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Chapter 1

Introduction

1.1 Enviromental Pollution
In recent years, the issue of environmental pollution, caused mainly by human activity,
has become increasingly pressing. This has had major repercussions in environmental,
social and economic terms, in addition to the undisputed danger to human health, so
much so that the member states of the UN have had to review their consumption and
emissions of greenhouse gases [1, 2] with the discussion and introduction of the Kyoto
Protocol, in order to achieve environmental sustainability that does not harm human
health in any way. It is relevant to note that environmental pollution is now completely
irreversible in many geographical areas, so much so that it is increasingly difficult to
access drinkable water because of toxic industrial waste spills, or in some cases even
the air is soaked in highly toxic substances. These are heavily borne some of the reasons
for protecting the environment, given that the repercussions are borne exclusively by the
living species on this planet, including man. But to make further illustrate the idea better
we will now present some types of pollution and pollutants, in very general terms, to
better understand the meaning of environmental pollution.

Natural greenhouse gases. Natural greenhouse gases include water vapour, carbon
dioxide, methane, nitric oxide and ozone [3–6]. Certain human activities, however,
increase the level of all these gases and release other exclusively anthropogenic green-
house gases into the air [7–10].

Water vapour is present in the atmosphere as a result of evaporation from all water
sources (seas, rivers, lakes, etc.) and as a product of various combustions. Carbon diox-
ide is released into the atmosphere mainly when solid waste, fossil fuels (oil, petrol,
natural gas and coal) [11], wood and wood products are burned [12–14]. Methane is
emitted during the production and transport of coal, natural gas and mineral oil and
large methane emissions also occur as a result of the decomposition of organic matter
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4 CHAPTER 1. INTRODUCTION

in landfills and the normal biological activity of higher organisms (mainly by the nearly
2 billion cattle on earth) [15–18]. Nitrous oxide is emitted during agricultural and in-
dustrial activities, as well as during the combustion of waste and fossil fuels [19–23].
Highly active greenhouse gases are gases that do not normally occur in nature, but are
generated by various industrial processes, such as hydrofluorocarbons (HFCs), perfluo-
rocarbons (PFCs) and sulphur hexafluoride (SF6) [24–28]. The presence of a gas in the
atmosphere over time is also called atmospheric half-life and represents the approximate
amount of time it would take for the increase in concentration of a pollutant due to hu-
man activity to disappear and the concentration to return a natural level (either because
the pollutant has been converted to another chemical, or because it has been captured by
a natural deposit). This time depends on the sources of the pollutant, the deposits and
the reactivity of the substance.

An increase in the Earth’s temperature, also induced by pollutant gases, can cause
a number of major environmental effects. Increased heat and thus evaporation from
large reservoirs leads to a corresponding increase in the amount of water in the atmo-
sphere and thus an increase in precipitation. Some researchers estimate that rainfall has
increased by about one per cent on all continents in the last century. Areas at higher al-
titudes show larger increases, while precipitation has decreased in many tropical areas.
In any case, there is an increase in the intensity of rainfall and more violent weather
phenomena (such as storms and hurricanes) with a consequent increase in flooding and
soil erosion [29–31]. Global warming is also leading to an overall decrease in ice areas.
The large ice masses of Greenland and continental glaciers are receding significantly.
Increased ocean volume due to higher temperatures and melting ice are also causing
the average sea level to rise. Over the last hundred years it has risen by approximately
15-20 cm. In addition, in many tropical areas there is already a reduction in soil mois-
ture leading to a decrease in agricultural yields; many areas, also in Europe, are at risk
of desertification. All these effects are already scientifically evident from the many
data obtained on this subject, and it is assumed that the current situation will worsen if
greenhouse gas concentrations increase. It should be noted that global warming would
continue for centuries even if greenhouse gas concentrations in the atmosphere were
stabilised: given the masses involved, the responses of the Earth’s climate to changes in
the composition of the atmosphere are rather slow [32–34].

Air and Industrial pollution. Atmospheric pollution, as mentioned above, has in-
creased due to aggressive urban and industrial activity, thus creating a major problem
in terms of pollutant emissions, and the presence of compounds in the atmosphere that
disproportionately increase the greenhouse effect creates major damage to human health
and the environment [35–37]. However, European legislation is enabling a reduction in
emissions and a better, albeit slow, conversion of industrial sites to reduce the amount
of harmful substances released into the environment as those shown in Figure (1.1).
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Figure 1.1: Reduction of the percentages of atmospheric pollutants in European coun-
tries
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It is therefore fair to give an overview of the major environmental pollutants and
what effects they have on human health.

CO. Carbon monoxide is a colourless, odourless, non-flammable, and very toxic
gas. It is formed during the combustion of organic substances, when they are incomplete
due to lack of air (i.e. lack of oxygen). Natural and anthropogenic emissions are now of
the same order of magnitude. Carbon monoxide is extremely prevalent, especially in ur-
ban areas, due to pollution from vehicle exhausts [38–41]. The main natural emissions
are due to forest fires, volcanic eruptions, emissions from oceans and marshes and ox-
idation of methane and hydrocarbons in general emitted naturally into the atmosphere.
The main source of man-made emissions is the use of fossil fuels for motor vehicle
combustion engines and industrial activities. The amount of carbon monoxide emitted
by combustion processes in motor vehicles is about 10 times greater than that of other
pollutants. The highest concentrations in the exhaust gases occur when the engine is
idling; at higher engine speeds CO production is much lower. This is why CO concen-
trations can be particularly high in urban areas with slow-moving traffic and frequent
stops at traffic lights [42–46]. Diesel engines operate with greater quantities of air, en-
suring more complete combustion and emitting less CO than petrol engines on the other
hand, they emit more particulates, but above all, this particulate matter contains heavy
metals released by car catalytic converters, which when released into the environment
cause a series of problems such as the pollution of surface water and land, including
agricultural land. In recent years, the amount of CO emitted from car exhausts has
decreased due to improved engine efficiency, mandatory emission controls and the in-
creasing use of catalytic converters [47–50]. Among the industrial processes that cause
significant CO emissions into the atmosphere, the main ones are emissions from steel
plants, where coke is used to reduce ferrous material, or in conversions, where oxygen
is used to oxidise the carbon in pig iron to convert it to steel or to lower the carbon
content [51,52]. Other sources are the petrochemical industries, which produce the syn-
thesis gas (a mixture of CO and hydrogen) used in the production of important synthetic
chemical compounds, and oil refineries. CO remains in the atmosphere for about 3-4
months and is removed through oxidation reactions to carbon dioxide or through photo-
chemical reactions involving methane and OH-radicals. Because of its low reactivity it
is often used as a tracer of the time course of pollutants at ground level.

Particulate Matter. The terms particulate matter and suspended particles refer to
all solid or liquid particles, smaller than 100 µm in size and usually indistinguishable to
the naked eye, dispersed in the atmosphere, such as soot, dust, ash, pollen, etc [53, 54].
Depending on the nature and size of the particles we can distinguish aerosols, made
up of solid or liquid particles suspended in the air and with a diameter of less than 1
µm; mists, given by droplets with a diameter of less than 2 µm; fumes, made up of
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solid particles with a diameter of less than 1 µm and usually released by chemical and
metallurgical processes; smoke, consisting of solid particles usually less than 2 µ m
in diameter and carried by gas mixtures; dust (true dust), consisting of solid particles
between 0.25 and 500 µm in diameter; sand, consisting of solid particles over 500 µm
in diameter [55–58]. Primary particles are those that are emitted as such from natural
and man-made sources, while secondary particles originate from a series of chemical
and physical reactions in the atmosphere. Fine particles are those with a diameter of
less than 2.5 µm, the others are called coarse. PM10 dust is particulate matter with a
diameter of less than 10 µm, while PM2.5, which accounts for about 60% of PM10, is
particulate matter with a diameter of less than 2.5 µ [59–61]. Inhalable dust is dust that
can penetrate the upper respiratory tract (from the nose to the larynx). Thoracic dust is
dust that can reach the lungs. Breathable dust, on the other hand, can penetrate the lower
respiratory tract (from the trachea to the pulmonary alveoli) [62–64]. Dust originates
from both natural and anthropogenic sources. Fine dust originates mainly from combus-
tion processes and gas reaction products; the coarse fraction of dust generally originates
from mechanical processes. The main natural sources of primary particulate matter are
volcanic eruptions, forest fires, erosion and rock disintegration. Anthropogenic particu-
late matter, on the other hand, is due to: the use of fossil fuels (domestic heating, thermal
power stations, etc.); vehicle emissions; tyre, brake and road surface wear; and various
industrial processes (foundries, mines).

Effects on humans: Apart from their toxicity, the particles that can have undesirable
effects on humans are mainly those of smaller size, as particles larger than 15 µ m are
generally stopped by nose during the breathing process. Due to their particular surface
structure, particles can also adsorb carcinogenic chemicals from the air; by drawing
them into the respiratory tract and prolonging their residence time, they exacerbate their
effects. Smaller particles penetrate the respiratory system at various depths and can take
long periods of time to be removed, making them the most dangerous. These dusts
aggravate respiratory diseases.

Effects on the environment: The effects of particulate matter on climate and mate-
rials are quite obvious. Particulate matter from smoke and fumes causes a decrease in
atmospheric visibility; at the same time it also decreases brightness by absorbing or re-
flecting sunlight. Particulate matter also damages electrical and electronic circuits, soils
buildings and artwork, and reduces the durability of textiles.

Polycyclic Aromatic Hydrocarbons. The term PAH stands for Polycyclic Aro-
matic Hydrocarbons, a large class of organic compounds that are all structurally charac-
terised by the presence of two or more condensed aromatic rings [65–67]. The simplest
PAH from a structural point of view is naphthalene, a two-ring compound which, as an
airborne pollutant, is mostly found in gaseous form at room temperature [68–70]. PAHs
consisting of three to five rings can be present either as a gas or as particulate matter,
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while those with five or more rings tend to occur mostly in solid form. They are formed
during incomplete combustion of organic products such as coal, oil, gas or waste; many
are used for research and some are artificially synthesised; some are used in the produc-
tion of dyes, plastics, pesticides and medicines [71–76]. They are usually never found in
the air as single compounds, but in mixtures where many dozens of different PAHs are
present, and in proportions that can vary greatly in some cases. The fact that exposure
occurs to a mixture of compounds, the composition of which is not constant, makes it
difficult to attribute health consequences to the presence of a specific polycyclic aro-
matic hydrocarbon. Although the study of these mixtures is particularly complicated, it
has been shown that exposure to PAH mixtures leads to an increase in the occurrence of
cancer, especially in the presence of benzo(a)pyrene (the only PAH that has been stud-
ied in depth so far) [77–79]. Natural pollutant sources can be particularly important:
Polycyclic Aromatic Hydrocarbons are released into the air during volcanic eruptions
and as a result of forest fires; a small amount is produced by certain species of bacteria
and fungi. Human activities are also very significant sources, as PAHs are formed in all
processes involving the incomplete combustion of carbon-based materials such as coal,
oil, wood and gas. As a guide, the more smoke produced during combustion, the more
PAHs are released into the air. The use of various fuels also produces a considerable
amount of pollutants. Relatively high amounts of PAH can be found in food as a result
of various cooking methods, especially barbecuing and smoking [80–84]. The main in-
dustrial sources of PAH include raw metal processors, oil refineries, coke plants, paper,
chemicals and plastics industries. Waste incinerators and toxic depots can also be major
sources. Polycyclic aromatic hydrocarbons in the air can generally degrade by reacting
with sunlight and other chemical compounds within a few days or weeks. Higher mass
PAHs adhere to airborne particulate matter and sooner or later settle on the ground. Be-
cause of their relative stability, PAHs can also be found over long distances in remote
locations far from their production areas. However, PAHs are present in the atmosphere
at relatively low concentrations compared to many other pollutants [71, 85–90].

Effects on humans: Once in the body, PAHs spread rapidly due to their fat-solubility,
which makes them able to cross cell membranes and penetrate and deposit in fatty tis-
sues. Target organs include the kidneys and liver [91–93]. However, metabolism is quite
rapid and within a few days PAH are eliminated via urine and faeces. The main health
effect associated with exposure is certainly cancer [94–96].

Heavy Metals Another source of pollution caused by industrial activity and the
catalytic converter of cars is the disproportionate increase of heavy metals in the ato-
mosphere. The chemical industry’s main customers are the chemical industry itself,
the manufacturing industry, particularly the rubber and plastics industry, the service in-
dustry and end consumers [97–101]. Among the heavy metals most toxic to human
health and the environment are Cadmium (Cd), Lead (Pb) and Mercury (Hg). Cadmium
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is mainly used in heavy industry for batteries and the paint industry [102–104], For
mercury, a main route of emission into the atmosphere is through, its previous use in
thermometers and dental applications in the form of amalgam [105–108]. Finally, lead,
also a very dangerous heavy metal, was formerly used in the petroleum industry as an
anti-knock agent for petrol. Therefore, the use of these metals, which have now been
replaced by other less toxic or even non-toxic metals, has caused damage to the envi-
ronment and human health, especially due to the incorrect way in which this type of
waste is disposed [109–112]. Fortunately, European laws have now regulated the quan-
tities of these metals that can be consumed by humans and their use in heavy industries.
However, it is important to give some thought to each metal and its degree of toxicity.

• Mercury, causes physiological stress, tremors and damage to the central nervous
system

• Cadmium, is the most toxic of the elements, as even in very low concentrations it
causes damage to the kidneys, bones, liver and blood.

• Lead causes damage to the nervous system, kidneys and reproductive system.

After an overview of environmental pollution in general, we can now move on to
the real aim of this thesis, which is pollution in food, which will be discussed in the
next section, trying not only to understand what the main pollutants are, but also how
the presence of these can be determined by sensing.

1.2 Pollution in Food
The main causes of pollutants in food are due to acid rain that settles on the soil, mak-
ing it rich in harmful chemical substances that are absorbed by plants and grazed by
animals [113–115]. However, the presence of other activities such as agriculture also
causes other possibly harmful substances such as pesticides and pesticide derivatives to
enter the soil through irrigation water [116–118]. However, the European community
by the regulations created by European Food Safety Authority (EFSA), in addition to
giving an overview of the amount of chemicals used per country, has created a reg-
ulation on food, creating a protocol of legal limits of toxic substances assimilated by
humans, such as heavy metals and pesticides [119–121]. On the one hand, the massive
use of pesticides, especially in agriculture, improves the growth of plants, which are
not attacked by pathogens, but on the other hand, the excessive and continuous use of
pesticides allows the active ingredients to penetrate into fruit and vegetables, which are
then ingested by humans. However, even in this case there is a Community law limiting
the use of certain families of pesticides and in some cases banning them permanently
Figure (1.2).
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Figure 1.2: Overview of risk assessments provided by the CONTAM Panel between
2003 and 2012, (adapted from [120])

Nevertheless, European or Italian legislation does not recognise the term pesticide;
on the contrary, it precisely defines the meaning of biocide, plant protection product and
pest control product against crop diseases. Pesticide risk assessment aims to determine
whether these products, when properly used, do not produce, directly or indirectly, ad-
verse effects on human or animal health (e.g. through drinking water, food or feed) and
do not compromise groundwater quality. In addition, environmental risk assessment
aims to assess the impact that these products, if used correctly, could have on non-target
organisms. This activity is mainly carried out by EFSA, which, in 2008, established a
new Pesticides Steering Committee, composed of representatives from EFSA, the Eu-
ropean Commission and Member States. This body was given specific responsibility to
manage and plan the risk assessment of pesticides in general and to consider ways to
further reduce their impact in view of an ever-increasing use and the changing regulatory
environment.

Pesticides. From the point of view of definition, the term ’pesticides’, often used as a
synonym for plant protection products, refers to chemicals used, primarily, in agriculture
to protect crops in order to prevent and/or imitate damage caused to crops by diseases
and pests.

The term pesticide, often used instead of plant protection product, refers to all prod-
ucts intended to combat organisms that live at the expense of plant species, such as
plants or fruit, or that damage it in some way [122–125]. These products are gen-
erally used in agriculture, although considerable progress has also been made in the
field of domestic hygiene [126–132]. The synthesis of substances capable of fighting
all forms of pests has led to real progress for mankind: the problems of malnutrition
in entire regions have been solved, the average life span of entire populations has in-
creased, thanks also to the control and prevention of serious epidemics that have been
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achieved with the massive use of these products, and the quality of life of farmers has
improved considerably [133–136]. In addition to the positive aspects, today the irra-
tional use of plant protection products leads us to face serious problems which will
gradually become clearer as we read these pages; for example, one of these concerns
the destruction, alongside the harmful species, of useful insects and organisms (polli-
nators) which causes ecological imbalances which are sometimes unpredictable in their
extent [137–139]. Pesticides are generally classified both by their chemical character-
istics and by the object of their action. Historically, pesticides originated around the
1940s, the first being dichlorodiphenyltrichloroethane, better known as DDT, in those
years, the presence and massive production of this molecule, led to a whole series of im-
provements in the agricultural sector. However, DDT and its derivatives were banned in
the 1980s because of their high degree of toxicity to humans, and then replaced by syn-
thetic pesticides, which greatly reduce the degree of toxicity to human health. Among
the main classes of pesticides are various compounds with different chemical properties:

• Organochlorines

• Organophosphates

• Carbammates

Organochlorines I The typical structure of an organochlorine pesticide shows in
Figure (1.3), where there are multiple aromatic groups, which are highly dangerous to
humans due to the ease of interaction with DNA and other enzymes, to which chlorine
atoms are directly linked [140–143].

Organochlorine pesticides have a broad spectrum of action on target organisms,
they have a low acute toxicity for humans, while their chronic toxicity is quite high
[144–146]. They are extremely stable to the action of various chemical, physical and
biological agents (acids, bases, air, water, light, heat, etc.), which is why they are very
persistent in the environment, thanks also to their low vapour pressure at room tem-
perature, which limits losses through evaporation. Because of their apolarity they are
practically insoluble in water, with the exception of lindane; being fat-soluble they ac-
cumulate in the fat, the liver and the brain of organisms. The chronic toxicological risks
to humans from the use of organochlorine pesticides are not fully known. Experimen-
tal data show that they interfere with the enzymatic functions of cells, inhibit ATPase,
which is important in the body’s energy balance, alter the metabolism of carbon hy-
drates, stimulate liver enzymes and accelerate the liver’s metabolic rate. One of the
most significant consequences is the rapid degradation of steroid hormones on which
reproductive capacity depends. DDT has also been found to have mutagenic properties,
so its use in Italy was restricted by Ministerial Decree of 31 July 1973. It also appears
to have carcinogenic action.
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Figure 1.3: Typical aromatic structure of pesticides, this picture shows the progenitor of
pesticides, DDT.
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Figure 1.4: Chemical structure of dichlorvos, types of organophosphate pesticide used
extensively in agriculture

Organophosphates The discovery of the biological activity of this class of sub-
stances dates back to 1932, although they began to be used a few years later, when the
use of many organochlorine pesticides was banned because of their toxicity, persistence
and bioaccumulation in the environment [147–150]. Chemically, they can be formally
regarded as phosphoric acid esters, in which the central pentavalent phosphorus atom
is linked by a double bond to an oxygen or sulphur atom, to two methoxyl or ethoxyl
groups by single bonds, and finally to an R group, by an oxygen or sulphur atom by a
single bond. An example of an organophosphate is dichlorvos, which is used in various
crops against the larvae of minnows, aphids, mealybugs, on which it acts by asphyx-
iation and contact; it is also used as an acaricide insecticide to control silage cereals
Figure (1.4).

Most phosphates have insecticidal properties, but there are also fungicides, herbi-
cides and plant growth regulators falling in this family. They are volatile, soluble in wa-
ter and organic solvents and not very persistent, especially in acidic solutions [151,152].
In general, phosphorus pesticides are less toxic to humans, domestic animals and aquatic
organisms than organochlorine pesticides, although toxicity varies greatly from com-
pound to compound. Among the plant protection products currently used in agriculture,
phosphorates are the ones that persist the least in the environment, since in many cases
they are inactivated through rapid hydrolytic metabolism, but sometimes produce sub-
stances of greater toxicity. The efficiency and speed of degradation in the environment
depend on various factors: climatic conditions, the type of soil, the pH of the medium,
the presence of particular micro-organisms, the presence of particulate material, the as-
sociation with other active ingredients or co-formulants, etc. For example, organic soils
are able to retain them more than sandy and mineral soils. In the soil, phosphorus pes-
ticides can easily be degraded chemically or by micro-organisms. Their tendency to
be adsorbed by soil particles limits their mobility in the environment, even though they
are more water-soluble than organochlorines. The chemical and physical characteristics
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Figure 1.5: Carbamic acid and its derivative, widely used in intensive agriculture

of organophosphorus pesticides justify the fact that, in general, once used in agricul-
ture, they are rarely found in groundwater [153–156]. Hydrolysis studies have shown
that phosphorus derivatives are more labile than chlorinated derivatives, but in river wa-
ters the rate of degradation, under particular environmental conditions, could be slow
enough to constitute a potential pollution hazard. These considerations, together with
their wide use in agriculture, their high toxicity to aquatic organisms, and the possible
effects of long-term exposure on organisms, should lead environmental controllers to
carry out periodic monitoring of aquatic systems (including sediments). In aquatic envi-
ronments, in addition to the active substances, degradation products can be found, often
consisting of phenols and/or thiophenols. Phenolic compounds in chlorinated water pro-
duce chlorinated compounds which impair the organoleptic characteristics (odour) and
the quality of the drinking water [157,158]. When analysing pesticide residues in food,
it is therefore necessary to take into account the metabolites that may be present. Insec-
ticides belonging to this class of substances exert their action through the ability of the
central phosphorus atom to phosphorylate the active site of the enzyme cholinesterase
(ChE), which is a central constituent of the nervous system of both insects and higher
animals.

Carbamates Although the biological action of carbamates was already known in
1929, their use in agriculture, as insecticides, began in 1951 but remained scarce until
the 1970s. Chemically, they can be formally regarded as derivatives of carbamic acid
Figure (1.5):

Carbamic acid, and the corresponding sulphurates, do not exist in the free state
as they decompose easily, but their salts and the N-methyl and NN-dimethylcarbamic
esters are stable and used as pesticides. [159–162] Ammonium carbamate has been used
together with aluminium phosphide in commercial products against rodents and insects,
while the esters constitute the majority of all carbamate pesticides. Two examples of
carbamates are carbaryl and propoxur Figure (1.6)
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Figure 1.6: Carbamic acid and its derivative, widely used in intensive agriculture

In general, carbamic acid derivatives are used as insecticides, while thiocarbamic
and dithiocarbamic acid derivatives are used as herbicides and fungicides respectively.
Pure carbamates are colourless, crystalline solids with high thermal stability due to their
high melting point and low vapour pressure. They may be slightly coloured and semi-
solid; the presence of particular impurities affects their stability. They are fairly soluble
in water, which is why they cannot accumulate in biological tissues, and are easily
transported by water [163, 164]. An absolutely positive note about plant protection
products such as carbamates, they allow low toxicity to humans, thanks also to their
easy degradation so that half-life times are very low compared to other derivatives that
have been treated previously.

