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Abstract

The increasing demand for new automated analytical instrumentation and procedures
for the continuous monitoring of different pollutants affecting water quality acquires
special importance due to the consequences for human health and for the environment
that the use or consumption of contaminated water causes. In this sense, micro-Total
Analysis Systems or Lab-On-a-Chip devices have experienced a notable development
in recent years owing to the enhanced mass and energy transport, miniaturization,
integration, and automation that these systems are capable to achieve over
macroscopic systems. All these features open the door to performing on-site
measurements.

Furthermore, the use of nanoparticles has demonstrated to improve sensitivity and
limits of detection (LODs) in analytical measurements. Taking this context into account,
this work is focused on the use of Carbon Dots (CDs) as optical and electrochemical
probes for the rapid determination of heavy metals in water. CDs have recently drawn
great attention from the scientific community due to their excellent luminescent
properties, high biocompatibility, ease of preparation, low cost, and high electrical
conductivity, compared to other nanomaterials. These properties make CDs suitable for
a wide range of applications, such as (bio)sensing, bioimaging, nanomedicine, and
catalysis.

In this thesis, two different approaches for heavy metals determination employing CDs
have been developed. In the first one, CDs are employed as optical probes and the
determination of heavy metal ions is based on its quenching effect on the fluorescence
of the CDs. In the second one, CDs have been used to modify Screen-Printed Carbon
Electrodes (SPCEs) to determine Cd?* ions by stripping voltammetry.

Chronologically, an automated equipment based on a reverse Flow Injection Analysis
protocol, that included a Cyclic Olefin Copolymer (COC) microfluidic platform, and a
customized miniaturized optical detection system was developed to monitor heavy
metals with CDs as optical probes. Different types of CDs were synthesized in batch
using several hydrothermal and microwave-assisted methods and five heavy metal
ions (Co?", Cu?*, Hg?, Ni**, and Pb?") could be selectively determined using the
developed experimental setup.

In order to improve reproducibility and reliability, microreactor technology was applied
for the efficient synthesis of homogeneous and reproducible CDs. Therefore, Low
Temperature Co-Fired Ceramics (LTCC) microreactors were fabricated and used for
the synthesis of the CDs previously synthesized in batch. The syntheses were
performed automatically with better control of the synthetic parameters. Some of the
synthetic methods were adapted and optimized to be performed in the microreactors
and four of the five heavy metal ions previously determined (Co?*, Cu?*, Hg?*, and Pb?")
could be also selectively determined. The obtained nanomaterials were used as optical
probes in the previously developed automatic equipment. The LODs obtained for three
of the four heavy metal ions were below the limits set for drinking water, while in the
case of Hg?", it was slightly higher.



Finally, to demonstrate the applicability of the analytical equipment for on-site
monitoring of heavy metals in water, an integrated system including the direct synthesis
of the optical probes by means of a microreactor was designed, fabricated, and
evaluated. To validate the proposal, one type of CDs was synthesized and directly
used for the selective determination of Co?* in the customized miniaturized optical
detection system.

Synthetic and real water samples were analyzed obtaining good results in terms of
accuracy and precision demonstrating the potential of the developed system for on-site
monitoring of heavy metals in water.

In the scope of a research stay in the group Analytical Development LAQV Requimte
from the Universidade do Porto, the effect of modifying SPCEs with CDs and carbon
nanotubes to determine Cd?" ions by stripping voltammetry was tested. The
methodology established allowed the selective determination of Cd?* ions with a LOD
below the limit set for drinking water.

The obtained results through all the research work demonstrate the great potential of
miniaturized analytical systems based on the use of CDs for the monitoring of heavy
metals in water using different techniques.



Resumen

La creciente demanda de nueva instrumentacibn y procedimientos analiticos
automatizados para la monitorizacion continua de diferentes contaminantes que
afectan a la calidad del agua adquiere especial importancia debido a las
consecuencias para la salud humana y para el medio ambiente que provoca el uso o
consumo de agua contaminada. En este sentido, los Microsistemas de Andlisis Total o
dispositivos Lab-On-a-Chip han experimentado un notable crecimiento en los ultimos
afios debido a la mejora en el transporte de masa y energia, la miniaturizacion, la
integraciéon y la automatizacién que estos sistemas son capaces de lograr frente a los
dispositivos macroscopicos. Todas estas caracteristicas abren la puerta a la
realizacion de mediciones in situ.

Ademas, se ha demostrado que el uso de nanoparticulas mejora la sensibilidad y los
limites de deteccion en las medidas analiticas. Teniendo en cuenta este contexto, este
trabajo se centra en el uso de Puntos de Carbono (CDs, por sus siglas en inglés) como
sensores Opticos y electroquimicos para la determinacién de metales pesados en
agua. Recientemente, los CDs han llamado mucho la atencion de la comunidad
cientifica debido a sus excelentes propiedades luminiscentes, alta biocompatibilidad,
facilidad de preparacion, bajo coste y buena conductividad eléctrica en comparaciéon
con otros nanomateriales. Estas propiedades hacen que los CDs sean adecuados
para una amplia gama de aplicaciones, como la (bio)deteccién, la biocimagen, la
nanomedicina, o la catalisis.

En esta tesis, se han desarrollado dos métodos diferentes para la determinacion de
metales pesados usando CDs. En el primero de ellos, los CDs se utilizan como
sensores opticos y la determinacién de iones de metales pesados se basa en su
efecto de atenuacion sobre la fluorescencia de los CDs. En el segundo, los CDs se
usan para modificar Electrodos de Carbono Serigrafiados (SPCEs, por sus siglas en
inglés) para determinar iones Cd?* mediante voltamperometria de redisolucién.

Cronol6gicamente, se desarrollé6 un equipo automatizado basado en un protocolo de
analisis de inyeccion en flujo reverso, que contiene una plataforma microfluidica de
Copolimero de Olefina Ciclica (COC, por sus siglas en inglés) que se inserta en un
sistema personalizado y miniaturizado de deteccion Optica para monitorizar metales
pesados usando CDs como sensores opticos. Se sintetizaron en discontinuo (batch)
diferentes tipos de CDs utilizando varios métodos hidrotermales y asistidos por
microondas y se pudieron determinar selectivamente cinco iones de metales pesados
(Co?, Cu?*, Hg?*, Ni?* y Pb?*) utilizando la configuracién experimental desarrollada.

Para tratar de mejorar la fiabilidad, se aplicé la tecnologia de microreactores para
aumentar la eficiencia, la reproducibilidad y la homogeneidad en la sintesis de CDs.
Por este motivo, se fabricaron y utilizaron microreactores de Ceramica de Coccion a
Baja Temperatura (LTCC, por sus siglas en inglés) para la sintesis de los CDs
previamente sintetizados en batch. Las sintesis que se desarrollan en los
microreactores LTCC se realizan de forma automéatica y permiten un mejor control de
los pardmetros de sintesis. Algunos de los métodos sintéticos fueron adaptados y
optimizados para ser realizados en los microreactores y cuatro de los cinco iones de
metales pesados previamente determinados (Co?*, Cu?’, Hg? y Pb?) también
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pudieron determinarse selectivamente con estos CDs. Los nanomateriales obtenidos,
se utilizaron como sensores Opticos en el equipo automatizado previamente
desarrollado. Los limites de deteccion obtenidos para tres de los cuatro iones de
metales pesados estuvieron por debajo de los limites establecidos para el agua
potable, mientras que en el caso del Hg?', el limite de deteccién obtenido fue
ligeramente superior.

Finalmente, se disefid, fabricd y evalud un sistema integrado que incluye la sintesis
directa de CDs usando un microreactor para demostrar la aplicabilidad del equipo para
la monitorizacion in situ de metales pesados en agua. Para validar la propuesta, se
sintetizé un tipo de CDs y se utiliz6 directamente para la determinacion selectiva de
Co?* en el sistema de deteccion Optica.

Se analizaron muestras de agua sintéticas y reales obteniéndose buenos resultados
en términos de exactitud y de precision demostrando el potencial del sistema
desarrollado para el control in situ de metales pesados en agua.

Dentro del marco de la estancia en el grupo de Analytical Development del LAQV
Requimte de la Universidade do Porto, se estudi6 el efecto de la modificacion de
SPCEs con CDs y nanotubos de carbono para la determinacién de iones Cd?
mediante voltamperometria de redisolucion. Se consiguié determinar selectivamente
iones Cd?* con un limite de deteccion por debajo del limite establecido para agua
potable.

Los resultados obtenidos durante la realizacion de este trabajo demuestran el gran
potencial de los sistemas analiticos miniaturizados basados en el uso de CDs para la
monitorizacién de metales pesados en agua mediante diferentes técnicas.
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Resum

La creixent demanda de nova instrumentacio i procediments analitics automatitzats per
a la monitoritzacié continua de diferents contaminants que afecten la qualitat de l'aigua
pren una gran importancia a causa de les consequéncies per a la salut humana i per al
medi ambient que provoca I'Us o el consum d'aigua contaminada. En aquest sentit, els
Microsistemes d'Analisi Total o dispositius Lab-On-a-Chip han experimentat un notable
creixement en els darrers anys a causa de la millora en el transport de massa i
energia, la miniaturitzacio, la integracié i 'automatitzacido que aquests sistemes son
capacos d’aconseguir en comparacio als dispositius macroscopics. Totes aquestes
caracteristiques obren la porta a la realitzacié de mesures in situ.

A més, s'ha demostrat que I'is de nanoparticules millora la sensibilitat i els limits de
deteccidé de les mesures analitiques. Tenint en compte aquest context, aquest treball
es basa en I'lis de Punts de Carboni (CDs, per les sigles en anglés) com a sensors
optics i electroquimics per a la determinacié de metalls pesants en aigua. Recentment,
els CDs han cridat molt l'atencié de la comunitat cientifica a causa de les seves
excel-lents propietats luminescents, I'alta biocompatibilitat, la facilitat de preparacio, el
baix cost i la bona conductivitat eléctrica en comparacié6 amb altres nanomaterials.
Aquestes propietats fan que els CDs siguin adequats per a una amplia gamma
d'aplicacions, com la (bio)deteccio, la bioimatge, la nanomedicina o la catalisi.

En aquesta tesi, s’han desenvolupat dos métodes diferents per la determinacié de
metalls pesants utilitzant CDs. En el primer, els CDs s'utilitzen com a sensors optics i
la determinacio d’ions de metalls pesants es basa en el seu efecte d’atenuacié sobre la
fluorescéncia dels CDs. En el segon, els CDs s'utilitzen per modificar Eléctrodes de
Carboni Serigrafiats (SPCEs, per les sigles en anglés) per determinar ions Cd?
mitjangant voltamperometria per redissolucio.

Cronologicament, es va desenvolupar un equip automatitzat basat en un protocol
d'analisi per injecci6 en flux revers, que conté una plataforma microfluidica de
Copolimer d'Olefina Ciclica (COC, per les sigles en anglés) que s'insereix en un
sistema personalitzat i miniaturitzat de detecci6é optica per monitoritzar metalls pesants
utilitzant els CDs com a sensors optics. Es van sintetitzar en discontinu (batch)
diferents tipus de CDs utilitzant diversos metodes hidrotermals i assistits per microones
i es van poder determinar selectivament cinc ions de metalls pesants (Co?*, Cu?*, Hg?",
Ni?* i Pb?*) utilitzant la configuracié experimental desenvolupada.

Per tal de millorar la fiabilitat, es va aplicar la tecnologia de microreactors per
augmentar I'eficiencia, la reproductibilitat i la homogeneitat en la sintesi dels CDs. Per
aquest motiu, es van fabricar i utilitzar microreactors de Ceramica de Coccié a Baixa
Temperatura (LTCC, per les sigles en anglés) per a la sintesi dels CDs préeviament
sintetitzats en batch. Les sintesis en els microreactors LTCC es realitzen de forma
automatica i permeten un millor control dels parametres de sintesi. Alguns dels
meétodes sintétics van ser adaptats i optimitzats per ser realitzats als microreactors i
quatre dels cinc ions de metalls pesants préviament determinats (Co?*, Cu?*, Hg?" i
Pb?) també es van poder determinar selectivament amb aquests CDs. Els
nanomaterials obtinguts es van utilitzar com a sensors optics en I'equip automatitzat
préviament desenvolupat. Els limits de deteccié obtinguts per a tres dels quatre ions
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de metalls pesants estaven per sota dels limits establerts per a l'aigua potable, mentre
gue en el cas del Hg?, el limit de deteccid obtingut va ser lleugerament superior.

Finalment, es va dissenyar, construir, i avaluar un sistema integrat que inclou la sintesi
directa de CDs utilitzant un microreactor per demostrar I'aplicabilitat del sistema per a
la monitoritzacié in situ de metalls pesants en aigua. Per validar la proposta, es van
sintetitzar un tipus de CDs i es van utilitzar directament per a la determinacié selectiva
de Co?* al sistema de deteccid optica.

Es van analitzar mostres d'aigua sintetiques i reals obtenint bons resultats en termes
d’exactitud i de precisié demostrant el potencial del sistema desenvolupat per al control
in situ de metalls pesants en aigua.

En el marc de I'estada en el grup de Analytical Development del LAQV Requimte de la
Universidade do Porto, es va estudiar I'efecte de la modificacio de SPCEs amb CDs i
nanotubs de carboni per la determinacié d’'ions Cd?" mitjancant voltamperometria per
redissolucié. Es va aconseguir determinar selectivament ions Cd?* amb un limit de
deteccio per sota del limit establert per a I'aigua potable.

Els resultats obtinguts durant la realitzacié d’aquest treball demostren el gran potencial
dels sistemes analitics miniaturitzats basats en I'i's de CDs per a la monitoritzacié de
metalls pesants en aigua mitjangant diferents tecniques.
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Introduction

1 Introduction

1.1 Contamination of water bodies

Water is one of the most essential resources of nature because it is necessary for all
living beings. However, the presence of water on Earth is limited, even more, if it is
freshwater. The fast growth of the population in the last decades and the development
of society by means of industrialization have increased the demand for freshwater
globally and, considering that it is crucial for human beings to have access to safe and
good-quality water, its contamination has emerged as a public concern [1].

Surface freshwater can be contaminated by geogenic contaminants but considering
that the contact time of water with its geographical space is short due to the flow, its
impact is lower than that coming from anthropogenic sources like mining, farming, and
domestic and industrial use [2]. The intake of polluted water can cause a lot of different
diseases, including diarrhea, dysentery, typhoid fever, or salmonellosis, as the most
common ones, but the presence of contaminants in water also increases the risk of
having cancer, cardiovascular diseases, and mental disorders [3].

The contaminants present in drinking water can be generally divided into physical
contaminants (that affect the physical properties or appearance of water, for example,
suspended sediments), biological contaminants (parasites, bacteria, viruses, etc.),
radiological contaminants (like plutonium and uranium), and chemical contaminants
that include a large variety of substances (some of the most common ones are
pesticides, metals, or drugs) [4].

1.1.1 Heavy metals pollution

Among all the chemicals that can contaminate water, heavy metals pose a serious
threat to human health. Heavy metals can be defined as those metals with a specific
density larger than 5 g/cm?® [5,6]. They are naturally present in the environment at low
concentrations but some anthropogenic activities, including mining, the use of
pesticides, and the disposal of industrial and agricultural wastes, contribute to their
accumulation [7]. Its danger comes from their solubility in water and the capability of
being absorbed by living beings considering that are not biodegradable and have the
tendency to accumulate in different tissues, becoming toxic. While some of them are
highly toxic even at very low concentrations (arsenic, cadmium, lead, mercury, etc.),
others are nutritionally essential at low concentrations (chromium, cobalt, copper, iron,
nickel, zinc, etc.), but become toxic at higher concentrations [8-10]. The presence of
heavy metals in the body above threshold levels causes a wide variety of negative
effects:

e Arsenic: many health problems are associated with arsenic including skin lesions,
disturbances in cognitive development, diabetes, cardiovascular diseases, and different
types of cancer [11].
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e Cadmium: Cd?* ions tend to replace Ca?" ions, thus producing some affectations in
the bones like osteoporosis. Cadmium is stored in the kidneys and liver which causes
problems in both organs. It also increases the risk of having different types of cancer
[12].

e Chromium: the problems involved with chromium normally include hair loss,
abnormalities of teeth like discoloration and erosion, diarrhea, and renal and cardiac
disorders. It also has a carcinogenic impact, mainly on the respiratory system [13].

e Cobalt: an excessive amount of cobalt in the body can cause asthma, rhinitis,
gastritis, and, in severe cases, cardiomyopathy [14,15].

e Copper: the accumulation of this element in humans is associated with brain
damage, liver diseases such as cirrhosis, anemia, and gastrointestinal problems [16].

e Iron: is one of the most important nutrients for humans but an excess, causes
different undesired effects, for example, gastrointestinal problems and different blood-
related diseases [5,17].

e Lead: is a non-essential heavy metal and when enters the body it normally attacks
the brain and the central nervous system. Some of the most common effects produced
by lead are loss of short-term memory, impaired development, problems in
coordination, hypertension, and an enhanced risk for cardiovascular diseases. Its
carcinogenic effect is also very important [1,18].

e Mercury: is one of the most dangerous heavy metals due to its capability of
accumulating in the bodies of animals and human beings. It causes renal damage and
affects the nervous system and the brain producing effects like depression, loss of
memory, trembling, insomnia, or vision problems. Mercury is also cataloged as
carcinogenic [18].

e Nickel: the presence of high concentrations of nickel in the human body can cause
chronic asthma, cardiovascular and kidney diseases, and dermatitis. It also has been
reported to induce cancer [19].

e Zinc: toxicity of zinc is associated with depression, fatigue, giddiness, and different
neurological problems [1].

Taking these effects into account, it is essential to set heavy metal concentration limits
in drinking water. Different organizations such as the European Union (EU), the United
States Environmental Protection Agency (US EPA), and the World Health Organization
(WHO) have established heavy metals maximum levels in drinking water, and some of
them are listed in Table 1.1.
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Table 1.1: EU, US EPA, and WHO standards for some heavy metals in drinking water

Heavy metal EU standard US EPA standard WHO standard
(mg/L) (mg/L) (mg/L)
Arsenic 0.01 0.01 0.01
Cadmium 0.005 0.005 0.003
Chromium 0.05 0.1 0.05
Cobalt - 0.1 -
Copper 2.0 1.3 2.0
Iron 0.2 0.3 -
Lead 0.01 0.015 0.01
Mercury 0.001 0.002 0.006
Nickel 0.02 - 0.07
Zinc - 5.0 -

1.1.2 Environmental control of heavy metals in water

Multiple techniques for heavy metal detection in water are available, but up to now the
control of heavy metals in water is still based on manual sampling and then
transportation of the sample to perform laboratory analysis. The most common
techniques used for the detection of heavy metals in water samples are inductively
coupled plasma mass spectrometry (ICP-MS), inductively coupled plasma optical
emission spectroscopy (ICP-OES), atomic absorption spectroscopy (AAS), and X-ray
fluorescence (XRF) [20]. The mentioned techniques are well established due to their
adequate analytical performance (low limits of detection (LODs), sensitivity, precision,
and accuracy), but they present some important drawbacks such as the need for bulky
and expensive equipment and trained personnel for making the analysis [7]. Other
types of methods have appeared to overcome these limitations, and some of them are
even used in control stations to monitor the concentration of heavy metals continuously
by using them in combination with flow injection analysis (FIA) techniques.

The first type of methods are the electrochemical ones that do not require specialized
personnel, are more economic, and are less time-consuming than spectroscopic
techniques. This group of techniques are based on the change of different electrical
parameters such as current, voltage, or impedance that produce the presence of heavy
metal ions in water. Based on the parameter affected, they can be classified into
voltammetry (these, in turn, are classified into Cyclic Voltammetry (CV), Differential
Pulse Voltammetry (DPV), and Square Wave Voltammetry (SWV)), potentiometry,
amperometry, coulometry, impedance, and electrochemiluminescence (ECL). These
techniques normally show lower sensitivity and higher LODs compared to other
techniques, but this performance can be improved by the modification of the sensing
electrodes. These modifications can also enhance the selectivity towards specific
heavy metal ions [21].

Another type of methods employed are the ones that take profit from the optical
properties of different materials in contact with heavy metal ions and include
absorption, reflection, and photoluminescent spectroscopy. A wide variety of
compounds/materials are used for the optical detection of heavy metals like indicator

3
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dyes, chromoionophores, photoluminescent probes, etc. These techniques normally
use selective optical probes for the determination of a heavy metal ion [22].

Most of the techniques described in this section can be used for the multiparametric
determination of different heavy metals and several examples can be found in the
literature. Some examples can be found for ICP-MS [23,24], ICP-OES [25,26], AAS
[27], CV [28], DPV [29-31], SWV [32-34], colorimetric methods [35,36], and fluorescent
methods [37,38].

1.1.3 Flow injection analysis

FIA is based on the injection of a sample into a continuously flowing stream (carrier),
which is automatically directed towards a detector [39,40]. FIA was first introduced in
1975 by Ruzicka and Hansen [41] and arose in the last decades because of the
growing trend towards automation of analytical processes. Unlike other techniques, the
analytical signal is transitory and can be optimized to achieve larger sampling rates,
and improved LODs and selectivity [42].

Automation avoids human errors in measurements and, in addition to that, presents the
following advantages: reduction of reagent and sample consumption, reduction of
waste generation, increased repeatability, and reduction of analysis time [40,43]. Along
with automation, FIA presents other advantages like simplicity, flexibility, and
adaptability [42].

Although the above description of FIA is understood as normal flow injection analysis
(nFIA), other configurations can be used. Among them, one of the most important is
reverse flow injection analysis (rFIA), in which reagents are injected into a sample
carrier [44,45]. This technique is suited when the amount of reagent is limited [46].
Some of the advantages of rFIA compared to nFIA are:

- The reduction of reagent consumption. This is particularly important for expensive or
environmentally dangerous reagents. Consequently, it also offers less maintenance for
reagents withdrawal [35].

- Sample dispersion is reduced, leading to an improvement in sensitivity [44].
- Higher baseline stability [47].

One of the most important limitations of the technique is the need for large sample
volumes. For this reason, a lot of rFIA-based systems have been developed for water
analysis applications, where sample volume is not an issue [43].
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1.2 Miniaturization of analytical systems

The increasing demand for rapid, efficient, and exact analytical methods for
environmental control has boosted the research and development of miniaturized
systems. Miniaturization in analytical systems can generally be defined as the trend to
downscale chemical systems, which present some advantages compared to
conventional ones. These are discussed in Section 1.2.3, but briefly, such systems are
capable of performing on-site analysis of samples in real time, at low cost, with a high
sample throughput, with less amount of reagents, and consuming less energy.

In this context, the concept of micro-Total Analysis System (UTAS), also known as Lab-
on-a-chip (LOC) (Figure 1.1), appeared in 1990 [48] and gave a push on the
development of miniaturized analytical systems. These devices work at the microscale,
taking advantage of the properties of microfluidics, where the increased surface-to-
volume ratio stands out, enabling quick and efficient heat and mass transfer [49].

Figure 1.1: Concept of LOC devices [50]

Taking all these aspects into account, there is no doubt that miniaturized chemical
analysis systems have enormous potential. For instance, it is expected that these types
of devices can find the market of environmental monitoring [51], food analysis [52],
industry [53], study of complex cellular processes [54-56], and medicine [57,58].

1.2.1 Theoretical aspects

The first aspect to consider is that many of the advantages that microfluidics present
are originated from the differential behavior of fluids on the microscale compared to the
macroscale [59]. As commented before, the high surface-to-volume ratio plays an
important role on the microscale, empowering surface phenomena like viscosity and
surface tension, as the phenomena that control the properties of fluids at this scale,
instead of volume phenomena, such as gravity or inertia, that control properties of
fluids at the macroscale [60]. As viscous forces dominate over inertial forces at the
microscale, laminar flow is observed, as opposed to the turbulent flow observed at the
macroscale (Figure 1.2).
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laminar flow

turbulent flow

Figure 1.2: Schematic representation of laminar and turbulent flow regimes [61]

Reynolds number is a dimensionless parameter that is used to characterize the type of
flow, and can be calculated by the following equation:

R, =2=2% [Z‘ﬁ Equation 1
where p is the fluid density, Dn is the hydraulic diameter of the channel, 9 is the fluid
velocity and p is the dynamic viscosity. The lower the value of Re, the closer the
behavior of the flow to a laminar flow. Generally, systems are considered to be in the
laminar flow regime for Re values below 2000. This value is well below for microfluidic
systems [62,63].

