deprotonated AVN molecule, both
oxygen atoms of the hydroxyl group attached to the phenyl and naphthyl moiety has almost
the same acidity.

In the case of tri-deprotonated AVN molecule, the results show that the oxygen atom of
the hydroxyl group attached to the phenyl moiety is more acidic than that of the hydroxyl
group attached to the naphthyl moiety.

113



In all cases, it is evident that the most acidic oxygen atom is the one of the sulphonic
moiety, while the nitrogen atom attached to the naphthyl moiety is more acidic than that of the
hydroxyl group attached to the phenyl moiety.

Thus, probably AVN is complexed with Al through the oxygen atom of the naphthyl
moiety and nitrogen atom of the phenyl moiety.

Based on the previous explanations and according to Martell, where it is found for the
acid alizarin violet N pK values are 7.0 and 12.80, it can be supposed that the pK value of 7.0
corresponds to the hydroxyl group of the phenyl moiety, whereas the pK value of 12.80 to the
hydroxyl group of naphthyl moiety.

Absorption spectra of AVN as a function of pH in aqueous solutions are shown in
Figure 8.6. At pH<9.0 absorbance maxima are observed at 500 and 560 nm. These can be
assigned to HuIn and HIn”, respectively. A slightly distorted isosbestic point is located at 525
nm. H-NMR and spectrophotometric studies on similar polyprotic azo dyes have led to the
conclusion that they exist predominantly as dimmers at pH<4[7]. Hydrogen bonding,
electrostatic interactions, van der Waal's forces and hydrophobic interactions, are responsible
for dye-dye self association (dimmers). Moreover, dissociation to monomers is typically
accompanied by the appearance of shoulder at higher wavelength. The figure shows that, in
addition to favoring the basic form, a rise in pH promotes dissociation to monomers as

evidenced by a bathochromic acid band broadening.
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g 0.15
g
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Fig. 8.6. Absorption spectra of 2x10° M AVN as a function of pH. Numbers refer to pH
values 1 (1.2), 2 (2.0), 3 (3.0), 4 (3.9), 4.6 (4.6), 4.7 (4.7), 5 (5.2), 6 (6.0), 7 (7.3), 9 (9.5) and
12 (12.4), respectively.
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Equilibrium stepwise reactions between AVN and a number of metal ions are also
known [39,40,41], shown in Table 8.5:

Table 8.5 Stability constants for the metal complexes (1:1, 1:2) of the ligand AVN.

Complexation Al Ca Cu Mg Ni Pb Zn cd Mn
ML 18.4 66 218 8.6 159 125 13.5 1147 10.96

ML > 316 9.6 - 13.6 264 17.8 20.9 - -

The excitation and emission fluorescence spectra of the ligand and AI(III)-AVN are
shown in Figure 8.7. The excitation and emission signals of the AI(III)-AVN interaction
increase substantially compared with those of the AVN alone, something which is explained
by the fact that complexation of aluminum(III) with AVN restricts the rotational transitions of

| phenyl and naphthyl moieties. The observed difference between the excitation (a,a’) and,

mainly, the emission (b,b") spectra is a very important prerequisite support for the
experimental application of this new analytical method. In order to avoid interferences the
emission wavelength was optioned at 620 nm and throughout used, unless it is differently

given for some experiments, while the excitation wavelength was selected at 520 nm.
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Figure 8.7. Excitation and emission spectra of AVN in acetates buffer (pH=35.0), 1,10-
phenantroline 5x10°° M, NH;OH.HCI 0.015 M and AVN 1x107° M. (a,a)) Excitation (3em 590
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nm); (b,b!) Emission (Aex 520 nm); (a'b’) No Al(IID; (ab) Al(IID) 8x10° M. Instrumental

parameters: high voltage, both excitation and emission slits were 10 nm.

Previous investigations on ligands of similar structures showed that the complexation of
the metal ion occurs through the azo centre and the oxygen atoms in the ortho positions. [42]

However, the data of this thesis show that the 0,0"-dihydroxy azo dye arrangement is an
absolutely necessary presupposition to develop a fluorescence reaction for aluminum(IlI), or
in other words the donor atoms for aluminum(Ill) are presumably the two oxygens of the
ligand. It must also be noticed that this favourable interaction is probably the reason of the
reaction kinetics (see paragraph of kinetics) qualifying the complexation of aluminum with
reagents of the azo dye class.

For this purpose, a similar azo dye compound, the acid red 8 (AR8), which lacks one
hydroxyl-group of the ligand (Figure 8.8), was tested in our laboratory to investigate if this

compound gives a fluorescence reaction with aluminum(III).
CH,

s NaO,S
H3C—< >—N=N
Ho— N

NaO,S
Figure 8.8. Molecular structure of AR8

The free compound was found to exhibit a maximum fluorescence at an emission of 606
nm (excitation at 504 nm) but its intensity was very low. Many solutions, of different pH
values and after heating at 60°C for 30 min, containing various aluminum(Ill) and ARS8
amounts, did not show a fluorescence reaction as shown in Figures 8.9. The behavior of this
azo dye compound confirms that the presence of two hydroxyl groups in ortho position to the
azo moiety is necessary for the complexation of aluminum(lIl), that is to say AVN is
complexed to both oxygen atoms of the two hydroxyl groups at once and maybe it is also
bound to nitrogen atom attached to the phenyl moiety, giving in this way a quite rigid

complex with aluminum that is strongly fluorescent.
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Figuire 8.9 Excitation and emission spectra of ARS8 in acetates buffer (pH=5.0), ARS
1x107° M. (a,a)) Excitation (Aem 606 nm); (b,b) Emission (Aex 504 nm); (a',b) No Al{ID; (a,b)
Al(IID 1x107° M. Instrumental parameters: high voltage, both excitation and emission slits

were 10 nm.

The absorption spectra of AR8 and aluminum(III)-ARS8 solutions, recorded at pH 5.0
and after heating for 30 min at 60°C, are shown in Figure 8.10. Maximum absorbance of the
ARS is observed at 508 nm, while addition of various aluminum(III) amounts does not change
the absorbance spectrum of the free ligand. A small change is only observed at the near-UVv

region.
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Figure 8.10. Absorption spectra in acetates buffer (pH=5.0) and 1x10° M ARS8 (a) no
AlIID and (b) 1x10° M Al(IID).

8.7 Determination of metals with AVN

Acid alizarin violet N, abbreviated AVN, C.IL 15670 (4-Hydroxy-3-(2-
hydroxynaphthylazo)- benzenesulphonic acid), known as well as eriochrome violet B, chrome
fast violet B, solochrome violet RS, omega chrome dark violet D, pontachrome violet SW and
palatinchromviolett, is a weak diprotic acid with pK values equal to 7.0 and 12.80,
respectively. AVN has been extensively used as a metal complexing agent for quantitative
determination of different metal ions by various methods (Table 8.6).

The use of AVN for voltametric determination of aluminum has become well
established since it was first reported by Willard and Dean in 1950 [9]. They found that in the
presence of aluminum(IIl), the single polarographic reduction wave of AVN was split into
two with the height of the wave at more negative potentials proportional to aluminum
concentration. At pH 4.6 equilibrium of the aluminum-AVN solutions required over 4 h at
room temperature and complex formation was most conveniently achieved by heating at 55-
70°C for 5 min.

More recently, method based on cathodic stripping voltammetry of the AIFAVN
complex at a hanging mercury drop electrode (HMDE) was reported by some authors
[16,17,21,27,28,31,39].

A.c. oscillopolarography using AVN as complexing agent, was also employed in the

determination of aluminum in natured water {18,19,20].
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Johnson et al. reported determination of aluminum using AVN as a complexing agent, in
pooled samples of cerebrospinal fluid by differential pulse polarography and also
spectrophotometry [25].

Determination of iron by electrochemical stripping techniques has been performed using
adsorption of organic ligand complex Fe-AVN on a mercury electrode followed by cathodic
stripping [16,36,39].

The electrochemical detection of iron(III) coupled to ion interaction chromatography
combines the high sensitivity of detection with the powerful selectivity capabilities of the
separation system. This method enables the determination of iron(IIl) at 10° M levels [12].
Also, polarographic and coulometric determination of iron, have been reported [30].

It has also been showed that AVN can be employed in the determination of
titanium(1V), by stripping voltametry [34,36], or by constant-current stripping voltammetry

[23].

The levels of gallium can be, also, quantified by linear-sweep voltammetry after
adsorptive preconcentration of the gallium/AVN chelate on the hanging mercury-drop
electrode [33].

Also, low concentration of molybdenum, cadmium, vanadium [23], zirconium [35] and
tin [38] ’can be determined following complexation with AVN, by adsorptive stripping
voltammetry.

AVN has been employed, also, in the determination of gadolinium by cathode-ray
polarography [29] and calcium by colorimetry [14].

For all these methods, limits of the metal detection were from 10”° to 10° M.
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8.8 Method fundamentals

8.8.1 PH optimization

The influence of the sample pH on the fluorescence of AVN and AN(III)-AVN system
was investigated. The pH of sample is adjusted with hydrochloric acid for the acidic pH
region and potassium hydroxide for the alkaline pH region. A first set of experiments was
performed in order to study the behavior of AVN with pH, as follows:

Experiment: A set of nine polyethylene test-tubes was used. Into each tube 100 pL of
10> M AVN were placed. The pH into each polyethylene test-tube was adjusted using
hydrochloric acid and potassium hydroxide solutions to cover a wide range from pH=1.1 to
pH=12.4. The volume of each tube was made up to 5.0 mL with distilled water and was
thoroughly mixed. The sample fluorescence intensities were recorded at the emission
wavelength of 620 nm (excitation wavelength at 520 nm).

The fluorescence of the ligand was plotted against the sample pH, as shown in Figure
8.11. In the pH range from 1.4 to 6.0 a small fluctuation in fluorescence was observed. For pH
values over than 6.0 the fluorescence intensity was insignificant. It is evident that the

fluorescence is nearly related to the HoIn species of the ligand.

70 4
80 -
8 50
@0
2
gmﬂ
o
£ 30 A
Py
E
£
< 10 A
0 L] Ll L] L] ] L Ll
0 2 4 6 8 10 12 14

pH

Figure 8.11. Variation of fluorescence with pH. Concentration of AVN 2x10° M
Instrumental parameters: Excitation/Emission wavelength=520/620 nm, high voltage, both

excitation and emission slits were 10 nm.

According to the literature [43] the most stable AVN forms at pH value of 5.0 can be
illustrated as follows:
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Figure 8.12.The most stable AVN form at pH value of 5.0

A second set of experiments was performed in order to evaluate the influence of pH on
the fluorescence intensity of a known concentration of Al(IIT)-AVN complex in water. A set
‘of tests was carried out by varying the pH using different concentrations of hydrochloric acid
for the acidic pH region and potassium hydroxide for the alkaline pH region, covering the pH
range from 2.4 to 10.0, as follows:

Experiment: A set of thirteen polyethylene test-tubes was used. Into each tube 100 pL of
10° M AVN and 50 pL of 10* M aluminum(III) were placed. The pH solution into each
polyethylene test-tube was adjusted with hydrochloric acid and potassium hydroxide to cover
a wide pH range from 2.4 to 10.0. The contents were well mixed, and then the volume of each
tube was made up to 5 mL with distilled water and again was thoroughly mixed. The tubes
were placed into a water bath, at 60°C, for 20 min, brought to room temperature and the
sample fluorescence intensities were recorded at the emission wavelength of 620 nm
(excitation wavelength at 520 nm). |

The fluorescence intensity of the AKIII)-AVN system, depends dramatically on the pH
of the solution, as shown in Figure 8.13. A pH between 4.0 and 5.0 allowed optimum
formation of the AI(III)-AVN complex. Further increase or decrease in pH rapidly reduces the
fluorescence intensity.

For pH values greater than 7.0, the reaction between the reactants is absent, owing to the
fact that aluminum hydroxides are preferably formed. Conversely, for pH values lower than
" 2.0, the hydronium ions successfully compete with the hydrated aluminum ions and react with
the coordinating groups of the ligand.

Based on the observed results, it is obvious that an acetates buffer solution of pH=5.0

provides adequate conditions for further analytical procedures.
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Figure 8.13 Variation of fluorescence with pH. Concentrations: AVN 2x10° M and
Al 10° M. Instrumental parameters: Excitation/Emission wavelength= 540/590 nm, high
voltage, both excitation and emission slits were 5 nm. (Shimadzu RF-5301

spectrophotometer)

The optimal pH value obtained from our experiments is similar to that reported by
Bergley and Barnard [44].

According to other works (Table 8.6), referred to aluminum(iII) determination with
AVN, two optimal regions useful for analysis exist around pH 5.0 and pH 8.0, respectively.