Food contamination by pesticides . The rate of degradation of an active ingredient
is extremely variable and is decisive in determining the safety interval, i.e. the time
between the last treatment and harvest. The persistence of pesticides also depends on
the type of plant treated, e.g. for some vegetables, the descending order of persistence
is as follows: lettuce, green beans, tomato, courgette, aubergine. By determining the
concentrations of residues in the plants, immediately after treatment and after intervals
of time, it is possible to trace the decay curve, until it is ascertained that the residues
have been reduced to negligible quantities from a toxicological point of view. Once the
theoretical toxicological limit, i.e. the amount of residue that can be ingested daily, is
known, ruling out with certainty any risk of harmfulness, and comparing this limit with
the decay curve, it is possible to identify the deficiency time, i.e. the minimum time
required for residues to be reduced to quantities below the tolerance limit. However, it
is advisable to limit oneself to lower quantities in order to avoid the presence of foreign
substances in the food. The tolerance limit is the legal limit and generally lies between
the zero value and the toxicological limit value.

National and EU legislation on the subject is constantly evolving, as regulations of-
ten take into account the production evolution of new active ingredients, analytical and
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toxicological data found in the literature, and the increased sensitivity of instruments.
Italian legislation on plant protection products regulates production, trade and sale, and
monitors environmental and food contamination resulting from the use of these prod-
ucts. For example, Article 5 of Law 283 of 30 April 1962 prohibits the possession, trade
and use of foodstuffs containing residues of toxic products used during cultivation and
storage. Article 6 establishes, partially amended by Article 441 of the Law of 26.2.63,
that plant protection products are subject to the authorisation of the Ministry of Health
for control and registration as medical devices, i.e. subject to the same discipline as
medicines. More recent provisions are to be found in Presidential Decree No 1255 of
3 June 1968 and No 223 of 24 May 1988, which transpose the EEC directives on the
classification, packaging and labelling of plant protection products. An ordinance of
18.7.90 lists the permitted pesticides and foodstuffs in which residues may be found,
maximum quantities and safety intervals. Many countries have adopted specific regula-
tions governing the operation and financing of organic farming. The EEC issued a law
regulating the "organic production method" in 1991. Acute-oral toxicity is taken into
account for the classification of pesticides by Italian legislation:

• Class I All those products containing an active substance with an Lethal Death
50 (LD50) below 50 to 50 mg/Kg, which may entail a risk of fatal intoxication by
ingestion, inhalation, and skin contact with humans;

• Class II All those health care products that have an active substance of LD50 be-
tween 50 and 500 mg/Kg and that involve risks of serious intoxication by inges-
tion, inhalation, and skin contact;

• Class III All those medical devices that have an LD50 greater than 500 mg/Kg
and that are dangerous if swallowed, inhaled or if they come into contact with the
skin;

• Class IV Medical devices whose handling and normal use can only lead to negli-
gible risks.

In addition, the legal limits are set by the annual EFSA reports in accordance with
Regulation (EC) No 396/2005, which sets parameters for monitoring pesticide residues
in food, using the parameter ’maximum residue levels’ or briefly ’MRLs’, which al-
lows the determination of one or more residues and thus the continuous monitoring of
food. EU-harmonised MRLs are set for more than 500 pesticides covering 370 food
products/food groups. A default MRL of 0.01 mg/kg is applicable for pesticides not
explicitly mentioned in the MRL legislation. Regulation (EC) No 396/2005 imposes
on Member States the obligation to carry out controls to ensure that food placed on the
market is compliant with the legal limits.
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Heavy metals The term heavy metal refers to all metallic chemical elements that have
a relatively high density, based on their atomic weight as well as other special charac-
teristics. They are toxic already in low concentrations. Generally in the group of heavy
metals are considered Ag, Ba, Cd, Co, Mn, Hg, Mo, Ni, Pb, Cu, Sn, Tl, Ti, V, Zn and
some metalloids such as As, Sb, Bi and Se [165–169]. Some human activities cause the
mobilisation of naturally occurring metals in the ecosystem, causing them to accumulate
in the biosphere and enter the food chain, with serious damage to humans and animals.
The most common sources are paints and other finishing products, combustion of PVC
plastics, cigarette smoke, car exhaust, household dust - where smog is deposited - batter-
ies and mercury thermometers. Heavy metals can enter water supplies from consumer
or industrial waste, or even from acid rain that penetrates soils and carries heavy met-
als into streams, lakes, rivers and groundwater. Among environmental contaminants,
heavy metals play a major role as they are concentrated along the food chain and metal
contamination can be caused by their presence in food containers. The most dangerous
metals are Hg, Pb, Cd.

Mercury Traces of mercury have been found in the seabed adjacent to large petro-
chemical plants. The contamination is due to waste water from the old mercury cells of
the chlor-alkali process. The mercury in the water is ingested by plankton and moves
up the food chain becoming more and more concentrated [170]. Fish at the top of the
food pyramid can have a concentration of 3000 to 27000 times higher than the water in
which they live. Most of the mercury we ingest comes from fish, especially from large
predators such as tuna, swordfish, dogfish, eel, pike, etc. Usually the most contami-
nated fish contain 0.1-0.3 ppm (parts per million) of mercury [171], but those living in
highly contaminated waters (e.g. the Rhine in Germany) can be as high as 2 ppm. In
humans, further concentration occurs, and when the mercury in the brain exceeds cer-
tain values, neurological problems occur due to bioaccumulation [172–174]. Sources of
pollution are all activities in which metal or some of its organic or inorganic derivatives
are used. Waste from chemical and dental laboratories, together with batteries, broken
thermometers, products used in agriculture and industry, mining and industry, mining
waste, and the burning of solid waste all contribute to the spread of mercury in the en-
vironment, although in isolation they have insignificant contributions. The number of
publications on mercury pollution and studies on the biogeochemical cycle of mercury
have increased considerably with time. Biogeochemical cycle have increased consider-
ably since the outbreak of Minemata disease, a disease of the nervous disease, which
affected the population of the coastal area around Minemata Bay in Japan, most of them
poor fishermen [175–178]. Between 1953 and 1960 more than 100 cases of mercury
poisoning occurred of which 43 were fatal, and 19 cases of births of children with birth
defects among those who had consumed fish products caught in the bay, where very
high concentrations of mercury (5-20 ppm) were found. Mercury, in the form of the
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Hg2+ ion, was continually dumped into the bay by an industry using it as a catalyst for
the production of polyvinyl chloride. It has been found that although mercury is not an
essential element for the body, it easily accumulates in living tissue. In addition to the
oral route, the uptake of a metal into the body, and of mercury in particular, can also
occur via other routes. In particular, can also be absorbed through inhalation or can be
absorbed through the skin even if intact. Mercury, whether of natural or anthropogenic
origin, diffuses into the environment through the waters of rivers, lakes and oceans and,
to a lesser extent, through the atmosphere.

Cadmium Cadmium can have three oxidation states +2, +1 and 0, but under nat-
ural conditions it is mainly present in the Cd(II) state. The Cd2+ ion is characterised
by its strong tendency to form both inorganic and organic complexes, and even under
natural conditions, metallorganic Cd compounds can form. Cd has very low average
concentrations in the earth’s crust (0.2 ppm); oceanic waters contain only 0.05 ppb and
pristine continental waters generally have concentrations below 0.1 ppb [179–181]. The
geochemical mobility of cadmium is low; cadmium in solution is generally adsorbed on
the solid phases (minerals, suspended particles) with which natural waters come into
contact. A large proportion of anthropogenic Cd is released to the environment via the
atmosphere. This is due to the high volatility of metallic Cd (melting point = 321oC;
boiling point = 765oC) and many of its compounds. It is used in the electroplating
industry, in the production of pigments, alloys, batteries, semiconductors, stabilisers,
plastics, some pesticides [182–186]. Diethyl cadmium is used in the production of
tetraethyl lead. Small amounts of cadmium can be released to drinking water from plas-
tic pipes. Like other toxic elements (Hg, As) Cd can give rise to accumulation processes
and tends to be progressively enriched along the food chain. It is easily absorbed by the
digestive system and lungs [187, 188]. While there are cases of serious health effects
known to result from excessive exposure to cadmium in industries and when harvesting
rice grown in polluted soil and water, there are no known cases of chronic toxicity to
humans using drinking water with abnormal cadmium concentrations [189–191]. Due
to the high toxicity of Cd and its compounds, current legislation provides for very low
limits in drinking water and wastewater, 5 µ g/l and 20 µ g/l respectively [192, 193].

Lead Lead is present in the galena ore, which is the main source of supply for
mining the metal. Lead can have oxidation states +4, +2 and 0, but in nature only the +2
state is of practical importance. Pb has an amphoteric behaviour, giving rise in strongly
basic media to anions of the type Pb(II), to anions of the type HPbO2

- and PbO2
2-

Pb2+ ion has a marked tendency to form complexes with all the most abundant in-
organic anions in natural waters (chlorides, bicarbonates, carbonides, sulphates). Pb
forms a large number of insoluble salts with constituents normally present in appre-
ciable concentrations in natural waters (sulphates, carbonates, phosphates, etc.). Even
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under natural conditions, Pb can form metal-organic compounds (e.g. Pb alkyls), which
have a high vapour pressure even at room temperature. Pb in solution shows a marked
tendency to be adsorbed by solid substances such as clays and organic substances. Un-
der reducing conditions Pb sulphide is formed with extremely low solubility.

Pb is a highly toxic element, which is why the legislator has set very low limits for
both wastewater and drinking water (0.2 mg/L and 50 µ g/L respectively) [194, 195].
This element, like other toxic elements (e.g. Hg and As), can undergo a progressive
enrichment along the food chain. The circulation of Pb in nature has been completely
disrupted by environmental contamination processes, and its global geochemical cycle
is influenced more by human activity than by natural processes. The toxicity of lead
to animals and humans depends on the amount adsorbed by soft tissue and not on the
amount in blood or bone. The risk of lead poisoning is greatest in calcium-deficient
individuals and in children. Inorganic lead can enter the body through two routes: oral
and inhalation. Negligible amounts of lead can be absorbed through the skin, which
is permeable to tetramethyl and tetraethyl lead [196–198]. Out of the dietary intake
of lead, only a fraction of less than 10% is absorbed by adults, whereas for children
the fraction can reach 50%. Absorption occurs in the small intestine and depends on
a number of factors such as age, gastric acidity, diet; high dietary intakes of calcium,
iron and phosphorus reduce lead absorption, probably due to competing reactions or
formation of poorly soluble compounds (e.g. phosphorus may result in the formation of
poorly soluble lead phosphate) [199–201].

Food contamination by Heavy Metals. Metals such as cadmium, lead and mercury
are naturally occurring chemical compounds. They can be present in various concen-
trations in the environment, for example in soil, water and the atmosphere. But metals
can also be present in food as residues, being already in the environment as a result of
human activities such as livestock farming, industry and car exhaust, or due to contam-
ination during food processing and storage. Humans can therefore be exposed to these
metals through the environment or by ingesting contaminated food or water, and their
accumulation in the human body can cause harmful effects over time.

These metals are the subject of attention by international authorities such as the
World Health Organisation (WHO) and the European Food Safety Authority (EFSA),
which have assessed the risks to human health from their dietary intake [202, 203]. The
Istituto Superiore di Sanità (ISS) has also carried out food exposure studies on the Italian
population [204].

With the exception of smokers, the main source of exposure to cadmium, stresses
the Istituto Superiore di Sanità, is the diet. The main foods responsible are: cereals,
vegetables, potatoes, crustaceans and molluscs.

Mercury, on the other hand, is mainly linked to certain types of fish: in this regard,
the European Food Safety Authority calls for reducing consumption [205], especially
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during pregnancy and early childhood, of large predators such as swordfish, tuna and
pike, and replacing it with other fish, such as blue fish or sea bream, which contain much
lower concentrations of methylmercury [206]. With regard to lead, according to EFSA
regulations and guidelines, this metal is found in various forms of speciation in food-
stuffs, especially in vegetables, as many irrigation waters contain discrete levels of lead
in both inorganic and organic forms. The EFSA therefore proposes a relative reduction
in plant foods, especially for pregnant women and children, especially in certain areas
of the EU and in products imported from non-European countries. However, in addition
to an overview of the type of pollutants in food, it is also important to be able to deter-
mine these types of analytes in time with advanced techniques, so the next section will
discuss some techniques for the determination of pollutants and what are the emerging
materials to determine these pollutants in the shortest possible time.

1.2.1 Techniques for determining pollutants in food
Residues of heavy metals and pesticides in food, as mentioned above, are very dan-
gerous to human health, so the quality of food control has increased and the physical
and chemical techniques for determining them are increasingly precise. Among the
techniques we can include high performance liquid chromatography (HPLC), gas chro-
matography (GC), mass spectrometry, can also be use hyphenated techniques, HPLC-
MS, GC-MS. Other techniques used especially for metals inductively coupled plasma
source mass spectrometry (ICP-MS) [207]; inductively coupled plasma source atomic
emission spectrometry (ICP-AES). Mass spectrometry is a highly sensitive analysis
technique, capable of determining various inorganic, metallic and non-metallic sub-
stances, with detection limits in the order of ppt (ng/l). This proven versatility has
allowed its use to be extended to numerous scientific disciplines, considering the need
for an instrument capable of providing accurate data on trace and ultra-trace element
concentrations in different matrices. The ICP-MS uses a plasma torch, a quadrupole
as a filter and a detector for final counting, which can be either analogue or digital.
Although this type of instrumentation is highly accurate, there are still some interfer-
ence problems which, if not detected and eliminated immediately, can lead to a loss of
data, or hinder the accuracy of the analysis. The biggest interference problem is with
isotopes of different elements that have the same atomic number, and therefore could
be detected as one element. In the work of Shana et Al, ICP-MS was used to deter-
mine the quantity of metals in food matrices, specifically green and black olives. The
data obtained showed that in addition to the classic content of metals found naturally
in olives, such as Mg2+, which is the most abundant, there were also significant traces
of Co, Pb, Cr, Cd, which are among the most toxic heavy metals. According to the au-
thors, however, despite the presence of the ten heavy metals examined, the levels within
safety limits. Another example of the determination of residues of pollutants in food is
the analysis proposed by Hercegovà et Al., who show a series of separation and analysis
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techniques for the determination of pesticides in baby food.The principle is to prepare
the sample and separate the pollutants by liquid chromatography, extraction being per-
formed by (liquid extraction, solid-phase extraction (SPE), dispersive SPE (DSPE), mi-
croextraction procedures, matrix solid-phase dispersion (MSPD) and supercritical fluid
extraction (SFE), techniques suitable for extracting the active ingredients. Then, after
sample preparation, different techniques such as HPLC and GC are used to determine
the amount of residues, using mass spectrometer (MS) as a detector, this work shows
that pesticides in children’s food do not exceed the limit of quantification, LOQ, dictated
by EU regulations [208]. Another work proposing analyses on heavy metal residues and
pesticides was proposed by Naccari et Al., analysed Sicilian honeys to assess the pres-
ence of certain pollutants [209]. The analysis process is divided into two parts: one part
of the honey is intended for heavy metal analysis, by digesting the honey in concentrated
HNO3, while the other part is intended for pesticides. For heavy metals detection, after
digestion in mineral acid, graphite furnace atomic absorption spectrometry is used as the
analysis technique, using an atomic absorption spectrophotometer equipped with single
element hollow cathode lamps, with the purpose of detecting lead and cadmium. For
pesticides, sample preparation consists of extraction by SPE (solid-phase extraction),
and after extracting the pesticides with an eluent phase using acetonitrile, the samples
were placed in vials for analysis by gas chromatograph coupled to mass spectrometry.
The authors conclude their analysis by stating that in several Sicilian honeys, the Pb
content is ten times higher than the Cd content, in some cases exceeding the legal limits
imposed by the EFSA, which is very worrying given that the risk of bioaccumulation in
the human organism is very high, while pesticides are totally absent from the honeys.
With regard to mercury, Dezfouli et Al. succeeded in determining mercury residues in
tuna from the Persian Gulf using two analytical techniques, being able to distinguish
between inorganic and organic mercury. Using Flame Atomic Absorption Spectrome-
ter (FAAS), they determined the total mercury, without being able to distinguish from
organic mercury. However by GC-MS, the authors were able to determine the amount
of organic mercury, in the form of methyl mercury. The results show that the amount of
mercury in the tuna fish is very high and above legal limits, so the authors say that the
trend of growth of this highly toxic metal in fish is unfortunately set to increase [210].
From these techniques used to determine pollutants in food, it can be seen that there is
a growing need in the scientific community to safeguard human health and bring food
to the table that is safer and contains as few pollutants as possible.

However, in addition to the classic analysis techniques for determining pollutants
such as heavy metals and pesticides, there are a number of nanomaterials in the literature
that attempt to overcome this problem and increase sensitivity and selectivity towards
these markers. One example is the work of Neupane et Al. who use highly fluorescent
peptides to determine mercury, in the form of different salts, using fluorescence [211],
to be exact, the emissive property of peptides is exploited, which when excited at an
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Figure 1.7: A fluorescent peptidyl chemosensor for the detection of heavy metal ions in
aqueous solution as well as in cells was synthesized on the basis of the peptide receptor
for the metal ions using an aggregation-induced emission fluorophore. (adapted form
[211])

appropriate wavelength show an increase in luminescence intensity as the concentration
of mercury increases. The figure 1.7 shows the hypothetical mechanism that exploits
the fluorescence enanchement of peptides, where the nitrogen groups of this peptide
bind mercury with a coordination bond, and the effect of this bond is to increase the
luminescence property of the peptide.

Again trying to use materials with a low environmental impact, Morton et Al., after
functionalising a carbon nanotube electrode with L-cysteine, used voltammetry to ex-
ploit the redox potential of heavy metals in solution. The mechanism is quite simple, but
very effective, i.e. in a solution containing the electrode properly functionalised with
L-cysteine, a salt of a heavy metal is dissolved and by applying a potential difference the
positive ion is bound to the ligand present in the electrode, producing no more current,
which is another method for sensing heavy metals in solution [212].

In addition to heavy metals, as we have already seen for other nanomaterials, the
literature has also focused on the determination of pesticides and phytopharmaceuti-
cals in general, which, as mentioned above, are very dangerous to human health. One
way of pesticide determination was carried out by Yang et Al. The authors developed
a smart adsorbent capable of effectively detecting and removing toxic organophospho-
rus pesticides which is based on MOF, Fe3O4@SiO2@UiO-67, the application of this
composite nanomaterial served for simultaneous selective recognition, detection and re-
moval of glyphosate by exploiting all chemical and physical properties of the constituent
materials. The prepared smart adsorbent contains Zr-OH groups with high affinity for
phosphate groups, endowing it with selective recognition and enhanced adsorption ca-
pacity for glyphosate. Exploiting the optical properties of the composite material, the
combination with glyphosate leads to changes in the fluorescence intensity of the smart
adsorbent, and the incorporation of silica prevents electron transfer between UiO-67
and the magnetic core, which can lead to the identification of the adsorbate and its con-
centration, and achieve a lower detection limit. By optimising the analysis conditions,
the nanomaterial shows excellent detection and adsorption performance, being able to
adsorb very high concentrations of analyte (256.54 mg g-1) [213]. All this indicates
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Figure 1.8: CDs can have crystalline or amorphous structure (adapted from [214])

that MOF-based smart adsorbents are promising for synchronous adsorption/detection
and removal of pesticides, presenting a viable option for water quality monitoring and
wastewater treatment. However, the methods of analysis we have seen have undoubted
advantages such as high reproducibility of analysis on different food matrices, but also
very low limits of determination that can reach ppb, but they have the major disad-
vantage of being very expensive and difficult to exploit outside an analysis laboratory.
For this reason, in this thesis work, we have proposed an alternative way of determining
heavy metals and pesticides in food, namely to exploit the emission properties of carbon
nanoparticles (CDs), which will be discussed in the following section.

1.3 Carbon nanodots
In the last decade, the scientific community has dedicated itself to researching carbon-
based nanomaterials for a variety of uses, examples of which include various carbon
nanoforms such as graphene, carbon nanotubes and fullerenes. However, a new form
of nanosized carbon has appeared in the last decade which has been attracting an in-
creasing interest in fundamental and applied science: carbon nanodots. This class of
new nanomaterials includes several types of nanoparticles, with sizes in the range of
1-10 nm, with different crystal structures such as graphenic, amorphous and polymeric
Figure (1.8).

The interest in this new nanomaterial is mainly due to its remarkable optical proper-
ties, such as strong absorption and bright fluorescence transitions, which show up over a
wide range from the UV to the visible [214–216]. Another important feature is undoubt-
edly the ease with which it can be prepared and synthesised, as well as its remarkable
response in terms of electronic and optical properties to the external environment and its
wide range of applications in various fields such as optoelectronics, bioimaging, catal-
ysis, drug delivery and sensing [217–219]. In this thesis work, we have focused on
exploiting the optical and surface properties of CDs for the sensing of heavy metals and
pesticides in food, as these are very important pollutants that endanger human health.
Therefore, the main goal is to develop the use of fluorescent CDs as probes to allow the
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timely detection of these pollutants by fluorescence measurements.

1.3.1 Synthesis

The two most common synthetic approaches for the preparation and synthesis of CDs
are top-down and bottom-up. The two synthesis methods differ in the types of pre-
cursors used: in the case of top-down synthesis, extended carbon precursors such as
graphite, carbon nanotubes and fullerene are used. Starting from these precursors, sev-
eral synthesis routes can be followed, such as arc discharge, laser ablation, electrochem-
ical route and chemical oxidation, all of which result in highly surface-functionalised
carbon nanoparticles (CDs) with very variable optical and structural properties. Bottom-
up synthesis, on the other hand, involves the carbonisation or pyrolysis of molecular
precursors such as citric acid and urea. The main difference, especially from the point
of view of the surface, is that the samples prepared by this synthetic method are already
full of functional groups derived from the functional groups present in the precursors.
The carbonisation processes from molecular precursors tend to be solvothermal synthe-
sis, microwave synthesis and autoclave pyrolysis. These synthetic approaches make it
possible to construct different CDs with different chemical, optical, structural and mor-
phological properties, so that CDs can be used in different fields of application. Some
of the main synthetic approaches are schematized Figure (1.9) and are summarized in
the following.