Given the fact that fluids are in the laminar flow regime, diffusion is an important
parameter, since it is the only phenomenon by which mixing occurs. Diffusion is
defined as the process of spreading molecules from a region of higher concentration to
one of lower concentration by Brownian motion, which results in a gradual mixing.
Diffusion is described mathematically using Fick’s law:

. ndg ,
Jj=-D- Equation 2

where @ is the species concentration, x is the position of the species, and D is the
diffusion coefficient. Although mixing in microfluidic systems is limited only to diffusion,
the reduced dimensions of the channels (I) imply very low diffusion times (to):
1? .
tp =+ Equation 3
For instance, diffusion time is only 100 ms for devices of a typical length of 10 mm [63].

Another important parameter regarding microfluidics is the thermal Péclet number (Pe¢),
which is a dimensionless parameter that measures the relative importance of advection
and diffusion in heat transfer [49,62], and it can be calculated by the following equation:

=pde19

P, p

Equation 4

where p is the fluid density, C, is the specific heat capacity, d is the channel diameter,
2 is the fluid velocity and k is the thermal conductivity. This parameter indicates that
when heat is applied to a microfluidic channel, it can be transported in the direction in
which the fluid is moving (advective transport) or from the wall of the microfluidic
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channel to the center of the fluid (diffusive transport). In microfluidics, values of P are
lower than 1, enabling the prevalent diffusive transport. This, at the same time, leads to
a more homogeneous temperature distribution [64,65].

1.2.2 Microfluidic platforms

Microfluidic platforms are essential elements in the development of miniaturized
analytical systems. They are devices that provide connectivity between the different
operations of the chemical analysis [66]. However, microfluidic platforms usually
require some external instrumentation to be completely functional, for instance, to
perform fluid management. Taking this into account, microfluidic platforms can be
divided into different groups according to the propulsion principle that is being used.
Mainly, passive fluid control techniques (capillarity [67]) or external actuators based on
different principles (pressure-driven [68,69], centrifugal [70], electrokinetic [71,72], and
acoustic systems [73]) can be used. Throughout this thesis, only pressure-driven flow
has been used.

Pressure-driven flow hydraulic behavior through a circular channel can be explained by
Poiseuille’s theory. The Poiseuille flow is characterized by a parabolic velocity profile;
with the maximum velocity in the center of the channel, decreasing toward the walls of
the microchannel (Figure 1.3) [69]. Pressure-driven flow is widely used due to its
versatility and simple operation.

100 pm

Figure 1.3: Schematic representation of pressure-driven flow profile [74]

Another important aspect regarding microfluidic platforms is mixing, because as
mentioned before in microfluidics a laminar flow regime is established, where the mass
transport is mainly controlled by diffusion. The incorporation of mixers into microfluidic
platforms plays a major role since they enhance the mixture of reagents by generating
turbulent flows or increasing the surface-to-volume ratio. Based on the strategy used to
obtain homogeneous mixtures, they can be divided into active or passive mixers [63].

In active mixers, external energy is used to induce a disturbance in the flow. Different
types of active mixers can be distinguished depending on the external disturbance
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applied, for instance, ultrasound, acoustically induced vibrations, integrated
micropumps and microvalves, electrokinetic instabilities, magneto-hydrodynamic
action, etc [75]. Despite being very efficient, they are difficult to implement as they need
complex setups and external power sources.

On the other hand, passive mixers only depend on diffusion as the transport
mechanism and no external power sources are needed. To improve mixing using this
approach, changes in the geometry of the microfluidic channels are introduced [63,76].
Some of the typical microstructure designs employed for passive mixing are T- and Y-
flow configurations (Figure 1.4A and B), zigzag or meander-like channels (Figure 1.4C
and D), hydrodynamic focusing structures (Figure 1.4E), or flow obstacles within
microchannels (Figure 1.4F) [75]. These types of mixers are easy to integrate on
complex platforms. For this reason, they were used in the development of the
microfluidic platform used in this thesis.

Figure 1.4: Schematic representation of typical microstructure designs employed for passive
mixing: A) T- and B) Y-flow configurations, C) zigzag or D) meander-like channels, E)
hydrodynamic focusing structure, and F) flow obstacles within microchannels [76]

1.2.3 Advantages

The different behavior of fluids at the microscale confers yTAS some interesting
properties and some advantages compared to macroscopic systems. Some of them
are the following:

- Automation: uTAS devices can integrate different laboratory operations without
the need for any intervention, reducing the errors associated with manual
operations [56].

- Portability: is obvious that the use of these devices leads to a reduction in the
size of the systems, making them portable. This is of great importance for
diagnostics and environmental monitoring [60].

- High throughput: the reduction of the size enables parallelization for multiple
sample processing [77].
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- Enhanced mass and heat transfer: these processes are more efficient in yTAS
devices due to the smaller dimensions [78]. This is important in synthetic
applications.

- Short analysis times: the enhanced mass transfer reduces the time needed for
a sample to be analyzed [56].

- Reduction of costs: processes, where expensive reagents are needed, are
affected since the volume required is greatly reduced [60].

- Safety: processes in which toxic reagents or dangerous reactions are involved
are carried out in confined systems, thus reducing the hazard [79].

- Environmental friendliness: the consumption of energy is reduced. Moreover,
MTAS generates less waste [60].

However, it should not be forgotten that this is a technology still in development, and
not all the advantages described above can be assigned to a single uTAS device.

1.2.4 Limitations

Despite all the advantages that microfluidics presents, it also has some important
limitations like the need of bulky equipment for performing some operations such as the
pumping, the actuation control, or the detection, reducing the portability of the LOC
devices [80]. Another drawback is the surface adsorption that can occur in the
microchannels due to the high surface-to-volume ratio that can be overcome by
passivating the surface of the channels [81], that add complexity to the fabrication
process. Finally, the lack of standardized components, as the development of LOC
devices is focused on individual components for specific applications, represents a
challenge in the scale-up industrial fabrication.

1.3 Microfabrication technology

Microfabrication technology has undergone a great evolution in recent years and new
materials have appeared as substrates for yTAS devices. Historically, silicon has been
the most used substrate for microfabrication, but other materials have emerged as
potential substrates for LOC devices fabrication [82]. In fact, substrate selection is key
in order to integrate all the necessary operations and is strictly related to the final
application. Several are the characteristics to consider, some of them being the intrinsic
properties of the material (chemical stability, flexibility, transparency, etc.), the
compatibility with other materials (for instance, for the integration of electronic
components), the prototyping simplicity, or the cost.

The microfabrication technique used in this thesis for the construction of the LOC
devices is the multilayer approach (Figure 1.5) that is based on the union of several
layers to form the final device. Previously, each layer is individually cut with a pattern
and then all the layers are aligned and laminated together [83-85]. This technique
enables the creation of complex 3D structures, despite the lower resolution achieved
compared to the photolithographic techniques.
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Figure 1.5: lllustration of the multilayer approach: A) Patterning of the different layers and B)
Alignment and lamination of the layers [86]

For the development of the microfluidic structures, two different materials have been
used as substrates in this work: Cyclic Olefin Copolymer (COC) and Low Temperature
Co-Fired Ceramics (LTCC) and they will be described in more detail in the following
sections.

1.3.1 Cyclic Olefin Copolymer (COC)

COC is a thermoplastic polymer formed by norbornene and ethene monomers (Figure
1.6) [87]. The structure of COC is amorphous and the presence of norbornene stiffens
and reinforces the polymer, increasing its glass transition temperature (Ty). The higher
the norbornene/ethylene ratio, the higher the T4 [88]. Commercially available COC Ty
ranges from 70 °C to 170 °C [89].

Ethene
1-n

Chain Polymerization

CH2 e— CH2
Ethene

R? R? R! R2
Norbornene K / n

Cyclic olefin copolymer

Figure 1.6: Chain copolymerization of norbornene with ethene [90]

Different fabrication methods can be used to create microfluidic networks in COC, such
as laser ablation, micromilling, or replication methods (hot-embossing, injection
molding, etc.) [91,92]. Among all these techniques, micromilling was the one used in
this work to fabricate COC microfluidic platforms due to its easy and fast conversion
from a Computer-Aided Design (CAD) to a prototype by using a Computer Numerical
Control (CNC) micromilling machine. This machine uses rotating cutting tools to
remove bulk material [89].

10
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Bonding of the different substrate layers to enclose the channels remains as one of the
most challenging steps in the fabrication process. The existence of COC substrates
with different Ty enables a simple bonding method by thermal diffusion. In this thesis,
layers of COC substrate with higher Ty are used as structural layers where the
microfluidic structures are micromachined, while COC substrates with lower T4 are
used as sealing layers. Bonding is performed when the two substrates are put together
and heated above the T, of the sealing layer. Once cold, high-strength bonds are
established [84,91,93].

Some characteristics that make COC highlight for the fabrication of yTAS devices are
its high transparency in near-ultraviolet and visible regions [94,95], low water
absorptivity (< 0.01%) [96], high chemical resistance (for instance, to acids, bases and
polar solvents) [92], good biocompatibility [90] or good electrical insulation [89].

1.3.2 Low Temperature Co-Fired Ceramics (LTCC)

LTCC technology is based on the use of tapes or layers, which are composed of
organic material, glass, and ceramic powder (normally alumina), of different
thicknesses. Before firing, these layers are malleable and can be easily
microstructured. Glass is added to these ceramics to lower the sintering temperature
below 950 °C (compared to classic ceramic materials), in order to be able to sinter the
LTCC tapes together with other materials, usually metals with high electric conductivity
like silver, copper, or gold and their alloys (used to create electrodes) that have melting
temperatures around 1000 °C [97,98]. The organic components present in the LTCC
tapes give them very important properties, such as flexibility, or an appropriate
viscosity and drying rate [99].

The fabrication of an LTCC microfluidic device (Figure 1.7) is based on a multilayer
approach, developed in our research group, the Group of Sensors and Biosensors
(GSB), that enables the easy fabrication of 3D structures [100,101]. The process starts
with the design of the different layers. Then, the layers are machined. There are four
main groups of LTCC machining methods: punching, laser cutting, milling, and hot
embossing, the first two being the most widely used [102]. After that, electrical
conduction lines and electrodes are formed by the screen-printing of conductive
pastes. Finally, the different layers are aligned and laminated. The laminated device is
then sintered [98,102-104].

11
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Figure 1.7: Schematic representation of the fabrication process of a typical LTCC microfluidic
device [105]

Sintering is one of the most critical steps in the fabrication of LTCC devices. In this
process, the glass is in the liquid state and the alumina grains that are in the solid
state, diffuse into the glass. When the temperature decreases the glass-ceramic
vitrification is produced, thus obtaining a hard material [99].

The interesting mechanical properties of LTCC make it suitable for analytical and
synthetic applications [106-108]. Moreover, the simple prototyping, the integration of
electronics and fluidics, the high chemical resistance, and the capability to withstand
extreme conditions make LTCC stand out as a substrate for yTAS devices fabrication
[109-111].

1.4 Nanotechnology in analytical chemistry

Nanotechnology can be defined as the understanding, control, and manipulation of
matter at a scale of 1 to 100 nm. Nanotechnology includes the nanomanufacturing of
nanomaterials, and their application into physical, chemical, and biological systems at
scales ranging from individual atoms or molecules to submicron dimensions, as well as
the integration of the resulting nanostructures into larger systems. The importance of
this field arises from the fact that properties of matter at the nanometric scale are
different from those at the macroscale, and these unique physical and chemical
properties of nanomaterials can be employed in a huge variety of disciplines including
analytical chemistry [112,113].

Two significant differences between materials at the nanoscale and those belonging to
the micro or macro scale (Figure 1.8) are the higher surface-to-volume ratios and the
greater chemical reactivities. The quantum confinement effects allow them to have
different optical, electrical, magnetic, and other properties compared to their
macroscale analogous [114,115]. Taking all this information into account, a good
definition of nanomaterials could be that they are materials with at least one dimension
in the range of 1-100 nm and with at least one property different from the macroscale
counterpart [116].

12
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Nanoparticles can be composed of a huge variety of materials, such as metals, carbon,
polymers, organic molecules, biomolecules, metal oxides, etc., and can have a lot of
different shapes and sizes [113]. Nanopatrticles are present in a lot of different ambits
like medicine, electronics, chemical synthesis, textiles, and construction materials, to
enumerate just a few [117].
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Figure 1.8: Size comparison: from nano to macro [118]

Thanks to the outstanding properties of materials at the nanoscale, they have been
used to enhance the sensitivity of a great variety of analytical methods [119]. In the
same way, different techniques have been used to characterize some parameters
affecting the properties of nanomaterials like the size, the elemental composition, the
shape, etc. to be able to use them in analytical methods [120].

1.4.1 Enhanced chemical sensors

A chemical sensor (Figure 1.9) is a device able to transform chemical information of an
analyte into a useful analytical signal [121]. Sensors require two key features, a
recognition element, that selectively interacts with the analyte generating a primary
signal, and a transducer element, which plays an essential role in the performance of
sensor devices; it transforms the primary signal into a secondary signal, normally
electrical, that can be processed to obtain the analytical information of the sample
[122,123]. Chemical sensors are developed to simplify analytical processes by
incorporating a selective recognition element that allows the analysis of samples
without the need for pretreatment steps and their small size increases their portability,
and thus enables the capability of obtaining real-time and on-site information [124].
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Figure 1.9: General scheme of a chemical sensor [125]

The use of nanoparticles in chemical sensing have demonstrated to enhance
sensitivity, selectivity, and reproducibility. The most common nanoparticle-based
sensors can be divided into electrochemical sensors and optical sensors.

Nanoparticle-based electrochemical sensors are based in the maodification of the
working electrode. The chemical modification of a conventional electrode surface
allows to combine the high sensitivity of electrochemical techniques with the improved
selectivity provided by the modifier [122]. The most common techniques to modify the
electrodes is by directly attaching the nanoparticles by deposition or by using another
material as an interface like a polymer material or a conductive material (carbon
nanotubes (CNTs), graphene oxide (GO), etc.) [126]. The main advantages of using
nanoparticles as electrode modifiers are the enhanced electron transfer between the
analyte and the electrode, the increased mass transport, the better control over local
microenvironment, and the catalytic activity of the nanoparticles due to the high
surface-to-volume ratio [127-129].

Some types of nanoparticles used to modify electrodes are gold nanoparticles [130],
silver nanoparticles [131,132], magnetic nanoparticles [133,134], and carbon
nanoparticles [135]. Depending on the measurable electrical properties,
electrochemical sensors can be broadly classified into potentiometric, amperometric,
impedimetric, and voltametric sensors [136].

On the other hand, with nanoparticle-based optical sensors better results concerning
LODs and reproducibility are obtained. They will be described in more detail in the
following section.

1.4.2 Nanoparticles as optical probes

Optical methods based on the use of nanoparticles can be divided into two groups:

- Colorimetric methods: they are based on the detection of the color change as a
signal. The most widely used nanoparticles for colorimetric assays are gold [137-139]
and silver nanoparticles [138,140] because of the following unique optical properties:
they show a Surface Plasmon Resonance (SPR) band which depends on the size,
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shape, and aggregation state of the particles in solution. When these parameters
change (due to the interaction of the metal nanoparticles with the analyte), changes in
the SPR are observed (intensity or wavelength shifts), leading to a color change
[141,142]. For instance, dispersed gold nanoparticles exhibit red color, while their
aggregation cause surface plasmon couplings, leading to a shift in the absorption band,
with a color change to blue [143,144].

- Photoluminescence-based methods: in this group two types of methods can be found:
the fluorescence-based methods and the phosphorescence-based methods. The
photoluminescence (PL) that some nanoparticles possess could come from the
quantum confinement effect [145,146] or from their attachment with small fluorescent
molecules [147]. Fluorescence is based on the measurement of light emitted by
molecules, that have been excited to higher energy levels by the absorption of
electromagnetic radiation. Fluorescence-based sensing can be performed by using
different approaches, but all of them are based on the change in emission intensity of
the nanomaterial (fluorescence quenching, fluorescence enhancement, and Forster
Resonance Energy Transfer (FRET)) [136]. Possible mechanisms for fluorescence
guenching and enhancement are depicted in Figure 1.10.
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Figure 1.10: Schematic illustration for possible mechanisms for fluorescence A) quenching, and
B) enhancement [148]

FRET is a process in which an energy transfer is established from an excited donor to
an acceptor that can result in the quenching of the donor, which causes a decrease in
its photoluminescent emission intensity, while the acceptor can show an emission
enhancement or can release the energy by non-radiative relaxation. FRET occurs
when the emission spectrum of the donor overlaps with the excitation spectrum of the
acceptor [149,150].
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Phosphorescence is based on the same principle as fluorescence but, in this case, the
electromagnetic radiation absorbed is not immediately emitted. Light is emitted after
the radiation source is removed. Phosphorescence-based sensing, as fluorescence-
based sensing, is based on the change of phosphorescent emission intensity produced
by the target analyte [151]. In this work, a fluorescence-based method is used and for
this reason, this type of methods will be described more in depth.

The most common nanoparticles used as fluorescent probes or labels are gold
nanoparticles [144] and nanoclusters [152], which suffer from the drawback of having
low Quantum Yields (QYs), and Quantum Dots (QDs), that are nanosized crystals
made of semiconductor materials with a diameter ranging from 2-10 nm with high QYs
[153]. The most reported QDs are made of CdS [154], CdSe [155], or CdTe [156].
Another important type of QDs are the core-shell QDs that present an enhanced PL
compared with single QDs [157,158]. As can be seen, they are composed of heavy
metals, making them toxic. Moreover, the QDs are not soluble in water.

Another type of nanoparticles more lately employed are Carbon Dots (CDs). Even
though they show lower QYs than QDs, they present low toxicity, and are
photochemically stable and biocompatible thanks to its carbonaceous nature [159].
They are described in the following section.

1.5 Carbon Dots

CDs are carbon nanoparticles with different levels of surface coating and with sizes
less than 10 nm [160]. Their shape is quasi-spherical, and they are composed of a
carbon core either amorphous or crystalline mainly formed by sp? graphitic carbon and
sp?® hybridized carbon. On the surface, they contain some common functional groups
like carbonyl, carboxyl, and hydroxyl groups [161-163]. Due to the presence of these
functional groups on the surface, which are ionizable, they show excellent water
solubility and are susceptible to being functionalized with organic, inorganic, or
biological molecules [164].

To be precise, the functionalization of CDs is of major importance since it provides
unique properties. More specifically, heteroatom doping of CDs is a powerful technique
to adjust their structure and electron distribution. Therefore, the fluorescence
performance of CDs is enhanced with the presence of different types of heteroatom
dopants. Non-metallic dopants (N, P, S, etc.) can be used to improve the QYs of the
CDs [165,166]. Especially, the introduction of nitrogen produces new surface states
that capture electrons and suppresses non-radiative recombination, thus increasing the
QY [167-169]. Moreover, N-doping on CDs decreases cytotoxicity [165].

CDs can be classified based on their different chemical structures into Graphene
Quantum Dots (GQDs), Carbon Quantum Dots (CQDs), and Carbon Nanodots (CNDs)
(Figure 1.11). The main differences between them rely on the crystalline structure,
dimensionality, and quantum confinement. The carbon nanoparticles that present
guantum confinement and crystalline structure can be divided into CQDs which are
guasi-spherical QDs composed of multiple layers of graphitic sheets and GQDs that
contain one or a few layers of graphene sheets. On the other hand, the CNDs are
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amorphous quasi-spherical carbon nanoparticles without quantum confinement
[170,171].

GQDs

Figure 1.11: Classification of fluorescent CDs. lllustration of GQDs, CQDs, and CNDs structures
[170]

CDs were accidentally discovered in 2004 when some researchers were using an
electrophoretic method for the purification of single-walled carbon nanotubes
(SWCNTs) obtained from arc-discharge soot, and they obtained fluorescent
nanoparticles [172]. But the first reported synthesis of CDs was published in 2006
when quantum-sized carbon nanoparticles were prepared by laser ablation of graphite
[173]. Since then, the publications related to CDs greatly increased, and they have
attracted a lot of attention in the scientific community, due to their outstanding optical
and chemical properties which will be addressed in Sections 1.5.3 and 1.5.4.

1.5.1 Methods of synthesis

Existing methods to synthesize CDs can be divided into two groups: top-down and
bottom-up approaches (Figure 1.12). The top-down techniques are based on the
exfoliation and cutting of bulk carbon materials such as graphite, carbon soot, CNTSs,
etc. into nanoparticles of less than 10 nm. From this approach, GQDs are generally
obtained. On the other hand, bottom-up techniques are based on the production of
CDs from small organic molecules or polymers by applying external energy such as
microwave and heating. With this approach, CQDs and CNDs are produced [174].
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Figure 1.12: “Top-down” and “bottom-up” approaches for the synthesis of CDs [175]

1.5.1.1 Top-down methods

The main top-down methods used for the synthesis of CDs are the following:
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Arc discharge: this method uses high energy from electric arc to destroy bulk
carbon sources like graphite or CNTs. The obtained CDs have small sizes and
good fluorescence; however, they exhibit low yields and low homogeneity
[165,172,176].

Laser ablation: this technique is based on the irradiation of a carbon material
target with a laser beam, causing the detachment of carbon nanoparticles from
the solid substrate. The main advantage of this method is its simplicity, but, on
the other hand, it needs a great amount of carbon material, complex and
expensive equipment, and the CDs QYs are low [173,177,178].

Chemical oxidation: this method consists of the oxidation of a carbon source
(starch, carbon soot, graphene, etc.) with a strong oxidant (HNOz and H»SO4 as
the most common ones) to prepare nanosized CDs. Despite this method does
not require special equipment, the need for strong oxidants presents some
drawbacks like the high cost and the environmental risks that are associated
with their use [165,179].

Electrochemical oxidation: consists of applying a voltage to a carbon electrode,
that causes corrosion and exfoliation of the carbon material to obtain CDs. The
carbon materials used include CNTSs, carbon fibers, and graphite rods, among
others. This method is simple to operate and environmentally friendly but
presents the drawback of being time-consuming [180,181].
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1.5.1.2 Bottom-up methods

The most important bottom-up methods for the synthesis of CDs are the following:

Hydrothermal synthesis: in this method the precursors, usually small organic
molecules, are dissolved in water, sealed in a hydrothermal reactor (Teflon-
lined stainless-steel autoclave is the most common) and left to react at high
temperature (between 100 and 300 °C) and high pressure. This method
presents the advantages of being simple, economic, and environmentally
friendly, since in case of using toxic precursors, their reaction in an enclosed
container prevents their volatilization. Moreover, the CDs obtained exhibit high
QYs. However, the main drawbacks are that the size of the CDs is not
homogeneous and the need for further purification steps [167,182,183].

Solvothermal synthesis: this method is very similar to the hydrothermal one but
in this case, the precursors are dissolved in one or several solvents different
from water. Several solvents like ethanol, formamide, dimethylformamide
(DMF), etc. can be used. The polarity of the solvent used has a great influence
on the properties of the synthesized CDs. This method presents the drawbacks
of being more toxic than the hydrothermal method due to the solvents used, the
need for separation and purification processes, and, in some cases, the need of
additional steps to make them water-soluble [180,184].

Microwave-assisted synthesis: this method is based on the formation of CDs
from small precursors under the uniform heating effects of microwave radiation.
The molecules of the precursors are heated through the absorption of
microwave radiation instead of conductively or convectively [185,186]. This
method is simple and fast since CDs are synthesized within a few minutes.
However, it suffers from the same problems as the hydrothermal method: poor
nanoparticle size control, and the need for separation and purification
processes [178].

Pyrolysis: it consists of the carbonization of carbon precursors at high
temperatures. This method does not require the use of a solvent, it is fast and
simple, and a lot of natural products can be used as precursors. The main
drawbacks are that it requires high-concentrated alkali or acid to obtain CDs
from a carbon powder, and the low homogeneity of particle sizes [187,188].