8.8.2 Kinetics and stability of the AYII])-AVN complex

As for any given reaction, among other external factors, temperature also determines the
rate at which this reaction takes place. Conducting a reaction at a higher temperature delivers
more energy into the system and increases the reaction rate by causing more collisions
between particles, as explained by collision theory. However the main reason why it increases
the rate of the reaction is that more of the colliding particles will have the necessary activation
energy resulting in more successful collisions-when bonds are formed between reactants.
' Experiment: A set of five polyethylene test-tubes was used. Into each tube 0.5 mL of
acetates buffer solution (pH=5.0), followed by 50 uL of 10* M AVN were placed. Further, a
volume of 4.4 mL distilled water was added into each test-tube and the resulted mixtures were
thoroughly stirred. Each test-tube was separately placed into a water bath and warmed at 40,
50, 60, 70 and 80°C, respectively, while the desired temperature was obtained. A volume of
50 pL of 10* M aluminum(III) was added, the content was well mixed, the temperature for
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each test-tube was appropriately maintained constant and fluorescence measurements were
made every 5 min at 620 nm ( excitation at 520 nm).

It is again noticed that for equal concentrations of aluminum(III) and AVN the rate of
their reaction was investigated for temperatures between 40 and 80°C in separate
experiments.

Because AVN is a flexible molecule and may possess infinite number of configurations,
this is probably the reason that the reaction proceeds slowly at low temperatures (room
temperature or 40°C). From Figure 8.14, it is evident that an increase in temperature
facilitates the complex formation. At 60°C, the fluorescence reaches the maximum after 45-50
min, and then tends to be stable at least 250 min. The lower fluorescence intensity at 60°C
compared to that at 50°C, for any time where the reaction is completed or is near its
completion, is assumed to be a consequence of the external conversion deactivation process of

the excited molecules.

At 70 and 80°C, the fluorescence reached a maximum after 25 and 15 min, respectively,
and then for a short time a small decrease was noticed after which the level of the

fluorescence remained constant and lasted more than 4 hours.
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Figure 8.14. Variation of fluorescence with time, for different temperatures ( (a) 40, (b)
50, (c) 60, (d) 70 and (d) 80°C) in acetates buffer (pH=5.0), AVN 10°° M and AI(II]) 10° M,
Instrumental parameters: Excitation/Emission wavelength=520/620 nm, high voltage, both

excitation and emission slits were 5 nm.
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A ratio of aluminum(IlI):AVN equal to 1:20 was also investigated by measuring
fluorescence intensity against time for temperatures between 23 and 60°C (Figure 8.15). At
room temperature the rate is very slow and continues to be slow enough up to 50°C. The
fluorescence, at 60°C, reaches the maximum after 20 min and then remains stable at least for

35-40 min.
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Figure 8.15. Variation of fluorescence with time, for different temperatures ( (a) 23, (b)
33, (c) 40, (d) 46, (e) 49 and () 60°C) in acetates buffer (pH=4.0), AVN 2x10° M and Al(II])
10° M. Instrumental parameters: Excitation/Emission wavelength= 518/570 nm, sensitivity

Sactor F=10 (Perkin-Elmer LS 3 spectrophotometer).

It is obvious that the AVN concentration substantially affects the rate of complexation
and as a consequence, the time of the reaction completion. For this reason, at least a 10 times
larger concentration of AVN in comparison to that of aluminum was decided for the
experimental procedure.

The effect of the reaction time on the fluorescence of the AI(III)-AVN complex at
different mole ratios (AI(III):AVN=1:10, 1:100, 1:1000) also was investigated, while the
concentration of AVN was maintained constant. The next experiment was performed as an
example.

Experiment: A set of three polyethylene test-tubes was used. Into each tube 0.5 mL of
acetates buffer solution (pH=5.0), followed by 50 uL of 10° M AVN was placed. Then,
volumes of 3950, 4400 and 4445 ul distilled water were added into the three test-tubes in
turn and the contents were thoroughly stirred. The samples were placed into a water bath till
the desired temperature of 60°C was achieved. Finally, volumes of 500, 50 and 5 pL of 10° M
aluminum(III) were added into the test-tubes in turn, in order to obtain the following mole-
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ratios: 1:10, 1:100, 1:1000 (AI(III):AVN). The temperature was maintained constant during
the measurements. The fluorescence was measured every 5 min at 620 nm (excitation at 520
nm).

The experimental results (Figures 8.16 and 8.17a) show that the reaction is completed

after 20 min. Then, the fluorescence tends to be stable for at least 30 min.
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Figure 8.16 Variation of fluorescence in acetates buffer of pH=35.0. (a) 10°° M Al(III),
10° M AVN (1:10), (b) 107 MAIIID , 10° M AVN (1:100) and (c) 10° M AIIID , 10° M AVN
(1:1000). Instrumental parameters: Excitation/Emission wavelength= 520/620 nm, high

Arbitrary fluo

voltage, both excitation and emission slits were 5 nm.

Henceforth, an experimental procedure was followed, where samples were heated for 30

min at 60°C, and then measurements were made at room temperature.

Stability of the complex AI(III):AVN 1:1000 was investigated by measuring to room
temperature the fluorescence intensity against time, after heating the sample for 30 min at
60°C (Figure 8.17b). The fluorescence intensity significantly increases for a period of 20 min,
till the room temperature was achieved, (at high temperature the rate of external conversion is
high). It was found out that the system was stable for at least 80 min, after the system was

cooling down to room temperature and changes in fluorescence were not more than 5 %.
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Figure 8.17 Variation of fluorescence versus time in acetates buffer (pH=5.0), AVN 107
M and aluminum 107° M. (a) fluorescence versus time at 60°C and (b) fluorescence versus
time after heating for 30 min at 60°C and cooling to room temperature. Instrumental
parameters: Excitation/Emission wavelength= 520/620 nm, high voltage, both excitation and

emission slits were 10 nm.

8.8.3 Effect of AVN concentration

The effect of AVN concentration on complex formation was evaluated within the range
4x10 to 6x10” M. The experiments were performed for an aluminum(III) concentration of
10 M in acetates buffer of pH=5.0, as follows:

Experiment: Seven identical standard solutions of aluminum were directly prepared in a
set of seven polyethylene test-tubes. Into each tube 0.5 mL of acetates buffer solution
(pH=5.0), followed by 50 pL of 10* M aluminum(IIl) were placed. In each test-tube volumes
of 15, 25, 50, 100, 150, 200 and 300 pL of the 10° M AVN solution were placed in turn. The
contents were well mixed, and then the volume of each tube was made up to 5.0 mL with
distilled water and again was thoroughly mixed. This procedure was steadily followed to
avoid possible hydrolysis of aluminum. The tubes were placed into a water bath, at 60°C, for
20 min, brought to room temperature and finally the fluorescence was measured with a
Perkin-Elmer LS 3 spectrophotometer at 570 nm (excitation at 518 nm).

It was observed that the fluorescence of the system containing 10° M aluminum(III)
reaches a maximum when the concentration of AVN is 0.6-2x10™ M; further increase in AVN

concentration leads to a reduction in fluorescence (Figure 8.18).
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Figure 8.18 Effect of concentration of AVN on the fluorescence of AlII)-AVN in
acetates buffer (pH=5.0) and AI(II)) 10° M. Instrumental parameters: Excitation/Emission

wavelength= 520/620 nm, high voltage, both excitation and emission slits were 5 nm.

It is apparent that a ten-fold excess of AVN compared to that of aluminum is necessary
to obtain a good sensitivity for the proposed method. Using higher concentrations of AVN,
the fluorescence decreases because AVN and AI(III)-AVN absorb at the wavelength of
emission or an inner filter effect is responsible for this. On the other hand, at smaller AVN
concentration the complexation with aluminum is still far from its completion and as a
consequence the sensitivity of the method would be inferior under these circumstances.

For further studies, a large enough excess of ligand was used, in order to improve the

rate of the reaction, but a very large ligand excess was avoided, in order to secure the
sensitivity of the method.

8.8.4 Stoichiometry between AI(IIl) and AVN

Equilibrium stepwise reactions between AVN and a number of metal ions are known
[1,2]. For aluminum only two stepwise complexes have been addressed, although mole-ratio
plots of fluorescence (Figures 8.19-24), show formation of more stepwise complexes. This
conclusion is also evident from plots of fluorescence vs. time of reaction for various ratios of
AVN to aluminum(III) (Figures 8.25-27).

Further studies on the interaction of aluminum(IIT) and AVN have been carried out for
determining the stoichiometry of the plausible complexation by using mole-ratio method
(Figures 8.19-24), as well as kinetics methods (Figures 8.25-27).

A study for developing the stoichiometry between aluminum(IIT) and AVN was fulfilled
by the mole-ratio method. The principle underlying these experiments was based on keeping
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the quantity of one reactant constant while varying the quantity of a second reactant.
Therefore, two sets of experiments were prepared. In the first one, the concentration of AVN
was maintained constant, while the concentration of the aluminum was varied (Figures 8.19-
22). The second set of experiments was performed using a fixed concentration of
aluminum(IIT) and a variable concentration of AVN (Figures 8.23-24).

In reality, the plots based on the mole ratio method are plots of fluorescence variation
vs. the ratio of metal to ligand concentration. In our case the plots represent fluorescence
variation vs. AVN concentration.

Experiment: An acetates buffer solution of pH=5.0 was prepared in a volumetric flask
(according to the instructions of the ‘Buffers for pH and metal ion control’ D.D.Perrin, Boyd
Dempsey).

An AVN stock solution of 10° M was directly prepared in an acetates buffer solution of
pH=5.0 and further a working stock AVN solution of 24 x 10°M was prepared in a volumetric
flask of 250 mL by diluting 6 mL of the 10> M AVN solution with acetates buffer up to the
volume.

An aluminum(IIT) stock solution 5x10* M was directly prepared in the working stock
solution of 24x10°M AVN.

Appropriate volumes of aluminum(III) and AVN working solutions were placed into a
set of 31 test-tubes as shown in Table 8.7. The contents were well mixed.

The tubes were placed into a water bath, at 60°C, for 30 min, brought to room
temperature and finally the fluorescence was measured at 620 nm (excitation at 520 nm).
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Table 8.7 AI(I1l}) and AVN working solutions to study their stoichiometry by the mole-ratio
method in acetates buffer (pH=5.0). The concentration of AVN was 24x10° M, while that of
AI(IT]) was between 0 and 15x10°° M.

| Aluminum 5%10°M in AVN 24%10°M in
No 24x10°M acetates buffer
AVN solution (pH=5.0)
uM ulL uL
1 0 0 5000
2 0.5 5 4995
3 1 10 4990
4 1.5 15 4985
5 2 20 4980
6 2.5 25 4975
7 3 30 4970
8 3.5 35 4965
9 4 40 4960
10 4.5 45 4955
11 5 50 4950
12 5.5 55 4945
13 6 60 4940
14 6.5 65 4935
15 7 70 4930
16 7.5 75 4925
17 8 80 4920
18 8.5 85 4915
19 9 90 4910
20 9.5 95 4905
21 10 100 4900
22 10.5 105 4895
23 11 110 4890
24 11.5 115 4885
25 12 120 4880
26 12.5 125 4875
27 13 130 4870
28 13.5 135 4865
29 14 140 4860
30 14.5 145 4855
31 15 150 4850

The fluorescence response by combining incremental aluminum(III) concentrations (0-
15%x10° M) with a fixed concentration of AVN (24x10 M) was recorded. The straight-line
portions are extrapolated to where they cross. At this point the ratio of metal to ligand
determines the formula of a separate complex. From Figure 8.19 and Table 8.8 it is evident

that metal to ligand complexes with ratios 1:2 and 1:3, exist.
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Figure 8.19 Mole-ratio plots used to determine the stoichiometry of Al(II])-AVN
complexation reaction in acetates buffer (pH=5.0) and AVN 24x10° M. Instrumental
parameters: Excitation/Emission wavelength= 520/620 nm, high voltage, Slits: excitation 2.5

nm and emission 5 nm.

Table 8.8. Linear ranges for Figure 8.19, from which different species can be detected in

solution.

No Al Equation of the Correlation
(uM) calibration curve coefficient, r

1 0-8 Y=76.44X+11.29 0.9995
2 8-12 Y=51.16X+214.43 0.9986
3 12-15 Y=19.49X+597.96 0.9989

Same conclusion also results from isosbestic points of the absorption spectra. The
occurrence of an isosbestic point is often used as an indication (though not proof) of the
presence of only two species, which are in equilibrium [45]. Figure 8.20 shows the absorption
spectra of a constant concentration of AVN 24x10® M and different aluminum(III)
concentrations from 0 to 15x10°® M. This Figure macroscopically shows an ideal isosbestic
point. However a zoom of the neighboring isosbestic point region shows two clear and
different isosbestic points corresponding to Al-AVN complexes with ratios 1:2 and 1:3.
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Figure 8.20 Absorption spectra in acetates buffer (pH=5.0), 2.4 %1 0°M AVN and Al(ITD)
concentrations from 0 to 15x10°M. -

The existence of a complex ALAVN 1:4 (Figure 8.21 and Table 8.9) was, also, proved.
Therefore, an experiment was performed by adjusting a constant AVN concentration and
varying that of aluminum(III).