Laser Ablation. Laser ablation was the first top-down approach for the preparation
of carbon nanodots (CDs). This technique consists of irradiating an extended solid
carbonaceous precursor with a pulsed laser in order to fragment the extended carbon
network to eventually form carbon nanoparticles [220]. One of the first works carried
out using laser ablation was carried out by irradiating graphite with a laser, obtain-
ing fairly small (around 5 nm) but non-luminescent aggregates. Only after chemical
treatment in an acid solution was it possible to identify the presence of highly lumi-
nescent nanoparticles in these aggregates, with a high variety of functional groups and
chromophores present on the surface. This technique was then used again by several
papers [220–222] and became one of the standard ways to produce CDs. For example,
in the work of Goncalves et Al., where the synthesis is carried out using a fairly large
carbon target immersed in an aqueous solution and irradiated with a pulsed laser at 248
nm, obtaining carbon aggregates that were then activated in an acid environment and
then subsequently functionalized by reacting with NH2�polyethylene�glycol(PEG200)
and N�acetyl�l�cysteine(NAC). At the end of the functionalization process highly
fluorescent carbon nanoparticles were obtained [221].
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Figure 1.9: a) Solvothermal or hydrothermal synthesis conducted in an autoclave with
molecular precursors; b) Electrochemical synthesis using the electrical properties of
extended precursors, such as graphite; c) Microwave synthesis from molecular precur-
sors; d) Laser ablation of extended precursors to form CDs; e) Pyrolysis synthesis using
molecular precursors in the absence of solvents; f) Chemical oxidation synthesis using
extended precursors and reacted with mineral acids or acid mixtures; g) Synthesis of
molecular precursors using the use of solvents to form CDs.
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Chemical Oxidation. The synthetic process consists in the oxidation of carbonaceous
material such as graphite, carbon nanotubes and fullerene with an acid mixture, gener-
ally H2SO4andHNO3, which allows both the fragmentation of the carbon network due to
sulphuric acid and the formation of carboxyl and hydroxyl groups due to the oxidation
of the surface by nitric acid. At the end of the reactive process, highly surface func-
tionalised nanoparticles are formed with optical properties that were not present in the
precursors. As in the case of Yang et Al. that used various extended carbon systems such
as carbon nanotubes as precursors, which are placed in a Teflon container and digested
with a sulphur-nitric mixture, resulting in highly luminescent carbon nanoparticles used
for photocatalytic purposes.

Electrochemical synthesis. Electrochemical synthesis is a another typical top-down
approach for the synthesis of CDs. This reaction, which can be defined as a redox re-
action, uses a potential difference applied to two graphite electrodes with an electrolyte
solution, leading to the formation of CDs from the chemical oxidation of the electrodes
to improve the synthetic process in the work of Li et Al. the best condition found con-
sists in an alkaline alcohol environment favouring the oxidation-reduction process on
one of the electrodes enabling the formation of CDs. This type of synthetic approach
was already common for the synthesis of carbon nanotubes [223].

Hydrothermal or Solvothermal. One of the main bottom-up synthesis methods is
solvothermal synthesis, in which the molecular precursors are solubilised in a suitable
solvent and burnt at temperatures of over 180o. The reaction is generally carried out in
an autoclave or in microwave, i.e. a closed, high-pressure system without the possibility
of heat dispersion, which results in homogeneous heating of the reaction environment
and a better reaction yield. An example is the reaction between citric acid and urea,
where the precursors are solubilised in water, placed in an autoclave and burnt at a tem-
perature of 200o, at the end of the reaction there is a black powder in the autoclave. In
the work of Arcudi et Al., several bottom-up syntheses are presented using a plethora
of synthetic precursors. For example, citric acid pyrolysed at 180o for 150 minutes
resulted in CDs that are particularly carboxylated and have peculiar optical properties
of absorption, emission and quantum yield. The same work also reported the reaction
between arginine and ethylenediamine in water, whereby the resulting material, in con-
trast to the previous reaction, not only has different optical properties, but also a different
surface where in this case nitrogen-containing groups are mostly found. Solvothermal
syntheses therefore have the great advantage of being able to construct different CDs
with different optical, structural, morphological and surface properties [222]. Generally
speaking, doping refers to the introduction into the crystal lattice of an atomic species
alien to those forming it. These impurities, depending on whether they carry valence
electrons in defect or in excess, are called acceptors or donors respectively. The effect
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of the addition of these atoms is to introduce a new energy level into the band-gap of
the doped species. Although the exact position of the new level depends on the recip-
rocal interaction between the specific impurity and the crystal lattice, what typically
occurs is a modification of the absorption and luminescence properties, literature data
also show that the role of nitrogen as a dopant in the core or surface increases the QY
of the nanoparticle.

Purification method Another very important point is certainly purification, i.e. being
able to properly separate CDs from chromophores formed as sub-reaction products or
unreacted starting chromophores. The importance of purifying the CDs is due to the
fact that the chromophores created during the reactive process often disturb the optical
properties of the CDs, as well as sometimes having very similar optical properties, so
purifying the sample enables the nanoparticles to be precisely isolated. In addition, pu-
rification allows separation according to the structure of the CDs. among other things, it
is known in the literature that the most difficult samples to separate are bottom-up sam-
ples, which, compared to top-down samples, show more reaction by-products that have
optical properties similar to CDs, so it is important to be able to separate and purify the
CDs resulting from this type of synthesis as well as possible. [224] The most common
processes for purifying and separating CDs include dialysis, size-exclusion chromatog-
raphy and HPLC. Dialysis allows the removal of molecular traces known as reaction
by-products. In this procedure the CDs sample is first solubilised in distilled water and
then placed inside the dialysis membrane with known pore size values, from which the
reaction by-products come out and the CDs sample remains inside the membrane to be
characterised. SEC, on the other hand, consists in separating the CDs resulting from the
synthesis according to their size. The operation is divided into two phases, a station-
ary phase consisting of a maltodextrose resin, known as Sephadex, which is inserted
into the column and activated with a suitable mixture of solvents, and the mobile phase,
in which the sample is inserted into the column and separated according to size, which
makes it possible to obtain a homogeneous subset of the nanoparticles with different op-
tical and structural properties. Finally, HPLC, an anagram of high-performance liquid
chromatography, allows the separation, like SEC, of CDs into optically active fractions,
which enables to obtain a plethora of CDs with different surface groups and structures.

1.3.2 Structure and Optical Properties
The most fascinating feature of CDs is certainly their luminescence, although the funda-
mental mechanisms responsible for it are not still very clear in the literature. However,
the optical properties of this nanomaterial are intrinsically due to its core and surface
properties. Depending on the synthesis route, core can have crystalline or amorphous
structures, so it is correct to speak of three different families of carbon nanodots, namely
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Figure 1.10: Graphene and Carbon quantum dots example and HRTEM image (adapted
from [225]

the GQDs, graphene quantum dots, the CQDs, carbon quantum dots and CDs carbon
dots. The main difference is that GQDs are a few sp2-hybridized carbon layers and
tend to be flat, CQDs are spherical with a well-defined crystal structure and a single
carbon hybridisation in addition to having a spherical shape, and CDs are amorphous
nanoparticles with a carbon core where both hybridisations coexist, i.e. sp2 and sp3

Figure (1.10)
The different hybridisation of the carbonaceous core, and the overall morphology,

therefore makes it possible to identify different sizes of nanoparticles, but as mentioned
above, everything also depends on the synthetic precursors. For example, with regard to
graphene quantum dots, the dimensions easily vary from 5 to 20 nm, due to the presence
of starting materials such as graphite or carbon nanotubes that have a carbon network
of the sp2 . However, the opposite can be said for CDs, since the starting materials are
mainly small molecules such as the aforementioned citric acid and urea, this creates a
more disordered network and not very precise from a carbonaceous core point of view,
so CDs are mainly derived from bottom-up synthesis. The properties of cores are mainly
studied with fairly precise techniques such as Transmission electron microscopy (TEM),
Raman spectroscopy and atomic force microscopy (AFM). TEM gives important infor-
mation about the structural properties of carbon nanoparticles, and this technique, when
combined with AFM, allows the core property and the size of the carbon nanoparticles
to be identified, so these techniques combined can give important information about the
structure and morphology of CDs. In regard to Raman spectroscopy, the information
provided relates to the crystalline structure, and therefore, from the presence of the typ-
ical bands of carbon materials, i.e. D and G, it is possible to identify the presence of
a graphitic, graphenic, diamond-like and amorphous core, depending on the ratio be-
tween the I

D

and I
G

intensities. This additional information therefore makes it possible
to complete the structural overview of CDs, identifying precisely certain properties of
structure and size. An example is provided by the work of Mewada et al, who show
a series of core characterisations to understand the crystal structure of CDs as in Fig-
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Figure 1.11: XRD and Raman spectra of carbon nano dots (adapted from [225]

ure (1.11), which allow to identify the crystalline structure of CDs. For example, XRD
shows peaks that are directly compatibile with a graphitic crystal structure, also con-
firmed by Raman spectra. Sharp and intense Raman peak of G band observed at 1578
cm-1 feeble peak of D band at 1331 cm-1. An additional peak at 2654 cm-1 explains the
sp2 hybridization pattern. It is the 2nd order two phonon process but sometimes clearly
seen in Raman spectra. A ratio of intensities of I

D

/I
G

was calculated to be 0.59 which
denotes the sp2 or sp3 character of the nanomaterial.

In addition to the important core properties, the surface characteristics, i.e. the
functional groups present on the CDs, such as carboxyl groups, containing COOH and
COOR, amino groups, NHx, and aromatic groups, are of fundamental importance. The
presence of these groups is due to the method of synthesis, i.e. the CDs with more
functional groups tend to be those synthesised by the bottom-up method, because the
presence of functional groups already present in the precursors makes it possible to have
a richer and more varied surface. However, it is also possible to passivate the surface
post-synthesis, by inserting chemical groups on the surface in order to add them to the
existing ones or to replace them, which makes it possible to change not only the sur-
face properties, but also the luminescence properties, since the absorption and lumines-
cence feature depend in a dual way on both the surface structure and the core structure.
The post-synthesis passivation or functionalisation process is mainly carried out on top-
down synthesised nanoparticles, because there is greater surface homogeneity, which
makes the process of inserting new chemical groups easier. An example is the work of
Kwon et Al. the solvothermal synthesis of citric acid, and then functionalise them with
aromatic groups, in this case anilines [225] Figure (1.12), replacing with other chemical
groups such as nitrogen, oxygen and sulphur, which makes it possible to add chemical
groups on the surface to change the optical properties of the nanoparticles, As shown in
Figure (1.12), the authors characterise the functionalised CDs with TEM to understand
the core properties, but also with XPS and FT-IR to identify the surface properties, but
above all to understand whether the reaction is successful by looking at the change in
typical peaks with FT-IR.

The importance of being able to correctly synthesise and functionalise CDs, allows
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Figure 1.12: Synthesis Process and caractherization of CDs produced by Bottom-up
approach (adapted from [225])

Figure 1.13: CDs emission spectra and Tunability process (adapted from)

all those optical characteristics such as absorption and fluorescence to be controlled. The
phenomenon of photoluminescence is undoubtedly the most peculiar and fascinating
one, but it is also very debated in the literature, since it is still not clear whether the
emission process depends on the core or on the surface or on a combination of the two
effects.

Anyway, CD fluorescence shows some very interesting features such as tunability,
ease of response to the external environment, which makes them good candidates for
various applications. The presence of a large absorption range across the UV-Vis spec-
trum allows CDs to be excited at different wavelengths, showing fluorescence bands that
shift according to the wavelength of excitation. This makes it possible to have CDs with
various emission colours from blue to red; in the Figure (1.13) in the work of Bao et Al.,
the dependence of the emission wavelength on changing the excitation wavelength can
be seen.

However, carbon nanoparticles do show very active optical behaviour, but with dif-
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ferent quantum yields (QY), the differences are mainly due to the different synthetic
pathways Bottom-up and Top-Down, which show slightly different optical behaviours.
Bottom-up synthesized CDs tend to show higher QYs, probably due to their more
molecular than nanoparticle-like behaviour, given the presence of highly conjugated
aromatic ⇡-chemical groups, the fluorescence of these CDs is more molecular-like,
which increases luminescence and thus QY, in contrast to top-down CDs that show
behaviour more similar to the starting precursor material such as graphene or carbon
nanotubes, as for example in the work of Wang et Al. both systems are compared and
after the same purification processes the quantum yield of the two systems differs, ev-
idencing that the bottom-up sample after purification decreases its QY due to the loss
during dialysis of the small chromophores that give the nanomaterial its molecular be-
haviour [226].

Another important aspect of CD fluorescence is the response to the external envi-
ronment, for example CDs are very sensitive to the solvent in which they are dispersed,
but also to certain compounds, such as the transion metals that extinguish the fluores-
cence intensity of CDs. The best quenchers are e.g. Hg+2, Cu+2, Fe+3 as for example
in the work of Meng et Al., in which after synthesising CDs by a bottom-up route the
quenching of CDs by such metals is used for heavy metal sensing. As mentioned above,
in addition to interactions with heavy metals, CDs are very sensitive to pH, i.e. their
luminescence properties change depending on whether the system in which they are
immersed is acidic, basic or neutral. In the work of Marin et Al. [227] the response of
CD luminescence to pH is used for biological purposes. In particular, the authors note
that changing the concentration of hydrogen ions leads to cellular disruption, which
they determined by using the luminescence properties of CDs as probes in a confocal
fluorescence spectroscopy, so being able to detect the electron-transfer process between
organelles and CDs in a variable pH environment. The versatile optical properties di-
rectly linked to the core and surface structure, the sensitivity to the external environment,
tunability across the UV-Vis range, biocompatibility and ease of synthesis make carbon
nanoparticles excellent candidates for a multitude of application fields.

1.3.3 Emission Mechanism
One of the questions still being debated in the scientific community is certainly the
CDs emission mechanism, since it represents the most marked property of this new
nanomaterial. In this respect, models attempting to explain CD fluorescence can be
generally classified in two process one that argues that the emission mechanism depends
on the core and therefore from the size of the nanoparticle and the other in which it is
proposed that the emission mechanism occurs in electronic states located on the surface
of the dot. Some of the first works on CDs initially investigated the effect of the size
of the CDs, hypotesizing that the emission could be interpreted as a sort of quantum
confinement effect that is dependent on the size of the nanoparticle. This can be proved
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Figure 1.14: CDs emission by size depnding (adapted from [223])

by trying to extract and separate CDs using purification methods such as size-exclusion
chromatography, which separates the nanoparticles by size and thus explains how the
optical properties are directly dependent on the size of the nanoparticles. In doing so,
Li et Al. were able to demonstrate that the luminescence of CDs was size-dependent
by studying the energy separation of the HOMO and LUMO frontier molecular orbitals
of all the fractions collected during the purification process. As the absorption and
emission spectra changed as shown in Figure (1.14), but the surface of the CDs, which
had been characterised by FT-IR spectroscopy, did not, this is the first evidence that the
size of the nanoparticle influences the emission mechanism through the core state [223].

Another study carried out by Ye et Al., using top-down synthesis, proposes a further
mechanism based on the size of the carbon nanoparticle, the authors suggest that the
emission mechanism is related to two phenomena, namely excitation in the core of the
nanoparticle and radiative recombination on the surface of the CDs, which is ultimately
responsible of the emission property, proposing a highly localised emission mechanism
on the surface, also due to the chemical groups present, which can act as additional
chromophores [228]. Besides, according to the authors, the size dependence helps to
understand the tunability process, so much so as to demonstrate how two nanoparticles
from the same synthesis but of different sizes (from 2.96 nm to 2.30 nm), show different
optical behaviour, so that the emission wavelength blue shifted from 500 to 460 nm; this
emission phenomenon suggests that CDs are indeed quantum dots, given their behaviour
very similar to classic semiconducting metallic dots. In conclusion, the authors argue
that the correlation between size and different optical properties may be due to further
processes that, for example, establish a correlation between size and surface structure,
which is probably also involved in the emission mechanism.

Another process that is also much debated in the literature involves the surface state
of CDs, where it is hypothesised that the mechanism of excitation and subsequent emis-
sion depends solely on the surface of the CD or, even better, on the chemical groups
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Figure 1.15: PL maps glucose CNDs in water (a, relative polarity 1); ethanol (b, relative
polarity 0.654) and in hexane (c, relative polarity 0.009). Normalized PL data of freeze-
dried glucose sample with two excitation wavelengths (325 nm and 442 nm) are also
shown (d), (adapted from [230])

present, which act as chromophores exclusively responsible of the emission. It is mainly
assumed that surface-dependent luminescence phenomena are dependent on the synthe-
sis techniques, with bottom-up syntheses being the most likely to yield CDs character-
ized by a surface-related emission, the reason being that the molecular precursors used
for this synthesis contain functional groups that dope the surface and make the dot very
luminescent during the synthesis process.

Furthermore, it has been proposed that molecular side-products of the synthesis can
be adsorbed on CD surfaces and contribute to their fluorescence. In the work of Das et
Al., they argue that the possibility of having a plethora of different chromophores on the
surface enables the fluorescence mechanism. To prove this model, the authors oxidise
and reduce the surface of the dots obtained by a bottom-up approach and they find that a
change of the chemical groups present on the surface leads to different responses despite
the crystalline core remaining unchanged [229].

Another way to address the emission mechanism of CDs is to study the interaction
between CDs and the external environment, as in the case of Papaioannou et Al, who
after synthesising CDs with a bottom-up method and characterising them structurally,
study interactions with different solvents, This study proposes an emission mechanism
that is strongly dependent on the chemical groups present on the surface in the presence
of different solvents, two polar (water and ethanol) and one apolar (hexane) [230], and
it is shown that the increasing polarity of the solvent influences the emission given the
easy interaction between solvent and surface, as shown in Figure (1.15)

As we have seen so far, there is a large debate on the possible fundamental mech-
anisms responsible of CD fluorescence, and it is very likely that CDs with different
structures obtained by different synthetic approaches emit thourgh different mecha-
nisms. Anyway, from a practical point of view, the fascinating fluorescence properties
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Figure 1.16: Applications field for CDs nanoparticle (adapted from [231])

of CDs combined with their strong response to the environment make them useful for
several technological applications, which are being intensely explored by many research
groups, and are described in the next paragraphs.

1.3.4 Application
CDs, can be broadly described as an optically active carbon-based nanomaterial with
characteristics similar to semiconducting quantum dots, with the advantage of being a
much less toxic material, so much so that they can be used in a series of application
fields, such as bioimaging or in the biomedical field in general for drug delivery, which
can be inoculated through carbon nanoparticles, or as optoelectronic devices , based on
their strong tendency of behaving as electron donors, or in catalysis, given the presence
of chemical groups that can be easily photoactivated to improve the yields of reactions
[231]. Last but not least, an important field of application of CDs which is of particular
importance in this thesis is nanosensing, given the ease of interaction with heavy metals.
Some of these applications shown in Figure (1.16) will be discussed in more detail in
the next few paragraphs.

Biomedical. Beside their optical properties, another important characteristic of CDs is
undoubtedly their biocompatibility, so that in recent years there has been much discus-
sion in the literature about the application of these carbon nanoparticles in the biological
and medical fields, thanks to their low impact on human health, so much so that they
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Figure 1.17: Fluorescence images of 16HBE cells incubated for 24 h with the CDs
(adapted from [232])

are candidates as materials of the future for bioimaging given their luminescence prop-
erties, but also as drug transporters and even as possible drugs in their own right. A
first example is bioimaging, as exemplified by the work Chen et Al. which uses CDs for
biomaging in vitro of bronchial tissue cells after an incubation time of 24 hours, the cell
is viewed by fluorescence microscopy and the stability of the cell with CDs allows for
potential application in vivo [232].

Another application of CDs in the nanomedical field is that of drug delivery, i.e. the
CDs are loaded with the active ingredient by means of a coupling reaction, but when
they reach the active site of interest, the CDs slowly release the drug. An example is
given by the work of Tang et Al. who, after passivating with PEG [233], bind the drug
Doxorubicin to the surface of the CDs and then carry out release tests by means of
FRET.

Photocatalysis. In addition to applications in the biological field, given the very pro-
nounced optical and reactive properties of CDs, they have many applications in the field
of catalysis, more specifically photocatalysis. The principle of photocatalysis exploits
the interaction between sunlight and generally a metal or metal oxide, such as TiO2,
which can be defined as the photocatalyst par excellence. For example. the work of
Ji et Al it presents TiO2 nanoparticles that are photo-activated for the degradation of
polycyclic aromatic hydrocarbons [234] which are very dangerous for the environment
as well as being one of the main sources of air pollution caused by the combustion of
fossil fuels. However, metal oxide photocatalysts contain elements from the periodic
table that tend to be toxic to human health, which is why the scientific community tends
to look for metal-free materials, such as CDs. Given the high sensitivity of CDs to light
radiation in UV-Vis, this property makes CDs prime candidates to achieve metal-free
photocatalysis, e.g. in the work of Song et Al., boron-doped CDs are used in conjunction
with graphitic carbon nitride (g�C3N4) to efficiently break down and degrade organic
pollutants [235]. Thus, the authors were able to construct a heterojunction between CDs
and g�C3N4, demonstrating a catalytic efficiency comparable to that in the presence of
transition metals.
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Nanosensing. In the literature, the use of carbon nanoparticles varies widely, but re-
cently there has been a massive use for nanosensing, in which carbon nanoparticles
act mainly as a highly sensitive chemical sensor to a whole range of molecular and
ionic compounds [236], thanks also to the presence of a surface highly rich in chem-
ical groups that allow better interaction with the analytes of interest. Thus, CDs can
act as non-selective but highly sensitive chemical sensors due to post-synthesis with
certain chemical groups relevant to the highly selective recognition of certain chemi-
cal compounds. Several works in the literature have pursued the selective sensing of
heavy metals such as Hg2+, Pb2+ and other heavy metals that are particularly polluting
and very dangerous to human health, and the versatility of the functional groups allow
a high selectivity towards these pollutants. CDs detect other dangerous environmental
pollutants, such as polycyclic aromatic compounds and pesticides, both of which have
very similar mechanisms of interaction that will be explained later in this section. As
far as heavy metals are concerned, the interaction with the highly functionalised surface
of CDs tends to take place through luminescence quenching, i.e. the selective switch-
ing off of radiative channels that allow the dot to luminescence. For example, in the
work of Wang et Al., the quenching of the luminescence of CDs prepared via bottom-up
methods is reported. The authors also explain the mechanism of interaction between the
surface of the dot and the metal in question, which in this case is mercury Figure (1.18),
as being the result of photoinduced electron transfer from CDs to the ion.

The process that occurs is given by the collision of the mercury ion with the surface
of the CDs, leading to the formation of a coordination compound made possible by the
presence of functional groups containing nitrogen, which have a particular predisposi-
tion to bind in an exclusive way the mercury. Morover another mechanism of action
is due to electrostatic interaction between the positively-charged ion and the negatively
charged CD surface [237].