As can be seen, the main problems of the CDs syntheses methods are the low
homogeneity of particle sizes obtained and the poor reproducibility between batches.
These issues originate from the difficulty of having proper control of reagent mixing and
conditions of the process (temperature and pressure, for instance). In this sense,
microfluidic reactor technology appeared as a solution for the synthesis of CDs in
particular and nanoparticles in general.
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1.5.2 Microreactors for CDs synthesis

Microreactors improve the synthetic processes by offering a more efficient heat and
mass transfer and lower diffusion times [189]. Moreover, reagents and energy
consumption are reduced as well as the reaction time [107]. Another interesting feature
is the possibility to automate the entire procedure by using computer-controlled
elements (pumps and valves) which leads to more autonomous and reproducible
syntheses and reduces the risk associated with the use of toxic or hazardous reagents,
as they are confined inside the microreactor [190].

Up to now, different types of microreactors for the synthesis of CDs have been reported
in the literature. Some of them will be summarized in this section. The most used
strategy for the synthesis of CDs in a microreactor consists of using microfluidic tubing
that is submerged in an oil bath that is heated at the desired temperature [191,192].
More recently, pressure-control has been added to this method by means of using a
back pressure valve [193]. A similar approach was recently reported, also consisting of
a microreactor pipe, but in this case, it was submerged in a water bath, so the reaction
was performed at lower temperatures [194]. Another approach consisting of a foamy
copper microreactor with different porosities was also published [195-197].

In this thesis, LTCC is proposed as the substrate for the fabrication of a microreactor
for the synthesis of CDs. As stated in Section 1.3.2, LTCC has some advantages like
the capability to withstand harsh temperature and pressure conditions, the chemical
inertness, and the possibility to incorporate screen-printed elements, which enables the
inclusion of electrical elements, such as heaters to control temperature [189,198].
Moreover, the substrate properties and the multilayer approach that was used for the
fabrication, makes feasible the design and fabrication of 3D microfluidic structures,
which are desired to enhance and control mixing [107].

Our research group, the GSB, has extensive experience in the fabrication of LTCC
microfluidic reactors for the synthesis of nanoparticles like QDs [199,200], gold
nanoparticles [107], and CDs [201,202].

1.5.3 Optical properties

1.5.3.1 Absorption in the UV-Vis

One of the main properties of CDs is the ultraviolet-visible (UV-Vis) radiation
absorption. The absorption bands that appear when a dispersion of CDs is analyzed
correspond to the SPR bands that appear because of the coupling between the
wavelength of the radiation source and the external electrons at the surface of the CDs.
CDs synthesized from different precursors and through different methods present
different absorption behavior, but generally they show strong absorption in the UV
spectral region with a weak absorption in the visible region [203]. The SPR bands can
be modulated through surface functionalization techniques [167]. Normally, the strong
SPR band located below 300 nm could be assigned to a m-1r* transition involving
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aromatic sp? carbons (C=C bonds), and the SPR band located between 300 and 400
nm could be assigned to n-m* transitions of the C=0, C-N, C=N or C-S bonds
[187,196,204,205].

1.5.3.2 Photoluminescence

PL is one of the most important properties of CDs. Compared to other fluorescent
materials like organic dyes, CDs have some advantages like better fluorescence
stability, larger Stokes shifts and resistance to photobleaching [205,206]. CDs usually
have a wide emission peak, and the PL emission wavelength depends on the
wavelength of the excitation radiation, which is a unique property of CDs. However, the
PL emission of CDs can also be fixed to a single wavelength, making it independent of
the excitation wavelength [207].

The brightness of PL can be quantitatively determined by the QY value, which is the
number of emitted photons relative to the number of absorbed photons [163]. As stated
in Section 1.5, surface functionalization can greatly increase the QY of CDs.

The PL mechanism is of great importance to improve CDs’ synthetic methods, but up
to now, there is not a unified conclusion about the fluorescence origin [208]. Some
theories have been proposed to explain this feature:

- Surface state: the surface state controlled by the degree of surface oxidation
(namely, the number of oxygen-related groups) and the surface functional groups is
closely related with the fluorescence of the CDs [209]. The higher the degree of
surface oxidation, the greater the amount of surface defects, leading to various
emission sites, enhancing the CDs fluorescence [210,211]. The presence of
surface functional groups like C=0 and C-N/C=N can tune the fluorescence of CDs,
as they introduce two energy levels (HOMO-no and HOMO-ny) that are non-
bonding orbitals where the electrons of the N and O atoms are located, and further
produce new electron transitions (Figure 1.13) [212,213].

LUMO(*)

X Y HOMO(n,))
L X HOMO-1(n,)
L HOMO-2(x)

Figure 1.13: Schematic illustration of the proposed energy level and electron transition diagrams
of the N-CDs [213]
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- Quantum confinement effect: the PL of CDs can be adjusted by changing the
size of the crystalline carbon core due to the quantum confinement effect, as
the size is directly related with the bandgap in the CDs. The higher the core
size, the greater extent of 1-electron system, causing a reduction in the energy
gap between the lowest unoccupied molecular orbital (LUMO) and the highest
occupied molecular orbital (HOMO) [203,214,215].

- Molecular fluorescence: the formation of fluorescent impurities during the
synthesis of CDs could contribute to their PL emission as well [159]. Recently, it
has been demonstrated that the high QY of CDs synthesized from citric acid
and ethylenediamine (ED) can be assigned to a fluorescent molecule (5-oxo-
1,2,3,5-tetrahydroimidazo[1,2-]pyridine-7-carboxylic acid, IPCA). This molecular
fluorophore that is attached to the CDs, contributes to the strong blue
fluorescence [216]. This molecular fluorescence, that comes from organic
molecules, suffers from photobleaching as the organic dyes, making the CDs
not as stable as the QDs.

Another interesting feature regarding CDs is that they possess up-conversion
fluorescence. This is an anti-Stokes emission, where the emission wavelength is
shorter than the excitation wavelength [187,217]. The CDs’ up-conversion properties
can be attributed to a multi-photon activation process, in which the simultaneous
absorption of two or more photons is observed (Figure 1.14) [169,183].

W e

hv,
hv,

hv,

Y ,

A B

Figure 1.14: Schematic representation of (A) conventional luminescence and (B) up-conversion
luminescence processes [217]

Taking the excellent PL properties of the CDs into account, they have been applied for
the detection of humerous analytes and mainly based on fluorescence quenching due
to their interaction with the analyte (quencher) [218]. The decrease in the CDs
fluorescent emission intensity can be correlated with the concentration of the analyte
by using the Stern-Volmer equation:

% =1+ K5y [Q] Equation 5
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where Fo and F are the fluorescence intensities in the absence and presence of the
quencher, Ksy is the Stern-Volmer quenching constant, and [Q] is the concentration of
the quencher [219,220].

There are several mechanisms responsible for the fluorescence quenching of CDs
(Figure 1.15):

Static quenching: occurs when a nonfluorescent ground-state complex is
formed through the interaction between the CDs and the quencher [186].

Dynamic quenching: occurs when the excited state of the fluorophore (CDs)
returns to the ground state due to a collision between the quencher and the
CDs [218].

FRET: this mechanism is based on the energy transfer between CDs in the
excited state (donor) and quencher in the ground state (acceptor). The emission
spectrum of the CDs overlaps with the absorption spectrum of the quencher.
The distance between the two molecules must be lower than 10 nm [221].

Photoinduced Electron Transfer (PET): this mechanism is based on the internal
redox reaction between the excited state of the CDs and the quencher that can
donate or accept an electron. The complex formed between the two species
can return to the ground state without the emission of a photon [222]. PET can
be oxidative or reductive. In reductive PET the CDs receive an electron from the
quencher, and it is driven by the energy gap between the LUMO of the
quencher and the HOMO of the CDs, while in oxidative PET the CDs donate an
electron to the quencher, and it is driven by the energy gap between the LUMO
of the CDs and the LUMO of the quencher [223].

Inner Filter Effect (IFE): occurs when the absorption spectrum of the quencher
overlaps with the emission or excitation spectra of the CDs. This mechanism is
not exactly a quenching process but causes an attenuation of the excitation
beam or an absorption of the emitted radiation by an excess of CDs
concentration or by the quencher. This mechanism also occurs when the
distance between the molecules is higher than 10 nm [186,221].
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Figure 1.15: Schematic representation of the quenching mechanisms of fluorescent CDs [223]

1.5.3.3 Phosphorescence

CDs also exhibit Room Temperature Phosphorescence (RTP) that is produced by
intersystem crossing (ISC) from the lowest excited singlet state (Si) to a triplet state
and then radiative transition from the lowest excited triplet state (T1) to the ground state
(So) [224]. Knowing this, an effective ISC process is needed, but in most cases the T;
state can be quenched by oxygen causing a nonradiative decay [215]. For this reason,
CDs are often doped with heteroatoms like N, P, and halogens, that favor the I1SC
processes [205]. Up to now, CDs with lifetime phosphorescence up to 1 s have been
synthesized [225,226].
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So

Figure 1.16: Schematic representation of the RTP mechanism of the CDs [227]

1.5.3.4 Chemiluminescence

Chemiluminescence (CL) can be defined as the generation of electromagnetic radiation
as light by energy transfer from chemical reactions [228]. CL is caused by redox
reactions where an electronically excited intermediate either directly emits light or
transfers its energy to another fluorescent material, which returns to the ground state
by radiating light [229].

The use of CDs in CL systems presents some advantages like their tunable
luminescence or their adjustable energy levels that can enhance the chemical energy
transfer [230]. CDs can generate CL when they react with strong oxidants like KMnO4
and cerium(1V) [231]. In another publication, CDs produced strong CL in the presence
of NaNO, and H,O,. The mechanism of the CL can be seen in Figure 1.17 and can be
explained by radiative electron-hole annihilation between hole-injected and electron-
injected CDs. On one hand, the formed ONOOH (oxidant) and OH- act as hole
injectors and transform the CDs into positive radicals. On the other hand, the O;--
formed, donate electrons to the CDs charging them negatively. The electron-hole
annihilation between the positively and negatively charged CDs results in an energy
release [232].
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Figure 1.17: Schematic illustration of the CL mechanism of CDs-NaNO2-H202 system [232]
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1.5.3.5 Electrochemiluminescence

ECL is very similar to CL, but in this case, the species between which the redox
reaction takes place, are electrochemically generated in an electrode. These species
undergo electron transfer reactions to produce excited states that emit light when they
return to the ground state [174,233]. ECL presents some advantages like enhanced
selectivity because the generation of the excited states can be controlled varying the
electrode potential, or the wide response range [234].

CDs normally follow the cathodic ECL mechanism using K>S;Osg as co-reactant [233].
In this mechanism (Figure 1.18), CDs:- radicals are generated and strongly oxidizing
SO.-- radicals are also generated by the reduction of the K,S;Os. The two radicals
react to form the excited states (CDs**) that produce the ECL emission [235]. Other co-
reactants like sulfite [236] or hydrogen peroxide [237] were also used. Besides the
cathodic ECL mechanism, tripropylamine can also be used as a co-reactant to produce
the anodic ECL of CDs [238].
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Figure 1.18: ECL cathodic mechanism of CDs using K2S20s as co-reactant [235]

1.5.4 Other properties

- Catalytic properties: due to the high surface-to-volume ratio and high adsorption
capacity of CDs, they have been used in different catalytical processes. To
improve their function, they can be combined with a wide variety of materials to
obtain CD-based composites, that can be used in photocatalysis or
electrocatalysis, for instance [239]. Additionally, their excellent fluorescence
behavior and photoelectron transfer properties enable their use as high-
performance photocatalysts [240].

- Electrochemical properties: GQDs are very attractive for electrochemical
applications since they have a high electrical conductivity due to the -
conjugated structure [241]. Modification of electrodes with CDs provide fast
electron transfer kinetics due to the high electrical conductivity and an
increased surface area due to the high surface-to-volume ratio. Moreover, the
hydroxyl, carboxyl, carbonyl, and other functional groups present in the surface
of the CDs enhance the electrocatalytic activity of traditional semiconductor
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electrocatalysts due to the acceleration of the intermolecular electroconductivity
[242]. However, the surface chemical groups present on CDs also reduce their
conductivity compared to GQDs, so it is necessary to combine them with other
conductive materials like GO [243,244], CNTs [245], or conductive polymers
[246] to be able to use them for electrochemical applications.

Doping CDs with heteroatoms like nitrogen, sulfur, phosphorous, etc., improve
their electronic attributes significantly due to the intramolecular charge
transferability. The heteroatom-doped CDs show an enhanced electrochemical
performance due to the improvement of intrinsic activity of surface functional
sites, and the changes on their electronic configuration [247,248].

1.5.5 Applications

As stated before, the excellent and, in some cases, unique properties of CDs make
them suitable for a wide variety of applications and some of the most important ones
are summarized in this section. The fields within the CDs have important applications
are the following:

Chemical sensing: this is one of the fields in which the CDs have more
applications due to the water solubility, great chemical stability and
photostability. They have been used as sensors to detect several metal ions,
anions, and molecules [249]. Some of the metal ions detected include AIP*
[250], Ag* [251,252], Cd?* [182,253], Co?* [15,254], Cr®* [255], Cu?* [256,257],
Fe®* [258,259], Hg?" [260,261], Ni?* [262], Pb?* [263,264], and Zn?* [265,266]. In
this case, most of the procedures are based on the quenching effect that the
metal ion produces on the CDs. In addition to metal ions, CDs have also been
used for the detection of some anions like CIO™ [267], CN [268], I' [269], F
[270,271], PO, [272], S* [273,274]; and some small organic molecules such
as ascorbic acid [275], dopamine [276], hydrogen peroxide [277], or glucose
[278]. Another sensing application of CDs is to measure pH [279,280], which
sensitivity can be attributed to the protonation or deprotonation of the surface
functional groups.

Biosensing: CDs can also be used in biosensing due to their good
biocompatibility, ease of surface functionalization, and good cell permeability
[165]. They have played an important role in the detection of nucleic acids
[281,282] and in immunoassays as fluorescent labels [283,284].

Bioimaging: it could be described as a group of non-invasive techniques that
allow the visualization of intracellular compartments, cells, and tissues,
providing a better understanding of biological processes [185]. Due to the low
cytotoxicity and the photochemical stability of CDs, they are suitable for
fluorescence imaging of living organisms. Moreover, they can be easily
excreted from the body [285]. With all these merits, CDs have drawn great
attention for both in vivo [286,287] and in vitro imaging [288-290].
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Nanomedicine: CDs have a lot of applications in this field. Due to the high
surface-to-volume ratio and the possibility of functionalization, CDs have shown
a lot of potential as drug and gene delivery systems for the treatment of
cardiovascular diseases, genetic disorders, and cancer [291-295]. Besides this,
CDs have also an important role in phototherapy, a noninvasive cancer
treatment based on the conversion of the radiating light into reactive oxygen
species and heat, with the collaboration of photosensitizers, previously
accumulated in the tumor tissue, that cause the apoptosis of cancerous cells.
CDs have demonstrated to be powerful tools in both photodynamic [296-298]
and photothermal therapy [299-301].

Catalysis: CDs’ unique fluorescence behavior and photoelectron transfer
properties make them a promising candidate as greener high-performance
photocatalysts. They have demonstrated to be highly efficient catalysts in
different organic reactions [240]. One of the main interests in the photocatalysis
field is the exploitation of sunlight as a renewable energy source. The
combination of CDs with traditional semiconductor photocatalysts enhances the
electron transfer and broadens the light absorption range, thus increasing the
solar energy conversion efficiency [302-304]. Redox reactions used in
electrochemical energy conversion and storage devices like oxygen evolution
reaction, oxygen reduction reaction and carbon dioxide reduction reaction are
normally catalyzed by platinum, but CDs and CD-composite materials have
arisen as alternatives [305-309].

Optoelectronic devices: among the various optoelectronic devices, Light
Emitting Diodes (LEDs) received increasing interest in the last years. CDs have
a lot of potential as alternatives to replace expensive rare-earth-based
phosphors and toxic metal-based semiconductor QDs in LEDs [310,311].

1.6 Characterization of nanoparticles

The development of new types of nanoparticles demand techniques to determine their
chemical, physical and structural information to be able to know their properties and
consequently unravel their potential applications. In the case of CDs, since their
potential relies on their optical features, spectroscopical techniques will be crucial to
understand their optical characteristics. In this section the methods to characterize
nanoparticles, more concretely CDs, will be summarized. The ones used in this work
will be described in more detail.

28



Introduction

1.6.1 Physical characterization

In this section methods to know some physical features of the nanoparticles like the
size, shape, and crystallinity are described:

Transmission Electron Microscopy (TEM): This technique is based on the
transmission of an electron beam (energy between 100 and 400 keV) through a
sample in vacuum (approximately 10* Pa) to create an image. This image is
formed from the elastically or inelastically scattered electrons of the sample,
magnified with different magnetic lenses and focused onto an imaging device,
for instance, a fluorescent screen [312]. A scheme of the structure of a TEM
instrument can be seen in Figure 1.19. TEM gives details about the particle
size, morphology, composition, and crystallography of nanoparticles.
Nowadays, high resolution TEM (HRTEM) is mostly used for studying the
structure of CDs, since it is sensitive to crystal lattice defects. Some of the
drawbacks that this technique present is that the acquisition of images depends
on the contrast between the sample and the background, and that the
preparation of the sample can be a complex process [313]. In the case of CDs,
samples are prepared by the deposition of a drop of a dispersion onto support
grids.
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Figure 1.19: Components of a TEM instrument [314]

Dynamic Light Scattering (DLS): This technique is used to determine the size
distribution of small particles in solution, providing their hydrodynamic
diameters. Also known as Photon Correlation Spectroscopy (PCS), this
technique is based on the scattering of light by moving particles when they are
irradiated with monochromatic and polarized light. The photons that collide with
the nanoparticles in solution are scattered at different angles depending on their
size [315-317]. A schematic representation of a DLS equipment can be
observed in Figure 1.20.
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Figure 1.20: A Schematic representation of a DLS instrument [318]

Other methods: X-ray diffraction (XRD), that is used to evaluate the crystalline
structure of nanoparticles and the particle size, Atomic Force Microscopy
(AFM), a high-resolution scanning probe microscopic method that is used to
obtain a topographical image of the surface of the nanoparticles, Zeta-potential
(0), that can be used to determine the surface charge and the particle size,
giving information of the functionalization on the surface of nanoparticles, and
Selected Area Electron Diffraction (SAED), that is used to determine the
crystalline structure of nanoparticles and their defects.

1.6.2 Chemical structure characterization

Fourier Transformed Infrared Spectroscopy (FTIR): This technique is used to
study the functional groups that are present in the surface of the nanopatrticles.
Infrared absorption bands can be associated with fundamental vibrations of
functional groups and the Fourier transform mathematical process is used to
convert the raw data into a spectrum [319,320].

X-ray Photoelectron Spectroscopy: This method is used to determine the
elements that are present in the surface of the nanoparticles and its chemical
state. X-rays impact on the material and the kinetic energy of the emitted
electrons is measured [321,322].

Energy-Dispersive X-ray Spectroscopy: This technique is used to analyze the
elemental composition of nanopatrticles. It is based on focusing high energy X-
ray beams onto the sample, their interaction, and the measurement of the
emission of X-rays radiated from the sample using an electron microscope
[323].

ICP-MS: It is used to determine the chemical structures of nanoparticles. It is
based on the use of inductively coupled plasma to ionize the sample, forming
atomic and small polyatomic ions, which are then detected by mass
spectrometry [248].
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ICP-OES: This technique is used to quantify an element in a sample and is
suitable for multielement analysis providing the ratio of the elements in the
sample. It is based on the ionization of the sample and then the registration of
an emission spectrum. The electromagnetic radiation emitted is displayed as
atomic spectral lines at wavelengths that are characteristic of each particular
element [324].

Other methods: Raman spectroscopy, is used to determine the vibrational
modes of molecules by measuring the inelastic scattering of photons, and
Nuclear Magnetic Resonance spectrometry (NMR), that is used to provide
information about the chemical bonds and elemental composition of
nanoparticles by measuring the magnetic fields around the atoms.

1.6.3 Optical properties characterization

UV-Vis spectroscopy: This technique is based on focusing a beam of UV-Vis
radiation through the sample. When radiation crosses the sample, some
photons are absorbed by the nanoparticles, which are promoted to a higher
energy level, and relaxed by nonradiative processes. The equipment measures
transmitted light and calculates the absorbance as the negative logarithm of the
transmittance (P/Po), where Pqo is the incident light intensity and P is the
transmitted light intensity. The concentration of the analyte can be related with
the measured absorbance through the Lambert-Beer law (Equation 6):

A =log (%) =bXCXe¢ Equation 6

where A is the absorbance, b is the path length, C is the concentration of the
analyte, and ¢ the molar absorptivity at a specific wavelength [325].
The absorption bands that appear when a dispersion of nanoparticles is
analyzed correspond to the SPR bands that appear because of the coupling
between the wavelength of the radiation source and the external electrons at
the surface of the nanoparticles. The intensity and the position of the bands
provide valuable information about the surface of the nanoparticles, their
interaction with the environment around them, the size and shape, and the
stability of the nanoparticles. The SPR band width is closely related to the size
particle dispersion.

Fluorescence spectroscopy: This technique is based on the measurement of
light emitted by molecules, that have been excited to higher energy levels by
the absorption of electromagnetic radiation. The equipment measures the
intensity of light emitted by the sample and in this case, the detector is located
at an angle of 90° with respect to the source to only measure the radiation
emitted from the sample [219,325]. With this technique the intensity and
position of the emission and excitation bands can be elucidated. This
information is related to the size and shape of the nanopatrticles. Moreover, with
this technigue some important parameters can also be calculated, like the
Stokes shift and the QY that is an indicative of the fluorescence efficiency of the
luminescent nanoparticles.
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2 Objectives

The main objective of this thesis is the study and development of new analytical
strategies for the on-site monitoring of environmental pollutants in water, specifically
heavy metals, taking advantage of nanotechnology and the miniaturization and
automation of analytical techniques.

In terms of the use of nanotechnology, the aim is to reproducibly obtain nanoparticles
that are selective to different heavy metals and that can be used as sensors in flow
systems, exploiting their optical and/or electrical properties.

In terms of miniaturization and automation, the aim is to develop a portable device that
operates as autonomously as possible and consumes few reagents so that it requires
little maintenance. Therefore, the design and manufacturing of a microfluidic platform
on which to carry out a Flow Injection Analysis (FIA) will be addressed.

In order to achieve them, the specific objectives of this thesis are specified below:

- Study and optimization of the synthesis of several types of doped Carbon Dots
(CDs) from different precursors to make them selective to specific heavy metal
ions.

- Construction of a Low Temperature Co-Fired Ceramics (LTCC) microreactor for
the reproducible synthesis of the studied CDs.

- Construction of a Cyclic Olefin Copolymer (COC) microfluidic platform to carry
out heavy metal analysis due to the quenching effect of heavy metals on the
fluorescence of the synthesized CDs.

- Development of an automated miniaturized analytical system for the
multiparametric analysis of heavy metals, integrating the live synthesis of the
selective CDs.

- Modification of Screen-Printed Carbon Electrodes (SPCEs) with CDs for the
selective electrochemical determination of heavy metal ions.
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3 Experimental

3.1 Development of a miniaturized analytical system for the analysis of
heavy metals using CDs as optical probes

3.1.1 Materials and Reagents

Every reagent used for the synthesis and characterization of CDs devoted to optical
detection, and for the analysis of heavy metals by fluorescence quenching is listed in
Table 3.1.