Experiment: Aluminum(III) standard solutions were directly prepared in a set of 29
polyethylene test-tubes. Into each tube 0.5 mL of sodium acetate-acetic acid buffer solution
. (pH=5.0), followed by 100 uL of 10® M AVN were placed. Appropriate volumes of 10° M
aluminum(IIT) standard solution were added into each of the test-tube. The contents were well
mixed, then the volume of each tube was made up to 5.0 ml with distilled water and again
were thoroughly mixed. This procedure was consistently followed to avoid possible

hydrolysis of aluminum(III). The tubes were placed into a water bath, at 60°C, for 20 min,
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brought to room temperature and finally the fluorescence was measured at 620 nm (excitation
at 520 nm).
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Figure 8.21 Mole-ratio plots used to determine the stoichiometry of Al-AVN
complexation reaction in acetates buffer (pH=5.0) and AVN 2x10° M. Instrumental
parameters: Excitation/Emission wavelength= 520/620nm, high voltage, Slits: excitation 2.5

nm and emission 5 nm.

Table 8.9 Linear ranges for Figure 8.21, from which different species can be detected in

solution.
No Al Equation of the Correlation
(xM) calibration curve coefficient, r
1 0-5 Y=77.261X+2.4659 0.9998
2 5-10 Y=53.883X+139.71 0.9985
3 10-16 Y=8.3783X+619.28 0.9985

The fluorescence response by adding incremental aluminum(IIl) concentrations (0-
16.8x10° M) to a fixed concentration of AVN (20x10*® M) was recorded. The mole ratio plots
show the existence of Al-AVN complexes with ratios: 1:2 and 1:4.

The procedure followed bellow, to prove the existence of a complex Al-AVN 1:6
(Figure 8.22 and Table 8.10) was analogous to that already described in the above paragraph.
The fluorescence response by adding incremental aluminum(III) concentration (0-7x10°M) to
a fixed concentration of AVN (30x10° M) was recorded.
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Figure 8.22 Mole-ratio plots used to determine the stoichiometry of AlIIl)-AVN
complexation reaction in acetates buffer (pH=5.0) and AVN 3x1 0° M. Instrumental
parameters. Excitation/Emission wavelength= 520/620 nm, high voltage, Slits: excitation 2.5

nm and emission 5 nm.

Table 8.10 Linear ranges for Figure 8.22, from which different species can be detected

in solution.
No AlIID Equation of the Correlation
(uM) calibration curve coefficient, r
1 0-5 Y=80.192X+3.6215 0.9999
2 5-7 Y=75.646X+17.83 0.9997

Experiment: AVN standard solutions were directly prepared in a set of 34 polyethylene
test-tubes. Into each tube was placed 0.5 mL of sodium acetate-acetic acid buffer solution
(pH=5.0), followed by 30 pL of 10° M aluminum(III). Appropriate volumes of 10° M AVN
standard solution were added in each of the test-tube. The contents were well mixed, then the
volume of each tube was made up to 5.0 mL with distilled water and again were thoroughly
mixed. This procedure was regularly followed to avoid possible hydrolysis of aluminum(III).
The tubes were placed into a water bath, at 60°C, for 70 min, brought to room temperature

and finally the fluorescence was measured at 620 nm (excitation at 520 nm).
The fluorescence response by combining incremental AVN concentrations (0-20x10®

M) with a fixed aluminum(III) concentration (610 M) was recorded. Figure 8.23 and Table
8.11 prove the existence of Al-AVN complexes with ratios 1:1, 1:2 and 1:3.
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Figure 8.23 Mole-ratio plots used to determine the stoichiometry of Al(IIl)-AVN
complexation reaction in acetates buffer (pH=5.0) and Al(IIl) 6x10° M. Instrumental
parameters: Excitation/Emission wavelength= 520/620 nm, high voltage, Slits: excitation 2.5

nm and emission 5 nm.

Table 8.11 Linear ranges for Figure 8.23, from which different species can be detected

in solution.
No AVN Equation of the Correlation
(M) calibration curve coefficient, r
1 0-6 Y=42.857X-0.1214 0.9998
2 6-12 Y=32.37X+60.691 0.9998
3 12-18 Y=11.822X+309.06 0.996

The following procedure, to prove the existence of a complex AI-AVN 2:1 (Figure 8.24
and Table 8.12) was analogous to the one, already described. The fluorescence response by
addition of incremental AVN concentrations (0-24x10° M) to a fixed concentration of
aluminum(IIT) 24x10° M was recorded. |
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Figure 8.24 Mole-ratio plots used to determine the stoichiometry of Al(II])-AVN
complexation reaction in acetates buffer (pH=35.0) and AlIIl) 24x] 0% M. Instrumental
parameters: Excitation/Emission wavelength= 518/570 nm (Perkin-Elmer LS 3

_spectrophotometer).

Table 8.12 Linear ranges for Figure 8.24, from which different species can be detected

in solution.
No AVN Equation of the Correlation
(uM) calibration curve coefficient, r
F 1 0-11 Y=9.2827x+1.1764 0.9992
2 13-24 Y=4.8788x+55.528 0.9978

The stoichiometry between aluminum(IIl) and AVN was, also, determined by the next
procedure.

Experiment: A set of seven polyethylene test-tubes was used. Into each tube 0.5 mL of
acetates buffer solution (pH=5.0), followed by 50 pL of 10* M aluminum(III) were placed.
Then, in each test-tube volumes of 4450, 4400, 4350, 4300, 4250, 4200 and 4150 pL of
distilled water were place in turn. The contents were well mixed, and then the samples were
placed into a water bath till the desired temperature of 60°C was achieved and were well
mixed. After that, in each test-tube volume of 0, 50, 100, 150, 200, 250, 300 pL of 1x10* M
AVN were added in turn. The temperature was maintained constant at 60°C during the
- measurements. The fluorescence was measured every 5 min at 620 nm (excitation at 520 nm).

The stoichiometry between aluminum(IiI) and AVN was also examined by measuring
fluorescence intensity vs. reaction time for various ratios of AVN to aluminum(III) at 60°C
(Figures 8.25 ). Significant differences between the fluorescence of AVN and that of the
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AY11I)-AVN mole ratios at any time where the reaction is completed, was assumed to be a

consequence of existence of different Al(II1):AVN complexes.
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Figure 8.25 Variation of fluorescence in acetates buffer (pH=5.0) of (a) AVN, (b)
AIAVN), (c) AI(AVN),, (@) AlAVN)s, (e) AI[AVN)y, () AIAVN)s (8) AI(AVN)s and (h)
AL:AVN 1:10 at 60°C. Concentration: Aluminum 10°M, AVN 0, 1, 2, 3, 4, 5, 6 and 10x10°°
M, respectively. Instrumental parameters: Excitation/Emission wavelength= 520/620 nm,
high voltage, both excitation and emission slits were 5 nm.

This is also supported from the next experiment which shows variation of AI-AVN
fluorescence versus AVN concentration for a constant concentration of aluminum (Figure
8.26). For a higher than 1:6 AI-AVN mole ratio the fluorescence intensity remains constant.
This means that for lower than 1:6 AIFAVN mole ratios, formation of AI-AVN step-wise
complexes takes place.
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Figure 8.26 Variation of fluorescence in acetates buffer (pH=5.0) afier heating for 30
min at 60°C, AI(IID 10°M and AVN 0, 1, 2, 3, 4, 5, 6, 7, 8 9 and 10x10°M. Instrumental
parameters: Excitation/Emission wavelengths= 520/620 nm, high voltage, both excitation

and emission slits were 5 nm.
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A part of the previous experiment was repeated at 40°C to emphasize that more than two
complexes are possible between aluminum(Ill) and AVN. In this instance, criterion of
existence of several AI(II1)-AVN complexes was the time necessary to complete the reaction
between these reagents.

According to the rate law the rate of a reaction increases as the concentration of one or
more reactants becomes larger. Thus, as the AVN concentration increases, while the
aluminum concentration is not varied, the time of the reaction completion would be
decreased.

Figure 8.27 shows clearly, the effect of AVN concentration at constant concentration of
aluminum(III) 1 pM in time of the reaction completion. The complex corresponding to
concentration of 1 uM AVN is AI(AVN) (Figure 8.27a). As the concentration of AVN
increases, AI(AVN) is converted to AI(AVN),, which is accompanied by an increase in the

‘time of the reaction completion (Figure 8.27b). Furthermore, as the concentration of AVN
increases, AI(AVN), is converted to AI(AVN); (Figure 8.27c), which is accompanied by an
further increase in time of the reaction completion. This behavior can be explained if the

gradual formation of compounds (stepwise complexation) of the type AI(AVN), (x>1, x<3),

is assumed to take place.
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Figure 8.27 Variation of fluorescence in acetates buffer (pH=5.0) of (@) AI(AVN), (b)
Al(AVN); and (c) AI(AVN); at 40°C. Concentration: AIII) 10° M, AVN 1, 2, and 3x10° M,
‘ respectively. Instrumental parameters: Excitation/Emission wavelength= 520/620 nm, high

voltage, both excitation and emission slits were 5 nm.
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8.8.5 Effect of 1,10-phenanthroline concentration

The effect of 1,10-phenanthroline concentration within the range 10 to 10* M on the
AI(III)-AVN complex was evaluated. The experiments were performed in an acetates buffer
solution of pH=5.0 containing 4x107 M AVN, 5x10® M aluminum(Iil) and 0.015 M
hydroxylamine hydrochloride. Under these conditions, the fluorescence intensity of Al(III)-
AVN was found to be unchanged as shown in Figure 8.28. A final concentration of 5x10° M
1,10-phenanthroline was chosen for the experiments, unless it is differently given for some

experiments.
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Figure 8.28. Variation of fluorescence with concentration of 1,10-phenanthroline in
acetates byffer (pH=5.0), 4x107 M AVN, 5x10° M Al(I]) and 0.015 M NH,OH.HCI.
Instrumental parameters: Excitation/emission wavelength=540/620 nm, high voltage, both

excitation and emission slits were 5 nm.

8.8.6 Effect of HCI, HNO; and HCI:HNQ3(1:1) on the system stability

Initially, stock solutions (10 and 10~ M) of aluminum(IIT) were prepared in water and
stored in plastic bottles in a refrigerator at 4°C. Using for many days the same stock solution
of aluminum(III), a systematic negative error of the method was noticed. Contrary, when the
stock solution of aluminum(III) was freshly prepared, then errors were not seen anymore. So,
it was assumed that the errors were originated from the fact that, aluminum forms insoluble
Al(OH); in distilled water, the pH of which is around 6.0, since it is known from the literature
that between 5.2 and 8.8 AI(OH); is the prevalent species of an aluminum salt.

For that reason, acid stock solutions of aluminium were further prepared and used.

Acids tested were hydrochloric acid (0.1 N), nitric acid (0.1 N) and a mixture of

hydrochloric acid: nitric acid (1:1), as shown in Table 8.13. Calibration curves were

140




e € et P -

constructed for several concentration ranges of aluminium and the effect of the acids was
examined. In the case of hydrochloric acid, the value of aluminum(III)-AVN fluorescence
was observed, to be unsteady and a gradual decline of the slope of the working graph was
noticed because of formation of possible Al-chloride complexes. Preparation of stock and
working solutions of aluminum in nitric acid or hydrochloric acid: nitric acid (1:1) was
proved to stabilize the fluorescence of aluminum(III)-AVN and was stable for at least 3 days.
The calibration curve was reproducible for a period of 3 days, so it was not necessary to

prepare fresh standards and working aluminum solutions within this period.

Table 8.13 Effect of acids for Al(Ill) determination in acetates buffer (pH=5.0), 3x1 o7
M AVN and 10°%-107 M AldI). Instrumental parameters: Excitation/Emission

wavelength=520/620 nm, high voltage, Slits: excitation 10 nm and emission 20 nm.

Acid, M Equation of the Correlation Period,
calibration curve coefficient, r day

HCl, 0.IM Y=3202X+213.6 0.9917 0
Y=2896.1X+194.8 0.9984 2
Y=2689.6X+215.2 0.998 3
HNO;, 0.IM Y=2326.1X+258.9 0.9937 0
Y=2352.2X+242.3 0.95 1
Y=2354X+283.1 0.9955 3
0.I1M HNO;:0.1M HCI(1:1) Y=2417.8X+212.9 0.9968 0
Y=2491.3X+233.3 0.999 1
Y=2321.5X+230.7 0.995 3

8.8.7 Performance characteristics

In common with all fluorescence methods, the sensitivity is largely determined by the
choice of instrument and operating conditions, and the lowest determinable levels by reagent
purity and handling conditions. In order to investigate the full potential of the system it
becomes necessary to investigate in greater detail the source of the contamination and the

instrumental performance. The sources of contamination from the blank values were

~ eliminated by using analytical-reagent grade chemicals.

The experimental precision and sensitivity improvement were found to be dependent on
the parameters of instrument, as photomultiplier and slit widths for excitation and emission
(Tables 8.14 and 8.15). (Proper selection of bandwidths of excitation and emission

monochromators as well as the photomultiplier voltage can lead to maximum signal.)
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Table 8.14 Effect of slit width combination on precision and detection of the method for
10° M AVN and Al(I1]) concentration from 10° M to 107 M, in an acetates buffer of pH=35.0,

at room temperature. Instrumental parameter: Excitation/Emission wavelength=520/620 nm.