In addition to the multiple selectivity towards transition metals, in recent years in
the literature various attempts to use CDs to detect pesticides and other molecules have
been reported. The interaction process between aromatic molecules and CDs in this
case predict that no bonds are formed with the surface, bonds that allow the fluorescence
radiative channels to be switched off, but the attachment of the aromatic molecule to the
CD surface occurs through weak-type interactions, such as for example the hydrogen
bond or intercalation p-p stacking, a process that occurs quite easily if the pesticide is
aromatic and the CDs has a graphenic or graphitic structure, where the ⇡-orbitals of
the two systems interpenetrate to form fairly stable intermolecular interactions, capable
of turning off the radiative channels of the CDs. An example is the work done by
Muckoya et Al. able to determine a family of pesticides using liquid chromatography
extraction coupled with mass spectrometry, managing to determine the concentrations
of pesticides, in this case the family of parabens, coming from waste water [238]. In
this case the authors exploit the chemical properties of the CDs and not the optical
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Figure 1.18: Mercury ion sensing based on PL spectrum. (A) The proposed PL quench-
ing mechanism for N-doped CNDs/Hg2+ system; (B) the relative fluorescence intensities
(F/F0) of N-doped CNDs in the presence of metal ions (300 µM), and following treat-
ment of the mixture solution with 300.0 µM Hg2+; (C) representative PL emission with
increasing Hg2+ concentrations (0-300 µM), the inset displays photographs with Hg2+

concentrations of 0 and 300 µM; (D) the dependence of (F0/F)-1 on concentrations of
Hg2+; (E) Hg2+ concentration in river water measured by PL spectrum (red) and using
ICP-AES (black). (adapted from [237])
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ones, this demonstrates a remarkable ductility of the CDs. Another way to use CDs
for pesticide determination is to utilise their emissive properties. In the work of Li et
Al. [239] a bioplatform is created to monitor and determine organophosphorus pesticides
which is designed through dual-mode (fluorometric and colorimetric) channels based on
acetylcholinesterase (AChE)-controlled quenching of fluorescent carbon dots (CDs). By
exploiting quenching by a target molecule TNBA which is able to function as a powerful
absorber the fluorescence of CDs was quenched through a dynamic quenching process.
It was also found that by the presence of organophosphorus pesticides, the enzymatic
activity of acetylcholine is inhibited, leading to the recovery of the fluorescence signal.
The experiment provided good sensitivity for the rapid detection of paraoxon (model
analyte) with a detection limit of 0.4 ng/mL-1. Therefore, by exploiting the excellent
optical property of CDs and the specificity of the enzyme, the dual output platform may
potentially be a promising candidate for the detection of organophosphorus pesticides
[239].

1.4 Aim of Project
The research project aims to create optical sensors of polluting substances using the
photoemission of Carbon Dots (CDs) as a sensitive element. CDs are a recently dis-
covered family of carbon-based nanomaterials, at the center of considerable research
interest due to their peculiar optical emission properties, usable in multiple applica-
tions, for example in optoelectronics and biotechnology. It is known in particular that
CDs are particularly suitable for use in nanosensing, because their fluorescence is ex-
tremely sensitive to the environment and to interactions with surrounding molecules and
ions. In general, the use of nanomaterials as sensors has a number of potential advan-
tages over traditional detection methods, such as, for example, the high active surface,
high selectivity and sensitivity. Among the many nanomaterials with this functionality,
CDs are of particular interest because, unlike many other nanosystems, they appear to
be fundamentally non-toxic, eliminating the concern that currently limits the advance-
ment of many nanotechnologies. Furthermore, CDs can be produced at very low cost,
with simple and sustainable procedures, and also from waste materials, which makes
them very suitable for environmentally friendly commercial exploitation. Due to this
combination of properties, the study of nanosensors based on CDs is now a very com-
petitive sector. The project intends to develop CDs-based sensors for two classes of
analytes of great environmental importance: heavy metals and pesticides. The detection
of metals in water, or of pesticide and herbicide residues in food products, are problems
of considerable social and industrial importance due to the toxicity and the absorption
of these substances by consumers. There is already several evidences that CDs can be
used by metal ion sensors (Pb2+, Cd2+, Hg2+) and some recent examples of how CDs
can be engineered so that their fluorescence reveals some common pesticides and herbi-
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cides (e.g. organophosphates or triazines). However, more research is needed to bring
these applications to full fruition. In fact, the interaction processes between CDs and
the surrounding environment are still poorly understood, as are the mechanisms respon-
sible for their fluorescence. The research activities proposed here aim at a much deeper
understanding of the photo-physics of CDs interacting with the surrounding environ-
ment, allowing to optimize their use in sensors and to obtain low-cost devices to detect
different types of metals and / or pesticides.
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Chapter 2

Theory and basic concepts related to
sensing

In this chapter, the physical phenomena necessary to describe the scientific aspects ex-
plained in the previous chapter will be addressed and described from a purely theoretical
point of view.

2.1 Optical Absorption and Emission
Optical spectroscopy is the study of the absorption and emission of light by atoms,
molecules, or larger assemblies. The absorption or emission processes are related to a
rearrangement of the electrons in the system. To a first approximation, the rearrange-
ments usually correspond to an electron being transferred from one orbital to another,
and a transition will be described in terms of those orbitals. The wavelengths or fre-
quencies of transitions help identify atoms and molecules and give information about
their energy levels and hence their electronic structure and bonding. Intensities of ab-
sorption or emission give information about the nature of the electronic states and help
to determine concentrations of species.

Absorption spectroscopy is a common and well developed technique for studying
electronic transitions between the ground state and excited states of atoms or molecules.
A beam of light passes through a sample, and the amount of light that is absorbed during
the passage is measured as a function of the wavelength or frequency of the light. The
absorption is measured by comparing the intensity, I, of light leaving the sample with
the intensity, I0, entering the sample. The transmittance, T, is defined as the ratio:

T =

I

I0
(2.1)

It is often quoted as a percentage. In measuring the spectra of gases or solutions
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contained in cells, I0 is usually taken to be the light intensity passing through an empty
cell or a cell of pure solvent. This corrects well for reflection at the surfaces, absorption
by the solvent or light scattering, which are not usually the quantities of interest [240,
241]. It is usually convenient to work with the decadic absorbance, A(OD), defined by:

OD(�) = log

I0
I

= � log T (2.2)

From the equation we can then derive the Lambert-Beer limit law which thus makes
explicit the quantities from which the absorbance depends on

OD(�) = ✏cB (2.3)

Where ✏ is the molar extinction coefficient which is directly proportional to the cross
section, c is the concetration of the compound absorbing the photon energy and B is the
optical path. The electronic absorption spectrum of a compound is usually shown as a
plot of ✏ versus wavelength or frequency.

To understand emission spectroscopy of molecules and/or their photochemistry it
is essential to have a picture of the radiative and non-radiative processes among the
electronic states. Most stable molecules other than transition metal complexes have
all their electrons paired in the ground electronic state, making it a singlet state. To
illustrate the processes that occur between absorption and subsequent emission, it is
useful to introduce Jablonski diagrams; an example is shown in Figure 2.1. Singlet
states are designated by the letter S and numbered in order of increasing energy. The
ground state is called S0. Excited singlet states have configurations in which an electron
has been promoted from one of the filled orbitals to one of the empty orbitals of the
molecule. Such configurations with two singly occupied molecular orbitals will give
rise to triplet states as well as singlet states. A triplet state results when one of the
electrons changes its spin so that the two electrons have parallel spin. Each excited
singlet state will have its corresponding triplet state. Because the electron–electron
repulsion is less effective in the triplet state, it will normally be lower in energy than
the corresponding singlet state. After an absorption process the electron, promoted to a
given excited state, usually comes back to the ground state emitting a photon of energy
equal to the energy separation of the electronic levels. Those listed and shown here are
only some of the processes involving electronic states, another important process being
fluorescence quenching [240, 242].

The emission process is characterized by a typical permanence time, named lifetime.
Typical singlet lifetimes are measured in nanoseconds while triplet lifetimes of organic
molecules in rigid solutions are usually measured in milliseconds or even seconds. In
liquid media where diffusion is rapid the triplet states are usually quenched, often by
the nearly ubiqitous molecular oxygen. Because of that, phosphorescence is seldom
observed in liquid solutions. In the spectroscopy of molecules having a singlet ground
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Figure 2.1: Jablonski diagram; the most common processes that matter undergoes when
interacting with radiation are presented, namely absorption, fluorescence and phospho-
rescence. The diagram shows the electronic ground state S0, the excited singlet states
S1,2 and a triplet state T1. Horizontal lines represent the vibrational energy levels related
to each electronic state.
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state the term fluorescence is now usually used to refer to emission from an excited sin-
glet state and phosphorescence to emission from a triplet state, regardless of the actual
lifetimes. If a light beam is used to excite one of the higher singlet states, say S2, a
very rapid relaxation occurs to S1, the lowest excited singlet state. This non-radiative
process just converts the difference in energy into heat in the surroundings. A radia-
tionless transition between states of the same multiplicity is called internal conversion.
Relaxation between states of the same multiplicity and not too far apart in energy is
usually much faster than radiative decay, so fluorescence is seen only from the S1 state.
These radiationless processes in large molecules are the analogue of the perturbations
observed in small molecules. They are caused by small terms in the Hamiltonian such
as spin–orbital coupling or Born–Oppenheimer breakdown, which mix electronic states.
The density of vibrational levels of large molecules can be very high and these interac-
tions favour irreversible transitions to lower states. Once the excited molecule reaches
the S1 state it can decay by emitting fluorescence or it can undergo a further radiation-
less transition to a triplet state. A radiationless transition between states of different
multiplicity is called intersystem crossing. This is a spin-forbidden process. It is not
as fast as internal conversion and often has a rate comparable to the radiative rate, so
some S1 molecules fluoresce and others produce triplet states. There may also be further
internal conversion from S1 to the ground state, though it is not easy to determine the
extent to which that occurs. Photochemical reactions or energy transfer may also occur
from S1 [242, 243].

2.2 Lifetime and Quantum Yield
Lifetime and quantum yield, are other important intrinsic characteristics of chromophores,
and are directly related to each other. When we speak of QY, we mean the ratio between
the number of photons emitted and the number of photons absorbed. In general, species
with higher quantum yields show more intense emission and the QY can also be defined
as the fraction of excited molecules that return from the excited state to the fundamen-
tal state by emitting a photon. The QY is given by the relationship between �, which
is defined as the radiative decay rate of a molecule and knr, which is the non-radiative
decay rate; this relationship gives the QY value of a fluorescent system by the following
equation:

QY =

�

�+ k
nr

(2.4)

Among other things, when the quantum yield is equal to or at least close to 1, it
means that the dissipative processes dependent on knr, are negligible and therefore �»knr.
Given the dependence of these two quantities, � and knr, one can also calculate the
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fluorescence lifetime, which gives information about the time the fluorophore lives in
the excited state, so the lifetime ⌧ is given by

⌧ =

1

�+ k
nr

(2.5)

However, the process causing the depopulation of the excited state is still random,
so the all excited fluorophores do not decay with a time precisely equal to ⌧ , but the
lifetime should rather be seen as the average of the decays of all fluorophores, which as
mentioned above occur randomly. Although there are various processes that depopulate
the excited state, a simple general model is as follows: suppose at time t the excited
state is composed of a population n(t). Having already introduced the radiative and non-
radiative transition rates, it is possible to express the population variation per unit time
by the following equation when the system has been excited and is then let to relax

dn(t)

dt
= �(�+ k

nr

)nt (2.6)

therefore , assuming a population n(0) at t=0s that is the time when the excitation
source is removed,

n(t) = n(0)�(�+knr)(t) (2.7)

From here we then obtain the exponential decay regulating the depopulation of the
excited state, and considering that the intensity I emitted per unit time is proportional to
the population change per unit time, we can also write:

I(t) = I(0)e�
t
⌧ (2.8)

However, single exponential decay is not the only possible law describing how a
fluorophore undergoes depopulation of the excited state. In fact, some fluorophores
can display two components in that decay with very similar lifetimes. In this case it is
appropriate to describe this phenomenon with a double exponential as follows:

I(t) = I(A)e
� t

⌧A
+ I(B)e

� t
⌧B (2.9)

where I(A) and I(B) are the respective emission intensities of the two variants of
the fluorophores characterized by two different lifetimes ⌧

A

and ⌧
B

, so the emission
intensity varies over time as a linear combination of two exponential decays. Another
type of decay, observed in time-resolved spectroscopy, is the stretched exponential:

I(t) = I(0)e(�
t
⌧ )

�
(2.10)

This decay law is characteristic of highly disordered system, and can be taken as a
phenomenological way of representing a broad distribution of lifetimes. The parameter
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� is related to the distribution of lifetimes; for � = 1 we return to the case of simple
exponential decay. The smaller this parameter, the wider the lifetime distribution of the
emissive species.

2.3 Quenching
Fluorescence quenching refers to all those processes that cause a decrease in emission
intensity and in some cases a complete removal of the fluorescence. The dynamics in-
volved in quenching the fluorescence are given by the reaction between a fluorophore [F]
and a quencher [Q], in which energy is transferred from the fluorophore to the quencher.
This type of process makes it possible to switch off the fluorophore’s radiative channels,
but the process is not always irreversible, so that there are two different types of quench-
ing, namely dynamic or collisional quenching and static quenching. Collisional, or dy-
namic, quenching occurs when the fluorophore is returned to the ground state due to a
collision following a diffusional encounter with other molecular species present in so-
lution; this collision must also occur during the lifetime of the excited state [242]. Typ-
ically, this process does not lead to alterations in the emissive species, the fluorophore
can still carry out absorption although decay through radiative channels is prevented
by the quencher, which interacts with the fluorophore before emission occurs. When a
reaction occurs between a chromophore and a quencher, in the case of static quenching,
we have the formation of a quencher-fluorophore complex which is no longer emissive.
Typically a change in the absorption spectrum can be observed. In some cases, the new
species is no longer able to absorb the energy by electronic transition. In other cases,
absorption is still possible but the new species is affected by strong non-radiative decay
processes that completely prevent fluorescence.

We can therefore study quenching processes not only by observing the disappear-
ance of emissive properties, such as fluorescence, but also how other parameters such
as the absorption spectrum and how the fluorescence lifetime varies, thus being able to
obtain information on the type of quenching in question and differentiate between them.

Dynamic Quenching. Dynamic quenching results in a decrease in fluorescence due to
collisions of the excited fluorophore with other molecules (quenchers) and subsequent
non-radiative decay. Among other things, dynamic quenching is described by the Stern-
Volmer equation:

I0
I

= 1 + k
q

⌧0[Q] = 1 + k
D

[Q] (2.11)

where I0 and I represent the emission intensity in the absence and presence of the
quencher, the product between the proportionality constant kq and [Q], the concentra-
tion of quenchers, indicates the rate at which the excitation is dissipated due to dynamic
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quenching processes and finally ⌧0 is the lifetime in the absence of the quencher, while
kD which is the Stern-Volmer constant for the dynamic quenching mechanism, encloses
kq and ⌧0. Data on quenching processes are often created by comparing I0/I as a function
of [Q] since the expected trend is linear. Such graphs are called Stern-Volmer graphs
and their importance lies in the fact that simply by analysing the slope of the line repre-
sented, information on the process can be obtained.

Considering now the ratio between the two lifetimes ⌧0/ ⌧ :

⌧0
⌧

=

�+ k
q

[Q]

�

= 1 + k
q

⌧0[Q] (2.12)

it can be seen from the equation that a typical feature of dynamic quenching is
characterized by equal decrease of emission intensity and lifetime as can be seen from
the identity:

I0
I

=

⌧0
⌧

(2.13)

The fact that the fluorescence lifetime and intensity decrease at the same time means
that the quencher is able to selectively switch off those radiative channels, thereby
changing the fluorophore’s properties of remaining in the excited state.

Static Quenching. As far as static quenching is concerned, however, the interaction
process is slightly different. A fluorophore interacts with a quencher, which switches off
those radiative channels in the excited state, forming a a non-fluorescent complex. This
type of quenching is controlled by the equilibrium constant of the complex formation:

K
s

=

[F �Q]

[F ][Q]

(2.14)

Where [F-Q], [F] and [Q], are the concentrations of the fluorophore-quencher com-
plex, the free fluorophore and the free quencher. The total concentration of the fluo-
rophore that has been quenched or not by the quencher [F0] can also be identified from
the mass balance as follows:

F0 = [F �Q] + [F ] (2.15)

by substituting and solving the previous equation:

K
s

=

[F0]� [F ]

[F ][Q]

=

[F0]

[F ][Q]

� 1

[Q]

(2.16)

As in the case of dynamic quenching, the concentration of the fluorophores can be
substituted by the intensity emitted in the presence and absence of a quencher.
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K
s

=

[I0]

I[Q]

� 1

[Q]

;

I0
I

= 1 +K
s

[Q] (2.17)

The equation obtained to describe static quenching processes linearly relates the
quantity I0/I to the concentration of the quencher [Q]. The resulting dependence is iden-
tical to that obtained for dynamic quenching processes, but in this case the Ks con-
stant appearing in equation 2.17 represents a chemical equilibrium constant, rather than
the product of a diffusion constant and the lifetime, as found before. However, given
the similarity between the two types of quenching from a graphical point of view, we
cannot discriminate between the two processes by only using steady-state fluorescence
analysing only the decrease in fluorescence intensity.Nevertheless, one technique that
allows the two types of process to be discriminated is time-resolved fluorescence, as we
have seen dynamic quenching depends on the ⌧ lifetime in the excited state. When dy-
namic quenching is present, the excited state has an extremely short lifetime due to new,
very efficient non-radiative decay channels. In the static quenching, at variance, it can
therefore be said that the mechanism removes part of the fluorophores by making them
non-fluorescent: the lifetime of the remaining fraction, however, remains unchanged
and we can write:

⌧0
⌧

= 1 (2.18)

As already said, in case of dynamic processes this same quantity is instead pro-
portional to the concentration [Q] of the quencher. Therefore, by using time-resolved
measurements to check for changes in the decay lifetimes, one can discriminate static
from dynamic quenching and it is possible to be certain about the type of process at play
for a given system.

2.3.1 Quenching Mechanism
In the previous paragraph we have seen the types of quenching, i.e. static and dynamic,
but in this section we will look at a number of phenomena that can cause fluorescence
quenching. The most important prerequisite is that the quencher in certain concen-
trations is close enough to the fluorophore to be quenched, so the distance between a
fluorophore in the excited state and the quencher must be such that there can be an ex-
change of energy and the fluorophore is quenched and then returns to the ground state by
relaxing through non-radiative channels. Three main types of processes are typically in-
volved in quenching, namely Resonance Energy Transfer (RET), Intersystem Crossing,
Photoinduced Electron Transfer (PET).

Resonance Energy Transfer RET occurs when there is an overlap between the emis-
sion spectrum of a fluorophore, known as the donor, and the absorption spectrum of
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Figure 2.2: FRET scheme

another species present in solution, known as the acceptor. The donor fluorophore ab-
sorbs electromagnetic radiation and then goes into an excited state. When the RET
process occurs, the donor returns to the ground state while the acceptor is simultane-
ously excited. At this point, if the acceptor is fluorescent, the return to the ground state
can be mediated by emission; on the contrary, dissipation occurs in the form of heat
and fluorescence quenching occurs. The phenomenon is not mediated by photons, but
rather the coupling between donor and acceptor is due to dipole-dipole interactions,
which makes possible an interaction on a spatial scale of the order of nm, the longest
among the processes mentioned here Figure 2.2.

Intersystem Crossing Intersystem crossing is a non-radiative transition between two
vibrational levels of the same energy belonging to electronic states of different multi-
plicities. For example, an excited molecule in the 0 vibrational level of the S1 state can
move to the iso- energetic vibrational level of the T1 triplet state; then vibrational relax-
ation brings it into the lowest vibrational level of T1, Figure 2.3. Intersystem crossing
may be fast enough (10-7–10-9 s) to compete with other pathways of de-excitation from
S1 (fluorescence and internal conversion S1 -> S0). Crossing between states of different
multiplicity is in principle forbidden, but spin–orbit coupling (i.e. coupling between the
orbital magnetic moment and the spin magnetic moment) can be large enough to make
it possible. The probability of intersystem crossing depends on the singlet and triplet
states involved. If the transition S0 -> T1 is of n -> ⇡ type for instance, intersystem
crossing is often efficient. It should also be noted that the presence of heavy atoms (i.e.
whose atomic number is large, for example Br, Pb) increases spin–orbit coupling and
thus favors intersystem crossing since the systems undergoes a transition from S1 to
T1, no fluorescence is possible, and phosphorescence from T1 is typically quenched by
collisions with ubiquitous molecular oxygen.

Photoinduced Electron Transfer Photoinduced electron transfer (PET) is often re-
sponsible for fluorescence quenching. This process is involved in many organic photo-
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Figure 2.3: IC scheme

Figure 2.4: PET scheme

chemical reactions. It plays a major role in photosynthesis and in artificial systems for
the conversion of solar energy based on photoinduced charge separation. PET causes
fluorescence quenching because it removes from the fluorophore either the electron or
the hole, therefore preventing the possibility of radiative recombination. In general, the
transfer effect is only transient, and the system returns to the ground state via channels
involving the return of the electron to the donor via non-radiative channels, Figure 2.4.

It should be noted that electron transfer can take place in both directions and the
fluorophore can act as both donor and acceptor. What occurs is that the direction of
the transfer is governed by the redox potentials of the ground and excited states. An
interesting aspect of PET is that many metal ions are well known to behave as efficient
electron acceptors (e.g. Hg, Cu, Ag...), and therefore as efficient fluorescent quenchers.
This is the fundamental mechanism which typically lies at the basis of metal fluorescent
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sensors already mentioned in section 1.3.4, where the interaction process between CDs
and heavy metals is reported.



52 CHAPTER 2. THEORY AND BASIC CONCEPTS RELATED TO SENSING



Chapter 3

Experimental Set-ups

In this section, I will describe all the instrumental apparatuses used during this thesis
work, in order to better characterise CDs, so as to understand their optical, structural
and morphological properties.

3.1 Parr Reactor
The Parr reactor was used to synthesise some of the CDs that will be discussed in this
thesis. The reactor consists of a stainless steel vessel which is inserted into a heating
chamber which is in turn connected to an electronic controller that enables the vessel
to be heated to the required reaction temperature. Working at fairly high pressures the
vessel is sealed in order to avoid gas leakage and comprises a pressure transducer which
allows the pressure to be monitored during the reactive process, next to the pressure
gauge there are two gas valves which are used to insert the gas for the reaction in the
vessel and then must remain closed to increase the pressure inside the reaction chamber.
The reaction process consists of setting a temperature ramp through which the reac-
tor reaches the target temperature for the reaction. After that, the reactor maintains a
constant temperature for a specified amount of time and finally goes back to room tem-
perature. The synthetic processes for CDs were carried out in a Parr 4651 reactor. The
synthesis conditions were optimised by adding an aqueous solution of the reagents used
to prepare the CDs to the steel vessel, reaching a temperature of 190 degrees Celsius
and a pressure of 14 bar, for a reaction time of 3 hours.