Table 3.1: Reagents used for the synthesis and characterization of CDs as optical probes, and
determination of heavy metals by fluorescence quenching

Reagent Provider Purity
Citric acid (CsHsO7) Sigma-Aldrich 99%
Acrylic acid (C3H40y) Sigma-Aldrich 99%
Glycerol (C3HgO3) Sigma-Aldrich 299.5%
Ethylenediamine (C2HsN>) Sigma-Aldrich 299%
Imidazole (CsH4N>) Sigma-Aldrich 299%
Urea (CH4N20) Sigma-Aldrich 299%
Polyethyleneimine, MW 10.000 (C2HsN), Alfa Aesar 99%
Polyacrylamide (C3HsNO), Sigma-Aldrich -
Methionine (CsH1:NO,S) Sigma-Aldrich 299%
Sodium citrate tribasic dihydrate ((CsHsNazO-) - Sigma-Aldrich 599%
2H20)
Quinine hemlsulflaé%sk'azlégfr-ul)_'hzgrate (C20H24N202 Sigma-Aldrich 590%
Sulfuric acid (H2S0.) Sigma-Aldrich 95-98%
Mercury(ll) nitrate monohydrate (Hg(NOs). - H20) Sigma-Aldrich 298.5%
Cobalt(ll) nitrate hexahydrate (Co(NOs3), - 6H,0) Sigma-Aldrich 298%
Lead(ll) nitrate (Pb(NO3).) Sigma-Aldrich 299%
Iron(lll) nitrate nonahydrate (Fe(NO3z)s - 9H-0) Sigma-Aldrich 298%
Copper(ll) nitrate trihydrate (Cu(NOg). - 3H20) Sigma-Aldrich 299%
Nickel(Il) nitrate hexahydrate (Ni(NO3), - 6H-0) Sigma-Aldrich 298.5%
Cadmium nitrate tetrahydrate (Cd(NO3); - 4H,0) Sigma-Aldrich 98%
Zinc nitrate hexahydrate (Zn(NOs3)2 - 6H.0) Sigma-Aldrich 98%
Chromium(lIl) nitrate nonahydrate (Cr(NO3)s - Sigma-Aldrich 99%
9H:20)
Sodium nitrate (NaNO3) Sigma-Aldrich 299%
Calcium chloride dihydrate (CacCl, - 2H,0) Sigma-Aldrich 299%
Calcium nitrate tetrahydrate (Ca(NOs). - 4H20) Sigma-Aldrich 99%
Magnesium chloride hexahydrate (MgCl, - 6H20) Sigma-Aldrich 299%
Magnesium nitrate hexahydrate (Mg(NOs). - 6H-0) Sigma-Aldrich 99%
Potassium chloride (KCI) Sigma-Aldrich 299%
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Potassium carbonate (K2COs3) Sigma-Aldrich 299%
Uranyl acetate (C4HsOsU) Polysciences, Inc. 98%

Materials used for the fabrication of the LTCC microreactor and the COC microfluidic
platform are listed in Table 3.2.

Table 3.2: Materials used for the fabrication of the LTCC microreactor and the COC microfluidic
platform

Material Provider

LTCC 951PX green tapes (254 ym thick
prior to firing)

LTCC 951PT green tapes (114 um thick
prior to firing)

DuPont Corporation, USA

DuPont Corporation, USA

DuPont 5742 gold co-fireable paste DuPont Corporation, USA
DuPont 6141 silver co-fireable paste DuPont Corporation, USA
PT100 temperature sensor Innovative Sgnsor Technology,
Switzerland
TOPAS A Pol H
400 uym Topas 5013 COC layers OPAS dvanchSAo ymers GmbH,
25 um Topas 8007 COC layers TOPAS Advancsdsiolymers GmbH,
EPO-TEK H20E epoxy paste Epoxy Technology Inc., USA

3.1.2 Microfabrication techniques

3.1.2.1 LTCC microreactor

The LTCC microreactor fabrication process is based on a multilayer approach, as
mentioned in Section 1.3.2. A scheme of all the steps is depicted in Figure 3.1. Briefly,
the different layers that compose the final device were first individually designed,
microstructured by laser ablation, and the ones requiring conducting elements were
screen-printed. After the proper alignment, the different layers were thermolaminated
and finally, the device was sintered following a specific temperature profile. This
microreactor was previously designed and tested in our research group [326].

Design of the different layers was performed with CAD software considering that the
final 3D structure must be broken down in different layers. In this case, a structure
based on a 3D hydrodynamic flow focusing strategy (Figure 3.2A) was applied to have
better control over reagents diffusion and mixing [327], and thus, to obtain
nanoparticles in a more homogeneous and reproducible way. Moreover, this approach
can also avoid channel occlusion. To achieve this purpose, the middle inlet has a
smaller height than the other two inlets and the microfluidic channel (Figure 3.2B).

The different layers designed on the CAD software were transferred to the Circuit
Master program, which was the software used to cut patterns with the laser machining
equipment.
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Figure 3.1: Scheme of the general fabrication procedure of the LTCC microreactor [326]
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Figure 3.2: A) Schematic representation of 3D hydrodynamic flow focusing [328] and B) view of

the inlet area that allows the 3D hydrodynamic flow focusing [326]

The fluidic elements of the device were micromachined onto LTCC 951 green tapes
layers using a ProtoLaser 200 (LPKF Laser & Electronics AG, Garbsen, Germany), that
consisted of a Nd:YAG (neodymium-doped yttrium aluminum garnet) laser type, that
works in the infrared region at 1064 nm, and with a laser beam diameter of 25 ym. The
Circuit Master software enabled the modification of some parameters like the beam
intensity, the location in the z-axis of the substrate, and the mark speed. For instance,
254 and 114 pm green tapes were cut through with mark speeds of 25 and 50 mm/s,
respectively.
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Once the different layers containing the fluidic elements had been micromachined, they
were laminated. This is an essential step in the construction process, and it is important
to choose the right temperature, pressure, and lamination time to avoid liquid leakage
or obstructions of the microfluidic structure. The alignment of the layers that will be
laminated is crucial and for this reason, four holes at the four corners of each LTCC
layer were drilled. Then, the different layers were placed between two metallic plates
that have four pivots, in which the four holes drilled perfectly fitted. The whole block
was placed in a hydraulic press with two hot plates of 25 x 15 cm (Talleres Francisco
Camps SA, Granollers, Spain). The temperature and pressure, which can be perfectly
controlled, are normally specified in the datasheet of the LTCC material, and for the
Dupont LTCC 951 green tapes these conditions were 70°C and 25 bar. To prevent the
adhesion of the LTCC layers to the metallic plates the use of a plastic film (Mylar),
which was provided with the ceramic tapes, was necessary.

Once the LTCC fluidic block was laminated, it was placed in the working table of a DEK
248 screen printer (Asflex Internacional, Algete, Spain). A DuPont 5742 gold co-
fireable paste was applied to create the resistor pattern on the reverse side of the
fluidic block. The screen with the corresponding pattern is composed of a metal frame
and a mesh where a stencil with open areas is defined. The conductive paste was
transferred to the fluidic block when extended and squeezed with a squeegee. The
paste was dried for 15 minutes at 80 °C, and the final gold resistor can be observed in
Figure 3.3.

Figure 3.3: Gold resistor screen-printed on the fluidic block

On top of the gold resistor, a block of three LTCC layers was laminated to encapsulate
it. Two holes were machined on this block to create the vias, and another serigraphy
with the DuPont 6141 silver co-fireable paste was performed to fill the vias and create
pads for the electrical connections. This can be seen in Figure 3.5B. The paste was
dried for 30 minutes at 80 °C in this case.

Finally, the LTCC microreactor was sintered in a CBCWF11/23P16 programmable box
furnace (Carbolite Gero, Afora, Spain). The temperature profile applied, recommended
by the provider, consisted of: a ramp of temperature until 350 °C at a rate of 10 °C/min,
and stay for 1 hour to produce volatilization of organic components; another ramp of
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temperature until 850 °C at a rate of 10 °C/min, and stay for 1 hour to produce the
interpenetration of alumina particles between the layers; and finally, a cooling process
until 25 °C at approximately 5 °C/min, where the vitrification of the LTCC took place,
thus obtaining a hard device. An important aspect regarding the sintering of the device
is that it suffers shrinkage due to the loss of organic material. In the case of LTCC 951
tapes, the shrinkage data is provided by the manufacturer as 12.7 = 0.3% on the x and
y-axis, and 15.0 + 0.5% on the z-axis.

The last step for the fabrication of the microreactor was the attachment of a PT100
temperature sensor using EPO-TEK H20E epoxy paste, which was cured at 80 °C
overnight.

In Figure 3.4, a scheme including the microfluidic structure and the heating resistor can
be observed. The fluidic structure consists of three inlets: the carbon source precursor
is introduced through the central inlet and the nitrogen source precursor is introduced
through the other two inlets, thus creating a 3D hydrodynamic flow focusing, as
mentioned before; a spiral-shaped channel where the reaction takes place; and an
outlet. The heating resistor was designed to occupy the same area as the microfluidic
channel to obtain a good temperature distribution. The top layer of the device only
consisted of an LTCC 951PT layer to be able to monitor the formation of the
photoluminescent CDs inside the microreactor channel with a UV lamp if necessary.
For this reason, the microfluidic inlet and outlet channels were microstructured below
the microreactor channel (Figure 3.4).
CDs

A

Nitrogen source

|

| Carbon

// source Microreactor

channel

. Heating
resistor

. Connections with
the contact pads

Figure 3.4: 3D representation of the microfluidic structures inside the microreactor and the
heating resistor

The microreactor fabricated had a circular shape with a diameter of 6 cm and a total
thickness of approximately 3 mm. The total volume of the microreactor channel is
about 100 uL, with a total length of 630 mm and cross-section dimensions of 525 um
wide per 290 uym high. In Figures 3.5A and B, the top and bottom views of the final
device can be seen.
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Figure 3.5: A) Top view of the microreactor, with the inlets and outlet. B) Bottom view of the
microreactor, with the PT100 temperature sensor and the contact pads for the heating resistor

The temperature was controlled by means of a Printed Circuit Board (PCB) containing
all the control electronics (Figure 3.6). The temperature sensor attached to the LTCC
device sends the temperature input signal to a PIC18F4431 microcontroller (Microchip
Technology Inc., Chandler, AZ, USA). This signal is compared to the target
temperature, and a Proportional-Integral-Derivative (PID) system compensates for it.
This system was previously developed by our research group [326].

Figure 3.6: Aluminum box that contains the PCB with all the electronics for the temperature
control

3.1.2.2 COC microfluidic platform

The COC microfluidic platform was fabricated with a multilayer approach, like the LTCC
microreactor, and all the steps can be seen in Figure 3.7. In this case, the fabrication
process is simpler. First, the different layers that compose the COC device were
designed, then they were microstructured with a CNC micromilling machine, and finally
the different layers were laminated to obtain the device.
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Figure 3.7: Scheme of the general fabrication procedure of the COC microfluidic platform

The fabrication process of the microfluidic platform starts with the design of the
different layers with CAD software. The CAD files were then transferred to the Circuit
Master software that will be used to micromachine the patterns designed.

Every COC layer substrate was micromachined using a Protomat S63 CNC
micromilling machine (LPKF Laser & Electronics AG, Garbsen, Germany). This
equipment allows the use of a broad set of tools including drills and different types of
mills with a wide variety of diameters. The microfluidic platform is formed by a structural
layer and two more layers acting as top and bottom covers. The structural layer is
composed of three 400 um Topas 5013 COC layers and two 25 ym Topas 8007 COC
layers that have been previously laminated. The microfluidic structure includes a two-
dimensional meander micromixer that was milled at a depth of 1 mm creating a low
relief instead of cutting through the material.

Once all the layers were micromachined the Ilamination was performed by
thermocompression bonding. The same metallic plates with the four alignment pivots
and the same hydraulic press used for LTCC tapes lamination were used for the
lamination of COC layers. Instead of using Mylar films to prevent adhesion, plastic
blocks were used in the case of COC substrate. Moreover, these plastic blocks provide
a uniform pressure to the layers that will be laminated. In this case, the COC layers
were laminated at a pressure of approximately 6 bar, and the temperature was fixed at
a value of 100 °C. But the metallic plates must be introduced between the hot plates of
the hydraulic press when they are at room temperature, and then a ramp until 100 °C is
established. When the temperature reached 100 °C or a little bit higher value, the block
was left for 5-10 minutes and finally it was left for cooling to room temperature again.
As mentioned in Section 1.3.1, the availability of COC layers with different T4 allowed
the application of specific thermocompression conditions. In this case, two types of
COC substrates were used, the 400 um Topas 5013 COC layers with a T4 of 134 °C
and the 25 pym Topas 8007 COC layers with a Ty of 78 °C [329]. So, with the
temperature profile applied, layers with lower T4 melted, and when the laminated block
cooled down, they acted as sealing layers.

The COC microfluidic platform (30 mm wide, 50 mm high, and 2 mm deep) has two
inlets, a two-dimensional meander micromixer (0.8 mm wide and 1 mm deep), an
optical flow cell (4.5 mm diameter and 1 mm deep), and an outlet. It can be seen in
Figure 3.8.
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Figure 3.8: COC microfluidic platform with the tubing connected

3.1.3 Experimental setups

The experimental setup for the optical detection system is based on a rFIA approach
(Figure 3.9), where CDs are sequentially injected into samples containing heavy metal
ions, since in an environmental application for water analysis, the amount of the
reagent (i.e., CDs) is the limiting one. The main features of rFIA technique and its
advantages have already been explained in Section 1.1.3. This setup includes a pre-
buffering step of the samples that is automatically performed by using an in-line T
connector mixer, through which the sample and the buffer are introduced in a 1:1 ratio.
The flow management is performed with a Minipuls 2 peristaltic pump (Gilson Inc.,
Middleton, WI, USA), 0.8 mm internal diameter Teflon tubing (Tecnyfluor, Barcelona,
Spain), and 1.14 mm internal diameter Tygon tubing (Ismatec, Wertheim, Germany).
An MVP six-port injection valve (Hamilton Company, Bonaduz, Switzerland) is used to
inject the CDs, and the connections with the microfluidic platform are secured with
FPM75 O-rings (Epidor, Barcelona, Spain).

Fluorescence emission is measured using a customized miniaturized optical detection
system, that was developed in collaboration with the Photonics Technology Group at
the University of Zaragoza [200]. It consists of an XSL-365-5E LED (Roithner
Lasertechnik, Vienna, Austria) that has its emission peak at 365 nm, tilted 45° with
respect to the microfluidic platform to reduce interferences on the detection, a
MF460/60 25 mm emission band-pass filter (Thorlabs, Munich, Germany), used to
avoid that the light coming from the LED reaches the detector, and a PIN S1337-66BR
photodetector with 33 mm? of active area (Hamamatsu Photonics, Shizuoka, Japan).
All these elements are integrated in a PCB.

The LED is controlled with a NI USB-6211 Data Acquisition Card (DAQ) (National
Instruments, Austin, TX, USA). This device is also used to transfer the detected signal
to a computer, that is also used to power both the DAQ and the PCB with all the
elements mentioned before.
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The PCB is accommodated in a custom-made poly(methyl methacrylate) (PMMA)
structure. The insertion of the microfluidic platform in this structure is based on a “Lock-
and-Key” concept also developed by our research group [330]. For the application of
this approach, it is necessary to fabricate a cartridge with a complementary shape to
the microfluidic platform, that allows a reproducible positioning of the platform with
respect to the LED and the photodetector. A schematic representation can be seen in
Figure 3.10. Also, photographs of the microfluidic platform in its personalized cartridge
(Figure 3.11A) and the microfluidic platform inserted in the customized miniaturized
optical detection system (Figure 3.11B) are presented.
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Figure 3.9: Schematic representation of the detection experimental setup
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Figure 3.10: Schematic depiction of the “lock-and-key” approach. Adapted from [330]
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Figure 3.11: A) Photograph of the microfluidic platform in its personalized cartridge and B)
photograph of the microfluidic platform inserted in the customized miniaturized optical detection
system [331]

The setup for the synthesis of CDs using the LTCC microreactor (Figure 3.12) is
composed of three Gastight 1000 TLL glass syringes (Hamilton, Bonaduz, Switzerland)
filled with the precursors mounted on three NE-500 OEM syringe pumps (New Era
Pump Systems Inc., Farmingdale, NY, USA). These syringes are connected to the
fabricated LTCC microreactor using 0.8 mm internal diameter Teflon tubing and the
connections are secured with FPM75 O-rings and a custom-built aluminum connector,
that can be observed in Figure 3.13. As mentioned in Section 3.1.2.1, to improve the
mixing of the carbon source precursor, it is introduced through the middle inlet, while
the nitrogen source precursor is introduced through the other two inlets.

Synthesis of CDs requires high temperatures and pressures. Temperature is controlled
with the PCB described in Section 3.1.2.1, and pressure is regulated by a P-788 250
psi Back-Pressure Regulator (BPR) (IDEX Health & Science, Oak Harbor, WA, USA)
connected to the outlet. CDs are collected using Eppendorf tubes.
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Figure 3.12: Schematic representation of the CDs synthesis experimental setup
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Figure 3.13: LTCC microreactor with connection tubing and custom-built aluminum connector
and clamps for the electrical connections

Finally, and since one of the main objectives of the work is to develop an automated
system, which integrates the direct synthesis of CDs without the need for any
intervention before the determination of heavy metals, the connection of the two
described experimental setups is performed by using a 161T031 three-way solenoid
valve (NResearch, West Caldwell, NJ, USA). This valve, that is computer-controlled,
allows the automatic dilution and buffering of the CDs obtained from the synthesis. 0.8
mm internal diameter Teflon tubing is used for fluidic connections and a FlowTest
automated controller (BioTray, Villeurbanne, France) controls the operation of the
solenoid valve. It is programmed with the CosDesigner software. In Figure 3.14, the
integrated setup can be observed, with the coupling part highlighted in green.
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Figure 3.14: Setup for the CDs synthesis and direct use for the detection of heavy metal ions
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3.1.4 Synthesis of CDs

3.1.4.1 Synthesis of CDs in batch

A wide variety of CDs to selectively determine different heavy metal ions were
synthesized by different hydrothermal and microwave-assisted methods. The
syntheses methods were extracted from the literature and some of them were modified.
The reason to perform synthesis procedures already published, with known properties
and selectivity, was to develop, optimize and evaluate the microanalyzer for heavy
metals determination. In this section all the performed syntheses are described:

- CDs synthesized from citric acid and ethylenediamine (ED microwave CDs):
they were synthesized using a microwave-assisted method. 1.0 g of citric acid
and 385 pL of ethylenediamine were mixed with 10 mL of MilliQ water. This
mixture was put into a Bifinett KH 1106 domestic microwave oven (Lidl Stiftung
& Co. KG, Neckarsulm, Germany). The power was adjusted at 800 W and the
mixture was put into the microwave oven for 3 minutes. The brown-black solid
was dissolved in MilliQ water to obtain the CDs dispersion [332].

- CDs synthesized from citric acid and ethylenediamine (ED CDs): they were
synthesized from the same precursors but following a hydrothermal method. 1.0
g of citric acid and 335 uL of ethylenediamine were mixed and dissolved in 10
mL of MilliQ water. This mixture was put into a Teflon lined stainless-steel
autoclave and in an IDL.AI36 oven (Labolan, Esparza de Galar, Spain) at 200
°C for 5 hours. Then the CDs’ resulting solution was left to cool down to room
temperature [333]. The reaction involved in the formation of the CDs can be
seen in Figure 3.15. As mentioned in Section 1.5.3.2, this reaction results in the
formation of IPCA, a molecular fluorophore that is attached to the CDs.

- CDs synthesized from citric acid and polyethyleneimine (PEI CDs): they were
synthesized with a microwave-assisted method. 1.0 g of citric acid and 0.5 g of
polyethyleneimine were dissolved in 20 mL of hot MilliQ water. The mixture was
placed in a Teflon kettle, it was put in a MARS 5 digestion microwave (CEM
Corporation, Matthews, NC, USA), and heated at 180 °C for 5 minutes at a
power of 850 W. The resulting dispersion was left to cool down at room
temperature [257].

- CDs synthesized from acrylic acid and ethylenediamine (ACR CDs): they were
synthesized by a hydrothermal method. 1.2 mL of acrylic acid and 1.0 mL of
ethylenediamine were mixed with 20 mL of MilliQ water and the mixture was
introduced in a Teflon reaction kettle and in an oven at 200 °C for 5 hours. The
obtained dispersion was allowed to cool down at room temperature [334].

- CDs synthesized from acrylic acid and methionine (MET CDs): they were
synthesized with a hydrothermal method. 335 pL of acrylic acid and 0.15 g of
methionine were mixed and dissolved in 10 mL of MilliQ water. This mixture
was put in a Teflon-lined stainless-steel autoclave and heated at 200 °C for 12
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hours in an oven. Then the dispersion was cooled down to room temperature
[335].

- CDs synthesized from sodium citrate and polyacrylamide (PA CDs): these CDs
were synthesized with a hydrothermal method. 1.0 g sodium citrate tribasic and
0.5 g of polyacrylamide were dissolved in 20 mL of MilliQ water, and the
solution was introduced in a Teflon reaction kettle and heated at 200 °C for 3
hours in an oven. Then the resulting dispersion was cooled down to room
temperature [264].

- CDs synthesized from glycerol and ethylenediamine (EA CDs): they were
synthesized with a microwave-assisted method. 5 mL of glycerol and 20 pL of
ethylenediamine were mixed with 10 mL of MilliQ water and the mixture was
introduced in a domestic microwave oven and heated at a power of 800 W for
10 minutes. The brown solid obtained was dispersed in water. The dispersion
was then left to cool down at room temperature [336].

- CDs synthesized from citric acid and urea and modified with imidazole (UREA
CDs): they were synthesized by a hydrothermal method. First, 3 g of citric acid
and 3 g of urea were dissolved in 10 mL of MilliQ water. The mixture was
heated in a domestic microwave oven for 4 minutes at a power of 800 W. 100
mg of the dark brown solid obtained were added to a solution containing 0.5 g
of imidazole in 20 mL of MilliQ water and left to react with stirring at 80 °C for 12
hours under a nitrogen atmosphere [337].
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Figure 3.15: Products formed in the ED CDs reaction. The fluorophore IPCA is attached to the
surface of the CDs [216]

All dispersions obtained from these synthetic methods were purified in the same way. A
Pur-A-Lyzer Mega 1000 dialysis kit purchased from Sigma-Aldrich was used. The
dispersion containing the CDs was introduced in a dialysis tube with a membrane with
a cut-off of 1000 Da, and it was dialyzed against MilliQ water for 48-72 hours.

Once dialyzed, dispersions containing CDs were stored in a refrigerator at 4 °C for
further characterization and use.
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3.1.4.2 Synthesis of CDs in the LTCC microreactor

Once a variety of CDs were synthesized in batch, characterized, and used for the
selective determination of different heavy metal ions, some of the synthesis methods
described in the previous section were adapted to be performed in the microreactor. As
mentioned in Section 3.1.2.1, the carbon precursor was introduced into the
microreactor through the middle inlet and the nitrogen precursor was introduced
through the other two inlets, thus creating a 3D hydrodynamic flow focusing effect. So,
for each synthesis one syringe was filled with the solution containing the carbon
precursor and the other two syringes were filled with the solution containing the
nitrogen precursor. The precursors were pumped at a total flow rate of 10 yL/min (3.33
pML/min through each inlet) for all the syntheses made in the LTCC microreactor.
Considering that the microreactor has an approximate volume of 100 pL, the residence
time was about 10 minutes. The pressure was fixed at 17 bar with the BPR, since
during a previous optimization of the syntheses, a continuous flow inside the
microreactor was assured without the formation of bubbles, even working at
temperatures as high as 190 °C [326].

The first two syntheses were already adapted in a previous work [326] and they were
reproduced here with slight modifications. Briefly:

- CDs synthesized from citric acid and ethylenediamine (ED CDs): the solution of
citric acid, that was pumped through the central inlet was prepared by
dissolving 0.58 g in 15 mL of MilliQ water, and the solution of ethylenediamine,
that was pumped through the other two inlets was prepared by mixing 200 uL of
ethylenediamine with MilliQ water to a total volume of 15 mL. This synthesis
was performed at 190 °C.

- CDs synthesized from citric acid and polyethyleneimine (PEI CDs): the solution
of citric acid was prepared by dissolving 0.58 g in 15 mL of MilliQ water as in
the previous synthesis, and the solution of polyethyleneimine was prepared by
dissolving 0.25 g in 15 mL of MilliQ water. This synthesis was also performed at
190 °C.