No. | Instrumental | Equation of the | Correlation | Standard | Relative | **Limit of
parameters | calibration curve | coefficient, | deviation | Standard | detection(M)
r of blank | deviation
H (20/5) Y=768.8X+90.9 0.99844 | 0.272651 § 0.003 1.06x10”
H(10/10) | Y=1777.9X+210.4 | 0.99849 0.27289 | 0.0013 0.46x10”
M (20/5) Y=56.5X+6.8 0.99819 10.023808 | 0.0035 | 1.26x10”
°L (20/5)* Y=4.9X+0.6 0.99779 |0.007778 | 0.013 4.7x10”

B W N~

' H=high voltage, *M=medium voltage, *L=low voltage.
*Slits (excitation/emission) nm.

** Limit of detection calculated from the standard deviation of the blank.

Stronger excitation conditions accompanied by higher quantum efficiencies, broader
emission beams and larger voltages, ameliorate the sensitivity but calibration graph is limited
because measurements go out of the instrument scale for higher aluminum concentrations.

Close investigation of the method performance reveals that better sensitivity involves
lower relative standard deviations and lower detection limits, although they are susceptible to
higher standard deviations. Deviation from this general conclusion is noticed for very low
sensitivities where the magnitude of the signal begins to suffer from the instrument noise.

The average time of the lamp flash is related to the noise of the instrument and
consequently has an effect on the limit of detection (Table 8.16). Estimating the pros and
cons, 10-nm bandwidths for both excitation and emission monochromators, high voltage

(gain) and 3 sec average time were finally selected.
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8.9 Interferences

An interfering substance in analytical procedures is one that, at the given concentration,
causes a systematic error in the analytical result. In the case of a quantitative determination
this error has to be

a. greater than some arbitrarily-chosen percentage of the determinant concentration.

b. greater than a value given by the standard deviation of an unequivocally defined set
of results obtained with the analytical procedure, multiplied by a numerical value which
depends on the level of confidence desired (it is recommended to adopt a value of 3 for this
numerical factor, which corresponds to a confidence level of 99.86% for a one-sided Gaussian
distribution).

¢. of any magnitude.[46]

A systematic study was performed in order to evaluate the effect of 16 inorganic species

.(cations and anions) in the determination of aluminum(IIl). For the study, aluminum(IIl) and
AVN concentrations were fixed at 107 M and 10® M respectively, while different
concentrations of cations or anions were tested. Cations were added as chloride, nitrate and
sulfate salts and anions as sodium salts. When the signal between the analyte standard and the
sample (containing the analyte in the presence of the interferent) was larger than £5 %, the
foreign ion was considered to be interfering with the determination of aluminum(III).

Experiment: Aluminum standard and sample solutions were directly prepared in a set of
polyethylene test-tubes. Into each tube 0.5 mL of acetates buffer solution (pH=5.0), 50 pL of
10* M AVN, followed by 50 pL 10° M aluminum(III) were placed. Various working
solutions (10® to 10” M) of foreign ions were used to study their interferences; each time an
appropriate volume from one solution was transferred into a test-tube of the set. The contents
were well mixed, then the volume of each tube was made up to 5.0 mL with distilled water
and again were thoroughly mixed. The tubes were placed into a water bath, at 60°C, for 20
min, brought to room temperature and finally the fluorescence was measured at 620 nm
(excitation at 520 nm). _

The most critical interferences were found with iron(III), copper(Il) and F" (Table 8.17),

- but in the presence of masking agents, the interference effect of these ions was weakened to a
considerable degree (Table 8.18).
Excess of chromium(Ill), nickel(Il), strontium(II) and zinc(II) ions showed  small

modification on the aluminum(III)-AVN fluorescence intensity.
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The obtained results indicated that the ijons cobalt(I), manganese(II), barium(I),
lead(Il), cadmium(II), magnesium(ll), calcium(II) beryllium(Il) and PO did not cause
detectable changes in the fluorescence signal of the aluminum(III)-AVN system.
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8.9.1 Iron interference. Iron is known to interfere with the direct fluorimetric analysis

of aluminum(III) in aqueous samples. In such an interference study three approaches deserve

closer consideration:
a. Spectral interference is one source of errors. Several metal-AVN complexes absorb a
part of the fluorescence (emission) light at the wavelength of measurement (620 nm) bringing

about significant negative errors, as illustrated for iron(IIl) in Figure 8.29 and iron (II) in

Figure 8.30.
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Figure 8.29. Absorption spectra in acetates buffer (pH=5.0) and 2x10° M AVN. (a) No
Fe(Il]); (b) Fe(II) 10° M (c) Fe(Il[) 2x10°° M and (d) Fe(Il) 3x10°M,
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Figure 8.30. Absorption spectra in acetates buffer (pH=5.0), 2x10° M AVN and

NH,OH.HC! 0.015 M. (a) No Fe(IIl); (b) Fe(lll) 10° M: (c) Fe (II) 2x10°° M: (d) Fe(IIl)
3x10° M and (e) Fe(IIl) 4x10° M.
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Figure 8.29 and 8.30 show visible spectra of Fe(III)-AVN and Fe(II)-AVN systems in
an acetates buffer solution of pH=5.0, where both absorbance maxima are observed at 499 nm
, while the two isosbestic points of both iron(Il) and iron(III) are observed at 468 and 554 nm.
Addition of various concentrations of iron(Ill) and iron(Il) causes a gradual slight
hypsochromic shift of the 499 nm band to lower wavelength.

Fe(IIT)-AVN and Fe(II)-AVN (Figure 8.29 and 8.30) demonstrate a higher absorption
than AVN alone at an emission wavelength of 620 nm, which dramatically reduces the photon

flux of radiation at emission.

1,10-Phenanthroline is favorably known as reagent for iron(II) and other divalent cations
(Table 8.19). The orange-red (maximum absorption at about 508 nm) 1,10-phenanthroline
complex, (C12HsN2)sFe?*, can be formed quantitatively in the pH range 2.0-9.0.[47)

Equilibrium stepwise reactions between 1,10-phenanthroline and a number of metal ions

are known and they are shown in Table 8.19:

Table 8.19. Stability constants for some metal complexes (1:1, 1:2, 1:3) with 1,10-
phenanthroline. [48,49]

Complexation Ni(ll) Fe(I) Fe(ll)  Cu(ID Cu(®  Zn(l)
ML 8.6 5.85 6.5 8.8 8.8 6.4
ML, 16.7 11.15 11.4 15.3 15.3 12.2
ML; 24.3 21.0 14.1 202 - 17.1

Complexation Hg(l)  Mn(Il) Co(1D) Sn(ID) cd(ID
ML . 4.0 7.08 3.88 5.8
ML, 19.65 73 13.72 - 10.6
ML; 23.35 10.3 19.8 - 14.6

Thus, 1,10-phenanthroline was initially decided to serve as masking for iron and other
foreign metals of the reference sample. However, errors continued to exist, since iron(IIl)
prefers to coordinate AVN than 1,10-phenanthroline (Figure 8.31).
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Figure 8.31. Absorption spectra in acetates buffer (pH=5.0), 2x10° M AVN and 5x10°
M 1,10-phenanthroline. (@) No Fe(lll); (b) Fe) 10° M; (c) Fe(Il) 2x10° M: (d) Fe(IIl)
3x10°M and (e) Fe(Il) 4x10° M.

The opposite goes for iron(II) and other divalent ions that are acceptably masked by
1,10- phenanthroline as shown in Figure 8.32 for iron(II) and tabulated in Table 8.19 for
many other metal ions.

Addition of 1,10-phenanthroline in the system Fe(II)-AVN is accompanied by
disappearance of the isosbestic points at 468 and 551.5 nm and the spectrum shows no
absorption at the emission range over than 600 nm (Figures 8.32). It is evident that iron(II)
prefers to coordinate 1,10- pheqanthroline than AVN. Thus, errors due to spectral

interferences are not more seen.
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Figure 8.32. Absorption spectra in acetates buffer (pH=5.0), 2x10°M AVN, 5x10° M
1,10-phenanthroline and 0.015 M NH>OH.HCI (in order to reduce Fe(1ll) to Fe(ll) ). (a) No
Fe(Il); (b) Fe(Ill) 10°M:; (c) Fe(I]) 2x10°M; and (d) Fe(IIl) 3x10°M .

Thus, except 1,10-phenanthroline, hydroxylammonium chloride was also optioned as an
essential agent to reduce some present trivalent ions in the sample and especially iron(III) to
iron(IT). As shown in Table 8.18, with a concentration of 5x10”° M 1,10-phenanthroline and
0.015 M hydroxylammonium chiloride, determination of aluminum(IIl) at a limiting
concentration of 107 M, in acetates buffer (pH=5.0) and 10® M AVN, is successful and

without errors even if iron(III) concentration is up to 2x10° M.

b. When AVN is not sufficient to obtain its maximum coordination to all metal ions of a
sample (Al(IITI):AVN=1:3), then large negative errors result for aluminum in the presence of
metal ions with stability constants greater than that of aluminum. In this particular case, even
if weak complexes between AVN and some metal ions are formed, considerable errors for

aluminum are again expected. This effect is shown in Figure 8.33 also for other ions.
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Figure 8.33 Variation of fluorescence in acetates buffer (pH=5.0), AVN 1.8%10°° M and
AIIID 6%10° M (@) Fe(ID); (b)) Cudl); (c) Fe(ll), and NH,OH.HC! 0.015 M and (d)
Co(1l). Instrumental parameters: Excitation/Emission wavelength =520/620 nm, high voltage,

_ Slits: excitation 5 nm and emission 10 nm.

For instance, the effect of iron(I) and iron(IIl) is also shown in Figure 8.33. Even, if
small concentrations of iron(II) and iron(Il) are added in a solution, a distribution of these
metals and their species with AVN was observed. As a consequence iron(II) introduce, only,
small errors for aluminum determination, while iron(III), having a stronger chemical affinity

with AVN, gives very large errors.

c. If AVN is adequate to satisfy full complexation of each foreign metal ion, errors of
those described above are absent, because no competition of the ions for the ligand exists and
no replacement of aluminum occurs by ions giving more stable complexes. Despite this
favourable behaviour, relatively small negative errors again appear due to fluorescence
quenching of the coordinated AVN (which is a weakly fluorescent molecule) to foreign metal

ions. By the way, Figure 8.34 shows the variation of fluorescence in the presence of iron(III).
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Figure 8.34. Variation of fluorescence with concentration of Fe(Ill) in acetates buffer
(pH=5.0) and 2x10° M AVN. Instrumental parameters: Excitation/Emission
wavelength=520/620 nm, high voltage, both excitation and emission slits were 10 nm.

Although an excess of AVN was decided to be used in this work, negative errors
originating from absorption or quenching (first and third approach, respectively) would result
if a convenient masking agent had not been utilized. Thus, 1,10- phenanthroline and
hydroxylamine hydrochloride was decided to serve as masking system for iron and other
foreign metals of the reference sample. Figure 8.35 shows the effect of iron(III) on the
fluorometric determination of aluminum(lIl). It is clear that iron(III) in the presence of 1,10-
phenanthroline and hydroxylamine hydrochloride does not essentially interfere. In contrast,
iron(TII) without hydroxylamine hydrochloride and 1,10- phenanthroline adds large errors in
aluminum(IIT) determination.
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Figure 8.35. Variation of fluorescence with Fe(I1l) in acetates buffer (pH=5.0) and AVN
2x]0° M. (a) Fe(Ill) alone; (b) Fe(Ill) and 1,10-Phenanthroline 5x10° M ; (c) Fe(Ill) and
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NH,OH.HCI 0.015 M (d) Fe(Il), 1,10-Phenanthroline 5107 M and NHOH.HCI 0.015 M.
Instrumental parameters: Excitation/Emission wavelength =520/620nm, high voltage, both

excitation and emission slits were 10 nm.

8.9.2 Copper interference. The results shown in Table 8.17, also, indicate strong
interference in the presence of copper(Il).

a. Figure 8.36 shows visible spectra of Cu(II)-AVN system in an acetates buffer solution
of pH=5.0. Absorbance maximum is observed at 499 nm. An isosbestic point is located at 502
nm. Addition of various copper(ll) concentrations causes a gradual slight bathochromic shift
to 512 nm. Cu(II)-AVN complex absorbs light at the wavelength of measurement (620 nm);
while by adding masking system (1,10-phenanthroline and hydroxylamine hydrochloride),

errors due to spectral interferences are not seen anymore.

0.25

0.2

0
300 400 500 600 700
Wavelength (nin)

Figure 8.36 Absorption spectra in acetates buffer (pH=5.0) and 2.4x10° M AVN. (a) No
Cu(Il); (b) Cu(ll) 10° M: (c) Cu(ll) 2x10° M (d) Cu(Il) 3x10° M (e) Cu(Il) 4x10° M and (p)
Cu(Il) 5x10°M

Addition of hydroxylamine hydrochloride and 1,10-phenanthroline in the system of

Cu(Il)-AVN is accompanied by disappearance of the isobestic point at 502 nm and entire
coincidence of the AVN and Cu(II)-AVN spectra (Figure 8.37).
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Figure 8.37 Absorption spectra in acetates buffer (pH=5.0), 2x10° M AVN, 5x10° M
1,10-phenanthroline, NH;OH.HCI 0.015 M and Cu(Il) 0,1,2,3,4x10° M,

b. Large negative errors result for aluminum in the presence of copper(Il) when AVN is
not sufficient to obtain its maximum coordination to all metal ions of a sample
(AI(IIT):AVN=1:3). This is a consequence of the overall stability constant of copper(Il) with
AVN which is greater than that of aluminum(IIl), as in the case of iron(IIT). The strong
chemical affinity of copper(ll) with AVN gives very large errors in fluorometric
determination of aluminum(III), an effect that is well evident from Figure 8.38.