3.2 Spectrofluorometer
Emission and excitation spectra were obtained using the JASCO FP-6500 fluorometer.
The related block diagram is shown in Figure 3.1.
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Figure 3.1: Block diagram of JASCO FP-6500 spectrofluorometer. M: mirror; S: slit;
L: lens; R: grating; BS: beam splitter; PT: photomultiplier tube; C: sample chamber.

The light radiation is generated by a xenon lamp capable of emitting a continuous
spectrum in the range of 220 - 750 nm. This is separated into its components, after the
beam size has been reduced by an initial slit and collimated with a lens it is directed to a
dispersion grating. The latter, controlled by a microprocessor linked to a motor, enables
the excitation wavelength to be selected. This selection process is carried out by means
of a second lens and slit; the latter, depending on the chosen aperture, allows the passage
of radiation of a chosen �, within a certain bandwidth. The beam is then separated on
two different paths by a beam splitter; a first portion is sent to a photomultiplier tube,
whose output signal is processed by the data recording software in order to eliminate
random fluctuations in lamp intensity. The second part of the monochromatic radiation
is directed to the sample. The sample will absorb part of the radiation and consequently
emit an emission signal in an isotropic way, as discussed in Section 2.1. In order to
minimise the part of the recorded radiation coming from the excitation lamp, since only
the signal coming from the sample is to be analysed, the emitted fluorescence is taken
by means of a slit at an angle of 90o to the excitation beam direction, again as shown
in Figure 3.1. The emitted beam, after being collimated, is divided into its components
by a second radiation grating; again, the angle of incidence of the radiation on it is
controlled by a motor. The emission wavelength is then selected by means of a final
slit, the opening of which makes it possible to decide the desired emission bandwidth.
The monochromatic beam is finally recorded by a second photomultiplier tube. The
instrument operates in two different modes, emission (PL) and excitation (PLE). In PL
mode, the sample is excited by radiation of a fixed wavelength and its full emission
spectrum is recorded. In PLE mode, the observed emission �

em

is selected by software
and the corresponding intensity is recorded as the excitation wavelength �

exc

changes.
It is also possible to change various parameters; in addition to the already mentioned
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�
em

and �
exc

, which should be set as mentioned depending on the working mode. In
particular it is possible to select the recorded wavelength range, the scanning speed (SS),
the integration time (RT) and the apertures of the emission and excitation slits, linked to
the respective bandwidths (BWem and BWexc). Finally, it is possible to choose the gain
of the photomultipliers.

The recorded spectra convey information about the transitions between the energy
levels of the studied sample. However, the data must be corrected before they can be
analysed; the shape of the source emission spectrum influences, in particular, what is
observed in a PLE spectrum. This is due to the fact that the number of photons emitted
by the sample depend on how many have been absorbed and therefore, even before that,
on how many have been emitted by the lamp. In addition, the PL spectra should be
corrected for the instrumental response of the photomultiplier and the grating used to
scatter the emission. Nonetheless for the comparison between spectra of a given sample
as a function of a specific treatment, as those reported in this thesis work, there is no
need for correction because relative changes are of relevance.

3.3 Spectrophotometer
The absorption spectra were recorded in aqueous solution with a Star Line ULS2048CL-
EVO single-beam optical fiber spectrophotometer (Avantes, Apeldoorn, The Nether-
lands) equipped with dual halogen-deuterium light source) with a spectral range of
200–1200 nm.

3.4 Time resolved Spectrometer
Time-resolved fluorescence measurements were conducted using the following set-up
which is divided into three parts: the excitation system, the monochromator and the
detector, the block diagram is shown in Figure 3.2

Radiation is generated by an Nd:YAG solid-state laser. The active medium, a yttrium-
aluminium garnet doped with Nd3+ ions, is pumped through a flash lamp. Thanks to
Q-Switching, a system that allows the quality factor Q of the cavity containing the ac-
tive medium to be varied, the laser is able to emit pulses of 5 ns duration at a variable
frequency of 1 - 10 Hz; a frequency of 10 Hz was used in the experimental measure-
ments. The laser radiation is generated in the IR, at 1064 nm, but by means of a system
of non-linear crystals it is possible to vary the output wavelength: the beam is first
directed towards a crystal capable of generating the second harmonic (SGH) and then
towards a second crystal capable of generating the third harmonic (TGH). The radiation,
which now has a wavelength of 355 nm, finally reaches a further non-linear system, the
so-called OPO - Optical Parametric Oscillator. This consists of a resonant cavity con-
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Figure 3.2: Experimental set-up used for time-resolved fluorescence measurements

taining a birefringent non-linear crystal which, when pumped by laser radiation, is able
to generate tunable radiation. In particular, a beam with a chosen wavelength between
410 and 2400 nm can be generated. The parametric crystal, more precisely, is able to
generate two beams, called signal and idler. Given !

p

, !
s

and !
i

as the frequencies of
the pump, signal and idler beams respectively, it can be shown that the conditions to be
met in order to generate the beams are as follows:

⇢
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. (3.1)

These are called phase matching conditions, k and n refer to the wavenumber and
refractive index, respectively, of the non-linear medium at the given frequency. In or-
der to obtain the desired wavelength radiation, the properties of birefringent crystals are
exploited: in these, the refractive index n depends on the direction of polarisation of
the light passing through it. Consequently, by simply rotating the crystal it is possible
to satisfy the phase matching conditions, selecting the signal and idler frequencies in a
continuous manner. In particular, the signal beam can have �

s

= 410-710 nm while the
idler beam has �

i

= 710 - 2400 nm. Since signal and idler have perpendicular polari-
sation, filter can be used to choose which beam to output. When the radiation excites
the sample, its emission, after passing through an adjustable aperture slit, is collected
by a lens and directed onto a grating that disperses its components. Strictly speaking,
three different gratings can be selected, characterised by different �

blaze

and lines/mm.
In the course of the work, a grating with �

blaze

= 300 nm and 150 lines/mm was used.
This has a spectral resolution of 20 nm/mm, so that by setting the slit aperture to 250
µ m during each measurement, the lambda resolution is 5 nm. The signal dispersed
in its components is detected by an intensified CCD. This detector acquires images at
precise delays with respect to the excitation pulse in reaction to the trigger signal sent
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by the laser via the PTG - Programmable Timing Generator. Thanks to this system, it is
possible to obtain the kinetics of sample emission. The use of a CCD makes it possible
to obtain the entire luminescence spectrum in a single acquisition and thus record the
corresponding decay traces. In addition, thanks to the intensification system, it is possi-
ble to obtain data with an excellent signal-to-noise ratio despite the fact that the number
of photons emitted during a single acquisition is relatively small.

The working principle of the intensified CCD can be described as follows. The
radiation from the monochromator, dispersed in its components, arrives at the detector
through the input window and strikes a photocathode. This converts the photons into
electrons, which are accelerated by the potential difference in the system towards the
Micro Channel Plate (MCP). This is the device that intensifies the image by a cascade
process; when the walls of the numerous micro-channels that make up the MCP are hit
by an electron from the photocathode, they produce a quantity of electrons proportional
to the potential difference at their ends. The flow of electrons from the MCP then hits
a fluorescent phosphor screen, which is able to convert them all back into photons, in
greater numbers than those that initially entered through the input window. At this point,
the radiation is directed to the acquisition surface, a normal CCD, via a bundle of optical
fibres.

The time interval during which the signal is to be acquired is regulated by the switch-
ing on and off of the potential difference between the photocathode and the MCP, which
is connected as previously mentioned to the PTG. The decay trace is reconstructed by
putting together the signals acquired at various delays from the excitation of the sample.
Most of the operations of the acquisition system can be controlled by software. In par-
ticular, it is possible to select the delay from the trigger pulse at which to start acquiring,
the time at which to end the acquisition and the width of the single interval, which then
acts as a time resolution. In addition, it is possible to adjust the gain of the detector
and the number of acquisitions to be accumulated on the CCD, or on the memory of the
computer to which it is connected, before recording the signal; these parameters make
it possible to improve the signal to noise ratio of the kinetics observed.

3.5 Raman Spectrometer
Raman spectra were acquired by a LabRam HR Evolution microRaman spectrometer
(Horiba, Kyoto, Japan), under a 325 nm excitation wavelength. The laser power was
reduced to avoid any sample degradation. Measurements were acquired with integration
times of 5–10 s, averaging 10 spectra, and several independent measurements (typically
5) were acquired per sample in different positions to enhance the statistical significance
of the sampling procedure. The Raman signal was dispersed on a grating with 600
lines/mm, calibrated by using the Raman line of a silicon substrate. In these conditions,
we obtained a spectral resolution of 2 cm-1. The samples were prepared by depositing a
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Figure 3.3: Experimental set-up used for Raman scattering measurements

drop of CDs solution on a silica or on a silicon slide.
The LabRAM HR Evolution is an integrated Raman system. The microscope is

coupled confocally to a 800mm focal length spectrograph equipped with two switchable
gratings shown in Figure 3.3

The system includes an internal HeNe 17 mW laser (optional) is mounted on the
back of the instrument: it supplies a vertically polarized 633 nm excitation wavelength.
2 laser entrances can be used: E1 for internal laser and E2 for external lasers in our
case the 325 nm laser. Using an external bench with commutation devices, it becomes
possible to use many other lasers. The external laser beam is introduced to the main
path via the E2 input and the removable mirrors M3 and M4. The internal laser beam
is directed by the two mirrors M1 and M2 (M1 is located below the M2) in order to
go through the polarizer P1 and the laser intensity absorption filter F3. This 6-filter
wheel, driven by the software, is dedicated to absorb laser intensity: there are 9 different
positions ND neutral filters with the optical densities 100%, 50%, 25%, 10%, 5%, 3%,
1%, 0.1% and 0.01%. Then, the L1 lens focuses the laser beam on the pinhole H1.
The resulting laser image is focused by the lens L3 via the mirror M7 on the F4 notch
filter with an appropriate angle in order to be completely reflected towards the sample.
This filter is used to purify the plasma lines of the laser. An appropriate notch filter is
necessary for every exciting line of a laser.

The pinhole H1 is conjugated with the spot on the sample and is used as a reference
for alignment. It is replaced with a field lens when working in laser scanning image
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Figure 3.4: Raman Spectrograph optic path

mode. A lens L2, (not shown) put at the exit ”to microscope”, produces a parallel beam
that is focused on the sample by the infinite-optics microscope objective. The Raman
collected by the microscope objective in back scattering configuration follows the same
way back. The Raman beam passes through the notch filter. L2 reforms the image of
the laser spot on the sample onto a confocal hole H2. An additional polarizer filter or
a second filter (for higher suppression of the exciting line) can be inserted on the F5
position.

A shutter is placed just behind the entrance slit H3 of the spectrograph, in Figure
3.4. The mirror M10 sends the Raman scattering to the spectrograph.

The LabRAM HR Evolution spectrograph is a symmetric Czerny Turner which is
optimized for flat field and for minimum optical aberrations.

The diverging beam coming from the slits is reflected by the mirror M10 and then
by Ms1 and becomes parallel after the spherical mirror Msp1 (800 mm focal length).
The mirror Msp1 reflects the parallel beam onto the grating. The diffracted first order
is collected by the spherical mirror Msp2 (800 mm focal length) and focused onto the
CCD detector 1, or CCD Detector 2 or Monochannel Detector via the retractable mirrors
Msr1 and Msr2.

3.6 FT-IR and ATR Spectrometer
ATR spectra were acquired on a Platinum ATR spectrometer (Bruker, Billerica, MA,
USA) equipped with a single-reflection diamond crystal. Measurements were carried
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Figure 3.5: AFM schematic draft

out at room temperature by depositing a drop of concentrated CD solution in water on
the sample holder of the instrument, and letting the solvent dry out before acquiring
spectra in the 200–4000 cm-1 spectral region. Each measurement was acquired with an
integration time of 5–10 s. Measurements were repeated a few times and averaged to
further increase the signal-to-noise ratio. FT-IR measurements were carried out with
a FT/IR 7600–JASCO spectrometer (JASCO Corporation, Tokyo, Japan) in an inert
nitrogen atmosphere, depositing CDs droplets on a silica support evaporated for 2 h,
before conducting the acquisition of spectra in the range 1000–4000 cm-1.

3.7 Atomic Force Microscopy (AFM)
Atomic force microscopy (AFM) enables surface morphology, roughness and Z-axis di-
mension determination to be studied with nano-metric resolution. The type of technique
focuses on the repulsive and attractive interactions that can occur between the probe and
the surface of the nanomaterial being considered, the interactions depending on the dis-
tance between the probe and the surface. Figure 3.5 shows a pictorial representation of
the AFM and its operating principle.

In a very simplified description a precise morphological study consists of the probe
(tip) approaching the surface of the sample and beginning to flex as if it were a spring
when it touches the surface, then scanning the entire surface enables to obtain a mor-
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phological profile of the sample.
Atomic force microscopy (AFM) images were acquired on a sample obtained by de-

positing a drop of an aqueous solution of CDs on a mica substrate having sub-nanometer
surface roughness. After drying in a vacuum environment for 2 h, AFM measure-
ments were performed at room temperature in tapping mode by using FastScan Bio and
FastScan A probes (Bruker) with a tip radius approximately equal to 5 nm, equipped
with a closed-loop piezoscanner (maximum xy range = 34 µ m and maximum z range
= 3.6 µ m) and a four-segment photodetector for cantilever deflection monitoring. The
scanner was calibrated by using a 1 µ m x 1 µ m reference grid. The nominal resonant
frequency and spring constant of the probe were 1400 KHz and 18 N/m, respectively.
AFM images were obtained with a tip velocity of 20 µ m/s and a target amplitude of
about 15 nm. The pixel resolution was fixed at about 1000 x 1000 points. Each sample
was typically characterized by acquiring five images obtained in different points.
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Chapter 4

Synthesis and characterization of
Carbon dots

This chapter will discuss the results obtained during this thesis work, in regard to the
synthesis and characterization of the CDs used in sensing applications. The results are
organized into three parts.

• Synthesis and Optical characterization of CDs obtained by a Bottom up approach;

• Synthesis and Optical characterization of CDs obtained by a Top Down approach;

• Structural and morphological properties of carbon dots.

4.1 Synthesis by a bottom up approach
This section will describe the different bottom-up syntheses that have been carried out to
construct fluorescent carbon nanoparticles. The syntheses carried out include solvother-
mal and pyrolysis.

The bottom-up syntheses were conducted using two different approaches, the first
being a pyrolytic synthesis conducted in a Parr reactor. The second is a solvothermal
syntheses, that was conducted by heating the reaction mixture contained in an open 250
mL reaction flask, while being agitated by a magnetic stirrer.

The bottom-up approach consists of the reaction of burning small molecules for a
certain length of time [222,244]; which ultimately enables the synthesis of CDs. In this
thesis, several such syntheses were carried out using small molecular precursors. The
first synthesis described is that between citric acid and urea, i.e. a tricarboxylic acid and
and an amide, respectively. Notably, the use of urea as one of the precursors allows to
have nitrogen doping both at the surface and in the bulk phase of the CDs. The reaction
consists of solubilising 500 mg of citric acid (2.6 mM) and 500 mg of urea (8.3 mM)
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Figure 4.1: Reaction meachnism between Citric acid and urea, enabling the carbona-
ceous precursors to be efficiently carbonised into NCDs (see text).

in 20 mL of distilled water. The stoichiometric ratio adopted, i.e. approximately 1:3,
allows for a high degree of doping given by the nitrogen from the urea. After the two
compounds have solubilised well, they are transferred to a Parr reactor to begin pyrolytic
decomposition shown in Figure 4.1.

The reaction is carried out at a temperature of 190oC and a pressure of 23 bars,
keeping the system under these conditions for 6 hours. At the end of the reaction, a
black powder is obtained, which is called NCDs, which was subsequently purified by
size-exclusion chromatography using Sephadex G25 as the stationary phase. To this
aim, Sephadex was first activated in water to create a gel, and then packed in a 30-cm
long column with a diameter of 23 mm. Successively, the raw product of the synthesis
was processed through the column using water as an eluent. This purification procedure
was chosen to eliminate by-products of the pyrolysis reaction, such as small molecular
impurities. The fractions were finally lyophilised and characterised by optical, structural
and morphological techniques.

Another synthesis carried out in the same way, i.e. in a Parr reactor, is that between
citric acid and o-phenylenediamine. The important difference with the previous one
is that the molecular precursor containing nitrogen is aromatic, so during the reactive
process one may expect the formation of a well-defined crystalline structure and not
an amorphous one such as might be expected from the previous one. The compounds
were solubilised (3 mM citric acid and 9 mM o-phenylenediamine) in 20 mL distilled
water, after which they were placed in the Parr reactor, but this time at a slightly higher
temperature of 200 oC to improve the pyrolytic process and reduce the presence of
aromatic reaction by-products [245].

At the end of the reaction (Figure 4.2), a black powder deposited in the vessel, that
was named PCDs, which is subsequently purified by size-exclusion chromatography,
again using Sephadex G25 as the stationary phase.

Another route of synthesis has been tried with highly aromatic molecules such as
xanthenes, which are well-known fluorescent dyes, but these syntheses are aimed at
obtaining carbon nanoparticles not necessarily displaying the same optical properties of
the starting precursors. In this case, we used a solvothermal route instead of a pyrolitic
approach. The xanthenes considered for the solvothermal syntheses include fluorescein,
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Figure 4.2: Reaction meachnism of PCDs, synthesized from Citric acid and o-
phenylenediamine in the same molar ratio

Figure 4.3: Different structures of xanthene precursors, from left to right: fluorescein,
rhodamine B and safranin. All aromatic fluorescent dyes with strong fluorescent prop-
erties.

rhodamine B and safranine (figure 4.3), all three of which were reacted with the same
amount of citric acid [244].

The first reaction conducted between fluorescein (2 mM) and citric acid (1 mM) in
a stoichiometric ratio of 2:1 was carried out by solubilising the reagents in a solution
of distilled water in a reaction flask under constant stirring. After solubilisation of the
reagents, the flask was placed on a heating plate bringing the solution to the boiling
point and maintaining the reaction for 3 hours. At the end of the reaction there is a
black precipitate with a colloidal consistency accompanied by a strong sweetish odour
(Figure 4.4).

The compound was first filtered and then purified in two steps, the first being size-
exclusion chromatography again using the Sephadex G25, after which the best fraction
was dialyzed for 72 h in distilled water in 0.5-1 kDa dialysis tubes to obtain FDots.

The other reaction using a xanthene as a precursor is that between rhodamine B and
citric acid see in Figure 4.4, under the same stoichiometric conditions as the previous
one, i.e. 2:1, the excess of rhodamine B is an attempt to have CDs with emissive prop-
erties similar to those of rhodamine and therefore to have CDs that cover a wide range
of emission, possibly up to the near infrared.

The reaction also consists of mixing and solubilising the starting reagents in a 250
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Figure 4.4: Reactive pattern of fluorescent dyes with citric acid to form RDot, FDot and
SDot
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mL reaction flask which is kept under constant stirring for a few minutes, after which
the reaction flask is brought to a temperature of 170oC and left on a heating plate for
approximately 3 hours. At the end of the reaction, a black suspension is formed, RDot,
which is subsequently filtered and then centrifuged to remove unreacted parts and finally
purified on a chromatographic column using size-exclusion chromatography, again us-
ing Sephadex G25 as the stationary phase. After purification, the sample is characterised
optically and structurally.

Finally, the last reaction is between safranin and citric acid (Figure 4.4). In this case
too, the synthesis is carried out under the same conditions as in the previous cases, i.e.
by heating the substances previously solubilised in 25 mL of distilled water. As soon as
the system reaches a temperature of 170oC, the reaction is left on the plate for 3 hours.

Also, in this case a black powder can be seen as a precipitate at the end of the
reaction, namely SDot, which is first cleaned and filtered, after the filtration process the
resulting CDs solution is purified first by size-exclusion chromatography and then in
dialysis to eliminate other traces of unreacted precursors.

All resulting compounds were characterised by optical techniques such as UV-Vis
absorption, fluorescence and time-resolved spectroscopy in order to assess the optical
properties of the prepared CDs. In addition, the CDs were characterised structurally
and morphologically by Raman spectroscopy, infrared spectroscopy (ATR; FT-IR) and
atomic force microscopy (AFM). These techniques provide important information on
the optical properties the surface structure and size of the nanoparticles. The absorption
and emission spectra of carbon nanodots synthesised by solvothermal process are shown
in figure 4.5. The NCDs and PCDs spectra (in violet and red) show fairly structured
bands in the UV due to the n->⇡* transitions. However, in the area around 400 nm,
both spectra show a hint at a broad band, more clearly visibile in the PCDs sample,
which implies a molecular component on the surface of the nanoparticle. The spectrum
of PcDs (in red), on the other hand, should be analysed on its own, as it has fairly
structured bands throughout the spectrum, typical of molecular components that make
the spectrum structured. For this reason, even in the literature, this CDs is defined more
as a polymer than a carbon nanoparticle with its own crystalline structure. The spectrum
shows a prominent band in the UV at 270 nm, again due to n-> ⇡* transitions and a fairly
strong band around 410 nm, suggesting a chromophore attached to the surface.

Emission spectra were also recorded for all samples and 440 nm was chosen as
the excitation wavelength. The emission spectra show similar reported in Figure 4.5
characteristics, i.e. quite asymmetric bands, which are typical of carbon nanoparticles,
but the emission maxima are slightly different, perhaps due to the fact that different
chromophores are present on the surface with their emissive activity in different areas
of the visible spectrum. To be precise, the emission maxima for the nanoparticles are
515 nm for NCDs and 530 nm for PCDs, respectively. Finally, the quantum yield was
calculated for all samples using fluorescein as a reference. The quantum yields are 46%
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Figure 4.5: a) Absorption spectra of the samples prepared using the Parr reactor, NCDs-
Parr (purple-line), PCDs (red-line) (blue-line), there are clear differences in the spectra
showing different bands. b) Emission spectra recorded using an excitation wavelength
of 440 nm, the bands are broad and unstructured, as typically observed for CDs.

for NCDs and 62% for PCDs, respectively. An important aspect to understand whether
carbon nanaparticles have actually been synthesized is the optical study of tunability, i.e.
the displacement of the emission peak as a function of the excitation wavelength [244],
In this respect, we observed that, in NCDs (Figure 4.6) the peak continuously shifted
from 490 to 530 nm when excitation changed from 410 nm to 510 nm, with negligible
changes of shape, confirming the typical optical response of carbon dots .