Another two of the syntheses performed in batch were adapted to be performed in the
LTCC microreactor. In these two cases they were performed at 17 bar as the previous
ones, but in this case, three different temperatures and three different concentrations of
the nitrogen precursors were tested to optimize the synthesis process to obtain the
CDs with the highest QYs:

- CDs synthesized from glycerol and ethylenediamine (EA CDs): the solution of
glycerol was prepared by mixing 3 mL with MilliQ water to a total volume of 15
mL (2.74 M). Three solutions of ethylenediamine were prepared by mixing 20,
40, and 60 pL of ethylenediamine with MilliQ water to a total volume of 20 mL in
the three cases (0.015, 0.030, and 0.045 M, respectively). Syntheses were
performed at 150, 170, and 190 °C.

- CDs synthesized from acrylic acid and ethylenediamine (ACR CDs): the
solution of acrylic acid was prepared by mixing 1.6 mL with MilliQ water to a
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total volume of 10 mL (2.33 M). Three solutions of ethylenediamine were
prepared by mixing 0.5, 1.0, and 1.5 mL of ethylenediamine with MilliQ water to
a total volume of 20 mL in the three cases (0.37, 0.75, and 1.12 M,
respectively). Syntheses were performed at 150, 170, and 190 °C.

In the case of the CDs synthesized in the LTCC microreactor, the CDs were split into
two fractions, one of them, as for the CDs synthesized in batch, was purified by dialysis
with the Pur-A-Lyzer Mega 1000 dialysis kit against MilliQ water for 48-72 hours, and
the other one that was used as obtained without further treatment. Some analytical
quality parameters like sensitivity, LOD, and repeatability, as well as the QY were
compared between the two fractions of the CDs to assess if the effect of the purification
is significant. Dispersions containing the CDs were stored in a refrigerator at 4 °C for
further characterization and use.

3.1.5 CBDs characterization

Different methods for characterizing the synthesized CDs were used. As already
mentioned, the physical, chemical, structural, and optical characterization is important
in order to know their properties and therefore their potential applications. In this thesis
the techniques used to characterize the CDs are as follows:

- UV-Vis Spectroscopy: absorption spectra were registered between 300 and 650
nm with a UV-3101PC UV-Vis-NIR double beam spectrophotometer (Shimadzu,
Kyoto, Japan). To avoid self-attenuation of CDs in PL measurements and to
calculate QY, CDs were diluted with a pH 4 citric/citrate buffer until the
absorbance was approximately 0.05 a.u.

- Fluorescence spectroscopy: fluorescence emission and excitation spectra were
registered with a Fluorolog FL3-11 spectrofluorometer (Horiba Jobin Yvon,
Longjumeau, France). As the electronic transitions involved in fluorescence
emission have lower energy than that involved in absorption, the emission peak
appears at a higher wavelength. So, to register emission spectra, excitation
wavelength was fixed at the same wavelength where the absorption maximum
appeared, and emission was registered between approximately 10 nm over the
excitation wavelength and until 650 nm. Excitation spectra were registered from
300 nm to a wavelength approximately 10 nm under the emission maximum. All
the spectra were registered using a slit width of 1 nm. As mentioned in Section
1.5.3.2, an important value regarding PL is the QY, which is the number of
emitted photons relative to the number of absorbed photons. The most common
method to calculate it is the optically dilute measurement method [338], in which
the QY is calculated using quinine sulfate in 0.1 M sulfuric acid as a reference,
as follows:

2
Where ¢ is the PL QY, | the integrated area of the corrected emission spectrum,
A the absorbance, and n the refractive index of the solvent. The subindexes x
and st refer to the sample and the reference standard, respectively. Considering

Equation 7
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that both are dissolved in water, the last term of the equation can be ignored.
Before performing the measurements for the calculation of the QY, the CDs
dispersions were bubbled with a nitrogen flow to remove all the oxygen, that
could act as a quencher. The emission spectrum registered was a corrected
spectrum, since for the calculation of the QY the value needed is the integrated
area of the corrected spectrum.

- DLS: measurements were carried out using two different instruments, a
Nanotrac Flex (Microtrac, Krefeld, Germany) and a Zetasizer Nano ZS (Malvern
Panalytical, London, England) to obtain the particle size distribution of the CDs.
In the first instrument, it is enough to introduce the probe with the laser in the
CDs dispersion to acquire data, but some characteristics of the nanoparticles
(shape and transparency) and of the solvent (refractive index and viscosity)
must be introduced in the software before the measurement. In the second
instrument, the sample containing the nanopatrticles is introduced in a cuvette
and the measurement is directly performed. In both cases, the instruments give
information about the concentration of the sample, indicating if the
concentration is too high or too low. If it is too high the CDs dispersion has to be
diluted.

- HRTEM: images were taken with two different instruments, the JEM-2011
Microscope (Jeol Ltd., Tokyo, Japan), and the Tecnai G2 F20 HR(S)TEM (Field
Electron and lon Company, Hillsboro, OR, USA). For the preparation of
samples, a drop of the CDs’ dispersion, obtained directly from the purification,
was placed in Holey Carbon Films with Cu 400 mesh grids (Quantifoil Micro
Tools GmbH, Jena, Germany) and then it was left 24 hours for the solvent
evaporation. Then the grid was put in the sample holder and images were
taken. In general, images were difficult to obtain due to the low contrast
between the carbon nanoparticles and the carbon-based grid support. Once the
images were taken, they were processed with ImageJ 1.51n software.

- FTIR: the infrared spectra of the CDs were acquired with a Tensor 27 FTIR
spectrometer (Bruker, Billerica, MA, USA). The Attenuated Total Reflectance
(ATR) accessory of the instrument allows the direct analysis of a solid sample.
20 pL of the CDs dispersion were introduced in an oven at 50 °C for two days to
evaporate water. Only CDs synthesized using the LTCC microreactor were
analyzed because batch synthesized CDs FTIR spectra were previously
described in the literature.

3.1.6 Optimization of the CDs synthesis and the analysis equipment of
heavy metals

As explained in Section 3.1.3, the analysis of heavy metals is based on a rFIA protocol,
in which a solution flows to the detector at a certain flow rate and with which the
baseline signal is measured. Then, a certain volume of CDs is injected into the buffer
solution at the same flow rate with which a maximum emission peak is obtained. This
value corresponds to the fluorescence signal without quencher (Fo). After that, CDs are
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also injected into different standards containing increasing concentrations of the
analyte. In this case, the signal decreases due to the quenching effect. These values
correspond to the fluorescence signals in presence of the quencher (F). Finally,
samples were analyzed, into which the same quantity of CDs is injected. Fq is divided
by the signal obtained and the value is interpolated in the Stern-Volmer calibration plot
to obtain the concentration of the analyte in each sample.

The height of the peaks depends on the flow rate, the injection volume of CDs and their
concentration and the pH of the solutions, so these parameters must be optimized.
Moreover, to work with the maximum signal and the minimum noise, some operational
parameters of the microanalyzer, such as integration time and signal amplification must
be optimized as well. All these parameters were optimized using a univariate
optimization procedure and taking as compromise the signal-to-noise ratio and the
sensitivity (as slope of the calibration plot) of the measurements.

The first parameters optimized were the buffer pH value and concentration. A
citric/citrate buffer was chosen, and it was prepared at four different pH values (3, 4, 5,
and 6) and three different concentrations (0.01, 0.1 and 1 M). Every composition and
pH were tested to obtain the maximum fluorescence signal and considering the
solubility of the different heavy metal ions at the specific pH value.

As mentioned before, some hydrodynamic parameters of the rFIA system used for the
determination of the heavy metals were also optimized. The first one was the flow rate
(0.5, 1.0, 1.5, 2.0 mL/min). The effect of flow rate into the obtained signal was studied
by performing an injection of ED CDs into the buffer solution. Then, CDs injection
volume (0.1, 0.25, 0.5, 1.0 mL) was optimized. The effect of injection volume into the
obtained signal was studied by performing an injection of ED CDs into the buffer
solution. Finally, the CDs concentrations were also optimized. As CDs are obtained as
a dispersion from the synthesis, dilution factors were used as an approximate
measurement. Moreover, in cases when a reference material is not available to
perform a calibration plot to calculate the absolute concentration of nanomaterials in a
dispersion, it is common to give dilution factors. In this sense, different dilution factors
(10, 50, 100, 500, 1000) were tested for the synthesized CDs. For this optimization, the
CDs have been injected into citric/citrate buffer, 0.1, 0.5 and 1 ppm solutions of the
heavy metal ion for which each type of CD is selective to, and then the results were
linearized with the Stern-Volmer equation explained in Section 1.5.3.2 and the
sensitivities were compared.

Moreover, some parameters affecting the optical signal of the customized miniaturized
optical detection system like signal amplification and integration time were optimized. In
this case, ED CDs were injected into the buffer solution and 0.01 ppm Hg?* standard
solution to evaluate the signal-to-noise ratio.

Finally, and as explained in Section 3.1.4.2, parameters affecting the QY of the CDs
synthesis processes adapted to the LTCC microreactor like the concentration and
molar relation of the precursors and the temperature, which affects the degree of
carbonization, were optimized to obtain the highest QY and thus the highest signal-to-
noise ratio when used as optical probes.

51



Experimental

3.1.7 Photoluminescence quenching measurements

3.1.7.1 Selectivity tests

Before performing the fluorescence quenching measurements with the miniaturized
optical detection system, the selectivity of the different CDs was tested using the
spectrofluorometer against different heavy metal ion solutions (Cd?*, Co?*, Cu?*, Cr¥,
Fe®, Hg?, Ni?*, Pb*, Zn?*) at a concentration of 10 ppm, and other potentially
interfering ions present in water (Na*, Mg?*, Ca?*, Cl, COs?) at a concentration of 1000
ppm. An emission spectrum was recorded by mixing in a quartz cuvette an aliquot of
0.5mL of CDs dispersion at the optimized dilution factor to have an approximate
absorption of 0.05a.u. to avoid possible self-attenuation effects and 2.5mL of
citric/citrate buffer. This was the reference emission value. Then, to observe the effect
of the ions tested on the fluorescence of the CDs, aliquots of 0.5 mL of CDs were
mixed individually with 2.5mL of buffered solutions of each mentioned ion, and
emission spectra were recorded.

3.1.7.2 Analytical quality parameters

Once the CDs’ selectivity was evaluated, calibration plots were obtained by injecting
per triplicate each type of CDs synthesized in batch and in the LTCC microreactor in
standard solutions containing increasing concentrations of the heavy metal studied in
each case (0.01, 0.05, 0.1, 0.5, and 1 ppm). With this technique, a transient signal is
established, with a maximum value when CDs are injected into a solution without the
heavy metal ion, and quenched values when the solution contains the heavy metal ion
for which the CDs are selective to. Fluorescence intensity was obtained as the peak
height and can be correlated with the quencher concentration through the Stern-Volmer
equation, which has been explained in Section 1.5.3.2. Kgy is the Stern-Volmer
guenching constant, which indicates the sensitivity of the method. LOD was calculated
as three times the standard deviation (SD) of the blank signal (citric/citrate buffer)
divided by the slope of the calibration plot (Ksyv). Repeatability of the system was also
evaluated by performing ten injections of each type of CDs into a standard solution
containing 0.5 ppm of the heavy metal studied and it was calculated as the relative
standard deviation (RSD).

3.1.7.3 Analysis of synthetic and real samples with the CDs synthesized in
batch

To assess the applicability of the method for the multiparametric determination of
different heavy metal ions, spiked tap water samples and extracts of polluted soll
samples were analyzed with the CDs synthesized in batch as optical probes. Tap water
samples were spiked to obtain concentrations of 0.03, 0.06, 0.1, 0.4, and 0.8 ppm of
the heavy metal studied in each case and the recovery rates were calculated. Also,
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nitric acid extracts of polluted soil samples coming from the neighborhood of a smelter
plant (located in Torreén, Mexico) and containing high concentrations of Cu?*, Co?,
Ni2*, and Pb?*, as well as other metallic ions were analyzed. Samples were previously
analyzed with a reference method (ICP-OES with an Optima 4300DV spectrometer
(PerkinElmer Inc., Waltham, MA, USA)) for comparison purposes. Extracts of soll
samples were obtained as follows: 0.5g of each sample was digested with 10 mL of
nitric acid in an Ultrawave microwave digestion system (Milestone Inc., Shelton, CT,
USA) at 175°C for 15 min. Samples were filtered with a 0.45 uym filter and diluted to
50 mL with MilliQ water before analysis. As stated in Section 3.1.3, to avoid pH
changes, samples were automatically buffered in the developed analytical system
before the injection of the CDs.

Calibration plots were performed with standard solutions at different concentration
ranges depending on the analyte, which are specified in Section 4.1.1.5.

3.1.7.4 Analysis of synthetic and real samples with the CDs synthesized in
the LTCC microreactor

In the same way as for the CDs synthesized in batch, to demonstrate the potential of
the system to monitor heavy metals in water, in this case, tap water samples and river
water samples (Besos river, Spain) were analyzed. The two types of samples were
spiked with different concentrations of the heavy metal for which every type of CDs was
selective to (0.10, 0.25, 0.50, and 0.75 ppm) and recovery rates and RSD of a triplicate
were calculated for accuracy and precision evaluation, respectively.

Finally, Co?* spiked tap water and river water samples (0.10, 0.25, 0.50, and 0.75 ppm)
were also analyzed with the integrated analytical equipment developed for the
monitoring of Co?* as a demonstrator with the direct and freshly synthesis of ACR CDs
by means of a coupled microreactor. The concentration of Co?* in tap and river water
was determined by ICP-OES prior to the spiking process and found under the LOD.
Therefore, the concentration of Co?* in real samples before the spiking process was
considered zero and the spiked concentration was considered the true value for the
calculation of recoveries.
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3.2 Electrochemical detection of heavy metals with CDs
3.2.1 Reagents
The listed reagents used for the synthesis, characterization, modification of SPCEs,

and electrochemical determination of heavy metals is shown in Table 3.3.

Table 3.3: Reagents used for the synthesis, characterization, modification of SPCEs, and

electrochemical determination of heavy metals

Reagent Provider Purity
Citric acid (CsHsO7) Sigma-Aldrich 99%
Urea (CH4N20) Sigma-Aldrich 299%
Mercury(ll) nitrate monohydrate (Hg(NOs)2 - H20) Sigma-Aldrich >98.5%
Cobalt(ll) nitrate hexahydrate (Co(NOs3); - 6H,0) Sigma-Aldrich 298%
Lead(ll) nitrate (Pb(NOs),) Sigma-Aldrich 299%
Copper(ll) nitrate trihydrate (Cu(NOs)2 - 3H20) Sigma-Aldrich 299%
Nickel(ll) sulfate hexahydrate (NiSO4 - 6H20) Sigma-Aldrich 298%
Cadmium nitrate tetrahydrate (Cd(NOs3); - 4H,0) Sigma-Aldrich 98%
Zinc sulfate heptahydrate (ZnSO, - 7H20) Sigma-Aldrich 99%
Iron(lll) nitrate nonahydrate (Fe(NO3)s - 9H,0) Sigma-Aldrich >98%
Sodium nitrate (NaNO3) Sigma-Aldrich 299%
Calcium nitrate tetrahydrate (Ca(NOs); - 4 H0) Sigma-Aldrich 99%
Magnesium nitrate hexahydrate (Mg(NO3). - 6 H>0O) | Sigma-Aldrich 99%
Acetic acid (C2H403) Sigma-Aldrich 299%
Sodium acetate trihydrate (C2HsO2Na - 3H,0) Sigma-Aldrich 299%
uinine hemisulfate salt monohydrate . .
? (ot - 0.5H:S04 - +40) Sigma-Aldrich | 290%
Sulfuric acid (H2SO.) Sigma-Aldrich 95-98%
Graphene Oxide 4 mg/mL, dispersion in H.O Aldrich -
Carbon nanotube, multi-walled, carboxylic acid .
. . Aldrich -
functionalized
Carbon nanotube, smg.le-w.alled, octadecylamine Aldrich i
functionalized

3.2.2 Synthesis of CDs and characterization

For this part of the work, CDs from citric acid and urea were synthesized with a
hydrothermal method adapting a synthesis method published in the literature [339]. 2.0
g of citric acid and 1.8 g of urea were dissolved in 10 mL of MilliQ water, and the
mixture was introduced in a Teflon-lined stainless-steel autoclave. It was heated at 160
°C for 4 hours in an oven. Finally, the solution was left to cool down to room
temperature.

The CDs dispersion was dialyzed with a Pur-A-Lyzer Mega 1000 dialysis kit purchased
from Sigma-Aldrich. The dispersion containing CDs was introduced in a dialysis tube
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with a membrane with a cut-off of 1000 Da, and it was dialyzed against MilliQ water for
48-72 hours. Once dialyzed, the dispersion was stored in a refrigerator at 4 °C. Since
the concentration of the CDs is unknown, dilution factors in acetate buffer were used as
an approximate measurement. All the dispersions of the CDs and the metal ions were
buffered at pH 4 with a 0.2 M acetate buffer.

For characterization purposes, UV-Vis spectra of the synthesized CDs were registered
with a V-660 UV-Vis double-beam spectrophotometer (Jasco, Inc., Tokyo, Japan)
between 300 and 650 nm. As for the CDs synthesized in Section 3.1, they were diluted
until the absorbance was approximately 0.05 a.u to avoid self-attenuation of CDs to
perform PL measurements and to calculate the QY.

Fluorescence emission and excitation spectra were recorded with an FP-6500
spectrofluorometer (Jasco, Inc., Tokyo, Japan). To register emission spectra, the
excitation wavelength was fixed at the same wavelength where the absorption
maximum appeared, and the emission was registered between approximately 10 nm
over the excitation wavelength and 600 nm. Excitation spectra were registered from
300 nm to a wavelength approximately 10 nm under the emission maximum. QYs were
calculated with the optically dilute measurement method as well, using quinine sulfate
in 0.1 M sulfuric acid as the reference, and recording the corrected emission spectra.
All the spectra were registered using a slit width of 1 nm.

The CDs were optically characterized since the information obtained like intensity and
the position of the bands provides information about the size of the nanoparticles.

FTIR spectra of the CDs were acquired with a Frontier FTIR spectrometer (PerkinElmer
Inc., Waltham, MA, USA) with a Universal ATR sampling accessory. For the
preparation of the CDs, 20 pL of the CDs dispersion was introduced in an oven at 50
°C for two days to evaporate water in the sample.

3.2.3 Experimental setup

To perform electrochemical measurements, DRP 110 SPCEs (Metrohm DropSens,
Oviedo, Spain) were used. SPCEs (Figure 3.16A) are low-cost and disposable
electrodes designed to work with low volumes of samples. Working (4 mm of diameter)
and counter electrodes are made of carbon, while reference electrode is made of silver.
The SPCE is inserted in a DSC4mm boxed connector (Metrohm DropSens, Oviedo,
Spain) (Figure 3.16B) that acts as an interface between the SPCEs and the
PalmSens4 potentiostat (PalmSens BV, Houten, The Netherlands) (Figure 3.16C) that
is used to perform the voltametric measurements.
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PalmSens4

Figure 3.16: A) DRP 110 SPCE with the three electrodes, B) DSC4mm boxed connector with
the SPCE inserted, and c) the PalmSens4 potentiostat

In this work, the CDs synthesized from citric acid and urea were used to selectively
determine Cd?* ions. Modification of electrodes with CDs provides fast electron
transfer kinetics due to the high electrical conductivity and an increased surface area
due to the high surface-to-volume ratio. Moreover, the hydroxyl, carboxyl, carbonyl,
and other functional groups present in the surface of the CDs provide different
selectivity depending on the precursors used for their synthesis. As the potentiostat
used allows to perform electrochemical measurements using different techniques the
first thing that was made was the selection of the detection technique. CV, DPV, and
Square Wave Stripping Voltammetry (SWSV) techniques were evaluated, obtaining the
best sensitivity for Cd?* determination with SWSV. Therefore, it was the selected
technique for further experiments.

Different approaches were explored to determine Cd?* ions. The first one was to work
with bare SPCE and then place a drop of 50 yL of a mixture of CDs and Cd?', to
explore the possibility of the continuous monitoring of Cd?* in water. The next possibility
explored was to deposit 6 uL of the CDs in the surface of the working electrode, let
them dry for 2 hours, and then place a drop of 50 uL of a Cd?* solution. To increase the
sensitivity of the measurement, the surface of the working electrode was modified. A
solution of 1 mg/mL of Multi-Walled Carbon Nanotubes (MWCNTS) functionalized with
carboxylic acid (MWCNT-COOH) in ethanol absolute, a solution of 1 mg/mL of
SWCNTSs functionalized with octadecylamine (SWCNT-amine) in ethanol absolute, and
a solution of 1 mg/mL of GO in MilliQ water were used to modify the surfaces of the
working electrodes of the SPCEs. The process started with the deposition of 2 pL of
each one of the solutions in different electrodes and let them dry for 1 hour in the case
of GO solution and 15 minutes in the case of the MWCNT-COOH and SWCNT-amine
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solutions. Then, 6 pL of the CDs were deposited in the modified surface of the working
electrode, let them dry for 2 hours and, finally, a drop of 50 uL of a Cd?* solution was
placed for the measurement.

3.2.4 Optimization

Once the process for the SPCE modification was stated, some experimental
parameters (deposition time, deposition potential, amplitude, frequency, and dilution
factor of the CDs) were optimized systematically to get the maximum peak current for
Cd?.

Considering that the CDs were kept in solution, dilution factors were used as an
approximate measurement since the concentration of CDs is unknown, and different
dilution factors of the CDs (10, 100, 1000) were also tested in order to obtain the higher
peak currents of Cd?*.

Some parameters affecting the sensitivity of SWSV measurements were optimized
after the electrode modification process was established. These parameters were the
deposition potential (-0.5, -0.6, and -0.7 V were the values selected), the deposition
time (2, 4, 6, and 8 min), the amplitude (2.5, 5.0, 7.5, and 10.0 mV), and finally the
frequency (5, 25, and 50 Hz).

To make this optimization, a solution containing 1 ppb of Cd?* was deposited on the
modified SPCEs and the response was acquired.

3.2.5 Cadmium analysis

Selectivity was also evaluated by adding different heavy metal ions (Co?*, Cu?*, Fe®,
Hg?*, Ni?*, Pb?* and Zn?*) and other metal ions present in water (Ca?*, Mg?*, and Na*)
to the standard solutions containing Cd?*. 1 ppm of the potential interferent heavy metal
ions and 100 ppm of the other metal ions present in water were individually added to
the solution containing 1 ppb of Cd?* and, the current signals were compared with the
one obtained with the solution only containing 1 ppb of Cd?*.

A calibration plot was obtained by recording the stripping voltammograms of different
solutions containing increasing concentrations of Cd?* (0.2, 0.4, 0.6, 0.8, 1.0, 2.5, 5.0,
7.5, and 10.0 ppb) with the modified SPCEs. The analytical performance of the
proposed method for Cd?* determination was evaluated under optimal conditions (CDs
10-times diluted, -0.6V as deposition potential, 6 min as deposition time, 5 mV as
amplitude, and 25 Hz as frequency). With the Current vs. Concentration plot, sensitivity
was obtained, as well as the LOD. The LOD was calculated from 3SD/S (SD is the
standard deviation of 1 ppb Cd?" measurements (n=10) and S is the slope of the
calibration plot). Finally, repeatability was obtained by calculating the RSD from the
same 10 measurements.
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4 Results and Discussion

4.1 Optical detection of heavy metal ions

4.1.1 Optical detection of heavy metal ions with CDs synthesized in
batch

4.1.1.1 Synthesis and characterization

The CDs were synthesized following the methods described in Section 3.1.4.1. The
solutions obtained had different colors and viscosities: ED microwave CDs (dark brown
suspension), ED CDs (dark brown suspension), PElI CDs (light brown suspension),
ACR CDs (dark brown suspension), MET CDs (yellowish suspension), PA CDs
(green/brown viscous suspension), EA CDs (dark brown suspension), and UREA CDs
(dark brown suspension).

All the CDs obtained exhibited blue PL upon irradiation with a UV lamp. They present
similar absorbance spectra (Figure 4.1), with absorption bands located between 325
and 360 nm in all cases. As mentioned before, the CDs were diluted until an
approximate absorption of 0.05a.u. was reached, to avoid possible self-attenuation
effects.