0 02 DA 06 0,8 1 1,2
Cu(ll) concentration (M)

Figure 8.38. Variation of fluorescence with Cu(Il) in acetates buffer (pH=5.0), AVN
1.8%x10°% M and Al(III) 6x107 M. Instrumental parameters: Excitation/Emission wavelength
=520/620 nm, high voltage, Slits: excitation 5nm and emission 10 nm.
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c. Interferences in the presence of copper(ll) result, also, from the fact that copper(il)
reacts with AVN in excess forming non-fluorescent complexes, that is to say errors come into
the presence due to fluorescence quenching of the coordinated AVN in excess, which is a
weakly fluorescent molecule. This interfering effect of copper(Il) was prevented by adding
hydroxylamine hydrochloride and 1,10-phenanathroline (Figure 8.39 and Table 8.18).

y=-18340x + 34600
R =0.4585

0 2 4 6 8 10 2
Cu concentration (i)
Figure 8.39. Variation of fluorescence with Cu(ll) in acetates buffer (pH=35.0) and AVN
2x10° M. (@) Cu(ll) alone; (b) Cu(ll) and NH,OH.HCI 0.015 M (c) Cu(dl), 1,10-
Phenanthroline 5x10° M and NH,OH.HC! 0.015 M. Instrumental parameters:

Excitation/Emission wavelength =520/620 nm, high voltage, both excitation and emission

slits were 10 nm.

Thus, with a concentration of 5x10° M of 1,10-phenanthroline and 0.015 M
hydroxylamine hydrochloride, determination of aluminum(Ill) can be accomplished with
small errors from the presence of copper(Il), even though the concentration of the metal is up
to 10°M, for 10°M AVN and 10”7 M aluminum(III) in acetates buffer (pH=5.0) (Table 8.18).

8.9.3 Cobalt interference. At high concentration of cobalt(Il) could be a potential
interferent. Figure 8.40 shows visible spectra of Co(II)-AVN system in an acetates buffer
solution of pH=5.0. Absorbance maximum is observed at 499 nm, while an isobestic point is

Jocated at 539 nm. Addition of various cobalt(II) concentrations causes a gradual slight
bathochromic shift .
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Figure 8.40. Absorption spectra in acetates buffer (pH=5.0) and 2.4%x10° M AVN. (@)
No Co(Il); (b) Co(I) 10°° M;: (c) Co(@l) 2x10°° M: (d) Co(Il) 4x10°° M; (e) Co(I) 6x10° M
and (f) Co(Il) 8x10°M.

Co(IT)-AVN complexes absorb a part of the fluorescence (emission) light of the Al(III)-
AVN system at the wavelength of measurement (620 nm), bringing significant negative
errors, as illustrated in Figure 8.40.

The absorption spectrum of AVN and those with various cobalt(I) concentrations in the
presence of masking agents are shown in Figure 8.41. It is evident, that under these conditions
the spectral interferences are not seen anymore at 620nm, where fluorescence measurements

are made for aluminum(III) determination.

™ s
Wavelength (nm)
Figure 8.41. Absorption spectra in acetates buffer (pH=35.0), 1 0¢ M AVN, 5x10° M 1,
10-phenanthroline and NH,OH.HCI 0.015 M. (@) No Co(1l); (b) Col) 2x1 0° M and (c)

Co(Il) 3x10° M.
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Also, relative small negative etrors again appear due to fluorescence quenching of the

coordinated AVN in excess, as shown in Figure 8.42.

310
o 300 4
g
£ 20
L]
280 -
Pl y=,2862x + 301,38
%m- RZ= 0,981
< 260 -
50 1] L R ¥ L 3
0 2 4 ] 8 10 12
Co(¥) concentration (L)

Figure 8.42. Variation of fluorescence with Co(ll) in acetates buffer (pH=35.0), AVN
2x10° M. Instrumental parameters: Excitation wavelength/Emission wavelength =520/620

nm, High voltage, both excitation and emission slits were 10 nm.

The masking capacity of various reagents was tried, to restrain undesirable interference
from cobalt(Il), as follows: 1.7x102M KSCN, 0.02 M glycine, 3 % H>0, and 0.5 M NaF. The
interference from cobalt(Il) on the determination of aluminum can not be reduced in the
presence of the above masking agents.

However, cobalt(Il) ions have a limited only interfering effect in the fluorometric
determination of aluminum(lII) (Table 8.17) for concentration Co(II):Al(III) ratios up to 10.

8.9.4 Chromium interference The results shown in Table 8.17, also, indicate
interference in the presence of chromium(lIl). Interferences in the presence of chromium(III)
result from the fact that chromium(III) reacts with AVN forming non-fluorescent complexes,
that is to say errors come about because of fluorescence quenching of the coordinated AVN,

which is a weakly fluorescent molecule, as shown in Figure 8.43a. Interference of this type

| exists even if the masking agents are added (Figure 8.43b).

Thus, the proposed method for aluminum determination is convenient if the samples for
analysis are characterized by a low content in chromium(III). However, chromium(IIT) ions
have a limited only interfering effect in the fluorimetric determination of aluminum(III)
(Table 8.17) for Cr(III):AI(III) concentration ratios up to 2.
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Figure 8.43. Variation of fluorescence with Cr(Ill) in acetates buffer (pH=5.0), AVN 2x10°
M; (@ CrdIl), (b) Cr(IIl) 1,10-Phenanthroline 5x10° M and NH,OH.HC! 0.015 M.
Instrumental parameters: Excitation/Emission wavelength =520/620 nm, high voltage, both

excitation and emission slits were 10 nm.

8.9.5 Fluoride interference. Addition of fluorides in AI(IIT)-AVN system (Figure 8.44)
is accompanied by disappearance of the isosbestic point at 502nm and entire coincidence of
the AVN and AI(IIT)-AVN spectra (Figure 8.45).

300 400 500 600
Wavelength (nm)

Figure 8.44. Absorption spectra in acetates buffer (pH=5.0) and 2.4x10° M AVN. (a)
No AI(IID; (b) AIIID 10°M; (c) AIIID) 2x10°M; (d) AIIID 3%10°M; (e) AI(II]) 4x10° M;
() ANII) 5%<10°M: and (g) AI(IID 6%10°M .

Figure 8.44 shows visible spectra of AI(II)-AVN system in an acetates buffer solution

of pH=5.0, where the absorbance maximum is observed at 500 nm. An isosbestic point is
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located at 499 nm. Addition of various concentrations of aluminum(IIl) causes a gradual
slight bathochromic shift to 510 nm.

08
0.6
3
&
<
§ 0.4
4
0.2
0 1 i | 1
400 500 600 700
Wavelength (nm)

Figure 8.45 Absorption spectra in acetates buffer (pH=5.0), 10* M AVN, 0, 2.5, 3,
10x10°° M Al(IID) and 0.5 M NaF.

The presence of fluorides interfere with the determination of aluminum(III) due to the
fact that this anion strongly reacts with aluminum(III) giving complexes of the type AIF,*3
(x:1-6).

Aluminum(IIl) is not necessarily released from AIF,*® and for this reason negative
errors are expected in a sample analysis for aluminum determination. The same effect also,
was noticed for iron(Ill). The influence of fluorides can be anticipated by addition in the
sample of a salt of beryllium(II). that has a good affinity with fluorides to release
aluminum(II) from AIF,*®[50]. When beryllium(Il) is introduced into a sample, the
interference of fluorides can be largely reduced. For example by addition of 10* M of
beryllium(II), the error in aluminum determination is less than 5 % for a fluoride
concentration 20-fold larger, compared to that of aluminum(III).The reaction of beryllium(II)

and fluorides is fast and the products are stable in analytical procedure.

8.9.6 Phosphate interference. It is known from literature that phosphates interfere with
determination of aluminum(III) by forming such stable complexes that the formation of the
complex with a chromogenic reagent is prevented. The stability of the aluminum phosphate
species is highly pH-dependent. The lowest solubility of the aluminum phosphates is at a pH
around 6.0, while it is about 10 000 times more soluble at pH 4.0 [51]. In the method
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proposed, however, determination of aluminum(1Il) is successful and without error even if
phosphates concentration is up to 4x10* M for 10° M AVN and 107 M aluminum(II), in
acetates buffer solution of pH=5.0.

8.9.7 Organic compounds interference. Both low-molecular-weight organic acids and
high-molecular-weight humic compounds form complexes with aluminum. The stabilities of i
these organo-aluminum complexes are highly variable, and the magnitude of these ‘
interferences is therefore difficult to predict. However, methods for the determination of
aluminum in biological materials involve a digestion procedure to remove the organic
compounds [52], or a speciation procedure where the organic aluminum complexes are
separated from the inorganic species of aluminum{53]. No efforts were made to evaluate these
possible interferences.
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9. Calibration methods for aluminum determination

The fluorescence reaction between aluminum(III) and AVN was directly proportional in
a range of aluminum(lII) concentrations from 2x 10" to 5x10 M. The two out of three most -
common calibration methods, those of the calibration curve and the standard addition one,
were used in this work to determine aluminum(IIl) in soft drinking water, prawn and a
pharmaceutical formulation. To obtain a determination, three concentration ranges for
aluminum(III) standard solutions, that bracket the concentration expected for the samples,
were employed. The ranges used were 10° to 10*M, 10®to 10" M and 107 to 10° M.

9.1a Calibration curve method, certified prawn, 107 to 10° M range for standard
aluminum(lIll) solutions.

Experiment: Aluminum standard solutions in triplicate and six identical sample
solutions were directly prepared in a set of twenty-four test-tubes. Into each tube 0.5 mL of
sodium acetate-acetic acid buffer solution (pH=5.0), 50 pL of 5x10° M 1,10-phenanthroline,
0.5 mL of 0.15 M hydroxylammonium chloride and 0.1 mL of 5x10™ M beryllium sulphate,
followed by 50 pL of 10° M AVN were placed. In each set of three test-tubes (first eighteen
tubes) volumes of 0, 10, 20, 30, 40 and 50 pL of the 10° M aluminum(III) standard solution
were dispensed in turn. In each of the remaining six test-tubes 40 pL of a ten times diluted in
0.1 N nitric acid prawn stock solution, were placed. The contents were well mixed, then the
volume of each tube was made up to 5.0 mL with distilled water and again were thoroughly
mixed. This procedure was consistently followed to avoid possible hydrolysis of
aluminum(IIT). The tubes were placed into a water bath, at 60°C, for 30 min, brought to room
temperature and finally the fluorescence was measured at 620 nm (excitation at 520 nm).

In this range of aluminum(III) concentrations a dispersion of the measurements was
observed. This effect was confronted by repeated measurements of the standard and unknown
solutions or/and by preparing and measuring several identical solutions for each standard and
unknown. Deviations in the calibration graph for the determination of aluminum(lIl) are
shown in Table 9.1. The relative standard deviation of the slope for this curve was 2.9 %,
corresponding to confidence limits of 64051517, at the 95 % level. The correlation coefficient
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was 0.9983. The values were calculated by the method of least squares using Equation 9.1,
with b = 157.543.13.

Y=5b+mX O.1)
where b is the intercept, m the slope and X the concentration.

Table 9.1. Accuracy of the spectrofluorimetric determination of Al(Ill) in an acetates
buffer solution of pH 5.0, 0.015 M NH,OH.HCI, 5x10°* M 1,10-phenanthroline, 10°M
beryllium sulphate and 10° M AVN.

Aluminum concentration (uM) Deviation (%)
X x’ [100(xrx)/x]
0 0 0
0.002 0.001763 -11.8
0.004 0.003783 -5.4
0.006 0.005962 -0.63
0.008 0.008211 +2.64
0.01 0.00999 -0.1

@ Prepared values.
b Mean values of triplicate solutions calculated from the fluorescence using Equation
9.1.

Two cases for defining the detection and quantitation limits have been developed:

a. In the first case, the limits of detection and quantitation, calculated from the
regression line [1), were found to be 7.3x10'° M and 2.4x10” M, respectively. The standard
deviation (S,4), based on the fluorescence values of all solutions of the calibration graph, was
found to be S,4=1.56.

b. In the second case, the limits of detection and quantitation, calculated from the
standard deviation (s3) of the blank [2, pp307], were found to be 2.28x10™'° M and 7.6x10™°
M, respectively. Here, the standard deviation, evaluated by making 20 replicate fluorescence
measurements of the blank in exactly the same way, was found to be 5;=0.46.