The same optical characterisation was carried out on nanoparticles synthesised from
xanthenes. The extended aromatic structure of xanthenes makes them a potentially
interesting precursor to produce CDs with a well-defined aromatic cystalline structure.
Besides, such a structure may also favour certain types of interactions with analytes for
a sensing application, such as for instance pi-pi stacking to pesticides. In regard to the
fluorescent response, depending on the degree of decomposition of the original dyes, in
principle these dots may or may not display optical properties that are related to those
of the original precursors. The optical absorption spectra of these dots are reported in
figure 4.7. The SDot (in purple) has a broad band around 350 nm, that extends to visible.
Interestingly, there is no absorption band of safranin around 520 nm, suggesting that the
precursor is completely decomposed during the synthesis. As regards FDot and RDot,
the carbon nanoparticle synthesised from fluorescein, the spectrum shows an absorption
that can be defined as quasi-continuum, with a very broad band that covers the entire UV
spectrum with a tail down to 380 nm. Given the absence of the optical properties of the
starting material, fluorescein and rhodamine, respectively, the thermal decomposition of
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Figure 4.6: NCDs emission tunability normalized to the maximum as observed exciting
the sample in the range 410–510 nm.

these products can be said to be complete.
The emission spectra were all recorded using an excitation wavelength of 350 nm,

as all samples prepared from xanthenes show optical activity in the UV. The spectra in
Figure 4.7 show remarkable similarities, i.e. all three samples have very broad bands
typical of carbon nanoparticles, thus suggesting the absence of the initial chromophores,
which do not show any optical activity in the range considered. To be more precise, it
can be seen that the emission peaks are slightly different, i.e. the maximum for SDot
is at 415 nm, the FDot at 420 nm slightly shifted away and finally the RDot at 430 nm.
Therefore, these small spectral differences make it possible to differentiate between
samples assuming the presence of quite different chromophores on the surface, despite
the lack of any obvious similarity of these chomophores to the starting precursors.

To complete the optical characterisation, time-resolved spectroscopy analyses were
carried out on all samples synthesised using the bottom-up method, in order to under-
stand possible structural differences between carbon nanoparticles from their emission
lifetimes.

Measurements made with time-resolved spectroscopy highlight different optical prop-
erties that are not always appreciable in steady state spectroscopy. The samples that
have been characterised are all CDs from xanthenes and the two samples prepared in
Parr reactor, NCDs and PCDs. The lifetimes, shown in Figure 4.8, were acquired using
440 nm as the excitation wavelength, it can be seen that the NCDs sample displayed
a single-exponential kinetics with a lifetime of ⌧ = 7.3 ± 0.2 ns. As far as PCDs
are concerned, despite the fact that the steady state absorption measurement suggest
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Figure 4.7: a) Absorption spectra of samples prepared using xanthenes as precursors, the
spectra are very different from each other and do not have any spectral characteristics
of the initial samples, SDot (purple-line), RDot (red-line) and FDot (green-line). b)
Emission spectra were recorded using an excitation wavelength of 350 nm, showing
broad bands with small differences of the emission peaks.

a simple and quasi-molecular behaviour, it can be seen from the time-resolved measure-
ment that a double exponential is present, therefore applying the following equation,
I(t) = A1e

(� t�t0
⌧1

)+A2e
(� t�t0

⌧2
), fluorescence decay times are ⌧1 =2.9 ± 0.2 ns and ⌧2

=8.1 ± 0.2 ns. For samples with xanthene precursors, however, the lifetimes are quite
different and also reflect the heterogeneity seen especially during absorption measure-
ments. In this case, the samples under investigation show double-exponential decays in
two cases, RDot and SDot, and a single-exponential behaviour in another case, FDot.
As mentioned above the lifetimes are respectively ⌧1 =1.6 ± 0.2 ns and ⌧2 =5.2 ± 0.2
ns for RDot, ⌧1 =3.5 ± 0.3 ns and ⌧2 =9.8 ± 0.2 ns for SDot and ⌧ =3.2 ± 0.4 ns for
FDot. These measurements with very different decay times imply that the chromophores
present on the surface of these nanoparticles are varied and above all different. There-
fore, after a thorough optical characterisation of the CDs using different techniques,
it can be stated that the CDs are all different from an optical point of view, but with
similarities, i.e. they all have very pronounced emission bands and some absorption
spectra show molecular-like behaviour, highlighted by well-defined absorption features
emerging over the broad background, while time-resolved fluorescence measurements
show the differences in the chromophores present on the CDs. After the synthesis and
characterisation of bottom-up samples, a similar study will be carried out in the next
section, but exclusively on the preparation and characterisation of top-down samples, so
as to have a complete overview of the optical properties of this emerging nanomaterial
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Figure 4.8: a) Fluorescence decay time analysis of solvothermal prepared samples SDot
(purple), RDot (red) and FDot (green). The full lines represent the best-fit curves of
experimental data using single or double exponential law, b) Fluorescence decay time
analysis for reactor-prepared samples NCDs (blue) and PCDs (orange).
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to create and adapt a selective chemosensor to the pollutants previously illustrated.

4.2 Synthesis by a Top down approach
The syntheses presented in this paragraph are carried out using a different approach to
the previous one, i.e. a top-down approach. For this method of synthesis, extended pre-
cursors are used as the main carbon sources like graphite, graphene, carbon nanotubes
and fullerene, but the synthesis carried out during this work was conducted with graphite
extended precursor. This method of synthesis makes it possible to obtain a material with
the structural properties of which are very similar to the precursors. The main syntheses
that have been proposed in the literature are certainly chemical oxidation, laser ablation
and chemical exfoliation, but in this thesis work only chemical oxidation is proposed. In
addition to the chemical oxidation process of extended precursors, in this thesis work,
functionalisations of the surface of the post-oxidation carbon nanodots are also carried
out, in order to decorate the surface with different chemical groups that influence the
optical properties and the interactions with pollutants [246]. The synthesis proposed
is chemical oxidation as mentioned above, i.e. the extended precursor, in this case
graphite, is added to a reaction flask (shown in Fig. 4.9) with a mixture of acids, in this
case sulphuric and nitric acid in a ratio of 3:1, where the sulphuric acid has the task of
splitting the C-C bonds of the carbonaceous network and the nitric acid of promoting
the oxidation of the surface by creating terminations in the nanomaterial such as COOH
and OH.

The synthesis of CQDs was conducted by adding 500 mg of carbon nanopowder
(Sigma Aldrich-nanoparticles with a nominal average size <100 nm) to a reaction flask
in a mixture of H2SO4 (Sigma Aldrich, 96%) and HNO3 (Sigma Aldrich, 65%) in a 3:1
ratio (total volume 50 mL), under continuous stirring and maintaining the temperature
at 140oC for 48 hours. The reaction pathway (figure 4.10) hypotized is precisely the
one mentioned above, where the graphitic network is totally altered, in such a way that
from an sp2-type structure, we pass to an amorphous structure where both sp2 and sp3

hybridisation coexist, given the presence of functional groups on the surface.
After completing the synthesis, two aliquots of 10 mL of sample were taken and

transferred to two different reaction flasks in order to functionalise the surface with
small molecules. The small molecules used to functionalise the surface are in one case
ethylenediamine, to increase nitrogen doping on the surface, and in the other case ace-
tone to create highly oxygenated groups on the surface. Functionalisation, as well as
increasing the heterogeneity of functional groups on the surface, also serves to increase
the affinity towards certain chemical groups and compounds, which will be discussed in
the following chapters.

The first functionalisation was carried out with acetone under acid catalysis, i.e.
directly on CDs synthesised by chemical oxidation, a fraction of about 10 mL was taken
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Figure 4.9: Top-down synthesis carried out at high temperature and reflux, mixing nitric
acid and sulphuric acid with carbon nanopowder as extended precursor
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Figure 4.10: Reaction between graphite and acid mixture for the synthesis of CDs using
the Top-Down method

Figure 4.11: TDA, Possible reaction mechanism of surface functionalization with ace-
tone molecules

and 10 mL of acetone was added in a still acidic environment in order to dope the surface
with oxygen-rich groups, the sample obtained after this treatment was named TDA. The
reaction mechanism hypothesised is that of the formation of acetals, given the possible
formation of alcohol groups on the surface during acid oxidation. The reaction is also
and above all favoured by the presence of the acid catalyst which favours the activation
of the carbonyl group of the acetone.

As schematically shown in figure 4.11, hydroxyl groups on the surface of the CDs,
in this case TDA, are replaced by acetal groups on the surface; this method of synthesis
makes it possible to increase the amount of oxygen on the surface.

The second synthesis, on the other hand, made it possible to functionalise the surface
of CDs with ethylenediamine, in order to dope with nitrogen and create new functional
groups on the surface of CDs. The reason for choosing this molecule lies in its nu-
cleophilic properties, especially in its interaction with carbonyl and carboxyl groups
present on the dot. After bringing the native CDs solution to a pH of around 6, excess
ethylenediamine was added. The reaction was then conducted at reflux under constant
magnetic stirring for approximately 2 h. At the end of the reaction the solution changed
from brownish to yellow and this is a first indication that the functionalisation was suc-
cessful.The reaction pathway shown in figure 4.12 is assumed with an initial protonation
of the OH group present in the acid after wich the amine acts as a nucleophile with the
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Figure 4.12: TDN, Possible reaction mechanism of surface functionalization with
ethylenediamine molecules to increase nitrogen doping on the surface

final expulsion of a water molecule. Finally, all the compounds were purified in dial-
ysis tubes with a cutoff of 0.5-1KD, and the best fractions were selected and optically
characterised.

The optical characterisation of these materials was carried out under the same con-
ditions as the bottom-up material, i.e. UV-Vis spectroscopy, fluorescence spectroscopy
and time-resolved spectroscopy were used in order to understand the optical properties
of these samples and distinguish them from previously synthesised bottom-up samples.

The normalized optical absorption spectra of TD, TDA and TDN samples are re-
ported in Figure 4.13a, all spectra appear broad and structureless over the entire wave-
length range suggesting a near continuum of absorption transitions and also a very simi-
lar carbon core of the nanoparticles. Small changes are present in the wavelength region
around 300 nm, where the TDA features a small shoulder possibly due to n-p* transi-
tions associated to the surface changes that occurred with functionalization. Emission
spectra recorded with excitation at 440 nm of TD, TDA and TDN samples feature a
very broad band with a maximum emission efficiency in the green at about 524 nm as
reported in Figure 4.13 b. The quantum yield (QY) of the samples at the excitation
wavelength of 440 nm was estimated, taking fluorescein as a reference. The respective
QYs is 6.1% for TD, 9.2% for TDA and 8.7% for TDN. Such relatively low QY values
are known in the literature for carbon dots synthesised via Top-Down procedures.

Finally, the tunability of the samples prepared with the top-down approach was also
studied in this case and as an example TD and TDA emissions are reported in figure
4.14. The fluorescence of TD and TDA is highly dependent on excitation energy, which
is a typical feature observed in the photoluminescence of carbon nanodots. As shown in
Figure 4.14a,b both samples show an identical trend; under excitation in a wide range
of wavelengths, 410-620 nm, a significant emission shift ranging from cyan (480 nm) to
red (650 nm) is found, thus maintaining a wide tunability. This is another evidence that
functionalization does not significantly alter the emission properties of the studied CDs

While the steady state optical spectra do not give much information about the sur-
face change due to functionalization, analysis using time-resolved spectroscopy allows
us to highlight a quite appreciable difference in lifetimes. Typical PL time decay mea-
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Figure 4.13: a) Absorption Spectra of TDA (purple line), TD (red line) and TDN (blu
line) b) Emission spectra normalized to the maximum excited at the same wavelength
of 440 nm. (c) Photoluminescence time decay at wavelength 520 nm, as collected by
time-resolved fluorescence measurements on TDA (purple line), TD (red line) and TDN
(blu line), excited at a wavelength of 440 nm
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Figure 4.14: a) TD emission tunability normalized to the maximum as observed exciting
the sample in the range 410-620 nm. (b) TDA emission tunability normalized to the
maximum exciting the sample in the range 410-620 nm.

surements recorded at 520 nm are reported in fig. 4.13 c under pulsed excitation at 440
nm. A non-single-exponential decay is found for all samples. Although at the beginning
of the decay the curves are very similar, it is possible to appreciate that the TD has then
a faster decay than TDA, which becomes apparent at longer time delays. Analysing
the decay curves with a double exponential fit I(t) = A1e

(� t�t0
⌧1

) + A2e
(� t�t0

⌧2
) we

found the lifetimes for TD, TDA and TDN. In particular, the final decay times are ⌧1
=2.3 ± 0.2 ns and ⌧2 =6.9 ± 0.2 ns for TDA, ⌧1 =1.8 ± 0.2 ns and ⌧2 =5.2 ± 0.4 ns
for TD and ⌧1 =1.9 ± 0.5 ns and ⌧2 =6.4 ± 0.7 ns for TDN. The samples have a very
similar initial decay rate and the first lifetime ⌧1 is almost consistent within experimen-
tal uncertainty. However, we find that the second lifetime, ⌧2 is appreciably shorter in
TD. Evidently the chemical groups present on the surface after functionalization tend
to reduce the effect of non-radiative relaxation in TDA and TDN samples, making their
decay slower than TD. As far as the optical characterization of the three samples TD,
TDA and TDN is concerned, it can be stated that their optical properties are very similar,
i.e. all samples show very broad absorption spectra with an almost continuous structure,
with some differences in the low wavelength region (300 nm). The emissive properties
are also very similar, maintaining tunability over a large excitation range. This is a clear
sign of a large structural disorder typical of fluorescent nanocarbons. A more appre-
ciable change, possibly due to surface passivation, is found for the lifetime, which is
slightly longer in TDA and TDN than in TD, which could mean that the functionaliza-
tion process tends to switch off some radiative channels on the surface, creating new
ones. Overall, passivation of the surface creates small changes in the optical properties,
which can be appreciated in the absorption spectra and in the slight change in lifetime,
so passivation creates small structural differences on the surface, without disrupting the
emissive properties of the TDs.
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4.3 Structure and Morphology
Structural and morphological measurements were carried out on CDs, so this section
will consider both bottom-up and top-down synthesised nanoparticles. In-depth char-
acterisation is motivated by the need to identify the presence of chemical groups on
the surface of the carbon dots, so both FT-IR and ATR spectroscopy were used, which
allowed us to compare and study the surfaces of the carbon dots and precisely identify
the functional groups that cover them. In order to understand the structural properties,
Raman spectroscopy was used to identify the structural difference of CDs, especially
in terms of hybridisation, providing important information on the crystalline phase. In
addition, atomic force microscopy (AFM) has enabled the size of carbon nanoparticles
to be identified by means of intermittent contact measurements [216, 244, 246]. One of
the main goals of our characterization is to carry out a side-to-side comparison between
CDs synthesized through bottom-up (BU) and top-down (TD) methods. Typically, a
dense surface functionalization of BU-NCDs automatically builds up during the synthe-
sis, and their optical response is often very good without the need for further treatments.

The resulting data highlight both similarities and differences between BU and TD
nanodots. Figure 4.15 a,b show the AFM images obtained from two representative sam-
ples, obtained by the two methods, after SEC or dialysis. While both images clearly
show the presence of nanoparticles confirming the efficient production of CDs through
both synthesis routes, their size distributions, plotted in Figure 4.15 c,d, are quite dif-
ferent. It can be seen that the BU nanoparticles featured an average size of about 2
nm, whereas the top-down nanoparticles showed a much larger average size, about
5 nm. The difference is justified by the different synthetic approaches. Indeed, BU
synthesis proceeds through the carbonization of sub-nanometric molecular precursors,
from which the reactive and growth processes only allow for the formation of relatively
small carbon nanodots. In contrast, top-down synthesis begins from much larger pre-
cursors, in this case <100 nm graphite carbon nanoparticles, which are broken up into
CDs by the reactive process, but only up to a certain extent. Both size distributions are
quite broad, confirming a high structural inhomogeneity typical of most CDs, a property
which seems to be independent of the synthesis route.

In Figure 4.16e, we report the Raman spectra of two representative samples, pro-
viding information about the core structure of the nanoparticles. The NCDs nanopar-
ticles show the characteristic G band at 1598 ± 2 cm-1 and D band at 1356 ± 2 cm-1,
well-known as the typical Raman signals of carbonaceous nanomaterials, which thus
confirmed the successful carbonization of the reactants into a well-defined nanoparticle.
The intensity ratio I

D

/I
G

calculated to be 0.53, is consistent with a nanomaterial with
a highly defective graphitic carbon core. This was confirmed by the displacement of
the G and D bands from their usual positions for a carbon nanostructure with perfect
sp2 hybridization, that were at 1566 and 1364 cm-1. Therefore, our nanoparticles dis-
played a carbon core with mixed sp2 and sp3 hybridization. The Raman spectrum of
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Figure 4.15: AFM images of representative (a) NCDs and (b) TD samples. Particle
diameter distribution for the (c) NCDs and (d) TD samples.
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Figure 4.16: (a) Normalized Raman spectra of NCDs (purple line) and TDA (red line)
samples and (b) normalized ATR spectra of NCDs (purple line), TD (green line), TDA
(red line), and TDN (blue line) samples. In the latter two panels the spectra were arbi-
trarily vertically shifted for clarity.
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the top-down CDs also contains the G and D bands, although their positions changed
slightly with respect to NCDs (we found 1608 and 1357 cm-1). Again, these shifts im-
ply the presence of a nanocrystalline structure based on graphite, but with an amorphous
component, possibly caused by the surface defects and surface passivation, which both
contribute to a partial loss of the graphitic component. Notably, the TDA also showed
a noticeable Raman band around 1000 cm-1, probably related to the surface functional-
ization of these dots upon acetone addition. Furthermore, the I

D

/I
G

ratio, 0.55 in TDA,
was very close to the NCDs. Therefore, apart from the size difference, the top-down
and bottom-up cores were very similar. The nanodots were further analyzed by ATR
spectroscopy, which made it possible to determine the functional surface groups present
on the different CDs. ATR measurements were conducted on all the samples obtained
by a top-down method, in order to assess the surface changes induced by functional-
ization with acetone and ethylenediamine, and repeated on one bottom-up sample only,
that is NCD, for comparison purposes. As evidenced by Figure 4.16f, the sample that
presented the most complex surface structure was the NCDs, based on the high number
of different signals which can be discerned in the ATR spectrum. In particular, NCDs
displayed broad bands at about 3500 and 3200 cm-1 that can be attributed to OH and
NH stretching vibrations, respectively, a small band at 2990 cm-1 due to CH stretching,
a very strong C��O stretching signal located at 1718 cm-1, a C–N stretching vibration
around 1400 cm-1, a small signal around 1197 cm-1, which can be attributed to C–O–C
stretching, and several minor peaks of uncertain attribution. The C=O stretching signal
most likely contains contributions from both amide carbonyl (CONH2), already present
in urea, and carboxylic acid (COOH), left as a residue of citric acid. The ATR spectra of
the top-down CDs appeared much simpler than the NCDs, even after functionalization.
The most prominent signals were found in the 1100–1200 cm-1 region, which can be at-
tributed to C–O stretching vibrations. In particular, all the samples showed a prominent
peak at 1120 ± 10 cm-1 due to C–OH surface groups vibrations. Only in the TDA did
we detect an additional peak at 1193 cm-1, which can be attributed to C–O–C stretching
vibrations. Thus, the functionalization with acetone led to the formation of plentiful C–
O–C bonds on the surface. Besides the C–O vibrations, all three TD nanoparticles also
showed the broad band at about 3450 cm-1, mostly due to OH stretching, and only the
TDN showed significantly increased absorption in the region of N–H vibrations around
3200 cm-1, confirming its successful functionalization with amine (likely NH2) surface
groups. Interestingly, no C=O stretching vibrations were visible in the infrared spectra
of the TD samples.

Summarizing these results, both the bottom-up and top-down protocols lead to the
successful production of CDs, defined as nanoparticles with a few nanometers diameter,
a clear defective graphitic core, and a functionalized surface rich of oxygen. In this
sense, the two types of CDs are very similar to each other. However, some key dif-
ferences were highlighted as well in our study: the bottom-up NCDs are substantially
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Figure 4.17: FT-IR spectra of TD (red line) and TDA (purple line) samples

smaller and display a complex and highly polyfunctional surface dominated by C=O
moieties; in contrast, the TD samples are larger in size and display a much simpler sur-
face structure. The main surface groups introduced by functionalization are C–O–C and
NH2 for TDA and TDN, respectively.

In order to gain a deeper understanding of the structural differences of the sam-
ples prepared by the Top-Down method, a comparison was made between two samples,
TD and TDA. The characterisation process was therefore deepened using FT-IR spec-
troscopy to provide further information on the surface groups present on the carbon
nanoparticle, which ATR spectroscopy had failed to capture. FT-IR spectra of TD and
TDA samples are presented in figure 4.17. As can be seen, the two samples being pre-
pared and purified under the same conditions show very similar characteristic signals.

As already reported (4.16) by ATR measurements in particular, there are very in-
tense peaks around 1100 cm-1 for TD, which represent C-O stretching, especially in the
presence of hydroxyls. As regards the TDA, again around 1100 cm-1, the C-O signal is
very intense, but the presence of a shoulder suggests the presence of the C-O-C bond,
thus confirming the good functionalisation of the surface. FT-IR measurements reported
in Figure 4.17, acquired in the spectral range 4000-1250 cm-1, show a variety of signals
due to different surface groups, with a few differences in the two samples. In both sam-
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Figure 4.18: Normalized Raman spectra of SDot (purple line), RDot (red line) and FDot
(green line)samples. Raman spectra have been arbitrarily vertically shifted for clarity.

ples a broad band around 3400 cm-1 is observed, it can be related to -OH stretching. It is
worth to note that the shape of the band for TD and TDA is slightly different, thus sug-
gesting the effect of surface interactions which can be related to functionalization. Both
samples have bands peaking around 1600 cm-1, more precisely located at 1656 cm-1 for
TD and 1602 cm-1 for TDA, which are attributable to vibrational motions of the C=C
bond. The spectra evidence a difference between TD and TDA in the peaks in the range
1440-1350 cm--1, which can be attributed to CH2 bending. In fact, it is clear that the TD
displays more pronounced peaks, unlike the TDA, which has almost no signals in this
region. The near disappearance of CH2 from the TDA can also be attributed to surface
functionalization.

Finally, in regard to the xanthene samples prepared by the solvothermal route, their
structural characterization is still incomplete. So far, the characterization was carried out
by Raman spectroscopy. From a spectral point of view, Figure 4.18 does not allow the
structures to be discriminated exactly, but although the signal is not very evident, clear
the D and G band can be observed suggesting that all three samples show structures that
tend to be amorphous, so there is a mixture of sp2 and sp3 hybridisation.