0.06 ED microwave CDs

—ED CDs

0.05 —PEI CDs
—_ ACR CDs
é 0.04 MET CDs
e —PA CDs
@
% 0.03 EA CDs
a —_
S 0.02 UREA CDs
[}
a
<

0.01

300 350 400 450 500 550 600 650

Wavelength (nm)
Figure 4.1: UV-Vis spectra of the different CDs synthesized in batch

From the spectra, the wavelengths at which the maximum absorbance of the different
synthesized CDs appeared are summarized in Table 4.1:
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Table 4.1: Wavelengths for the SPR band of the CDs synthesized in batch

Wavelength of the

Wavelength of the

Type of CDs maximum Type of CDs maximum
absorbance (nm) absorbance (nm)
ED microwave CDs 353 MET CDs 329
ED CDs 340 PA CDs 334
PEI CDs 349 EA CDs 357
ACR CDs 352 UREA CDs 354

Regarding PL, all the synthesized CDs showed wide excitation bands with maximums
around 350 nm and wide emission bands with maximums around 450 nm. The Stokes
shifts, calculated as the difference between the band maxima of the excitation and
emission spectra, were approximately 100 nm in all cases, as it can be seen in Figure
4.2. The maximum values and the Stokes shifts are summarized in Table 4.2. These
results indicate that the synthesized CDs can be used as optical reagents with the
experimental setup described in Section 3.1.3, using the same excitation light source

emitting at 365 nm.

Excitation and Emission ED microwave CDs

——Excitation and Emission PEI CDs
Excitation and Emission MET CDs
Excitation and Emission EA CDs

Intensity x 108
=

——Excitation and Emission ED CDs

Excitation and Emission ACR CDs

——Excitation and Emission PA CDs
—Excitation and Emission UREA CDs

Intensity x 10%

400 450
Wavelength (nm)

Figure 4.2: Excitation and emission spectra of the CDs synthesized in batch
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Table 4.2: Maximum emission and excitation wavelengths and Stokes shifts of the CDs

synthesized in batch

Maximum Maximum
Type of CDs emission excitation Stokes shift (nm)
wavelength (nm) | wavelength (nm)

ED microwave CDs 439 339 100
ED CDs 456 357 99
PEI CDs 445 353 92

ACR CDs 440 352 88
MET CDs 434 338 96
PA CDs 436 352 84
EA CDs 443 343 100
UREA CDs 443 342 101

Another important aspect regarding PL is the QY, which was calculated with the
optically dilute measurement method [338], in which the experimental is done using
quinine sulfate in 0.1 M sulfuric acid as a reference. The results obtained for the CDs
synthesized in batch are presented in Table 4.3.

Table 4.3: QY values of the CDs synthesized in batch

Type of CDs QY (%) Type of CDs QY (%)
ED microwave CDs 46 MET CDs 7
ED CDs 78 PA CDs 22
PEI CDs 32 EA CDs 16
ACR CDs 25 UREA CDs 44

The QY values are comparable with those obtained from literature. However, the
composition of the final product and the QYs depend on several experimental
parameters like the concentration of the precursors, the reaction time, the temperature,
and the pressure, for instance.

The size distribution of the CDs was studied through DLS measurements. Results
showed that CDs have average sizes between 2 and 5 nm. Only six measurements
were registered because the amount of MET CDs and PA CDs obtained were not
enough to perform the measurement. In Figure 4.3, the size distribution of the
measured CDs synthesized in batch can be seen, and in Table 4.4, the particle size of
the CDs is shown.
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Figure 4.3:
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Table 4.4: Particle size of the CDs synthesized in batch

Type of CDs Particle size (nm) Type of CDs Particle size (nm)
ED microwave 28+1.1 ACR CDs 43+17
CDs
ED CDs 26+x14 EA CDs 48+25
PEI CDs 3.1+£20 UREA CDs 25+1.0

The morphology and size distribution of the CDs was also studied through HRTEM
images. However, it was very difficult to obtain high-quality images, due to multiple
factors. The first one was the low contrast between the CDs and the carbon-coated
copper grids, the second one was the reduced dimensions of the CDs (less than 10
nm), and finally the formation of two fractions of CDs, one with a crystalline structure
(carbon core particles), that can be identified thanks to the observation of the diffraction
planes, and another one that is amorphous and suggests the formation of polymer
dots. These polymer dots have molecular fluorophore moieties embedded, causing the
enhancement of the QY but making it more difficult to obtain TEM images [340].

In Figure 4.4, an HRTEM image of the ED CDs can be observed. The different CDs,
highlighted in yellow, could be distinguished thanks to the diffraction planes after the
treatment with the dedicated ImageJ 1.51n software. The ED CDs had a quasi-
spherical shape and an approximate size of 2-4 nm (like the one obtained with the DLS
measurement), although the population was not big enough to extract a representative
value of this parameter with the images.

Figure 4.4: HRTEM image of the ED CDs synthesized in batch

Due to the difficulty observing the CDs, a different sample treatment was studied. This
process is based on the negative staining of the CDs using uranyl acetate. For the
preparation of the sample, a drop of the ED CDs was placed in the carbon-coated
copper grids, drying the excess with a filter paper after some minutes. After that, the
procedure was repeated with a drop of uranyl acetate. With this technique everything
around the nanoparticles was dyed. Therefore, when observing the samples with the
TEM, the imprint left by the CDs in a white color over a dark background [341-343]
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should be observed. An image obtained with the HRTEM using this sample treatment
can be observed in Figure 4.5.

Figure 4.5: HRTEM image of the ED CDs synthesized in batch prepared with a negative
staining process

As can be seen, clearer areas appeared that could correspond to ED CDs. However,
since the sizes obtained differ greatly from those obtained by DLS, it was suspected
that they correspond to the presence of crystals of the staining substance itself.

4.1.1.2 Selectivity tests

Once characterized, another key issue to assess the application of the synthesized
CDs as fluorescent probes was their selectivity. The interaction between the CDs and
the heavy metal ions could be explained by the chelating effects of the groups present
in the surface of the CDs towards the heavy metal ions.

As explained in Section 3.1.7.1, to evaluate selectivity, emission spectra of the CDs in
the presence of different heavy metal ion solutions (Cd?*, Co?*, Cu?*, Cr®*, Fe®*, Hg?",
Ni%*, Pb?*, Zn?*) at a concentration of 10 ppm, and other potentially interfering ions
present in water (Na*, Mg?*, Ca?*, Cl, COs?) at a concentration of 1000 ppm, were
registered in the spectrofluorometer. Their quenching effect on the fluorescence of the
different CDs was determined by representing the ratio between the fluorescence after
the addition of the studied ions to the CDs dispersion and the fluorescence of the CDs
dispersion itself (F/Fo) as can be seen in the next figures.
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Figure 4.6: Ratio between the fluorescence after the addition of different ions to the ED
microwave CDs and the fluorescence of the ED microwave CDs

As can be seen in Figure 4.6, the fluorescence of the ED microwave CDs was
guenched by Hg?', as expected from the literature [332], but it was also quenched in
the presence of Fe*. For the other ions studied the quenching effect was not
significant.
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Figure 4.7: Ratio between the fluorescence after the addition of different ions to the ED CDs
and the fluorescence of the ED CDs

In Figure 4.7, it can be clearly seen that the fluorescence of the ED CDs was quenched
by Hg?*, as expected [333], and was slightly quenched by Fe®**. The other ions studied
did not present quenching effects on the fluorescence of ED CDs. Taking these results
into account and also considering the higher QY of the ED CDs, these were used to
determine Hg?* in subsequent experiments.
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Figure 4.8: Ratio between the fluorescence after the addition of different ions to the PEI CDs
and the fluorescence of the PEI CDs

As can be seen in Figure 4.8, the fluorescence of the PEI CDs was only quenched by
Cu?*, as expected from the literature [257], so the PEI CDs can be used to selectively
detect Cu?* among the other ions studied.

1.2

0 1 1 1 1 1 1 1 1 1 1 1 1 1
3 [ TS ¥ Q 3 2 v x o o ¢ v
W F PP AP P T

lons

Figure 4.9: Ratio between the fluorescence after the addition of different ions to the ACR CDs
and the fluorescence of the ACR CDs

In Figure 4.9, it can be observed that the fluorescence of the ACR CDs was only
guenched by Co?*, as expected from the literature [334], so it can be concluded that
the ACR CDs can be used to selectively detect this heavy metal ion among the other
ions studied.
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Figure 4.10: Ratio between the fluorescence after the addition of different ions to the MET CDs
and the fluorescence of the MET CDs

In this case, as can be seen in Figure 4.10, the fluorescence of the MET CDs was
guenched by Fe?*', as expected from the literature [335], but the quenching effect was
weak. Moreover, other ions like Hg?* or Pb? produce quenching of fluorescence,
making the CDs not suitable for selective determination Fe** ions. In addition to that,
these CDs present a very low QY. Thus, they were discarded for subsequent
experiments.
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Figure 4.11: Ratio between the fluorescence after the addition of different ions to the PA CDs
and the fluorescence of the PA CDs

As can be seen in Figure 4.11, the fluorescence of the PA CDs was not significantly
quenched by any of the studied ions. A slight decrease in the fluorescence was
observed in the presence of Pb?*, as expected from the literature [264], but it was also
observed in the presence of other ions. So, these CDs were not suitable for selectively
detecting Pb?* ions.
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Figure 4.12: Ratio between the fluorescence after the addition of different ions to the EA CDs
and the fluorescence of the EA CDs

In Figure 4.12, it can be clearly seen that the fluorescence of the EA CDs was only
guenched in the presence of Pb?*, as expected from the literature [336], therefore,
these CDs were used for the selective determination of Pb?* in subsequent
experiments.
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Figure 4.13: Ratio between the fluorescence after the addition of different ions to the UREA
CDs and the fluorescence of the UREA CDs

As can be seen in Figure 4.13, the fluorescence of the UREA CDs was only quenched
by Ni**, as expected from the literature [337] so the UREA CDs can be used to
selectively detect Ni?* among the other ions studied.

So, to conclude this section, taking into consideration the selectivity towards the
different heavy metal ions and also the QY, the CDs selected for the development of
the miniaturized heavy metal analyzer were ED CDs (selective to Hg?*), PElI CDs
(selective to Cu?*), ACR CDs (selective to Co?*), EA CDs (selective to Pb?"), and UREA
CDs (selective to Ni?").
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4.1.1.3 Optimization of the analytical system

Once the CDs were completely characterized and their selectivity was assessed, they
were tested as fluorescence probes in the miniaturized analyzer based on a rFIA
protocol.

First of all, different chemical and hydrodynamic parameters of the FIA system affecting
the analytical quality parameters of the analyzer for the determination of heavy metal
ions were optimized using a univariate optimization procedure and taking as
compromise the fluorescence emission intensity, the signal-to-noise ratio, the
sensitivity, response time and reagents saving.

The first variable optimized was the buffer pH and concentration. As mentioned, a
citric/citrate buffer was used with an approximate buffer capacity from 3-6. The three
different concentrations tested were 0.01, 0.1 and 1 M, being 0.1 M enough to buffer
the CDs dispersion as well as very low pH samples as those from acidic extracts,
which were intended to be analyzed in further experiments. Moreover, four different pH
values (3, 4, 5, 6) were tested to obtain the maximum fluorescence signal and ensure
that the heavy metal species are free in solution.

1.2
> 1 ® —e
6
c
g 08
=
I
= 06
8 —e-ED CDs —-e-PEI CDs
g 04 ACR CDs EA CDs
Q
Z 9o —-o-UREA CDs
0 1 1
3 4 5 6
pH

Figure 4.14: Normalized fluorescence intensity obtained by injecting the five CDs into 0.1 M
citric/citrate buffer solutions of different pH values

Figure 4.14 shows the normalized fluorescence intensity of the CDs in buffer solutions
of different pH values. This parameter is crucial to control the optical properties of CDs
since they present ionizable functional groups on their surface, which are responsible
for their selective interaction to the analyte and determine the fluorescence efficiency
that depends on the surface quantum effects. Moreover, fluorescence of CDs is
reduced at extreme pH values, acidic or alkaline [344,345]. Taking all these aspects
into account, pH 4 was chosen as the optimal one since all the CDs had almost
maximum fluorescence emission at this pH value.

Once the pH and the concentration of the buffer were optimized, some hydrodynamic
parameters affecting the FIA measurements were also optimized, starting with the flow
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rate. Four different flow rates were tested, and the effect on the signal can be observed
when a volume of 0.5 mL of the dispersion of the 100-times diluted ED CDs was
injected into a 0.1 M citric/citrate buffer at pH 4 in Figure 4.15.
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Figure 4.15: Effect of flow rate into the obtained signal for an injection of 0.5 mL of 100-times
diluted ED CDs into the 0.1 M citric/citrate buffer solution at pH 4

As can be seen, faster flow rates implied more rapid analysis and therefore, higher
sample throughput, which is desirable. However, slightly less intense peaks were
obtained in the case of the highest flow rate tested (2 mL/min) because the carrier
solution (samples or standard solutions) is less time in contact with the injected volume
of CDs. As expected, the slower the flow rate is, the wider are the obtained peaks. As
for the 0.5, 1.0, and 1.5 mL/min the peak height almost did not change, a 1.5 mL/min
flow rate was chosen as the optimal one for subsequent experiments achieving a
response time of approximately 50 s.

Injection volume also impacts the signal. Four different injection volumes were tested
by injecting 100-times diluted ED CDs at a flow rate of 1.5 mL/min. Results can be
observed in Figure 4.16.
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Figure 4.16: Transitory signal obtained for different injection volumes of 100-times diluted ED
CDs into the 0.1 M citric/citrate buffer at pH 4

As can be seen, as a general tendency, the higher injection volume, the higher
intensity signal. However, the analysis time slightly increased. The intensity signal
difference between a 0.5 mL and a 1.0 mL injection volume was not significant, so it
was decided to take 0.5 mL as the optimal injection volume with enough signal and a
smaller number of CDs as the optical probe.

Finally, the CDs dilution factor was optimized. As mentioned in Section 3.1.6, 10, 50,
100, 500, and 1000 dilution factors were tested for the five CDs used for the heavy
metals’ determination. For this optimization, dispersions of CDs were injected into
citric/citrate buffer, 0.1, 0.5 and 1 ppm solutions of the heavy metal ion for which each
type of CD was selective to, and then the fluorescence quenching was related to the
concentration of the heavy metal by means of the Stern-Volmer equation explained in
Section 1.5.3.2 and the sensitivities were compared. The transient response of the
microsystem by injecting the ED CDs into the mentioned solutions (Figure 4.17A) and
the Stern-Volmer representation of quenching effect of ED CDs with the different
dilution factors (Figure 4.17B) are shown below as an example.
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Figure 4.17: A) Transient response of the microsystem by injecting ED CDs of different dilution
factors into the buffer and into 0.1, 0.5, and 1 ppm Hg?* solutions and B) Stern-Volmer
representation of quenching effect of ED CDs with different dilution factors
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As it can be seen in Figure 4.17A, with the 1000-times diluted ED CDs the signal was
almost indistinguishable from the background noise and the Stern-Volmer
representation could not be made. As can be seen in Figure 4.17B the higher
sensitivity was obtained with the 100-times diluted ED CDs. Moreover, at lower dilution
factors (higher concentrations of CDs), it was observed the appearance of double
peaks due to improper mixing of the CDs and the carrier that caused repeatability
issues. The reduction of the sensitivity in this case could also be caused by the
saturation of the detector. In the case of the 500 times dilution factor the sensitivity was
also high but the signal-to-noise ratio was much better for the 100-times diluted ED
CDs. Another aspect to consider was that the limiting reagent in this analysis was the
CDs probe, so less guantity of them was preferred. In the case of the other four CDs
the procedure followed to optimize the dilution factor was the same. The optimal
dilution factors for the other four CDs can be seen in Table 4.6.

After the hydrodynamic parameters were optimized, other operational variables
determining the optical signal obtained with the customized optical detection system
were evaluated. These were the signal amplification modulated by the electronic
circuitry and the integration time (the parameter input that tells the detector how long to
collect data before giving the signal).

As explained in Section 3.1.6, ED CDs were injected per triplicate into the 0.1 M buffer
solution at pH 4 and into 0.01 ppm Hg?* standard solution to evaluate the signal-to-
noise ratio. Three different signal amplification factors (1, 10, and 100) and three
different integration times (0.1, 0.5 and 1.0 s) were tested. 100-times diluted ED CDs
were used for these experiments. To establish the optimal conditions, the difference
between the mean of the peak height of the three injections made into the buffer and
the mean of the peak height of the three injections made into the 0.01 ppm Hg?
solution was divided by the noise of the measurement. Figure 4.18A, B, and C show
the transient signals of the system to the injection of ED CDs into the mentioned
solutions with the three integration times and signal amplifications of 1, 10, and 100,
respectively. Results obtained are summarized in Table 4.5.
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Figure 4.18: Transient signals of the miniaturized optical system to the injection of ED CDs into
citric/citrate buffer and into the 0.01 ppm Hg?* solution with the three integration times and
signal amplifications of: A) 1, B) 10, and C) 100

Table 4.5: Table with the different signal-to-noise ratio values obtained

Sianal Difference

.g. . Integration between the Noise of the Signal-to-
amplification . ; .
time (s) means of the | measurement noise ratio
factor .
peak heights

0.1 4.22 x 10 1.21 x 102 3.49 x 10
1 0.5 2.67 x 10* 5.50 x 1073 4.85 x 102
1.0 2.60 x 103 1.03 x 102 252 x 101
0.1 4.43 x 103 8.10 x 10°® 5.47 x 101
10 0.5 1.20x 103 9.40 x 103 1.28 x 101
1.0 2.87 x 103 7.00 x 103 4.09 x 10
0.1 2.99 x 102 8.12 x 102 3.68 x 101
100 0.5 2.92 x 102 8.88 x 102 3.29 x 101
1.0 1.79 x 102 7.50 x 102 2.39x 101

From the data obtained, it seemed that the different integration times had a random
effect on the signal-to-noise ratio and did not follow any clear trend. Regarding the
signal amplification factor, an amplification factor of 1, showed a smaller difference
between the mean of the peak height than the other signal amplification factors, thus
giving a worse signal-to-noise ratio. For a signal amplification factor of 10, the
difference between the mean of the peak height was higher than for the signal
amplification factor of 1 and the noise of the measurement was similar, thus the signal-
to-noise ratio was higher. For the signal amplification factor of 100, the difference
between the means of the peak heights increased compared to the other two signal
amplification factors, but the variability of the baseline leaded to a noise increase, thus
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causing that the signal-to-noise ratio values were lower. Taking all these factors into
account and considering the results of Table 4.5, it could be concluded that the best
conditions were a signal amplification factor of 10 and an integration time of 0.1 s.

To summarize, in this section, different parameters affecting the fluorescent signal in
the customized miniaturized optical detection system were optimized. These optimal
values, that were used for all the subsequent experiments, can be seen in Table 4.6.

Table 4.6: Summary of the optimization of chemical, operational and hydrodynamic parameters

Parameter Tested interval Optimal value

Buffer concentration (M) 0.01-1.00 0.10
Buffer pH 3-6 4

Carrier flow rate (mL/min) 05-20 15
Injection volume (mL) 01-1.0 0.5
Signal amplification 1-100 10
Integration time (s) 01-10 0.1

ED CDs dilution factor 10 - 1000 100
PEI CDs dilution factor 10 - 1000 50

ACR CDs dilution factor 10 -1000 100
EA CDs dilution factor 10 -1000 10
UREA CDs dilution factor 10 - 1000 50

4.1.1.4 Analytical quality parameters

Once the different parameters affecting the determination of heavy metal ions were
optimized, the different analytical quality parameters were calculated from calibration
plots obtained performing the separate analysis of each heavy metal. As explained in
Section 3.1.7.2, calibration plots were obtained by injecting per triplicate each type of
CDs synthesized in batch into the 0.1 M citric/citrate buffer at pH 4 (from which a
maximum signal should be obtained (Fo)), and into standard solutions containing
increasing concentrations of the heavy metal studied in each case (from which
quenched signals should be obtained (F)). The transient signals of the five
measurements performed can be seen in Figure 4.19 to Figure 4.23, and the Stern-
Volmer representation of the data is shown in Figure 4.24. Some analytical quality
parameters like sensitivity (Ksv), LOD, and repeatability are also summarized in Table
4.7.
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Figure 4.19: Transient fluorescence intensity signal of the microsystem by injecting the 100-
times diluted ED CDs into 0.1 M citric/citrate buffer solution pH 4 and solutions of different
concentrations of Hg?*
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Figure 4.20: Transient fluorescence intensity signal of the microsystem by injecting the 50-times
diluted PEI CDs into 0.1 M citric/citrate buffer solution pH 4 and solutions of different
concentrations of Cu?*
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Figure 4.21: Transient fluorescence intensity signal of the microsystem by injecting the 100-
times diluted ACR CDs into 0.1 M citric/citrate buffer solution pH 4 and solutions of different
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Figure 4.22: Transient fluorescence intensity signal of the microsystem by injecting the 10-times
diluted EA CDs into 0.1 M citric/citrate buffer solution pH 4 and solutions of different
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Figure 4.23: Transient fluorescence intensity signal of the microsystem by injecting the 50-times
diluted UREA CDs into 0.1 M citric/citrate buffer solution pH 4 and solutions of different
concentrations of Ni2*

As can be seen in the different transient measurements, the fluorescence signal quickly
returned to the baseline after each signal peak and there was not any significant signal
drift of the baseline, demonstrating the robustness of the miniaturized optical system
for the determination of heavy metal ions.
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Figure 4.24: Stern-Volmer representation of the quenching effect of the target heavy metals on
the fluorescence of the different CDs synthesized in batch
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Calibration plots showed a good linear correlation in the studied range (R? > 0.99), as
can be seen in Figure 4.24. Moreover, the values of the intercept were approximately 1
in all cases, indicating that the calibration plots fit the Stern-Volmer equation and that a
single quenching mechanism was occurring between the different heavy metal ions
and the CDs at the evaluated concentration range.

Table 4.7: Analytical performance of the miniaturized analyzer for the determination of heavy
metals with the CDs synthesized in batch

Type of CDs Ksv (ppm-3) LOD (ppb) Rezz;tgg')"ty
ED CDs 0.380 * 0.008 59%08 05
PEI CDs 0.278 % 0.007 11.7%0.7 1.2
ACR CDs 0.288 * 0.009 39:05 0.9
EA CDs 033%001 8808 11
UREA CDs 0.241 % 0.009 25%0.3 0.4

From this data, it could be concluded that all the measurements had good repeatability
(below 1.2%), and the LODs obtained for four of the five heavy metals studied were
below the limits set by different organizations (EU, US EPA, and WHO), that are listed
in Table 1.1 (Section 1.1.1) for drinking water. Only in the case of Hg?*, the limits set
were below the LOD obtained with the microanalyzer.

4.1.1.5 Analysis of synthetic and real samples

As it is explained in Section 3.1.7.3, to assess the applicability of the miniaturized
analyzer for the determination of heavy metal ions, spiked tap water samples and
extracts of polluted soil samples were analyzed with the CDs synthesized in batch. For
the tap water samples, they were spiked with different concentrations of the heavy
metal studied in each case, and the recovery rates were calculated. Results are shown
in Table 4.8.

Table 4.8: Recovery rates obtained for the determination of the heavy metals studied in spiked
tap water samples

Analyte recovery rates
Concentration of the
Sample analyte in the Hg?* Cu? Co% Pb2* Ni2*
sample (ppm)

0.03 129% | 131% | 120% | 134% | 123%
Spiked 0.06 116% | 112% | 111% | 120% | 110%
tap 0.1 105% | 103% | 105% | 105% | 104%
water 0.4 101% | 100% | 100% | 102% | 100%
0.8 99% 99% 98% 101% 99%
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From the data obtained, it can be extracted that, in general, an overestimation is
noticed for the less concentrated samples, the ones that are near the LODs. However,
despite that for some of the heavy metal ions studied the results obtained at their limits
set in drinking water are overestimated (Hg?*, Ni?*, and Pb?"), for the other two (Cu?*
and Co?"), the results of recovery rates obtained at concentrations lower than the limits
set for drinking water are around 100%. Therefore, the developed strategy and the
automatic miniaturized analyzer has the potential to be employed as a multiparametric
warning system for heavy metals pollution in water samples.