Since the standard deviations have been found, the limit of detection (LD) is evaluated
as LD=3S,,/m (first case) or LD=3s,/m (second case) and the limit of quantitation (LQ) as
LQ=10Syx /m (first case) or LO=10sy/m (second case), where b is the slope of the calibration

graph.
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The aluminum(III) concentrations of the six prawn solutions (test-tubes 19-24) were
calculated from Equation 9.1 (Y=157+6405X) and then were referred to the initial reference
material. The relative standard deviation (R.S.D.) of the aluminum(IIl) content of the
reference sample of prawn (GBW 08572) was 6.76 %, corresponding to confidence limits of
0.128+0.008 %, at the 95 % level. This content, found by means of the present method, lies
very close to the certified value (0.131+0.004 %) of the reference material.

9.1b Standard addition method, certified prawn, 10° to 10° M range for standard
aluminum(I11) solutions.

In order to evaluate overall recovery of the procedure, calibration plots were built up by
preparing and adding increments of a standard aluminum(IIl) solution (increments in the
2x10°-10% M range) in a number of test-tubes including only blank (group a), as well as in
another number of test-tubes (group b) containing blank and prawn aliquots of the same size
(40 pL of a ten times diluted prawn stock solution). The reaction of aluminum(III) and AVN
in group A is considered to be complete, that is to say a 100 % recovery of aluminum(III) is
obtained. Comparison of the slopes of the two working curves referred to groups a and b,
respectively, can be used to estimate the effect caused by matrix concomitants on the recovery
of added aluminum(III). In the absence of the matrix effect the ratio between the slopes of the
two curves is equal to 1 and this condition ensures full aluminum(III) recovery. For this
experiment, however, the ratio of the two slopes (shown in Figure 9.1) was found to be 0.80.
Although this result is not promising a 100 % recovery of aluminum(III), next experiments
show that the procedure of the standard additions does not suffer from effects caused by
matrix concomitants. |

Experiment: A set of eighteen polyethylene test-tubes was used to prepare solutions
needed for aluminum determination in prawn by the method of standard additions. Into each
test-tube 0.5 mL of sodium acetate-acetic acid buffer solution (pH=5.0), 50 pL of 5x10° M
1,10-phenanthroline, 0.5 mL of 0.15 M hydroxylammonium chloride, 0.1 mL of 5x10° M
beryllium sulphate, 50 pL of 10° M AVN, followed by 40 pL of a ten times diluted in 0.1 N
nitric acid stock solution of the certified prawn were placed. In each set of three test-tubes
volumes of 0, 10, 20, 30, 40 and 50 pL of the 10° M aluminum(III) standard solution were
dispensed in turn. The contents were well mixed, then the volume of each tube was made up
to 5.0 mL with distilled water and again were thoroughly mixed. This procedure was

consistently followed to avoid possible hydrolysis of aluminum(III). The test-tubes were
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placed into a water bath at 60°C for 30 min, brought to room temperature and finally the
fluorescence was measured at 620 nm (excitation at 520 nm). The plot of fluorescence versus
aluminum concentration is shown in Figure 9.1b. A second experiment, without adding prawn
sample was carried out in exactly the same way and used to prove possible effects of the

matrix concomitants. The results of this second experiment are shown in Figure 9.1a.

¥ =5130x + 104,12 b
R = D9847
-]
y= 06405, 1x + 157 5t
R = 02066
0002 _ 0po4 008 0008 00
Concentration of Al (M)

Figure 9.1. Method of standard additions of aluminum(IIl) (volumes of 0, 10, 20, 30, 40
and 50 uL of 10° M Al{ll). in (a) only blank and (b) blank plus prawn. Chemical
composition: acetates buffer (pH=5.0), 0.015 M NH,OH.HCI, 5x107 M 1,10-phenanthroline,
10*M beryllium sulphate and 10° M AVN. Instrumental parameters: Excitation/Emission

wavelength=520/620 nm, high voltage, both excitation and emission slits were 10 nm.

The method of standard additions is applicable only if instrument response (¥) versus
concentration (X) of standard solutions is a straight line and passes through the origin, namely
the straight line represents a first degree equation of the form Y=m.X, containing no intercept.
In this study the curve 9.1.a shows a large value of intercept which was calculated from
Equation 9.1. Therefore, the curve 9.1b, prepared by the method of standard addition, could
not be directly used for aluminum determination in prawn, but only after subtracting the blank
value from the fluorescence of each solution used to prepare the curve 9.1b. Thus, a potent
analytical curve resulted and the aluminum(IIT) of the prawn aliquots (40 pL of the stock
solution) was calculated from Equations 9.2 or 9.3 [2].

bX
X, =—=% 9.2
* mVy, ©-2)
Xy = ———-(Vs JoXs 9.3)
Vy
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The value of the aluminum(IIT) concentration was referred to the initial certified prawn
sample and its content (0.1074+0.006 %) found to lie close enough to the certified value
(0.131£0.004 %).

9.2a Calibration curve method, certified prawn, 10° to 167 M range for standard
aluminum(IIl) solutions.

The procedure followed here, in order to determine aluminum(III) in prawn (40 uL of
the reference prawn stock solution), was analogous to that already described in paragraph
9.1a.

Deviations in the calibration graph for the determination of aluminum(IIl) are shown in
Table 9.2. The relative standard deviation of the slope for this curve was 1.18 %,

corresponding to confidence limits of 4998+164, at the 95% level. The correlation coefficient

was 0.9997. The values were calculated by the method of least squares using Equation 9.1,
with b = 161.9619.94.

Table 9.2 Accuracy of the spectrofluorimetric determination of Al(Ill) in an acetates
buffer solution of pH 5.0, 0.015 M NHOH.HCI , 5x10° * M 1,10-phenanthroline, 10°M
beryllium sulphate and 10° M AVN.

Aluminum concentration (uM) Deviation (%)
x xi [100(x-x)/x]
0 , 0 0

0.02 : 0.01992 -0.4

0.04 0.04154 +3.85

0.06 0.05995 -0.1

0.08 0.07897 -1.28

0.1 0.10025 +0.25

 Prepared values.

b Mean values of triplicate solutions calculated from the fluorescence using Equation
9.1

Here, also two cases for defining the detection and quantitation limits have been
developed:
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a. In the first case, the limits of detection and quantitation, calculated from the
regression line [1], were found to be 2.9x10° M and 9.9x10° M, respectively. The standard
deviation (S,) was found to be S,4=4.95.

b. In the second case, the limits of detection and quantitation, calculated from the
standard deviation (s5) of the blank [2, pp307], were found to be 3.9x10"°M and 1.3x10° M,
respectively. Here, the standard deviation was found to be 5,=0.65[3].

The aluminum(III) concentrations of six prawn solutions were calculated from Equation
9.1 (Y=161+4998X) and then were referred to the initial reference material. The relative
standard deviation (R.S.D.) of the aluminum(IIl) content of the reference sample of prawn
(GBW 08572) was 4.40 %, corresponding to confidence limits of 0.1309+0.0058 %, at the
95% level. This content, found by means of the present method, was about the same to the
certified value (0.131+0.004 %) of the reference material.

9.2b Calibration curve method, certified soft drinking water, 107 to 107 M range for
standard aluminum(III) solutions.

In this experiment, aluminum(III) determination in soft drinking water (50 pL of the
reference soft drinking water), was performed by a procedure analogous to that already
described in paragraph 9.1a. Deviations in the calibration graph (Figure 9.2) for the
determination of aluminum(III) are shown in Table 9.3. The relative standard deviation of the
slope for this curve was 2.6 %, corresponding to confidence limits of 6832+ 418, at the 95 %
level. The correlation coefficient was 0.9976. The values were calculated by the method of
least squares using Equation (9.1), with 5 =383.08+ 23.54.

1100 -
¥ = 6832.6x + 383,08
21000 - R = 0,0063
Q00 4
a
3 00 1 2
3. 700 4
s %
4 000 1
'zem«
m Ll L) L) R Ll
o o.02 0.04 0,08 0,08 0.4
AKW) concentration (1)
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Figure 9.2. Variation of fluorescence with concentration of aluminum(IIl) in an acetates
buffer solution of pH=5.0, 0.015 M NH,OH.HCI, 5x10°* M 1,10-phenanthroline and 1 05 M
AVN, Instrumental parameters: Excitation/Emission wavelength=520/620 nm, high voltage,

Slits: excitation 10nm and emission 20 nm.

Table 9.3. Accuracy of the spectrofluorimetric determination of aluminum(1ll) in an
acetates buffer solution of pH 5.0, 0.015 M NH,OH.HCI, 5x1 0'M 11 0-phenanthroline and
10° M AVN.

Aluminum concentration (uM) Deviation (%)
x° x! [100(x+x)/x]
0.01 0.0108 +8
0.02 0.022217 +11.1
0.03 0.028501 -5
0.04 0.036771 +8.1
0.05 0.048692 -2.6
0.06 0.062732 +4.6
0.07 0.069727 -0.4
0.08 0.08079 +1
0.09 0.089767 -0.3
@ Prepared values.

b Mean values of duplicate solutions calculated from the fluorescence using Equation
9.1.

Here, also two cases for defining the detection and quantitation limits have been
developed: ‘

a. In the first case, the limits of detection and quantitation, calculated from the
regression line [1], were found to be 6x10° M and 2x10® M, respectively. The standard
deviation (S,4), based on the fluorescence values of all solutions of the calibration graph was
found to be S,,=13.70.

b. In the second case, the limits of detection and quantitation, calculated from the
standard deviation (s3) of the blank [2, pp307], were found to be 4.4x107'° M and 1.5x10® M,
respectively. Here, the standard deviation was found to be s;=1.08[3].

The aluminum(III) concentrations of six soft drinking water samples were calculated
from Equation 9.1 (Y=383+6832X) and then were referred to the initial reference material.
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The relative standard deviation (R.S.D.) of the aluminum(III) content of the reference sample
of soft drinking water (LGC 6011) was 5.32 %, corresponding to confidence limits of 206+
11.0 pg/L, at the 95 % level. This content, found by means of the present method, lies close to
the certified value (21818 ng/L) of the reference material.

9.2c Standard addition method, certified prawn, 10° to 107 M range for standard
aluminum(IIl) solutions.

The procedure followed here, in order to determine aluminum(III) in prawn by standard
addition method, was analogous to that already described in paragraph 9.1b. Thus, the
calibration plots were built up by preparing and adding increments of a standard
aluminum(III) solution (increments in the 2x10°-107 M range) in a number of test-tubes
including only blank (group a), as well as in another number of test-tubes (group b)
containing blank and prawn aliquots of the same size (20 pL of the reference prawn stock
solution). In this case, the ratio between the slopes of the two curves (shown in Figure 9.3)
was found to be 1.01. This result shows that the procedure of the standard additions does not

suffer from any effect caused by matrix concomitants.

1000
800
600
400
200

0 L L] ¥
0 0,02 0,04 0,06 0,08 0.1
Concentration of Al(l) (L)

Figure 9.3 Method of standard additions of aluminum(1ll) (volumes of 0, 10, 20, 30, 40
and 50 uL of 10° M AI(IID) in (a) blank and (b) 20 uL of a prawn stock solution. Chemical
composition: Acetates buffer (pH=5.0), 0.015 M NHOH.HCI, 5x10° M 1,10-phenanthroline,
10°M beryllium sulphate and 10° M AVN. Instrumental parameters: Excitation/Emission

¥ = S0%6.9x+ 425,22
R = 09581

¥ = 4998 X+ 161,96
R =094

L L L}

Arbitrary fluorescence

wavelength=520/620 nm, high voltage, both excitation and emission slits were 10 nm.
The aluminum(III) concentration of the prawn solution were calculated from Equation

9.1, after subtracting the blank value from the fluorescence of each solution used to prepare

the curve 9.3b. The value of the aluminum(III) concentration was referred to the initial

174




-~

certified prawn sample and its content (0.125+0.008 %) was found to lie close to the certified
value (0.131+0.004 %).

9.2d Standard addition method, certified soft drinking water, 1 0 to 107 M range for
standard aluminum(1Il) solutions.

A calibration plot (Figure 9.4.a) was build up by preparing and adding increments of a -
standard aluminum solution (increments in the 2x103-107 M range) in a number of test-tubs
containing blank and prawn aliquots of the same size (25 pL of the reference soft drinking
water). In order to determine aluminum(III) concentration in soft drinking water by standard
addition method, a new calibration plot (Figure 9.4.b) was build up by subtracting the blank
value from the fluorescence of each solution used to prepare the curve 9.4.a.

Thereafter, the aluminum(III) concentration of the soft drinking water was calculated

' from Equation 9.1. The value of the aluminum(III) concentration was referred to the initial

certified soft drinking water and its content (222.3+5.5 pug/L) was found to lie very close to
the certified value (21818 pg/L).