After a robust characterisation of the different types of CDs, sensing data with heavy
metals and pesticides are presented in the next chapter, using fluorescence as an analyt-
ical technique to spectrally assess the interaction process between CDs and pollutants.
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Chapter 5

Sensing test

In this chapter, the focus of this doctoral thesis, the sensing of certain pollutants in food,
will be explored in detail. The measurements were carried out by carefully selecting
different CDs with surface properties that could be exploited for the pollutants detec-
tion.The chapter will be divided into two sections, the first one considers the interaction
between different CDs and heavy metals, observing by optical techniques the interac-
tion process. The second section deals with the interaction between CDs and pesticides,
again using fluorescence as a probe.

5.1 CDs: sensing with heavy metals
Heavy metals, as mentioned in the introduction, are important pollutants in food, often
introduced due to human activities. This is why it is important to try to determine them
precisely in order to safeguard consumer health. The metals taken into consideration
during this thesis work include mercury, cadmium, cobalt and nickel, as well as other
metals of environmental interest that merit some further investigation. The first to be
analysed is mercury, which was made to interact with all types of CDs, i.e. NCDs for
bottom up and TDs which proved to be excellent detectors for this metal.

5.1.1 Mercury Sensing
These sensing tests were performed on bottom-up NCDs and on the three types of top-
down carbon dots (TD, TDA, TDN) samples by studying the changes of the fluorescence
observed in the presence of increasing amounts of mercury (Hg2+). Because the elec-
trochemical potential for the reduction of mercury is very low (0.85 V vs. standard
hydrogen electrode), one expects mercury to easily quench the CDs fluorescence by an
electron transfer from the emissive chromophores of CDs to Hg ions, provided that the
ion finds suitable interaction sites at CD surfaces. Thus, because the redox potential
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should not be the limiting factor of fluorescence quenching, Hg2+-induced quenching
provides a convenient probe of the different interaction sites on the various types of
CDs and their interplay with the emissive chromophores. As shown in Figure 5.1 , we
found that samples NCDs and TDA both displayed a significant response to Hg2+, with
a decrease of the emission intensity clearly measurable upon the addition of even a few
µM Hg2+ ions.

In contrast, we found that neither the non-functionalized TD sample, nor the amine-
functionalized TDN sample were quenched by mercury ions within the experimental
errors. Exciting the TDA sample at 440 nm and increasing the concentration of mercury
(Figure 5.1), the sample presented a quenching already at the lowest tested concentra-
tion (1 µM). Successive additions led to a further reduction in the emission intensity,
which leveled to about 60% of the initial value after the addition of 40 µ M ions. Here,
quenching occurred with no significant changes of the emission band-shape [244]. The
behavior of NCD, shown in Figure 5.1b, was very different. On the one hand, the ex-
tent of quenching was markedly higher, and the intensity of the emission decreased
to about 40% after the addition of 40 µM mercury ions. Besides, in addition to the
quenching, the fluorescence underwent a red shift, whereby the spectral maximum of
the band moved from 522 nm to 534 nm when increasing the Hg2+ concentration. This
change of shape is clearly most advantageous for sensing applications because it pro-
vides the emission peak position as an additional observable to monitor Hg2+, along
with fluorescence intensity. Stern–Volmer plots of the fluorescence data (Figure 5.1c)
confirmed that the bottom- up and top-down samples responded differently to mercury
ions. In TDA, after a very marked initial quenching already at low concentrations, the
Stern–Volmer curve quickly reached a plateau. This suggests the complete saturation
of a specific functional group on which mercury selectively, and very effectively, binds
at the CD surface. The Stern–Volmer plot of the NCDs sample was very different and
displayed two distinct trends with different slopes, one at low concentrations (from 0.5
to 5 µM) and one at higher concentrations (>5 µ M), the latter accounting for the major-
ity of quenching. This suggests at least two different functional groups on the surface
of the dot that may coordinate covalently with mercury, whereby interaction with the
second group (at higher concentration) becomes appreciable only after saturation of the
first. Generally speaking, the much stronger quenching exhibited by NCD is consistent
with the highly functionalized surface, which certainly hosts abundant binding sites for
Hg2+. Besides, a certain heterogeneity of binding sites at the surface of NCD is to be
expected considering the highly polyfunctional nature of their surfaces and may also ex-
plain the progressive red shift of the fluorescence (Figure 5.1b), if one assumes that the
addition of Hg2+ selectively “turns off” a subset of the possible emission chromophores
and progressively emphasizes the radiative channels responsible for a red-shifted emis-
sion. The strongest contribution to NCDs fluorescence quenching ([Hg2+] > 5 µM) is
most likely associated with the interaction of mercury ions and C=O groups, very abun-
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Figure 5.1: Emission spectra under excitation at 440 nm of the (a) TDA and (b) NCD
samples in aqueous solution in the presence of increasing concentrations of Hg2+ rang-
ing from 0 to 40 µM. (c) Stern–Volmer quenching plots of the integrated emission under
excitation at 440 nm of NCD, TDA, TD, and TDN samples at different concentrations
of Hg2+; I0 and I represent the emission intensity at zero and non-zero concentrations
of Hg2+, respectively. (d) Excited-state decay kinetics of the emission at the wavelength
520 nm under excitation wavelength of 440 nm of NCD, TDA, TD, and TDN samples
in the presence of the same concentration of 40 µM mercury.
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dant on the surface and closely involved in the emission mechanism of these dots. The
initial smaller variation seen in the Stern–Volmer plot, observed at low concentrations,
must be attributed to another surface moiety, being much less abundant than C=O, but
strongly interacting with mercury ions. Besides C=O groups, NCDs samples also host
a certain concentration of superficial C–O–C groups. Therefore, by analogy with TDA
samples, we propose that the earliest trend observed in the Stern–Volmer plot of NCDs
samples is associated with the interaction of Hg2+ with C–O–C sites.

Finally, the lifetime of the CDs taken into consideration was measured after the
addition of a concentration 40 µM of mercury ions and no relevant change has been
detected (see Figure 5.1 d). In general, lifetime analysis is a useful tool to discriminate
static from dynamic quenching. Indeed, considering the very low concentration of Hg2+

ions at play, one suspects that the quenching mechanism here cannot be diffusional, but
must be essentially static; that is, quenching occurs through the formation of a stable
coordination compound of mercury with surface functional groups on CDs. From a
practical point of view, these data demonstrate the need of oxygen-rich groups such as
C=O and C–O–C, suggested here as the active binding sites on the surface of CDs, in
order to get a significant response to quencher ions. Even after deliberate functionaliza-
tion, which is crucial to activate a quenching response in TD samples, the abundance of
binding sites on the latter remains relatively low as compared to NCDs, which are inher-
ently very rich of C=O groups right after synthesis. For these reasons, NCDs samples
behave much better as sensors, with the additional benefit of a progressive change of
shape of the emission band with increasing Hg2+ ions, which can be seen as a side effect
of their highly complex surface. On the other hand, the lack of sensitivity of TD and
TDN surfaces might make them more appropriate for different applications, whenever
ease of quenching is an undesired feature.

5.1.2 Cadmium Sensing
Another important pollutant in the food chain, as mentioned above, is cadmium, so it
was studied with two different CDs, one of a bottom-up nature, NCDs, and one of a
top-down nature, TDA, to understand the degree of interaction between this analyte
and the different surface areas of the two CDs. The first sample examined was TDA,
i.e. the acetone-functionalised sample, and the interaction process with an aqueous
cadmium solution was studied. The analysis process consists of gradually increasing
the concentration of cadmium in the range 0-75 µM, while keeping the concentration
of TDA constant, which is 5 ppm. The analysis is aimed at assessing by fluorescence
the type of interaction, i.e. whether fluorescence quenching is present as in the case of
mercury. The TDA sample is excited at a wavelength of 440 nm and, as can be seen in
figure 5.2, the interaction process indeed takes place. Fluorescence quenching occurs in
two very different concentration ranges, the first ranging from 0-30 µM up to a plateau.

However, after small fluctuations, an additional, and very significant variation in



5.1. CDS: SENSING WITH HEAVY METALS 89

Figure 5.2: a) Emission spectrum under excitation at 440 nm of TDA sample in aqueous
solution in the presence of increasing concentrations of Cd2+ ranging from 0 to 75 µM.
(b) Stern–Volmer quenching plot of the integrated emission under excitation at 440 nm
of TDA sample at different concentrations of Cd2+; I0 and I represent the emission
intensity at zero and non-zero concentrations of Cd2+, respectively.

luminescence intensity occurs from 30 µM onwards, where it is evident that, the carbon
nanoparticle emission is quenched by the metal with a linear dependence of the intensity
on the ion concentration. The possible sites of attack could be, as in the case of mercury,
the oxygen groups present on the surface of the TDA, C-O-C and C-OH, given the high
affinity between cadmium and oxygen.

However TDA appears not to be a good sensor for cadmium, as it selectively re-
sponds to concentrations that are too high and far outside the legal limits, thus not
contributing to the sensing of this metal. The delayed onset of a significant quenching
suggests that the chemical moieties that more strongly interact with Cd ions are not in-
volved in the emission mechanism. Only after these groups are saturated by Cd, the
emissive sites begin to interact with the ion giving rise to quenching. Stern-Volmer plot
also shows a very low percentage of quenching at low concentrations of the metal, about
0.5%, but it is possible to appreciate a sizeable quenching of the fluorescence at high
concentrations of cadmium up to 20% quenching. However, as mentioned above, TDA
is not a good candidate to selectively determine Cd at low concentrations.

The same type of analysis was carried out using the NCDs sample as the fluorescent
sensor, this time using the same range of concetrations as used for the TDA. The analysis
carried out with NCDs and Cd also involves exciting the nanoparticle at 440 nm and
evaluating the interaction process. As can be seen from the Stern-Volmer plot reported
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Figure 5.3: Emission spectrum under excitation at 440 nm of NCD sample in aqueous
solution in the presence of increasing concentrations of Cd2+ ranging from 0 to 75 µM.
(b) Stern–Volmer quenching plot of the integrated emission under excitation at 440 nm
of TDA sample at different concentrations of Cd2+; I0 and I represent the emission
intensity at zero and non-zero concentrations of Cd2+, respectively.

in Figure 5.2 at high concentrations there is a gradual quenching of the fluorescence, so
there is a switch-off of the radiative channels of the dot at high concentrations above 30
µM. The possible sites of attack are different chemical groups such as C=O, NH2 and
OH, given the variety present on the surface of the dot. Similarly to what observed in
the top-down sample, also in this case it appears that the first surface sites that bind to
Cd do not participate in the emissive activity of the nanoparticle.

Therefore, in an absolutely incredible way, even in this case, we see that the NCDs
have a behaviour similar to TDA, so it is possible that the interactive process between
the CDs and cadmium is prevented by a redox potential value that is too high (-0.41 eV)
and therefore does not allow a correct electron transfer process

5.1.3 Other Metals Sensing

Besides the possiblity of using CD as sensors, evaluating their interactions with metal
ions can also be used as a way to acquire information on the fundamental properties of
the dot in itself. In other words, one possibility to discriminate and highlight optical and
surface differences in TD and TDA is to evaluate their response to heavy metal ions in
aqueous solution. In particular, the use of heavy metals of the first transition series (Fe,
Co, Ni, Cu and Zn) as potential quenchers has been considered here. Sensing tests were
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conducted on these two CDs, assessing by fluorescence and absorption spectroscopy
any spectral changes in the presence of different aliquots of heavy metals. The first
approach to determine and evaluate the interaction between transition metals and the
samples under investigation was to use fluorescence spectroscopy. Figure (5.4) shows
the emission of the two samples TD and TDA in the presence of increasing amounts
of metal. In Figure 5.4 a, the interaction between Co2+ and TD is shown. It can be
seen that as the amount of Co2+ increases, the emission intensity decreases steadily with
each addition of metal, resulting in approximately 50% quenching of the fluorescence
intensity at the maximum concentration 40 µM of metal ions. The same effect is found
for the interaction between TDA and Co2+. As reported in Figure 5.4 b, a decrease in
emission intensity is observed as the amount of Co2+ increases and also in this case the
quenching reaches 50 % for 40 µM of metal ions. The two fluorescence quenching
processes appear to be very similar to each other, so the interaction process with Cobalt,
a likely photoinduced electron transfer, is independent of surface functionalization. In
Figure 5.4 c and 5.4 d, on the other hand, the interaction process between the two CDs
and Zn2+, is assessed. In this case the process is the reverse, i.e. the zinc causes an
increase in fluorescence, and again both samples respond in the same way. This feature
can be due to a screening effect by the Zn2+ ions that cover the surface of the CDs thus
causing a consistent increase in emission intensity. Since similar results are found for
TD and TDA it can be stated that the interaction process in this case too is independent
of the functionalization of the surface.

To deepen the dependence on the metal ions concentration, the experiments were
repeated also for other ions (Fe3+, Cu2+, Ni2+) and a Stern-Volmer analysis has been
performed. Figure (5.4e) and Figure (5.4f) show the concentration dependence of the
emission in all considered cases. Different interaction processes between TD/TDA and
metals ions under the same conditions can be guessed. As far as TD is concerned, the
Stern-Volmer graphs show different trends for the different ions. The possible inter-
action process between Co2+ and TD, causes a clear fluorescence quenching with an
important response over the whole concentration range. The possible interaction mech-
anisms is a formation of a coordination bond between Co2+ and OH groups [50] present
in abundance on the TD surface. With regard to the other metals, Cu2+ induces an
initial very pronounced fluorescence quenching of about 10%, but after the first few ad-
ditions, the interaction process levels out until at high concentrations, the TD seems to
be shielded by Cu and emission amplitude decreases. For the remaining metals, Ni, Fe
and Zn, there does not seem to be a process of quenching of the fluorescence, but rather
a process of intensity increase. It can be guessed that for these three metals there is
an electronic screening of the surface from PL quenchers over the entire concentration
range. Overall, from the above Stern-Volmer graphs it appears that TD has a remark-
able selectivity and affinity towards the Co2+ ion over a wide range of concentrations,
as it is the only metal that is able to significantly decrease the emission intensity of
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Figure 5.4: Emission spectra recorded with excitation wavelength at 440 nm for (a)
TD and (b) TDA in aqueous solution with same concentration 5 mg/L, in the presence
of Co2+ (0-40 µM), Emission spectra recorded with excitation wavelength at 440 nm
for (c) TD and (d) TDA in aqueous solution in the presence of Zn2+ (0-40 µM). Stern-
Volmer analysis at the emission wavelength 520 nm under excitation at 440 nm for (e)
TD and (f) TDA in the presence of the metal ions Co2+ (blue line), Cu2+ (green line),
Ni2+ (purple line), Zn2+ (orange line) and Fe2+ (red line).
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TD, making this latter sample an ideal candidate for a sensing application towards this
metal. By contrast the other metals, undergo a different interaction process with the TD
surface causing essentially an increase of emission. TDA, on the other hand, shows a
decidedly different trend in the Stern-Volmer plots: all the metals are able to reduce the
intensity of emissions, and Co2+, Fe3+, Ni2+ and Cu2+, in particular, seem to be excellent
quenchers. Here, the ease of interaction between these metal ions and the surface of
the TDA does not allow discrimination of the metals present in solution, and so in the
case of these metals, the quenching selectivity of the carbon nanodots towards them is
drastically reduced. However, TDA can be considered selective for Zn2+ ions, in that
the interaction with this ion appears markedly different and in contrast to the pattern
observed with the other metals. Zn2+ are in fact the only ions which cause an enhance-
ment of TDA fluorescence intensity of about 15%. This effect could be due, as in the
case of TD, to an electrostatic screening effect by the Zn2+ ions, which by attaching
themselves to the surface can increase the PL intensity by limiting the geometric rear-
rangement of the surface groups. Among other things, the limit of detection (LOD) was
calculated for Co2+ and Zn2+ respectively. For the LOD of Co2+ with TDA the value is
0.52 µM, for Zn2+ it is 0.84 µM. For TD-metal samples, on the other hand, the LOD
values are 0.2 µM for Co2+ and 0.49 µM for Zn2+, respectively. Finally, in order to dis-
tinguish the type of quenching and, to deepen, the type of interaction process between
the samples examined, TD and TDA, and the heavy metals we carried out a study using
time-resolved spectroscopy to assess the fluorescence decay kinetics, thus distinguish-
ing whether the type of quenching could be static or dynamic. The study was carried out
on both samples, using the maximum concentration of metals used in the previous ex-
periment, i.e. 40 µM, and evaluating the PL time decay in the presence of heavy metals.
The results of the experiments are reported in Figure 5.5. As far as TDA is concerned,
Figure 5.5 b, despite the fact that the Stern-Volmer plots (Figure (5.4f)), shows an im-
portant PL quenching for metals such as Co2+, Ni2+, Fe3+, Cu2+ and Zn2+, it is clear that
the decay kinetics in the presence and absence of metals remain completely unchanged
within experimental uncertainty. This is the fingerprint of so-called static quenching,
which is associated to the formation of entirely non-luminescent complexes between
TDA and the quenchers, most likely quenched by extremely efficient (sub-nanosecond)
photoinduced electron transfer. By analogy, this model can also be applied to the Zn2+

ion, where the increased fluorescence intensity in steady state measurements can be
described as a static enhancement, occurring within stable TDA-Zn complexes [246].

As far as TD is concerned, exactly the same thing can be observed: although steady
state measurements show a change in the emissive properties in the presence of the
metal ions, the lifetime of TD in the presence of the ions does not change within the ex-
perimental repeatability, so here too the interaction process with the CDs can be defined
as static, in the same sense explained above.
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Figure 5.5: (a) Lifetime analysis for TD solutions with and without metals: pure TD
(purple line), Co2+ (blue line), Cu2+ (light blue line), Fe3+ (green line), Ni2+ (orange
line), Zn2+ (red line). (b) TDA lifetime analysis in solution with and without metals:
pure TDA (purple line), Co2+ (blue line), Cu2+ (light blue line), Fe3+ (green line), Ni2+

(orange line), Zn2+ (red line). Lifetime has been always recorded at 520 nm under
excitation at 440 nm.



Chapter 6

CDs: sensing test with pesticides

In this section, sensing with pesticides will be discussed. The challenge we have set
ourselves is to analyse and determine small concentrations of pesticides of commercial
interest and belonging to different classes already mentioned in the literature. Using
carbon nanodots as a probe and fluorescence spectroscopy as a detector, CDs have been
specially synthesised to study and evaluate the interaction process between these ana-
lytes of interest in regard to food contamination and this new class of CDs, which, as
we will see in the following phases of this chapter, show different interaction capabil-
ities compared to the CDs presented so far in this thesis. However, it is first neces-
sary to present the analytes in question and what their physical and chemical properties
are [115].

6.1 Pesticides
Three pesticides were chosen based on European standard regulations: Boscalid, Meto-
lachlor and Oxadiazon. These three pesticides have distinctive chemical and physical
properties, which cause major problems for human health. All the three compounds are
small aromatic molecules, as shown in Figure 6.1.

Boscalid is a contact fungicide active substance with translaminar properties. It
inhibits spore germination, germ tube elongation, mycelium growth and sporulation.
Boscalid is absorbed by the leaf and migrates through the tissue to the opposite leaf.
During this pathway, part of the active substance penetrates deep into the tissue and
reaches the lymphatic circulation in an acropetal pattern until it reaches the apex and
leaf margins. The quantities translocated are sufficient to ensure antifungal protection
even in areas of the leaf which have not been directly treated. Metolachlor, also used
in agriculture, is a synthetic product derived from aniline, and is used to prevent weed
growth in fields. As can be seen in figure 6.1, similarly to, Boscalid, this molecule has
aromatic groups that best perform its function as a herbicide. Finally, Oxadiazon is a
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Figure 6.1: The three pesticides, from left to right, Boscalid, Metolachlor and Oxadia-
zon, selected for sensing tests with the different carbon nanodots.

herbicide used in many crops, such as peach and tobacco. It is applied to plants either
directly by spraying the substance on the plant or by irrigating the soil and allowing the
plant to absorb it. Here too, the chemical structure has aromatic rings to which various
functional groups are linked, which protect the plant from pests. However, despite the
fact that these molecules are necessary for crop protection, they have contraindications,
i.e. they are particularly harmful to human health, both because many residues are
directly in the food we eat and because they have a discrete persistence in agricultural
soils. Therefore, in the following paragraphs, sensing tests will be carried out using the
CDs that have been previously synthesised and characterised [122, 131].

6.1.1 Pesticides Sensing
For all pesticides, the sensing tests were conducted using steady state fluorescence spec-
troscopy. The most important part was to solubilise pesticides in an appropriate solvent,
given its very poor solubility in water and its excellent solubility in water-immiscible or-
ganic solvents. However, after several attempts, the best measurement conditions were
found by using a mixture of ethanol and water to solubilise about 1 mM of metabolite.
This investigation was fundamental for the sensing study and thus to evaluate the inter-
action process between CDs (highly soluble in polar solvents) and different pesticides.
The detection of pesticides was certainly a major challenge during this PhD, because the
greatest difficulty was the lack of response of most of the CDs we considered to all three
analytes. In fact for all TDs and NCDs we never observed any interaction processes that
could help selectively determine analyte. For example, the effect of Oxadiazon on the
fluorescence of TDA excited at 440 nm is shown in Figure 6.2 and in the Stern-Volmer
plot, despite the quantities of Oxadiazon added to the CD sample are relatively large the
emission band at 525 nm, shows no change despite the additions.

However, after several attempts with the different CDs synthesised and mentioned
in the previous chapters, it seems that only one was able to interact with the different
pesticides, SDot. This CDs, mentioned earlier in Chapter 4, was synthesised by py-
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Figure 6.2: Emission spectra of the TDA with increasing Oxadiazon concentration in the
range (0-90 µM) and the Stern-Volmer plot confirming the lack of interaction between
nanoparticle and analyte.

rolysing two molecular precursors, safranin and citric acid in the same quantities. For
pesticide sensing, a solution of SDot at a known concentration, i.e. 5 mg/L, was used as
the analysis probe.

The first sensing test was carried out on Boscalid. To this purpose, a stock solution
of the pesticide with a concentration of 1 mM was prepared, whereas SDot solution has a
concentration of 5 mg/L, which was judged the best after multiple experiments at differ-
ent concentrations. Then 2 mL of SDot solution at a known concentration was placed in
a quartz cuvette of 1 cm optical path and all measurements were conducted using steady
state fluorescence spectroscopy, exciting the sample of CDs at a fixed wavelength of
350 nm.