In addition to these spiked tap water samples, nitric acid extracts of polluted soil
samples containing high concentrations of four of the five heavy metals studied (Cu?*,
Co?*, Ni?*, and Pb?"), as well as other metallic ions were analyzed. To carry out these
measurements, previously, calibration plots were performed with standard solutions at
higher concentrations (different concentration ranges depending on the analyte). The
Stern-Volmer representations of this calibration plots are shown in Figure 4.25.

Continuous flow techniques (such as FIA) can be adapted easily to the sample by
changing or adding different operations. For instance, in the case that the sample was
too acid/basic for the buffer capacity, or that the concentration of the sample felt
outside the linear range, the sample/buffer ratio could be modified to tune pH or
dilution, respectively. Another possibility for future prototypes is to automatically
prepare the standard solutions for calibration by dilution of a concentrated stock
solution.
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Figure 4.25: Stern-Volmer representation of the quenching effect of the heavy metal ion studied
in each case on the fluorescence of A) ED CDs, B) ACR CDs, C) EA CDs, and D) UREA CDs

From these Stern-Volmer representations, it could be noticed that measurements had
lower sensitivity at higher concentrations, even though the linear correlation was good.
This is because the Stern-Volmer model has some limitations that affect the accuracy,
caused by deviations at high concentrations [346].

In Table 4.9, the concentration of the heavy metals studied in 8 polluted soil samples,
determined by the reference method (ICP-OES) and with the developed microanalyzer,
and accuracies expressed as % error are shown.
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Table 4.9: Concentration of the heavy metals studied in polluted soil samples determined by the
reference method (ICP-OES) and with the developed microanalyzer, and % error between the

two methods
2+ 2+
Sample [Cu™] deE/CeLljoged % [Co™] deE/C:I)opzed %
ICP-OES . ICP-OES .
number (Ppm) microanalyzer | error (ppm) microanalyzer | error
(Ppm) (Ppm)
1 576.2 587.0 1.9 49.4 49.1 0.5
2 255.7 251.1 1.8 34.2 36.0 51
3 511.7 507.3 0.9 61.3 63.9 4.3
4 119.7 116.2 2.9 24.8 26.0 4.8
5 231.9 236.5 2.0 39.1 37.9 3.1
6 458.3 477.9 4.3 43.3 41.4 4.4
7 90.5 92.2 1.9 13.6 14.3 4.5
8 95.7 92.4 3.4 19.9 21.0 5.7
2+ 12+
Sample [Pb*] deE/PekI)oged % [Ni*] de\[/gllor])ed %
ICP-OES . ICP-OES .
number (Ppm) microanalyzer | error (ppm) microanalyzer | error
(ppm) (Ppm)
1 11.5 12.0 4.8 42.3 42.8 1.0
2 4.8 4.9 2.1 31.8 31.6 0.7
3 5.3 5.2 1.7 61.3 61.9 1.0
4 3.7 3.9 7.4 35.8 35.9 0.3
5 4.0 4.0 1.0 57.9 58.7 14
6 7.1 7.0 1.3 33.4 32.9 14
7 0.8 0.8 4.0 25.7 26.4 3.1
8 2.2 2.3 7.5 33.9 354 4.4

As can be appreciated, accuracy depends on the analyte as well as the concentration,
the mean of the errors being less than 3%. At low concentrations the error is bigger
and four samples from the 32 analyses gave an error over 5%, therefore we can
conclude that the system can operate with acidic extracts of polluted soils with different
heavy metals and other ions at different concentration levels. Moreover, a comparative
study between the results obtained for the four heavy metals determined in the polluted
soil samples with the two methods (the reference method (ICP-OES) and the

developed miniaturized analyzer) is presented in Figure 4.26.
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Figure 4.26: Comparative study between results for the analysis of (A) Cu?*, (B) Co?*, (C) Pb?*,
and (D) Ni2* in polluted soil samples (n=8)

Regression equations of the comparison tests (intercept, slope, and correlation
coefficient) for the four heavy metal ions studied as well as tcac (95% of confidence)
values obtained with the paired t-test are shown in Table 4.10.

Table 4.10: Data obtained from the statistical data treatment of the comparative studies

Analyte
Cu? Co? Pb?* Ni2*
Slope (b) 1.02 £ 0.02 1.00 + 0.04 1.03 £+ 0.04 1.01 +£0.04
Intercept (a) -4+ 4 0.5+0.5 -0.03 + 0.06 0.02 £ 0.08
Correlation
coefficient (R?) 0.9986 0.9908 0.9971 0.9978
tealc 0.851 0.911 1.639 1.994

From the statistical data treatment, it can be concluded that the results obtained with
the developed microanalyzer were not significantly different from the ones measured
with the reference method (ICP-OES) according to the paired t-test (as tcac < twp) for
the four heavy metals analyzed. Taking this into account, it has been demonstrated
that the developed microanalyzer can be used for determining different heavy metal
ions in different types of samples with good accuracy and precision, proving the
reliability of the miniaturized analyzer as a warning system.
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4.1.2 Optical detection of heavy metal ions with CDs synthesized in
LTCC microreactors

4.1.2.1 Synthesis and optimization

Different CDs were synthesized following the methods described in Section 3.1.4.2.
The solutions obtained from the synthesis in the LTCC microreactors had different
colors and viscosities, very similar to the analogues synthesized in batch. A brief
description of the synthesized CDs follows as: ED CDs (dark brown suspension), PEI
CDs (light brown suspension), ACR CDs (dark brown suspension), and EA CDs (dark
brown suspension). As mentioned in Section 3.1.4.2, for the four syntheses, two
fractions were separated, one that was dialyzed (D) and another one that was not
dialyzed (ND). Some experiments were performed using both fractions, where they are
identified with D or ND, and in some other experiments only the D fraction was used.

As explained in Section 3.1.4.2, two of the synthesis processes were adapted and
reproduced to characterize the analytical response of the resulting CDs (ED CDs and
PEI CDs). Moreover, two other synthesis processes performed in batch were adapted
to be done in the LTCC microreactor (ACR CDs and EA CDs). In this process some
parameters affecting the QY of the final product were optimized. On the one hand, the
concentration of the nitrogen precursor (ED for the two synthetic processes) and on the
other hand, temperature. Pressure was another important parameter affecting the
synthesis. It was fixed at 17 bar as for the two previous syntheses. In Figure 4.27A and
B a comparison of the QYs obtained by varying the two parameters is shown.
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Figure 4.27: Comparison of the QYs of (A) D ACR CDs, and (B) D EA CDs under different
temperatures and different amounts of nitrogen precursor

As can be seen in the previous figure, the temperature of the synthesis had an
important effect on the QY of the CDs obtained, showing a maximum at 170 °C in both
cases. As mentioned in Section 4.1.1.1, performing the synthesis at higher
temperatures could increase the carbonization degree, obtaining a carbon core-based
product, which is more photostable but has a lower QY [340]. The effect of the
concentration of the nitrogen precursor (ED) was also noticeable. With the three
concentrations tested in the two cases, the smallest one led to lower QY values due to
the incomplete reaction between the two precursors, while when the concentration of
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the ED solution was the highest tested, the QY was lower than that obtained with the
solution of medium concentration, which could mean that an excess of ED in solution
was affecting the final CDs QY. Therefore, the optimal synthetic conditions to obtain
the highest QY were using a solution containing 0.75 M of ED in the case of the ACR
CDs, and a solution containing 0.030 M of ED in the case of the EA CDs and
performing the syntheses at 170 °C.

4.1.2.2 Characterization

As for the CDs synthesized in batch, the four CDs synthesized with the LTCC
microreactor showed blue PL upon irradiation with a UV lamp. All of them present
similar absorbance spectra, as can be seen in Figure 4.28. As mentioned earlier, the
CDs were diluted until an approximate absorption of 0.05a.u. was reached, to avoid
possible self-attenuation effects.
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Figure 4.28: UV-Vis spectra of the different D CDs synthesized in the LTCC microreactor

In Table 4.11 the wavelengths at which the maximum absorbance of the different
synthesized CDs appears, can be seen.

Table 4.11: Wavelengths for the SPR band of the CDs synthesized in the LTCC microreactor

Wavelength of the maximum
Type of CDs absorbance (nm)
D ED CDs 360
D PEI CDs 345
D ACR CDs 352
D EA CDs 353
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As can be seen in the table, maxima of the absorption bands are located between 345
and 360 nm in all cases, therefore, they are suited to be used with the developed
analyzer, which employs a LED emitting at 365 nm as excitation source.

After characterizing the absorbance of the CDs, the PL was also evaluated by
registering their emission and excitation spectra, that can be observed in Figure 4.29.
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Figure 4.29: Excitation and emission spectra of the CDs synthesized in the LTCC microreactor

The different CDs dispersions show, as well as for the ones previously synthesized in
batch, wide excitation bands with maxima around 350 nm and wide emission bands
with maxima around 450 nm. The Stokes shifts were also calculated obtaining values
around 100 nm in all cases, as it can be seen in Table 4.12.

Table 4.12: Maximum emission and excitation wavelengths and Stokes shifts of the CDs
synthesized in the LTCC microreactor

Maximum Maximum
Type of CDs emission excitation Stokes shift (nm)
wavelength (nm) | wavelength (nm)
D ED CDs 456 352 104
D PEI CDs 443 350 93
D ACR CDs 456 355 101
D EA CDs 450 355 95

QYs were also calculated with the optically dilute method using quinine sulfate in 0.1 M
sulfuric acid as a reference. In this case, for comparison purposes, we calculated QY of
both fractions of each type of CD synthesized in the LTCC microreactor. In this way,
we would identify if the purification process was essential or not and assess whether
CDs could be directly employed after their synthesis. Obtained results are presented in
Table 4.13.
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Table 4.13: QY values of the CDs synthesized in the LTCC microreactor

Type of CDs QY (%) Type of CDs QY (%)
D ED CDs 80 ND ED CDs 72
D PEI CDs 35 ND PEI CDs 31

D ACR CDs 46 ND ACR CDs 44
D EA CDs 24 ND EA CDs 20

In general, and compared to batch synthesis, QYs are higher when the synthesis is
performed in the microreactors. Moreover, the D fractions had slightly higher QY's than
the ND fractions, indicating that without purification the presence of some unreacted
precursors or other by-products formed in the synthesis quench the fluorescence of the
CDs. However, QYs obtained with the ND fractions were high enough, compared to
other luminophores, to be employed as PL probes. DLS measurements were
performed to determine the size distribution of the CDs. The measurements acquired
for the four different CDs synthesized can be seen in Figure 4.30, and the results of the
particle size distributions are shown in Table 4.14.
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Figure 4.30: Size distribution of the CDs synthesized in the LTCC microreactor: D ED CDs (A),
D PEI CDs (B), D ACR CDs (C), and D EA CDs (D)
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Table 4.14: Particle size of the CDs synthesized in the LTCC microreactor

Type of CDs Particle size (nm)
D ED CDs 26+0.9
D PEI CDs 28+1.1

D ACR CDs 42+0.8
D EA CDs 49+15

Results showed that the CDs have average sizes between 2 and 5 nm, as for the CDs
synthesized in batch. However, the size distribution is narrower in the case of using the
LTCC microreactor as a consequence of the better control of temperature and mixture
of precursors.

As commented in Section 4.1.1.1, it was very challenging to obtain HRTEM images of
the CDs with high contrast. In Figure 4.31A, a HRTEM image of the ACR CDs can be
seen. Some D ACR CDs have been identified thanks to the diffraction planes after the
treatment with the ImageJ software. D ACR CDs had a quasi-spherical shape and an
approximate size of 3-5 nm, that was similar to the one obtained with the DLS
measurement. Figure 4.31B also shows a Scanning Transmission Electron Microscopy
(STEM) image obtained from this CDs sample. In this case, the electron beam is
focused on a small spot and the surrounding is scanned [347]. This technique allowed
to observe the CDs with better contrast (white dots in Figure 4.31B), but the beam
cannot be focused on the same spot of the sample for a long time because it is burned.

Figure 4.31: (A) HRTEM image and (B) STEM image of the D ACR CDs

Finally, FTIR spectra of the CDs synthesized in the LTCC microreactor were acquired
to know the functional groups present in their surface. The results obtained are the
following.
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Figure 4.32: FTIR spectrum of the D ED CDs

For ED CDs, it can be observed a broad band ranging from 3500 to 2200 cm?, which
could be attributed to the presence of water in the sample. The peak at 1700 cm™
corresponds to C=0 stretching, the peak at 1550 cm™ to the C=C stretching, the peak
at 1395 to N-H bending vibration, the peak at 1340 cm™ to the C-N stretching, the peak
at 1225 cm™ to the C=0 aromatic stretching, and the one at 1060 cm™ can be ascribed
to the O-H stretching vibration. The peak at 900 cm? is attributed to the O-H of the
carboxyl group and the peak at 780 cm™ to C-H deformation vibration.
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Figure 4.33: FTIR spectrum of the D PEI CDs

For PEI CDs, it can be observed a peak at 3410 cm, that can be associated with O-H
stretching vibrations, and the peaks at 2942 and 2820 cm?, correspond to C-H
stretching vibrations. The peak at 1652 cm™ is attributed to C=0 stretching vibration,
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the one at 1576 cm™ to the C=C stretching, and the one at 1444 cm? to the N-H
bending vibration. Finally, the peaks located at 1280, 1142, and 990 cm™ correspond to
asymmetric stretch of a C-N bond, to C=C stretching, and to C-O aromatic stretching,
respectively.
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Figure 4.34: FTIR spectrum of D ACR CDs

For ACR CDs, the following peaks can be observed, which can be assigned to different
functional groups: the broad peak in the 3500-2500 cm™ area could come from
stretching vibrations of O-H groups. Moreover, bands at 3170 cm™® and 3010 cm™?
correspond with N-H of an amide group and with C-H stretching vibrations,
respectively. The peak at 1646 cm™ could be assigned to the stretching vibration of
C=0, the peak at 1550 cm™ to the C=C stretching vibration, the peak at 1388 cm
belongs to the bending vibration of N-H, the one at 1278 cm™ is from the asymmetric
stretch of C-N, and finally, the peak at 1044 cm™ is attributed to C-O aromatic
stretching, and the one at 770 cm™ that is associated with the deformation vibration of

C-H.

89



Results and Discussion

[
: I
C
P 291 e\‘ 2846
= \
w l
= \ 3214
2 3456 \
© 3350
\ 760
o / 960
1672
1436 1086
4000 3500 3000 2500 2000 1500 1000 500

Wavelength (cm™)

Figure 4.35: FTIR spectrum of the D EA CDs

Finally, for the EA CDs the main peaks that can be observed are: a peak at 3456 cm*
and another one at 3350 cm™ that correspond to the stretching vibration of O-H, the
peak at 3214 cm™ that is associated with the N-H of an amide, the peaks at 2916 cm™*
and at 2846 cm™ correspond to C-H stretching vibrations. The peak at 1672 cm
comes from C=0 stretching vibrations, the one at 1436 cm® from N-H bending
vibration, and the one at 1066 cm™ from the O-H stretching vibrations. Finally, the
peaks located at 960 and 760 cm™ correspond to the O-H of a carboxyl group, and to
the deformation vibration of C-H bonds, respectively.

The results obtained from the FTIR spectra of the CDs indicated that nitrogen
functionalization was successful in all cases and that different carboxyl, hydroxyl,
amino, and amide bonds exist on the surface of the CDs, which confer the CDs their
water solubility and allow the selective interaction with different heavy metal ions [218].

The main differences between the CDs based on their FTIR spectra were: for ED CDs
the bands associated with O-H stretching vibrations, C-H stretching vibrations, and N-H
of an amide were not detected probably due to the presence of water in the sample, for
PEI CDs the band associated with an N-H bond of an amide could not be observed, for
ACR CDs the band associated with C=0O stretching vibrations was found to be less
intense than for the other CDs analyzed, for EA CDs the band associated with C=C
stretching could not be observed (it could be overlapped with other bands) and in the
case of PEI CDs this band is less intense than for the other two CDs. Moreover, for EA
CDs the band associated with C=0 aromatic stretching could not be observed. These
differences in the results obtained for CDs surface functional groups could be the
responsible of the different selectivity of the synthesized CDs.

There is not much information in the literature about the functionalization of CDs and
their selectivity. -COOH, -OH, or -CONH- functional groups are Lewis bases that can
interact with Lewis acids such as heavy metal ions, and this interaction, and thus
selectivity, may depend on many factors related with coordination chemistry.
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4.1.2.3 Selectivity tests

Selectivity of the obtained CDs was also assessed and to evaluate it, emission spectra
of the CDs dispersions in the presence of different heavy metal ion solutions (Cd?",
Co?*, Cu?, Cr¥, Fe®, Hg?, Ni?*, Pb?", Zn?*) at a concentration of 10 ppm, and other
potentially interfering ions present in water (Na*, Mg?*, Ca?, CI, COs?) at a
concentration of 1000 ppm, were registered in the spectrofluorometer. The ratio
between the fluorescence after the addition of the studied ions to the CDs dispersion
and the fluorescence of the CDs (F/Fy) is represented for each type of CDs synthesized
in the LTCC microreactor.
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Figure 4.36: Ratio between the fluorescence after the addition of different ions to the D ED CDs
and the fluorescence of the D ED CDs synthesized in the LTCC microreactor

As can be seen in Figure 4.36, the fluorescence of the ED CDs was strongly qguenched
by Hg?*, as in CDs synthesized in batch. None of the other ions studied induced a
significant quenching effect.
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Figure 4.37: Ratio between the fluorescence after the addition of different ions to the D PEI CDs
and the fluorescence of the D PEI CDs synthesized in the LTCC microreactor

In Figure 4.37, it can be clearly seen that the fluorescence of the PEI CDs was
guenched by Cu?* and was slightly quenched by Fe3*" as their analogous synthesized in
batch, but it was not significant, as it could be demonstrated in the selective detection
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of Cu?" with the developed microanalyzer under solutions containing Fe®* as well
(acidic extracts of polluted samples). The other ions studied did not present any
guenching effect on the fluorescence of PEI CDs.
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Figure 4.38: Ratio between the fluorescence after the addition of different ions to the D ACR
CDs and the fluorescence of the D ACR CDs synthesized in the LTCC microreactor

For ACR CDs, as can be seen in Figure 4.38, the only ion that produced a significant
quenching effect was Co?*, as in ACR CDs synthesized in batch.
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Figure 4.39: Ratio between the fluorescence after the addition of different ions to the D EA CDs
and the fluorescence of the D EA CDs synthesized in the LTCC microreactor

Finally, in Figure 4.39, it can be clearly seen that the fluorescence of the EA CDs was
only quenched in the presence of Pb?*, as in EA CDs synthesized in batch.

To sum up, the use of the microreactor improves the homogeneity of the obtained CDs
in terms of size distribution but did not alter their selectivity because this property is
mainly attributed to the employed precursors, which were the same. Therefore,
selectivity was the following: ED CDs were selective to Hg?*, PEI CDs were selective to
Cu?*, ACR CDs were selective to Co?*, and EA CDs were selective to Pb?".
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4.1.2.4 Analytical quality parameters

The synthesized nanomaterials were afterwards employed as fluorescent probes to
determine the four heavy metals in water using the developed analytical system. As in
Section 4.1.1.4, four calibration plots for the separate analysis of each heavy metal
studied were obtained to calculate different analytical quality parameters. In this case
the calibration plots for both fractions of each type of CDs were obtained to compare
the analytical quality parameters. They were acquired in the same way, injecting per
triplicate each type of CDs dispersion into the 0.1 M citric/citrate buffer at pH 4 (from
which a maximum signal should be obtained (Fo)), and into standard solutions
containing increasing concentrations of the heavy metal studied (from which quenched
signals could be obtained (F)). In Figure 4.40, the four Stern-Volmer plots can be seen.
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Figure 4.40: Calibration curves represented as the Stern-Volmer plot for the target heavy metals

Calibration plots showed a good linear correlation in the studied range (R? > 0.99).
From the plots, the sensitivity (Ksy) and the LOD could be obtained. Repeatability was
also calculated, and these three parameters are summarized in Table 4.15. As well as
for the CDs synthesized in batch, the values of the intercept were approximately 1 in all
cases, indicating that the calibration plots fit the Stern-Volmer equation and that a
single quenching mechanism was occurring between the different heavy metal ions
and the CDs.
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Table 4.15: Analytical performance of the miniaturized analyzer for the determination of heavy

metals with the CDs synthesized in the LTCC microreactor

Type of CDs Ksv (ppm?) LOD (ppb) Reﬁ)ZaRtggl)“ty
D ED CDs 0.412 £ 0.008 6.3x0.9 1.8
ND ED CDs 0.37£0.01 6.6 £0.8 1.7
D PEI CDs 0.36 £ 0.01 9.7+£0.7 1.3
ND PEI CDs 0.28£0.01 11.2+1.0 15
D ACR CDs 0.32 £ 0.02 6.0+£1.0 15
ND ACR CDs 0.320 + 0.008 6.7+0.9 1.6
D EA CDs 0.37£0.01 8.4x0.6 0.8
ND EA CDs 0.35+£0.02 75x1.2 2.1

All measurements have a good repeatability (with a maximum RSD value of 2.1%), and
as in the case of the CDs synthesized in batch the LODs obtained for three of the four
heavy metals studied were below the limits set listed in Table 1.1 for drinking water. In
the case of Hg#, the limits set are below the LOD obtained with the microanalyzer. As
a general trend, the D fractions showed higher sensitivity than the ND fractions. As
already stated, this effect could be caused by the unreacted precursors and by-
products formed that interfere in the CDs/heavy metal interaction. However, in all the
cases, sensitivity was high enough to conclude that the different CDs synthesized in
the LTCC microreactor could be used for the analysis of heavy metals without further
purification, thus enabling the integration of the synthesis and the optical detection, as
it was performed afterwards and that can be seen in Section 4.1.3.

4.1.2.5 Analysis of synthetic and real samples

To demonstrate the applicability of the system for the analysis of water samples, spiked
tap and river water samples were analyzed. Recovery rates and %RSD were
calculated for the tap and river water samples, that can be seen in Table 4.16 and 4.17
respectively.
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Table 4.16: Recovery rates and %RSD obtained with spiked tap water samples (n=3)

Concentration Concentration

of Hg?* spiked | Recover of Cu?* spiked | Recover

in thge saFr)ane rate (%)y RSD (%) in the saFr)ane rate (%)y RSD (%)
(ppm) (ppm)
0.10 107 3.6 0.10 99 4.7
0.25 99 2.8 0.25 100 5.6
0.50 98 25 0.50 100 2.0
0.75 101 1.4 0.75 102 2.2

Concentration Concentration

of Co?* spiked | Recover of Pb?* spiked | Recover

in the sa?nple rate (%)y RSD (%) in the sa?nple rate (%)y RSD (%)
(ppm) (ppm)
0.10 101 2.5 0.10 102 34
0.25 99 2.7 0.25 100 2.3
0.50 97 1.9 0.50 99 3.0
0.75 102 1.7 0.75 100 2.0

Table 4.17: Recovery rates and %RSD obtained with spiked river water samples (n=3)

Concentration Concentration
of Hg?* spiked | Recover of Cu?* spiked | Recover
in thge sa?nple rate (%)y RSD (%) in the sarr)nple rate (%)y RSD (%)
(ppm) (Ppm)
0.10 103 45 0.10 100 5.3
0.25 100 3.7 0.25 102 45
0.50 98 1.5 0.50 99 3.8
0.75 103 2.7 0.75 101 1.1
Concentration Concentration
of Co?* spiked | Recover of Pb?* spiked | Recover
in the saFr)ane rate (%)y RSD (%) in the sa[r)nple rate (%)y RSD (%)
(ppm) (ppm)
0.10 102 4.6 0.10 104 3.0
0.25 100 1.4 0.25 102 3.8
0.50 102 3.9 0.50 101 2.9
0.75 102 1.1 0.75 99 2.3

From the results obtained, the calculated recovery rates are between 97% and 107%,
showing good accuracy. Precision depends on the analyte as well as the
concentration, but the mean of the RSD for three measurements was calculated to be
less than 3% in the case of the spiked tap water samples and less than 4% in the case
of spiked river water samples. The slightly higher value of RSD found in the case of
spiked river water samples can be attributed to a more complex matrix. As can be
seen, in general, at low concentrations the RSD is higher, but only one of the spiked
tap water samples and one of the spiked river water samples exceeded 5% of RSD.
With these results it can be concluded that the microanalyzer was able to determine
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four heavy metal ions with good precision and accuracy with the CDs synthesized in
the LTCC microreactor.