250 - ¥ =23523x+ 105,54

R*=0,9942 a
3 200
=4
] b
H 150 -
o
2
z 100 4
& y = 2352 3x + 51,553
a: / Re= 0'9942

002 0Mm 0 001 002 003 004 005 006
Volume of Al(i) (ml)

Figure 9.4. (a) Method of standard additions of aluminum(IIl) (volumes of 0, 10, 20, 30,
40 and 50 uL of 10° M Al(I11)) in blank plus soft drinking water (25 uL sample aliguots). (b)
Graph after subtracting the blank value from the [fluorescence of each solution used to
prepare the graph a . Chemical composition: Acetates buffer (pH=5.0), 0.015 M
NH,OH.HCI, 5x10°* M 1,10-phenanthroline and 10° M AVN. Instrumental parameters:
Excitation/Emission wavelength = 520/620 nm, high voitage, slits of excitation 10 nm and

emission 5 nm.
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9.3 Calibration curve method, pharmaceutical formulation Maalox sample, 107 to

10°° M range for standard aluminum(I1l) solutions.

The procedure followed here, in order to determine aluminum(IIl) in pharmaceutical
formulation Maalox (500 pL of the pharmaceutical antacid formulation stock solution in an
acetates buffer of pH=4.0), was analogous to that already described in paragraph 9.1a.

Deviations in the calibration graph (Figure 9.5) for the determination of aluminum(III)
are shown in Table 9.4. The relative standard deviation of the slope for this curve was 3.5 %,
corresponding to confidence limits of 571156, at the 95 % level. The correlation coefficient
was 0.9975. The values were calculated by the method of least squares using Equation 9.1,

with 5=105.96+33.68.

y =57 D4x + 105,96

& 300 R = 0,9051
£ 200 -
100 -
0 : - . . : .
0 62 04 08 08 1 12
AICH) concertration (L)

Figure 9.5. Variation of fluorescence with concentration of aluminum in acetates buffer

solution of pH=4.0, and 2x10° M AVN, Instrumental parameters: Excitation/Emission

wavelength=520/590 nm, high voltage, both excitation and emission slits were 5 nm.

Table 9.4. Accuracy of the spectrofluorimetric determination of aluminum in an acetates

buffer solution of pH 4.0, and 2x10° M AVN.

Aluminum concentration (uM) Deviation (%)

x° x; [100(xrx)/x]
0 0.022135 0

0.2 0.20531 +2.66

0.4 0.382705 -4.3

0.6 0.556598 -7.2

0.8 0.806844 +0.9
1 1.026443 +2.6

9 Prepared values.

b Mean values of triplicate solutions calculated from the fluorescence using Equation 9.1.
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The limits of detection and quantitation, calculated from the regression line [1], were
found to be 8.8x10° M and 2.9x10”7 M, respectively. The standard deviation (Sys), based on -
their fluorescence values of all solutions of the calibration graph was found to be S,+=16.76.

The aluminum(III) concentrations of six pharmaceutical samples were calculated from
Equation 9.1 (¥Y=105.96+571X) and then were referred to the initial reference material. The -
relative standard deviation (R.S.D.) of the aluminum(IIl) content of the reference sample of
pharmaceutical antacid formulation was 2.5 %, corresponding to confidence limits of 192.1 +
4.86 mg, at the 95 % level. This content, found by means of the present method, lies close to
the certified value (200 mg) of the reference material.
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Conclusions

Aluminum traces were determined with AVN in a couple of reference materials by
spectro- fluorimetry.

Aqueous solutions were used throughout.

3. The accuracy and precise of the method was more reliable if stock aluminum solutions in

w

NS

0.1IN nitric acid were used.

No separation or preconcentration steeps were involved during the preparation and
measurement of the samples. Instead, appropriate masking agents were utilized as a
consequence of a careful study.

The choice of the experimental conditions and the method process were a result of the
following: (a) Nature of the sample. (b) Absorption spectra of species between interfering
elements and AVN. (c) Emission fluorescence spectra of aluminum and AVN species. (d)
pH effect. (¢) Temperature effect. (f) Time of reaction completion depending upon the
concgntration of AVN.

Species of various stoichiometry between aluminum and AVN were verified.

In the absence of masking agents large errors were found, due to replacement of
aluminum in its complex with AVN by other ions or fluorescence quenching of the
coordinated AVN to other metal ions. Spectral errors were also found if fluorescence
measurements made at wavelengths shorter than 620 nm.

The limits of detection and quantitation were found to be considerably lower in the event
that the standard deviation of the method was calculated from the blank and not from
every point of the calibration graph.

To the best of our knowledge the present method is superior compared to others appearing
in the literature. This method is highly sensitive, simple, relative fast, inexpensive from a

point of view of reagents cost and well selective.

10. Aluminum determination based on the method of standard additions demonstrated no

interaction between analyte and sample constituents, namely no matrix effect. Thus, for
samples related to the reference materials studied the facile method of the calibration

curve must be optioned.
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Perspective

Further, application of the method for aluminum determination in a great deal of
waters, environmental, biological and victuals samples, pharmaceutical and industrial .

products is possible, provided a safe investigation related to matrices of the samples will be
made. '
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Summary

For over 20 years the problems related to aluminum overload in the human body are
well known. Aluminum accumulation may increase the risk of neurological and bone
diseases, e.g., Alzheimer’s disease, Lou Gehrig’s and Parkinson’s diseases, encephalopathy,
and osteomalacia.

The large quantity of aluminum in nature and its many uses make exposure to aluminum
unavoidable. This exposure is mainly through oral intake, and the major sources are drinking
water (from the use of aluminum in municipal water treatment), residues in food, cooking

utensils, food and beverage packing, and aluminum-containing medications (e.g., antacids,

‘buffered aspirins, anti-ulcerative medication or kaolin-based anti-diarrhea medication). Other

routes of potential exposure to aluminum are via inhalation of atmospheric dust and through
the skin (e.g., via use of antiperspirants). Occupational exposure to aluminum occurs in the
refining of the primary metal and in secondary industries that use aluminum products, such as
aircrafts, automotives, and metal products. Greater exposure to aluminum is possible for
persons living in the vicinity of industrial emission sources and hazardous waste sites.

Therefore, the determination of aluminum levels in drinking water, food, pharmaceutical
formulations, biological and other samples is necessary for prevention of aluminum overload
and has attracted considerable attention. For this purpose, several instrumental techniques
have been employed, such as electrothermal atomic-absorption spectrometry (ETAAS),
instrumental neutron activation analysis (INAA), spectrophotometry (SP), high-performance
liquid chromatography (HPLC), ion chromatography (IC), voltametry (V), potentiometry (P)
and fluorimetry (F) which was utilized in our laboratory.

Our efforts were indeed proved fruitful by choosing acid alizarin violet N (AVN) as a
potent coordination reagent, that gives a very strong fluorescence reaction with
aluminum(IIl). Some method essentials including concentration of ligand, reaction pH,
temperature, time required for completion of the reaction, relative chemical affinity between
metals and ligand, absorption and fluorescence spectra, average time of the lamp flash,
monochromators bandwidth and photomultiplier voltage, were investigated in detail to

establish the optimum conditions for the method.
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The o,0'-dihydroxy arrangement to the azo group of the dye is an absolutely necessary
presupposition to develop a fluorescence reaction for aluminum(Ill), that is to say AVN is
undoubtedly complexed to both oxygen of the two hydroxyl groups at once, giving in this
way a quite rigid complex with aluminum(III) that is strongly fluorescent. This is supported
from the fact that similar azo dye compound which lacks one hydroxyl-group of the ligand
does not give any fluorescence reaction with aluminum(III).

The most appropriate pH range, where the fluorescence reaction of aluminum(III) and
AVN was investigated, was found to be between 4.0 and 5.0. Both acid and alkaline solutions
were studied and the results showed that below pH 3.0 and above pH 6.0 a fluorescence
reaction between aluminum(IIT) and AVN does not exist. Thus an acetates buffer solution of
pH 5.0 was used throughout, to prevent undesirable deviations of measurements, because a
fluorescence plateau does not cover a relatively wide size of pH range.

As for any given reaction, among other external factors temperature also determines the
rate at witch this reaction takes place. Because AVN is a flexible molecule and may posses
infinite number of configurations, this probably is the reason that the reaction proceeds
slowly. Thus, an experimental procedure was followed, where samples were heated for 30
min at 60°C and then measurements were made at room temperature. The stability of the
aluminum(TIT)-AVN complex was also investigated. It was found out that after heating and
cooling at room temperature the system was stable for at least 80 min.

Experimental data show that both AVN and aluminum(III) concentration substantially
affects the time of the reaction completion. For this reason, a short enough and about the same
time for the reaction completion was conditioned to perform quantitative and other
measurements by using a 10 times larger AVN concentration in comparison to that of
aluminum.

The time of the reaction completion as well as the mole ratio method were efficiently
used to determine formation of different species between aluminum(Ill) and AVN.
Experimental data prove the existence of seven complexes with metal (M) to ligand (L) ratios
as follows: ML, ML,, ML;, ML,4, MLs, MLg and M,L.

Foreign ions, usually found in several samples, interfere with the determination of
aluminum and errors due to (a) displacement of the coordinated aluminum(IIl), (b)
fluorescence quenching of the coordinated AVN to these ions and (c) absorption of the
fluorescence light by the complexes of the foreign ions with AVN, result. Thus, a potent
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masking system consisting from 1,10-phenanthroline, hydroxyl-ammonium chloride and
beryllium sulphate was finally optioned and utilized to prevent interference effects.

Stock and working aluminum(TII) solutions were prepared in 0.1N nitric acid to avoid
hydrolysis and probable formation of metal-chloride complexes. In this case, a sufficient
convergence of repeated fluorescence measurements for standards was noticed and separate
calibration curves of similar features, unchanged for about one week, were drown by using -
the same working aluminum solution.

Estimating the prbs and cons of the experimental process, proper instrumental
conditions were optioned, that ameliorate the dynamic range of the calibration curve and
fundamental statistical parameters such as standard deviation and sensitivity, which finally
mark out the detection and quantitation limit of the method.

By means of the calibration curve and standard addition method and applying least
| squares, the variation of fluorescence versus concentration of aluminum(III) was utilized to
determine the metal in several reference samples and prove the applicability of the finding of
this thesis. Dynamic ranges of regression lines were obtained for aluminum(IIl) standard
solutions between 10 and 10 M, while low detection and quantitation limits of the analyte
such as 2.28x10"° and 7.6x10"'* M, respectively, calculated from the standard deviation of the

blank, were found.
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epidnyn

To np6PAnuo cucchpevang 10V apyidiov oTov avlpOTIVO opyavVIoHs givol YveooTo Yio
nep1oo61epo amd 20 ypévia. H cusodpevon tov apyihiov atov avBpdmvo opyovicpo £Xel og
anotéheopo ovinuéves mOavoTHTeG EuPdviong vevporoyikdv mobnoswv 1 ucbeveuby tov
ootdv 6ntwe Alzheimer, Lou Gehrig, Parkinson, eyxepahonafeiec ka1 ocsteopordxvvon.

H éxBeom 1ov avBpdrov 070 apyiMo sivan avarmdeevkn apevog AYm TG mapovaiog
100 O€ PEYGAR 7T0GG TV @DOM Kol aQeTEPOL AdY® TV TOAAOTAGV ypricewv tov. H
TPOOANYT AT gival KUPIMG GTOUOTIKT] KOl Ot icUpieg mnyéG ivarl 10 mooo vepd (and

YPYoT QAOVIVIOD GTIV KATEPYAGia TOV VEPOD GTA GUGTHNATA BOPEVOTS), TPOPIU, pHoyEPIKA

-oKelT, CLOKEVAGiEC TPoPipwv kabhg kot papuaxa (r.x avnidiva, acmpives, kabbg xan

edppoka katd Tov £hkovg kar TG Suippowg pe Paon v xaorivny). Emmiéov, 1 ékBeor) oe
apyito mBovov vo IpospYETUL OO TNV ELOTVOT) 01POVUEVEOV COROTOIOV TG ATHOCHUIPUS 1
and 10 6éppa (m.y ue ™ xpnion avlwpontikdv péowv). ExBeon oe apyiho copPaiver emiong
otV Propnyavia T660 KUTA THV TPAOTOYEVT] KATEPYASIO TOL VAKOD 660 kou og Bropunyavieg
OV YPNCHOTOWVY TPOIOVTA AAOVUIVIOV, OTMG OTNV KATAGKELY] 0EPOCKAPAV, GVTOKIVIITAOV
Kol petadhikdv mpoidviov. AvEnuévn éxbeon emiong €xer mapatnpnbel oe avBpdmovg mwov
Covv ot mepwoyfc pe exmopmy Popnyovikdv pdnev kar wepoyEs anddeong ToEiKkAV
anoPiftov.

' toug mopardve AGYOVS, O TPOGOWPICHOS TNG CUYKEVIPWONG TOV apylliov oTo
wOoWo vepd, 0T TPOPULE, OF PAPUOKELTIKG 7TPoidvia ko o ProAoyikd Seiypata, eivat
anapoiTnTog o amoPvYH TG CLOCMPEVCNG TOL PETAAAOD KOt 7)1 £xEl TpooeAKDGEL neydAo
evdweépov. Ta 10 oxond avtd siyav epappootel didpopeg TeQVIKES EVOPYOVIG AVAALGTNC,
onwg nhextpobeppuct) pacpatopetpio. avopkig anoppoonong (ETAAS), evopyovn avdivon
evepyomoinong verpoviov (INAA), oacpatopatopetpia (SP), vypty ypopotoypapio vyniic
anddoong (HPLC), wvtua) ypepatoypaeia (IC), Borrapetpic (V), motevoopetpio (P) ko
pBoprspopctpia (F), n omoio kot xproypononibnke 610 EpyRcTHPIO HaG .