Increasing aliquots of Boscalid in the range 10-150 µM were added to the SDot
sample, and, as can be seen in figure 6.3, already at the first addition of pesticide, 10
µM, there is an appreciable change in the emission spectrum of CDs, where the emis-
sion maximum undergoes a red-shift. Thereafter, continuing the titration we see that the
shift of the emission maximum is constant until the end of the titration. The shift of the
peak is quite evident going from 415 nm (SDot without the analyte) to 450 nm (maxi-
mum concentration of Boscalid). This extraordinary process of interaction between the
pesticide and the dot can be seen as a sign that graphitic layers containing functionali-
ties can interact distinctively with the molecular structure of Boscalid. The most likely
interaction occurs between nitrogen- and oxygen-containing SDot groups and chemical
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Figure 6.3: SDot emission spectra recorded at 350 nm of excitation, increasing the
Boscalid concentration from 0-150 µM.

groups, such as chlorine and oxygen, with possible bonding between the pesticide and
the carbon nanoparticle. The interaction of the dot with the aromatic chromophores on
the pesticide is expected to alter the fundamental mechanism of the dot thus justifying
the shift of the emission maximum to red. Another possible motivation leading to the
band shift is the p-p stacking interaction, which leads to the weak interaction between
the ⇡ orbitals of the pesticide and the sp2-hybridised surface parts of the nanoparticle,
thus involving an electronic transfer between the surface and the pesticide, thus chang-
ing the spectral position of the emission maximum.

Another sensing test, always using SDot as a sensitive nanomaterial, is that of Oxa-
diazon. Similarly to Boscalid, also in this case a solution of known concentration of
Oxadiazon, 1 mM, was prepared and added in small aliquots to the SDot solution.

By exciting the SDot sample at 350 nm, the interaction with Oxadiazon was evalu-
ated, adding small aliquots of pesticide, in the range 0-150 µM. Therefore it can be seen
that, in Figure 6.4, as the pesticide concentration increases, the dot responds with the
progressive quenching of the fluorescence, that is, a shutdown of the radiative channels
of the dot nanoparticle.

As regards the Stern-Volmer plot, important information is also obtained on the
percentage of fluorescence quenching which already at the first addition, 10 µM, is
about 2%, up to a maximum of 8% at higher concentrations. The process of interaction
between SDot and Oxadiazon is characterized by a small, but appreciable degree of
fluorescence quenching. Thus our hypotesis is that the pesticide binds covalently to
the surface of the dot, given the presence of chlorinated chemical groups, which are
available to bind to the surface, thus switching off the radiative channels that allow the
nanoparticle to emit.

Finally, the last pesticide analysed is Metolachlor. This pesticide was prepared in
the same way as in the previous cases, i.e. a stock solution of the pesticide was pre-
pared with a concentration of 1 mM. Again, the nanoparticle used for analysis is SDot,
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Figure 6.4: SDot emission spectra recorded at 350 nm of excitation, increasing the
Oxadiazon concentration from 0-150 µM and the Stern-Volmer plot.

Figure 6.5: SDot emission spectra recorded at 350 nm of excitation, increasing the
Metolachlor concentration from 0-120 µM and the Stern-Volmer plot.

prepared as in previous experiments. In this case too, the analysis proceeds by excit-
ing the CDs at 350 nm, but as the concentration of the pesticide increases, unlike the
other two pesticides, as shown in figure 6.5, the dot responds by showing an increase in
fluorescence intensity [239].

From the very first addition, a slight increase in fluorescence is immediately appar-
ent, later going up to 15% enanchement as can be seen from the Stern-Volmer plot.
This enhancement can be tentatively attributed to an electrostatic screening effect by
the pesticide, or another alternative is attaching themselves to the surface increasing the
PL intensity by limiting the geometric rearrangement of the surface groups. In con-
clusion, it can be said that SDot is the only one of the synthesised CDs that responds
appropriately to pesticides, given the different spectral responses. More precisely, the
interaction with Boscalid causes a significant red-shift of the emission maximum, thus
making this dot highly selective towards this analyte of absolute interest. The interac-
tion process with Oxadiazon and Metolachlor is different, since in one case it causes
a quenching of the fluorescence (Oxadiazon) and in the other case an enanchement of
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the emission intensity (Metolachlor). However, although the data are very encouraging
as SDot is the only one that responds with sensitivity and selectivity to pesticides, as a
future perspective we will try to decrease the concentration to be determined.

After having done all the sensing tests with the reference analytes, the final goal is
to build a sensor that can determine low concentrations of pesticides and heavy metals,
therefore in the next chapter the construction of a chemosensor that uses CDs as fluo-
rescent probes for the determination of the above mentioned analytes will be presented.



Chapter 7

Fluorescent Chemosensor

This chapter will describe the construction and engineering of the chemosensor that can
be practically used for the determination and sensing of the analytes described in the
previous chapters. Thanks to the collaboration with Infobiotech srl, active partner of
this doctoral thesis, we have built a fluorescence sensor using real time fluorescence as
a technology and CDs as an analytical probe, at least those that have turned out to be the
best for sensing pollutants by the experiments described in the previous chapters. The
aim of the research activities carried out at Infobiotech Srl is to verify the possibility of
using Carbon Dots technology to create sensitive elements within diagnostic and/or an-
alytical systems and devices. In particular, the focus will be on the detection of analytes
whose presence is considered significant in the products and production processes of the
agro-food chain. In order to achieve the objective, an optical transduction system com-
patible with the fluorescent characteristics of Carbon Dots and an electronic/informatics
system for signal acquisition and processing have been designed.

7.1 Photodiodes, LED and filters
The construction of the chemosensor began with the selection of suitable precision op-
tics and optoelectronics, i.e. filters to make the radiation monochromatic, LEDs for
excitation and photodiodes for detection were evaluated. The photodiode remains the
basic choice for photo detection among solid-state detectors. The process of selecting a
sensor and designing an analogue front end can be reduced to seven steps:

• Describe the signal to be measured and the design goals.

• Select the right sensor and describe its electrical output.

• Identify an optimal amplifier and the preamplifier stage.

• Design the complete sensor and preamplifier gain block.
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• Run a simulation.

• Take extra care when building hardware and validate.

All in all, commercial photodiodes from Hammamatsu were chosen for the sen-
sor construction, with characteristics to match the excitation LEDs. Photodiodes are
usually optimized during the design process for use in either “photovoltaic” mode or
“photoconductive” mode. Responsivity, which is the ratio of the detector output to the
detector input, is a key parameter of the photodiode. It’s given in units of ampere/watt
or volt/watt. The photodiode that was used has a spectral response in the visible range,
which is suitable for the best possible fluorescence detection from the CDs that were
previously synthesised. The photodiode that was chosen is a silicon one, because it
contains a number of features, such as the wide spectral range 300-1100 nm, the short-
circuit current and the dark current. The datasheet of the photodiode selected is reported
in Figure 7.1, and evidences the best features of the chosen device, the LED was chosen
to excite the CDs with a suitable wavelength.

Finally, filters were chosen with the appropriate characteristics, namely 9 mm filters
monochromatize the light beam impinging into the sample, with a bandwidth centered
at 440 nm to direct the light beam onto the sample and a dichroic mirror to remove stray
wavelengths. The dichroic mirror allows an excitation wavelength of 410 nm to pass
with a bandwidth of ±3 nm, preventing the passage of wavelengths below 380 nm and
wavelengths above 440 nm, however the collection of the signal and therefore of the
reflected wavelength is centred at 520 nm.

7.2 CAD and 3D printing
One of the crucial parts of constructing the sensor was to use an appropriate CAD design
program, in this case Fusion360, which enabled the optimisation of the optical geome-
tries of the system and the construction of the sensor housing. The precision with which
the optics, supports and final box were designed is of the order of a millimeter. The fig-
ure 7.2 reports the draft by CAD the design of the most appropriate optical geometry.In
the figure 7.2 it can be seen in the top left the connections for the LED, connected to
the board which allows the sample to be illuminated at a wavelength of 430 nm. This
wavelength was chosen because it is ideal for exciting CDs. The samples is inserted
inside a cuvette placed at the cenetr of the box. As shown in the bottom right part of
fig.7.2 at 90 degrees with respect to the impinging light there is the photodiode which
accumulates the signal on its board and then gives an electrical intensity value which is
transformed into fluorescence emission intensity.

The CAD result was then 3D printed, and the result being shown in the Figure 7.3.
Black PET was chosen as the material of choice to prevent light from entering from the
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Figure 7.1: Datasheet of the photodiode used in the construction of the sensing device.
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v21.png

Figure 7.2: CAD drawing of the optical geometry, which was printed in 3D. The blue
arrow shows the emitted light direction from the sample placed below the excitation
LED at 410 nm inside the cuvette holder, the green arrow shows the wave reflected by
the dichroic mirror and collected by the photodiode placed in the bottom right.

outside and disturbing the light emitted by the LED and also to reduce any stray light in
the visible range..

After designing the optical part, a box was built around it to prevent light from dissi-
pating or stray light from entering from outside. Therefore the optics box was designed
with the presence of the sample holder. The size of the sample holder is practically
standard, because it corresponds to a cuvette with an optical path of 1 centimetre. In
figure 7.4 you can see the sensor in all its parts.

Finally, a Bluetooth connection with an app, developed by the company’s IT de-
partment, was made using ESP32 technology. The app works in a very simple way, the
measurement is directly controlled by the app which turns on the excitation LED record-
ing a fluorescence signal. First of all for each measurement the sensor is calibrated for
any corrections to the instrument background by using distilled water instead of a CD
solution. Tests with the samples were carried out at the time using two different CDs,
namely NCDs and TDA, and the response to the analytes of interest was evaluated.

CDs samples are prepared at a known concentration, 5 mg/L, and inserted into the
sensor. Therefore, after calibrating as mentioned above, the experiment consists of
excitation of the CDs by the LED and a signal is collected in the photodiode which is
equal to a luminescence intensity. At this point, known concentrations of three different
metals were added to the CDs and the results are shown in the table 7.1.

From the data collected, as can be seen in the table, for both samples, TDA and
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Figure 7.3: 3D printing with Prusa Slicer printer of CAD-designed geometry.

Figure 7.4: CAD drawing of the final device with adapted sample holder on 1 cm quartz
cuvettes.



106 CHAPTER 7. FLUORESCENT CHEMOSENSOR

Table 7.1: Sensing tests collected using the device, metals analysed are Hg, Co and
Cu, responses with respect to the two CDs (TDA and NCDs) are consistent with data
recorded using other techniques

Analytes 10 µM TDA NCDs

NoMetals 2070.92 (PL Intensity) 2547.45 (PL Intensity)
Hg2 + 1863.83 (PL Intensity) 2166.02 (PL Intensity)
Cu2 + 1822.41 (PL Intensity) 2368.56 (PL Intensity)
Co2 + 1677.45 (PL Intensity) 2052.83 (PL Intensity)

NCDs, there are decreases in fluorescence intensity when there is an interaction with
the reference analyte, values that are consistent with the analysis carried out in the lab-
oratory using fluorescence spectroscopy.

In conclusion, the development of the sensor, thanks to the company’s expertise,
has provided some very interesting and important responses, and the choice of LED,
photodiode and filters has been adapted to the specific needs of the CDs, furthermore,
the measurements are reliable and aim at an efficient sensing using the optical properties
of the CDs.



Chapter 8

Conclusion

The main goal of this work the was use of a new family of emerging materials, car-
bon nanodots (CDs) for sensing food pollutants, like heavy metals and pesticides. The
idea of using fluorescent materials such as CDs stems from the fact that, in addition
to exhibiting favourable optical properties, they are low-cost and easy to synthesise,
so the project achieved its objective thanks to the collaboration with the Universidad
de la Castilla-La Mancha and Infobiotech to build a fluorescence-based chemosensor
implemented with CDs.

CDs were first synthesised at both UNIPA and UCLM, where different families of
CDs were synthesised using the major techniques in use, namely bottom-up and top-
down.

Bottom-up synthesis was carried out in Palermo, pyrolysing different molecular pre-
cursors, such as citric acid, urea, ortho-phenylenediamine, rhodamine, fluorescein and
safranine, in order to have a plethora of carbon nanoparticles with different optical,
morphological and structural properties. There are five samples resulting from these
syntheses, namely NCDs (citric acid + urea), PCDs, (ortho-phenylenediamine + citric
acid), SDot (Safranine + citric acid), RDot (Rhodamine + citric acid) and FDot (fluores-
cein + citric acid). The CDs resulting from the synthesis were purified using very precise
and extensive purification methods, namely size-exclusion chromatography (SEC) and
dialysis. These techniques made it possible to purify the carbon nanoparticles in the
best possible way in order to obtain materials that were as pure as possible, i.e. with-
out reaction by-products. After purification of the synthesised samples, the optical and
structural properties of these samples were evaluated, as a preliminary step in view of
sensing tests with food pollutants.

From an optical point of view, NCDs and PCDs were characterised using absorption
spectroscopy, steady-state fluorescence spectroscopy and time-resolved spectroscopy.
The optical absorption properties of the two samples are very different. However, the
emission spectra recorded at 440 nm of excitation for both NCDs and PCDs show very
broad and unstructured bands typical of carbon nanoparticles, with emission maxima
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at 515 nm for NCDs and 530 nm for PCDs. Finally, the lifetime of these nanoparti-
cles was also evaluated by time-resolved spectroscopy and the fluorescence decay times
are quite different for both samples, therefore we can say that the samples from a sur-
face point of view might be different, as they show chromophores with different optical
properties. For the other bottom-up syntheses, i.e. those that used xanthene precur-
sors, the optical characterisation shows that the samples differ significantly from each
other. After careful purification of the samples, using the techniques mentioned above
(SEC and dialysis), the samples were first characterised using absorption spectroscopy,
where the spectral differences are clearly evident. The three samples, SDot, RDot and
FDot, have very different absorption spectra, i.e. SDot has a band structured in the UV,
around 350 nm, that extends into the near visible, RDot and FDot have similar spec-
tra with a band that starts in the UV and ends in the near visible. Anyway, in none of
the absorption spectra are the typical and characteristic bands of the molecular precur-
sors present, which implies a successful pyrolysis. Also emission spectral SDot, RDot,
FDot, recorded using an excitation wavelength of 350 nm show very broad characteristic
bands, typical of carbon nanoparticles.

In the case of Top-Down CDs, the main synthesis was chemical oxidation of graphite
with a concentrated acid mixture, which enabled the formation of carbon nanoparticles.
Such "TD" samples were later functionalized with small molecules in order to dope
the surface, in the case of this thesis work the functionalised agents were acetone, to
increase the amount of oxygenated groups on the surface and with ethylenediamine,
to increase nitrogen doping. These syntheses gave rise to three different samples TD,
TDA and TDN. Also these samples were also optically characterised using absorption
spectroscopy, fluorescence spectroscopy and time-resolved spectroscopy. The samples
show almost identical absorption and emission spectra with resepct to the native ones,
implying that functionalisation does not actively participate in the emissive properties
of the CDs. The emission spectra were recorded by excitation of all samples at 440 nm,
and in all three cases there are broad bands typical of nanoparticle material.

Another important aspect is the tunability, i.e. these samples have a large excitabil-
ity range of the visible photoluminescence from 410 to 620 nm, always showing fairly
bands, that continuously red shift following the change of excitation. Finally, the anal-
ysis of the lifetimes made it possible to identify the decay kinetics, which in all three
cases are double exponential.

All samples, i.e. bottom-up and top-down, were characterised by structural and
morphological techniques, such as Raman, ATR, FT-IR and AFM spectroscopy. The
information given by Raman spectroscopy implies that all samples have tendentially
amorphous crystal structures, which is confirmed by the ID/IG ratio, which gives im-
portant information on the type of hybridisation of the carbon atoms. As far as atomic
force microscopy (AFM) is concerned, it is found that the samples have a different size
distribution, i.e. the samples prepared by bottom-up approach, i.e. using molecular pre-
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cursors, are smaller than those prepared by top-down approach which is to be expected
given that the top-down samples are obtained from much larger starting materials.

Finally, surface characterisation was carried out using ATR and FT-IR, which made
it possible to discriminate the functional groups present on the surface of CDs, espe-
cially for TD samples, which are optically and structurally very similar to each other.

After this lengthy and important characterisation process, the best CDs that could
play an important role in sensing heavy metals and pestcides were evaluated. The heavy
metal sensing tests involved four different CDs, namely NCDs, TD, TDA and TDN.

In the case of mercury sensing, NCDs seem to be the best compared to polyfunc-
tional TDs, since mercury induces a fluorescence quenching process of about 40 %. The
possible mechanism inhibiting the emission is the formation of a coordination com-
pound, so that a static fluorescence quenching is assumed, another interesting point
given by NCDs is that the quenching process is accompanied by a red-shift. NCDs is
therefore a possible candidate for sensing low concentrations of mercury.

As far as cadmium is concerned, although for both samples presented, NCDs and
TDA, fluorescence quenching occurs at very high concentrations, the latter are outside
the proposed target range.

Interestingly, the sensing responses of TD and TDA to metal ions in solution are very
different from each other. TD fluorescence shows a remarkable and selective quenching
process in presence of Cobalt ions, about 50 % throughout the 0-40 µM concentration
range. In contrast, the other transition metals only lead to an increase of the lumines-
cence intensity. TDA, on the other hand, responds to all the metals taken into consid-
eration, which are found to behave as excellent quenchers. However, an exception is
represented by Zinc, which induces a continuous increase of the emission intensity in
the whole range of explored concentrations (0-40 µM). Therefore, the optical response
of TDA is selective to Zinc ions because of their unique behaviour in the interaction
process.

Finally, the pesticide detection analysis was successful with another type of sample,
SDot, which is able to interact selectively and differently with all three pesticides. Thus,
excitation of a known amount of SDot at 350 nm causes a red-shift in the interaction
process with Boscalid, a quenching of the luminescence intensity with oxadiazon and
an increase in the luminescence intensity with metolachlor. However, the process of
interaction between pesticides and SDot, which is the only considered carbon nanopar-
ticles that detects these analytes, is unclear. Overall, we found that four typ of CDs are
highly selective for specific analytes, specifically: NCDs for Hg, TD for Co, TDA for
Zn and SDot for all pesticides.

Some of these dots were then tested within the chemosensor built with Inforbiotech
srl. The chemosensor was built by assembling the necessary optical components (a
LED, a photodiode, a filter and a dichroic mirror) into a case built with a 3D printer. An
app for mobile phone was written and programmed that allows the sensor to communi-
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cate the intensity of fluorescence. It can therefore be concluded that the synergistic work
between universities (UNIPA and UCLM) and company (Infobiotech), has allowed the
construction of a chemosensor that based on the final tests we conducted on the device,
turns out show that uses the optical properties of CDs can be used for the detection of
pollutants in food.

The future perspectives for this thesis work are to improve the sensitivity of CDs
towards certain markers, so as to be able to further reduce the limit of detection of pol-
lutants. Furthermore, as regards the chemosensor, being able to implement it with other
optical properties and choice of the analytes on which to carry out the experimentation
it could be adapted to detection of specific analytes of commercial interest for food
companies.

Finally, I would like to say that no Carbon nanodots have been mistreated dur-
ing this thesis work.
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[188] O Olgun, AO Yildiz, and A Şahin. Evaluation of dietary presence or use of
cadmium in poultry. World’s Poultry Science Journal, 76(1):64–73, 2020.

[189] CJ Van Leeuwen, WJ Luttmer, and PS Griffioen. The use of cohorts and pop-
ulations in chronic toxicity studies with daphnia magna: a cadmium example.
Ecotoxicology and Environmental Safety, 9(1):26–39, 1985.

[190] JF Postma, MC Buckert-de Jong, N Staats, and C Davids. Chronic toxicity of
cadmium to chironomus riparius (diptera: Chironomidae) at different food levels.
Archives of Environmental Contamination and Toxicology, 26(2):143–148, 1994.

[191] Masahiko Satoh, Hiroshi Koyama, Toshiyuki Kaji, Hideaki Kito, and Chiharu
Tohyama. Perspectives on cadmium toxicity research. The Tohoku journal of
experimental medicine, 196(1):23–32, 2002.

[192] AM Hidalgo, MD Murcia, M Gomez, E Gomez, C García-Izquierdo, and
C Solano. Possible uses for sludge from drinking water treatment plants. Journal
of Environmental Engineering, 143(3):04016088, 2017.

[193] Enrico Dinelli, Annamaria Lima, Stefano Albanese, Manfred Birke, Domenico
Cicchella, Lucia Giaccio, Paolo Valera, and Benedetto De Vivo. Comparative
study between bottled mineral and tap water in italy. Journal of Geochemical
Exploration, 112:368–389, 2012.

[194] EFSA Panel on Contaminants in the Food Chain (CONTAM). Scientific opinion
on lead in food. EFSA Journal, 8(4):1570, 2010.

[195] Esben Budtz Jørgensen. An international pooled analysis for obtaining a bench-
mark dose for environmental lead exposure in children. EFSA Supporting Publi-
cations, 7(4):47E, 2010.

[196] Anjum Ara, Jawed Ahmad Usmani, et al. Lead toxicity: a review. Interdisci-
plinary toxicology, 8(2):55–64, 2015.

[197] DA Gidlow. Lead toxicity. Occupational medicine, 54(2):76–81, 2004.



BIBLIOGRAPHY 129

[198] M Anthony Verity. Comparative observations on inorganic and organic lead neu-
rotoxicity. Environmental health perspectives, 89:43–48, 1990.

[199] Ole Andersen and Philippe Grandjean. Effects of inorganic and organic lead com-
pounds on chromosomal length in human lymphocytes. Applied organometallic
chemistry, 1(1):15–19, 1987.

[200] Kimberlie A Graeme and Charles V Pollack Jr. Heavy metal toxicity, part ii: lead
and metal fume fever. The Journal of emergency medicine, 16(2):171–177, 1998.

[201] T Nielsen, KA Jensen, and P Grandjean. Organic lead in normal human brains.
Nature, 274(5671):602–603, 1978.

[202] Y Motarjemi, F Käferstein, G Moy, S Miyagawa, and K Miyagishima. Impor-
tance of haccp for public health and development the role of the world health
organization. Food Control, 7(2):77–85, 1996.

[203] Francesca Latronico, Sandra Correia, Teresa da Silva Felicio, Michaela Hempen,
Winy Messens, Angel Ortiz-Pelaez, Pietro Stella, Ernesto Liebana, and Marta
Hugas. Challenges and prospects of the european food safety authority biologi-
cal hazards risk assessments for food safety. Current Opinion in Food Science,
18:50–55, 2017.

[204] Rosa Draisci, Alberto Renzoni, and Luca Lucentini. The istituto superiore di
sanità, the organization responsible for the evaluation and accreditation of food
product testing laboratories. Annali Dell’istituto Superiore di Sanita, 38(1):63–
67, 2002.

[205] EFSA Scientific Committee. Statement on the benefits of fish/seafood consump-
tion compared to the risks of methylmercury in fish/seafood. EFSA Journal,
13(1):3982, 2015.

[206] European Food Safety Authority (EFSA). Mercury as undesirable substance in
animal feed - scientific opinion of the panel on contaminants in the food chain.
EFSA Journal, 6(4):654, 2008.
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