Znv xatedBuvon avth, 1 emAoyr Tov acid alizarin violet N (AVN) ag¢ avudpostmpiov
ovlevéng, édmce moAd wyvpn avtidpaon @Bopopod pe apyio(ll). Ov mapdpetpor wov
pedetiifnkav e BeAnotomoinon g pebBddov fTav 1 CLYKEVIPOON TOL VREOKATACTATY, TO
pH, o xpévog xar n Beppoxpacia ™G avtidpacng, 1 GYETIKN YUK cvyyévewr petaéd Tov
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HETEAA@V KOl TOV VTOKATACTUTY, T0 PAcHa AroPPOPROTS Kat POOPWHOY, 0 UEGOG YPOVOG
Aertovpyiag 10V AopTTIPA, N TAGT) TOV PAOTOTOAANTARGIIGTT KOL TO EVPOE POVOYXPOHATIKYG
déoung.

H 0,0-3wdpotv dutaln g afw-opddag g ypwotikig sivar arapaim npoindbeon
yia v egpeavion avtidpaong @Bopwopod v 1o apyiho (III), dote pmopodue va
wyvpworovpe 6T 1o AVN covdéetan yopic apeifodrin kor pe ta §Yo atopn oEvydvov tav dvo
vdpo&viopadav, divoviag pe avtd tov pdmo Eva otabepd cvumioxo pe 1o apyimo (III) o0
omoio pBopilet évrova. H vadbeon avti evioybetar ard 1o yeyovdg 611 mapOUOLES YPWOTIKES
alw-evioeg onig omoieg Agimer pua vépoévopdda Tov vrokatdotaty dev divovv avtidpoaon
¢Bopropod pe to apyiho (1II).

H Béitiom mepoyn pH 1o mv avtidpaon ¢bopwopod 100 AVN ko tov apyikiov(IIl)
Nrav petatd 4.0 ko 5.0. MeremOnkav 1600 6Eva 660 xar adxaid dwaidpata ko Bpédnke
on xdto and pnq pH 3.0 xar wave and tun pH 6.0 dev cvpPaiver avtidpacn @bopiopod
peta&d tov apyiov(Ill) xat rov AVN. T 10 Adyo avtd, ypncpomotinke éva pubuoTikd
dhopa o&ixkod pH 5.0 e ™mv amopuyr} avembiuntov anokiicewv tov perpficeav, 6tmng
€TIONG KOt Y. T0 AGYO0 OTL TO Mt T0V ©Bopropov dev kaAvTTe peydro gbpog pH.

Onwg cvpPaiver og moAhég mepurtdoeis, n Beppoxpacio kabopiler Tov pvOud pe Tov
omoio mpoywpd M avtidpacy. O Adyog mov n avtidpacn avt] Tpoyxwpd apyd mBavov
opeidetal oto yeyovog 0T 10 AVN givan éva «evéMKTo» udpo kar propei va maper woAlEg
dwpopphoe. Etor ovppove pe mv zmepapatiky dwodwacio mov akolovdicaue, To
deiypata Osppdvlnkav otovg 60°C 1o 30 Aentd kot 6T cuvE s Ol PeTpGE yvay Ot
Oeppoxpacic dopotiov. H orabepdTnra tov copumidoxov apydiov (III)-AVN peremibnxe
emiong ko Ppébnke 6T petd v dwdwacia Oéppavong xar yo&ng mapépeve otadepd v
tovhipotov 80 Aertd. '

Topeova pe meEpopatikd dedopéva 1000 M ovykévipwon tov AVN 660 ko Tov
apydiov(Ill) emmpedler tov ypévo ohoxMipwong g avtidbpaong. e to Adyo avtd
xaBopicOnke ypodvog io0g mEPimOV pe TOV YPOVO 0AOKANP@ONG TNG avTidpacng, Me xpiiom
10m\dowg nmocémjrag AVN oe oxfon pe 1o apyibw(IIl), yiw ve emwoyovpe mocotiki
avaivomn xal GAAEG PETPNOEL.

O ypbvog oroxAfpoong ™G ovridpacts OmwG emiong kol 1 popwxy) avaloyio
ypnoyoromfne emtux@dg Y Tov kabopopd dwpopeTikdv eddv peta&d Tov apyhiov(ll)
xat tov AVN. [Meyapatkd dedopéva arodswvioovv Ty vmapén entd copnhdxev petabd tov
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uetdArov (M) xar tov vrokatdototy (L) os avaroyia: ML, ML,, ML3, ML4, MLs, MLg ka1
ML7.

Eéva WOVTa TOV AmAVTODVE OF APKETH Seiypata, Topepmodilovv Tov Tpocsdiopopd v
apyniov(Ill) ko eppavifovion cedipuata to omoic o@eilovianr @) O AVIIKOTACTAGCT) TOV
ovievypévov  1ov apyioo(Ill), B) oe amdoPeon @Bopicpod Tov AVN elarticg ™G
cOUMALEELS TOV VTOKOTAOTOTN HE TO W0vVTa Kol Y) Of O0moppéenoctn g axtivofoliog
@Bopiopod amd to copumioke Tov AVN pe ta wvia avtd. I'a 1o Adyo avtd emdéxbnke Eva
cvomuo  emkdAvyng, dnorakoﬁuavo ané  1,10-pawvavOporivy, yropwiov oV
vépolviappmviov kai Osuxd Pnpdilio, To omoio koL YPNCYWOTOMONKE YIX TNV CTOPVYN TOV
TOPEUTOOICEWDV.

Awddpata topakaradnkng ka epyaciog tov apyimiov(Ill) zopackevdomkav og 0.1 N

vipikd ob mpog amouyr] vpdivomg ko GYMpaTIcHod MOAVEV CVUTAOKGV UETAAOV-
yropwiov. Eleyxog pe emavaropPovopeves @BOPIOHOUETPIKEG UETPTICEIG TPOTUTMV KoL
Koumdreg Paduovéunons, ol omoieg frav otabepés v po fdopada, £yvav ue ypfion Tov
idwov SwAdpazog epyaciogs.

Amotpudvag To VIEp KoL TO KOTO TNG TEWPapaTKiG Swdikaciog, KaTaAAnAdTEpPOG
gfomMopds 6o frav amopaitntog yw. PeAtictomoinom Tov EUPOLE TNG  KAPTOANG
Babuovéunonc kol Twv PacikdV OTOTIOCTIKOV TAPAPETPOV OTMG TUMKNG AROKAMOTS KOl
gvarsdnoiog, o omoio TeAMkd kabopilovv THV AVIXVEDGIUOTHTA KOl TO 0pi0 TOCOTIKOTOINGTS
™¢ pebddov.

Me v gpfion kaumolng PaBuovopnomg g nebédov yveotig mpocdikmg kot
gpappoyig g pebddov twv EMAYIOTOV TETPAYOVOVY, Ol SloKvpGVoel; Tov PBopiopod oF
oxéon pe ™ ovykévipeon tov apyhiov(Ill) epappodcTnrkoy 610V TPOCIHOPIoHS PETEAADV OF
Seiypota avopopds, Ko aroTELOOV THY TPOTOTVTR TG TTapovong StatpiPiic.

To £0pog SkdUAVONG TNG KAUTOANG avVapOpag VIOAOYIoTNKE Ue TPOTUT SWADUATO.
apyiviov(Ill) ovykévtpoong and 107 péxp 10° M. Evéd 10 6pwo aviyveoong xai
TOCOTIKOTOINOoTG Etval 2.28x107% xon 7.6x10™° avriotowe, Ta omoin vwoOAoyGTHKOV TS

™V TomKT andKAon Tov TVEAoY delypatos.
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Abbreviation:

Stdev — standard deviation
RStdev —relative standard deviation
5-Br-SASH — 5-bromo-salicylaldehyde salicylhydrazone
8-HQ - 8-hydroxylquinoline
8-0 — 8-quinolinol |
A.C.OP — alternating current oscillopolarography
AAGR - 2,4,2'trihydroxyazobenzene-5'-sulfonic acid
AAS — atomic-absorption spectrometry
AdCSV- adsorptive cathodic stripping voltammetry
AdPYV — adsorptive pulse voltametry
AdSV - adsorptive stripping voltammetry
Alizarin red PS — 1,2 4-trihydroxy 9,10-anthraquinone-3-sulfonic acid
ARS - alizarine red S, 1,2-dihydroxyanthraquinone sulfonate
CE — capillary electrophoresis
CFA — continuous flow analysis
CKS - catalytic kinetic spectrophotometry
CNDA - 3-carboxy-2-naphthylamine-N,N-diacetic acid
CRM - certified reference material
CSF - cerebrospinal fluid |
CTAB - hexadecyltrimethylammonium bromide
CTMAB — cetyltrimethylammonium bromide (cationic surfactant)
DA - 3,4-dihydroxyphenylethylamine
DASA - 1,2-dihydroxyanthraquinone-3-sulfonic acid
DFO - desferrioxamine
DHP - 2,3-dihydroxypyridine
" DPAdSV - differential pulse adsorptive stripping voltammetry
DPV — differential pulse voltammetry
DRAB -2, 2'-dihydroxyazobenzene
DRS - diffuse reflectance spectrophotometry
DSAHP — N,N'-disalicylidene-1,3-diamino-2-hydroxypropane
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E - extraction

EBBR - 1-(2-hydroxy-a-naphthylazo)-2-naphthol-4-sulphonic acid

EBT - 1+1-hydroxy-2-naphthylazo)-2-naphthol-6-nitro-4-sulphonic acid
ECR - eriochrome cyanine R

EDTA - etylenediaminetetraacetic acid

EIA - electroinjection analysis

ET-AAS - electrothermal atomic-absorption spectrometry

ETA-LEAF — electrothermal atomization-laser excited atomic fluorescence
ETPTP -7-ethylthio-4-oxa-3-phenyl-2-thioxa-1,2-dihydropyrimido-{4,5-d]pyrimidine
ETV-ICP-AES - electrothermal vaporization inductively-coupled plasma-atomic emission-
spectrometry

F - fluorescence

FAAS —flame atomic-absorption spectrometry analysis

FBA — flow-batch analysis

FIA — flow injection analysis

FIAS - flow-injection atomic spectrometry

FIF - flow-injection-spectrofluorimetry

FIs — flow-injection-spectrophotometry

Fosetyl — tris(ethyl) phosphonate

GFAAS - graphite furnace atomic-absorption spectrometry

Hdmp — 1,2-dimety-3-hydroxypyrid-4-one

Hma - 3-hydroxy-2-methyl-4H-pyran-4-one

HNB - hydroxynaphtol blue

HPF/HHPN - high-performance flow/hydraulic high-pressure nebulization system |
HPIC - high-performance ion chromatography

HPLC- high-performance liquid chromatography

HQS — 8-hydroxyquinoline-5-sulfonic acid

IC - ion chromatography

ICPAES - inductively-coupled plasma-atomic emission spectrometry
ICPOES - inductively-coupled plasma optical — emission spectrometry
IEC - ion exchange chromatography

INAA - instrumental neutron activation analysis

IndirectV — indirect voltammetry
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IP-RP-HPLC - ion-pair reversed-phase high-performance liquid chromatography

IP-RPP - ion-pair reversed-phase partition

ISE - ion-selective electrod

KD- kinetic differentiation mode

KS — kinetic spectrophotometry

LC - liquid chromatography

L-dopa - 3,4-dihydroxyphenylalanine

LIF - laser-induced fluorescence

Lumogallion— 5-chloro-2-hydroxy-3-(2,4-dihydroxy phenylazo) benzenesulfonic acid

MCPF - m-carboxyphenylfluorone

MOAP — microwave activated oxygen plasma

Morin — 3.5.7.2'-4' pentahydroxy flavone

vMSFIA - multisyringe flow injection analysis

OP - oscillopolarography

P - potentiometry

PCYV - pyrocatechol violet

PMBP ~ 1-phenyl-3-methyl-4-benzoyl-5-pyrazolone

PR-HPLC - reversed-phase high-performance liquid chromatography

PTFE - polytetrafluoroethylene

RAA - reactor activation-analysis

RBC —red blood cell

rFIA — reverse flow-injection analysis

RP — reversed phase

RPLC — reversed-phase liquid chromatography

SAHP — salicylaldehyde picolinoylhydrazone

SCX - strong cation exchange

SE - solvent extraction

SIA - sequential injection analysis

SO(2)CAS - sulfonylcalix[4]arenetetrasulfonate
SPADNS - 4,5 dihydroxyl-3-(p-sulphophenylazo)-2,7-naphthalene-disulphonic acid
trisodium salt

SPE - solid phase extraction

SS — sorption-spectroscopy
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spectrometry
THGA furnace — transversely heated graphite atomizer furnace
TX-100 - Triton X-100
UV - spectrophotometry
'V - voltammetry
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