4.1.2.6 Comparison of the performance with CDs synthesized in batch

Some of the most important features regarding the performance of the CDs are
compared in this section for the four synthesis processes that were adapted to be
performed in the fabricated LTCC microreactor. In Table 4.18, QYs, LODs and
sensitivities (Ksv) for the same CDs synthesized in batch and in the LTCC microreactor
can be seen.

Table 4.18: Comparison between some features for the same CDs synthesized in batch and in
the LTCC microreactor

CDs iiyt;‘;?:s'zed QY (%) LOD (ppb) Sensitivity (Ksv) (ppm-)
ED CDs 78 59+0.8 0.380 = 0.008
PEI CDs 32 11.7+0.7 0.278 £ 0.007
ACR CDs 25 3.9x05 0.288 = 0.009
EA CDs 16 8.8+0.8 0.33+£0.01
CDs synthesized
inthe LTCC QY (%) LOD (ppb) Sensitivity (Ksv) (ppm™™)
microreactor
ED CDs 80 6.3x0.9 0.412 £ 0.008
PEI CDs 35 9.7+0.7 0.36 £0.01
ACR CDs 46 6.0+£1.0 0.32£0.02
EA CDs 24 8.4+0.6 0.37£0.01

As seen previously, one parameter that improved with the synthesis in the LTCC
microreactors was homogeneity of the CDs size distribution as can be seen from the
narrower particle size distribution obtained. From data in Table 4.18 it can be noticed
that QY are higher for the CDs synthesized in the microreactor, thus indicating the
formation of a greater quantity of amorphous nanoparticles (polymer dots) that have
more molecular fluorophore moieties embedded, causing the enhancement of the QY.
Sensitivity was also slightly enhanced, and it could also be the result of more
fluorescence moieties capable of interacting with the analyte. Regarding the LODs, as
this parameter is calculated from the baseline, and it is limited from the instrumental
noise no clear tendency was observed from the comparison of both synthesizing
methods. However, as can be seen in the table, except in the case of Hg?*, LODs were
below the legal limits set for drinking water in all cases. Moreover, the use of LTCC
microreactors for the synthesis of CDs allow the automation of the syntheses.
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4.1.3 Coupling of the synthesis of CDs and the determination of cobalt
4.1.3.1 Synthesis and characterization

The final goal of this thesis regarding the development of an automatic analyzer for the
multiparametric monitoring of heavy metals in water and, after demonstrating that CDs
obtained from the microreactor could be directly used without a purification step as
optical probes, was to couple their synthesis with the heavy metals’ determination. In
this way, it would be possible to control the quantity of nanomaterials to be used and
avoid degradation processes of these, which although it is known that their
photostability is much higher than that of any organic luminophore, the chemical
stability of dispersed nanoparticles could be a limitation for their application in water
quality monitoring with low reagent maintenance requirements. Therefore, we
developed an automated system capable of synthesizing the CDs in the LTCC
microreactor and directly use them to determine the concentration of heavy metal ions
in water with the miniaturized optical detection system without the need for any
intervention. As demonstrator, ACR CDs were synthesized and directly used to
determine the Co?" concentration on the same tap water and river water samples
analyzed in Section 4.1.2.5. In this case, CDs dispersions were used directly as
obtained without further purification steps.

The ACR CDs synthesized showed blue PL upon irradiation with a UV lamp. Their SPR
band can be seen in Figure 4.41, and the emission and excitation spectra in Figure
4.42.
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Figure 4.41: UV-Vis spectra of ACR CDs synthesized in the integrated microanalyzer
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Figure 4.42: Excitation and emission spectra of ACR CDs synthesized in the integrated
microanalyzer

Spectra shows the wavelength of the SPR band at 353 nm, and an excitation and
emission maxima located at 358 nm and 452 nm respectively. The Stokes shift was of
94 nm and QY was 44%. These results were very similar to those obtained for the ND
ACR CDs that can be seen in Section 4.1.2.2, indicating that the ACR CDs synthesized
with the integrated system were very similar to ND ACR CDs, as expected. As for the
other CDs synthesized, these CDs are suited to be used with the developed analyzer,
which employs an LED emitting at 365 nm as excitation source.

Moreover, a DLS measurement was performed to determine the size distribution of the
ACR CDs synthesized with the integrated system, that can be seen in Figure 4.43.
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Figure 4.43: Size distribution of ACR CDs synthesized in the integrated microanalyzer
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Obtained results show that the particle size distribution of the ACR CDs was 4.2 + 0.9
nm, very similar to the D ACR CDs (4.2 + 0.8), thus indicating that these CDs without
being purified presented good homogeneity of sizes. Moreover, differences between
these CDs synthesized in the integrated system and synthesized with only the LTCC
microreactor were negligible, as expected.

Also, HRTEM images and an FTIR spectrum of these CDs can be observed in Section
4.1.2.2, as these techniques required that the CDs were dialyzed. Briefly, from the
results presented it can be concluded that the ACR CDs have quasi-spherical shapes
and that the functional groups of the surface of the CDs (-COOH, -OH, -CONH) allow
their selective interaction with Co?* ions, producing the quenching of fluorescence of
the ACR CDs [15,348].

4.1.3.2 Analytical quality parameters

To remember, once ACR CDs are automatically synthesized following a programmable
protocol, a volume of 500 uL, 100-times automatically diluted ACR CDs, is injected in
the carrier solution per triplicate (citric/citrate buffer (from which a maximum signal
should be obtained (Fo)), and into standard solutions) to obtain the calibration plot. The
obtained Stern-Volmer plot can be seen in Figure 4.44.

14 ¢

1.3 F

Fo/F
o

141 E

b

L

1 1 1 1 1

0 0.2 0.4 0.6 0.8 1
Co?* concentration (ppm)

Figure 4.44: Stern-Volmer plot of quenching effect of Co?* on the fluorescence of ACR CDs
synthesized in the integrated microanalyzer

Calibration plot showed a good linear correlation in the 0.02 to 1 ppm range (R? > 0.99)
and the sensitivity (Ksy) (0.31 + 0.01 ppm™) and LOD (6.9 + 0.9 ppb) obtained were
very similar to those obtained with the ND ACR CDs (Ksy = 0.320 + 0.008 ppm™ and
LOD = 6.7 + 0.9 ppb), and with the D ACR CDs (Ksy = 0.32 + 0.02 ppm™ and LOD =
6.0 £ 1.0 ppb), thus indicating that purification was not critical, as already stated in
Section 4.1.2.4, and that CDs could be used directly in the integrated automatic
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analyzer without losing the properties of the analytical system. Repeatability was also
calculated to be 1.3%.

For comparison purposes, some analytical features of other reported CDs-based
optical methods to determine Co?* are summarized in Table 4.19. As it can be seen,
these methods reach slightly lower LODs and wider linear ranges. However, the
method presented in this part of the thesis, allows obtaining CDs with the highest QY,
which ensures a strong signal even in case of possible reagent decomposition and as
optical probes in the developed analyzer, they procure a LOD that is well below the
reference value for Co?* set by the US EPA for drinking water (Table 1.1).

Table 4.19: An overview on recently reported CDs-based optical methods for the determination
of Co?* ions

QY | LOD | Linear range
Precursors %) | (ppb) (ppm) Reference
Pyridoxal 5-ph.osp.hate and 15 3 0-35 [349]
ethanediamine
L-cysteine 27 2 0.06-2.9 [350]
p-phenylenediamine and asparagine 16 1 0.02-3.8 [351]
Carbopol 934 and diethylenetriamine 39 27 0-2.4 [15]
Citric acid and L-cysteine - 5 0.005-5.9 [352]
Acrylic acid and ethylenediamine 23 15 0.06-3.5 [334]
Acrylic acid and ethylenediamine 44 7 0.02-1.0 This work

Regarding the Stern-Volmer quenching constant (Ksv), it has been doubled (0.31 +
0.01 ppm™) compared with the synthetic method in batch (0.14 ppm™) [334] indicating
an improvement in the sensitivity.

4.1.3.3 Analysis of synthetic and real samples

To confirm the applicability of the totally integrated system, the same spiked tap water
and river water samples analyzed in Section 4.1.2.5, were analyzed. Results obtained
are summarized in Table 4.20.

Table 4.20: Recovery rates and %RSD obtained with spiked tap and river water samples (n=3)

Sample [Co:p]pa::)ded [Cofp]pig;md Recovery (%) RSD (%)

0.10 0.104 + 0.007 104 2.8

Tap water 0.25 0.25+0.02 101 2.5
0.50 0.50 £ 0.02 100 1.6

0.75 0.77 £ 0.05 102 2.5

0.10 0.10+0.01 102 3.8

River 0.25 0.24 + 0.02 98 2.9
water 0.50 0.49 £ 0.02 99 2.0
0.75 0.75+0.04 100 2.0
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The calculated recovery rates ranged from 98-104%, indicating a good accuracy.
Regarding precision, the mean of the RSD for three replicates was calculated to be
2.4% in the case of the spiked tap water samples and 2.7% in the case of spiked river
water samples. The mean of the RSD for three replicates obtained with the separated
system was 2.2% for spiked tap water samples and 2.8% for spiked river water
samples. Moreover, as can be seen in Table 4.20, all the samples presented an RSD
below 4%. These results show that no significant differences between the performance
of the integrated automatic analyzer and the separated system exist, thus validating the
applicability of the integrated automatic analyzer for the determination of heavy metals
in water samples.

4.2 Electrochemical detection of cadmium with CDs-modified SPCEs

This part of the work was performed during my research stay in the group Analytical
Development LAQV Requimte from the Universidade do Porto, and the main goal was
to study the effect of modifying SPCEs with CDs to determine heavy metal ions in
water by voltammetry.

4.2.1 Synthesis and characterization

As it has been explained in Section 3.2.2, the CDs to electrochemically determine Cd?*
ions were synthesized from citric acid and urea as the precursors in batch using a
hydrothermal process. The CDs were dialyzed against MilliQ water for their purification.

The synthesized CDs were first optically characterized because the intensity and the
position of the bands provides valuable information about the nanoparticles. The SPR
band provide information about the sizes of the CDs and about the size particle
dispersion. Moreover, the PL performance of the CDs allow the comparison of the
synthesized CDs with other CDs presented in the literature. As the CDs synthesized for
the optical detection of heavy metals, these CDs showed blue PL upon irradiation with
a UV lamp. Their UV-Vis spectrum can be seen in Figure 4.45, and the emission and
excitation spectra in Figure 4.46.
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Figure 4.45: UV-Vis spectrum of the synthesized CDs
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Figure 4.46: Excitation and emission spectra of synthesized CDs

From the absorbance and PL spectra of the CDs it can be extracted that the SPR band
appears at 340 nm, and that the synthesized CDs show a wide excitation band with a
maximum value at 342 nm and a wide emission band with a maximum value at 440
nm, thus obtaining a Stokes shift of 98 nm. The width of the bands and the Stokes shift
obtained were similar to those obtained for the CDs synthesized in batch and used for
the optical detection of heavy metals. The QY was also calculated in the same way as
for the CDs used for the optical detection of heavy metals, obtaining a value of 32%.

The size distribution of the CDs dispersion was also studied by acquiring a DLS
measurement, and the result can be observed in Figure 4.47. From the measurement
an average patrticle size of 3.0 £ 1.1 nm was obtained.
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Figure 4.47: Size distribution of synthesized CDs

Finally, the FTIR spectrum of the CDs was registered to elucidate the functional groups
present in their surface. The spectrum can be seen in Figure 4.48.
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Figure 4.48: FTIR spectrum of the synthesized CDs

In the spectrum the following peaks can be observed: 3420 cm™ is from the stretching
vibration of O-H, 3180 cm™ from the stretching vibration of N-H of an amide group,
3020 cm* from the stretching vibration of C-H of methylene. The peak at 1655 cm is
from the stretching vibration of C=0, the peak at 1555 cm™ from the C=C stretching
vibration, the peak at 1385 cm belongs to the bending vibration of N-H, and the one at
1335 cm? is from the asymmetric stretch of C-N. The peak at 1250 cm™ is attributed to
C=0 aromatic stretching, the peak at 1180 cm™ belongs to C=C stretching, the peak at
900 cm is attributed to the bending vibration from O-H of the carboxyl group and the
out-of-plane deformation vibration of C-H is at 770 cm™. The results indicated that
carboxyl, hydroxyl, amino and amide bonds exist on the surface of the synthesized
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CDs, which can act as anchor sites to adsorb more Cd?* on CDs surface to improve the
analysis sensitivity. This FTIR spectra can be compared with the ones registered for
the CDs synthesized in the LTCC microreactor that can be seen in Section 4.1.2.2.
Briefly, in the FTIR spectrum of this CDs the band associated with C=0O stretching
vibration is less intense, as for the D ACR CDs, but in this case the band associated
with C=0 aromatic stretching could be identified.

4.2.2 Optimization

As mentioned in Section 3.2.3, different methods were tested to determine Cd?* ions.
The aim was to improve the sensitivity of the working electrode of the SPCE by surface
modification with carbonaceous nanomaterials. MWCNT-COOH, SWCNT-amine, and
GO were used as modifiers. First of all, we checked the current enhancement
depending on the modifier by performing square wave voltammograms of a solution
containing 1 ppb of Cd?*. They can be seen in Figure 4.49.
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Figure 4.49: Anodic current signals obtained with different working electrode modifications

A signal enhancement was obtained with the different modifications with carbonaceous
nanomaterials tested, but the greater signal was obtained with the MWCNT-COOH, so
it was decided to use them to modify the electrodes for subsequent experiments.

For the previous modification optimization CDs diluted 10 times were used. As
mentioned in Section 3.2.3 modification of electrodes with CDs provides fast electron
transfer kinetics due to the high electrical conductivity and an increased surface area
due to the high surface-to-volume ratio. Also, the hydroxyl, carboxyl, carbonyl, and
other functional groups present in the surface of the CDs provide different selectivity
depending on the precursors used for their synthesis. Even though the volume used for
the modification of the electrodes is very low, CDs with different dilution factors were
also tested to compare the response. In Figure 4.50, square wave stripping
voltammograms obtained with three different CDs dilution factors with SPCEs modified
with MWCNTSs, can be seen.

104



Results and Discussion

Potential (V)

-1.1 -1 -0.9 -0.8 -0.7 -0.6
0 1 T 1 T

S 4
< —10-times
= diluted CDs
3 6 —100-times
diluted CDs
—1000-times
8 r diluted CDs
10 L

Figure 4.50: Effect of the CDs dilution factor on the stripping peak currents of Cd?*

As the concentration of the CDs increased (expressed as dilution factor from 1000-
times to 10-times diluted dispersions of CDs), the electrochemical response to Cd?*
increased gradually. Considering that the quantity of the synthesized CDs is a limiting
factor in this application and that only 6 pL were consumed in each analysis, a 10-

dilution factor was selected for the preparation of the SPCEs with CDs to obtain a
higher signal.

In SWSV, a symmetrical square-wave pulse is superimposed to a staircase wave
resulting in a square wave. Once the working electrode madification process was
stated, different experimental parameters affecting the SWSV measurements were
systematically optimized. These were: deposition time, deposition potential, amplitude,
and frequency. Different values for all these parameters were tested to try to improve
stripping peak currents of Cd?*.
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Figure 4.51: Effect of (A) deposition potential, (B) deposition time, (C) amplitude, and (D)
frequency on the stripping peak currents of Cd?*

The applied potential plays an important role in the sensitivity of SWSV measurements.
As can be seen in Figure 4.51A, the maximum peak current was observed at -0.6 V so
it was chosen as the deposition potential for further determination. The influence of the
deposition time was then investigated (Figure 4.51B) by increasing the time from 2 to 8
min. The electrochemical response increased linearly with deposition time from 2 min
to 6 min, and when the time was prolonged, the linear trend became insignificant due
to the saturated load on the electrode surface. Therefore, 6 min was enough to achieve
the highest sensitivity and the faster response time. Concerning the amplitude, 2.5 mV,
5 mV, 7.5 mV, and 10 mV were tested (Figure 4.51C). Amplitude is the height of a
single pulse. The peak current increased as the amplitude decreased reaching a
maximum value at 5 mV and decreasing again at 2.5 mV. So, 5 mV was chosen as the
optimal value for the amplitude. Finally, frequencies ranging from 5 Hz to 50 Hz were
tested (Figure 4.51D). Frequency can be understood as the number of potential cycles
in a unit of time. In this case, the maximum peak current was obtained with a frequency
of 25 Hz, so it was chosen as the optimal value.
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4.2.3 Analytical quality parameters

To study the selectivity of the developed electrodes, some other metal ions were
analyzed to assess their possible interference effects on the detection of Cd?*. Different
heavy metal ions (Co?*, Cu?*, Fe®", Hg?*, Ni?*, Pb?* and Zn?*) at a concentration of 1
ppm and other metal ions present in water (Ca?*, Mg?*, and Na*) at a concentration of
100 ppm were individually added to standard solutions containing 1 ppb of Cd?*.
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Figure 4.52: Interference of metal ions on the stripping peak current of Cd?* detection. The dark
blue columns represent the lcd/lca+m, being M the different metal ions tested

As can be seen in Figure 4.52, the metal ions analyzed, had little influence on the
signals, except for Pb?*, that showed a significant interference on the Cd?* detection.
This effect can appear due to their close standard reduction potentials, and it is
noticeable even using the synthesized CDs that should be selective to Cd?*. This effect
should be studied in more detail, however Cd* could be successfully determined.
Moreover, it has to be taken into account that for this experiment the concentration of
Pb?* was 1000 times higher than the concentration of Cd?*.

Finally, a calibration plot was performed at the previously specified optimal conditions
to determine sensitivity and LOD of the studied method. The stripping voltammograms
for different concentrations of Cd** at MWCNT-COOH/CDs/SPCEs, as well as the
calibration plot are shown in Figure 4.53.
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Figure 4.53: (A) Square wave stripping voltammograms for Cd2* increasing concentrations. (B)
Calibration plot of the peak currents to the concentration of Cd?*

The regression equation of the calibration plot obtained was: I, (UA) = -2.240 [Cd?']
(ppb) - 5.769 (R? = 0.991). The LOD, as mentioned in Section 3.2.5, was calculated
from 3SD/S (SD being the standard deviation of 1 ppb Cd?* measurements (n=10)).
LOD was found to be 0.09 ppb, which is below the maximum concentration of cadmium
in drinking water set by the EU, the US EPA and the WHO. With the obtained data, it
can be concluded that the developed setup containing MWCNT-COOH/CDs modified
SPCEs was capable of determining Cd?" with high sensitivity and with an LOD low
enough to apply this system for the control of Cd?* in drinking water.
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5 Conclusions and future perspectives

The results obtained along this thesis demonstrated the advantages of using
nanomaterials, CDs in this case, for the improvement of analytical features in terms of
sensitivity and selectivity in different techniques (fluorescence spectroscopy and
voltammetry). On the other hand, it was demonstrated that miniaturization brings
advantages to analytical chemistry regarding the use of chemical sensors
(electrochemical and optical), as well as the use of microfluidic platforms to develop
automatic multiparametric analyzers.

In a first approach, CDs were employed as optical probes taking advantage of the
excellent properties that these nanomaterials present. First, different types of CDs were
synthesized in batch. Five of them were used to selectively determine different heavy
metal ions (Co?*, Cu?*, Hg?*, Ni?*, and Pb?*). Spiked tap water samples and extracts of
soil samples (that did not contain Hg?) were analyzed using an optimized
multiparametric uTAS. In the case of the extracts of soil samples, the microanalyzer
performance was compared with a reference method (ICP-OES) showing that the
proposed approach could be used for the determination of heavy metals with accuracy
and precision. Moreover, detection limits were below the limits set in drinking water
except for Hg?*, so we can conclude that the microanalyzer developed could be used
as a reliable warning system for heavy metals monitoring in water.

Some advantages to remark of this developed system are related to the reduced
dimensions of the COC microfluidic platform and the fluidic system. For instance, the
consumption of reagents, the production of wastes and the analysis time, which were
greatly reduced. The use of a rFIA protocol also diminished the volume of CDs needed.
However, the synthesis processes performed were time-consuming and the control
over reaction variables like temperature and pressure was very poor.

In this sense, microreactor technology brought some advantages like the easy
automation of the synthetic processes and the enhanced temperature and mass
transfer, enabling a better control of the synthesis conditions. Thus, more
homogeneous nanoparticles were obtained and the reproducibility between batches
was also enhanced. The comparison between the results obtained with CDs
synthesized in batch and in the LTCC microreactor showed that the homogeneity of
CDs sizes improved with the microreactor, and QYs increased due to the formation of
more quantity of amorphous polymer dots. Sensitivity was also slightly enhanced,
which could be the result of the presence of more fluorescence moieties capable of
interacting with the heavy metal ions.

Four of the five synthesis protocols previously followed, were adapted to the synthesis
in the LTCC microreactors. The results obtained showed good selectivity of the
synthesized nanomaterials, with which it was possible to determine four different heavy
metal ions (Co?*, Cu?*, Hg?*, and Pb?*). As in the case of the CDs synthesized in batch,
except for Hg?* the obtained LODs were below the limits set for drinking water. To
evaluate the effect of the purification of the CDs, each type of CDs synthesized in the
LTCC microreactor was divided into two fractions, one that was dialyzed (D) and the
other that was not (ND). The comparison of the results obtained with both fractions
showed that the D fractions presented slightly higher sensitivity than the ND fractions.
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Despite that, the sensitivity was high enough to state that the effect of the purification
over the CDs was not critical, and they could be used directly from the synthesis.
Furthermore, spiked tap water and spiked river water samples were also analyzed with
the CDs synthesized in the LTCC microreactor, showing good results in terms of
accuracy and precision.

Finally, to demonstrate the applicability of the microanalyzer for on-site monitoring of
heavy metals in water, the goal was to couple the synthesis of CDs in the LTCC
microreactor with the heavy metals analysis. As a proof of concept, ACR CDs were
synthesized in the microreactor, automatically diluted, and buffered, and directly used
without further purification for the selective determination of Co?" in the customized
miniaturized optical detection system. This represents an advantage not only in terms
of automation of the synthesis but also in terms of the use of a fresh optical material
that has not undergone any degradation prior to analysis. Sensitivity and LOD obtained
were very similar to those obtained with the ACR CDs synthesized in the separated
system demonstrating the potential of the integrated automatic analyzer. Good
accuracy and precision were also obtained with the spiked tap water and spiked river
water samples, proving the reliability of the developed integrated microanalyzer for the
analysis of water samples.

Despite the potential of the system, some future work must be conducted to finally
validate the real applicability of the proposed methodology, such as long-term studies,
to assess the stability of the CDs, the good performance with real river water samples
that contain a lot of particles in suspension, the possible interferences associated with
the presence of organic material, etc. Also, it will be necessary to compare results with
a reference method and analyze certified reference materials. Further miniaturization
and integration of the different modular parts could also be achieved by using
computer-controlled micropumps and microvalves to perform fluidic management.

In a second approach, CDs were also used to improve the selectivity and sensitivity of
SWSV to determine Cd?*. A simple method using modified SPCEs with MWCNT-
COOH, and CDs synthesized from citric acid and urea was established. In addition to
assess the working electrode modification process, different experimental parameters
affecting the SWSV measurements were also optimized. The effect of the presence of
other metal ions showed that Pb?*, produced a significant interference on the Cd?*
detection, but it has to be taken into account that for this experiment the concentration
of Pb?* was 1000 times higher than the concentration of Cd?*. Considering this, Cd?
could be successfully determined with high sensitivity and a LOD below the maximum
concentration of Cd?* permitted in drinking water.

Due to the lack of time, real samples could not be analyzed to demonstrate the real
applicability of the designed methodology. Moreover, other CDs synthesized from
different precursors could be synthesized to test their selectivity to other heavy metal
ions or other contaminants present in water, and with this, a multiparametric system
could be developed.
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A warning microanalyzer for the rapid monitoring of different heavy metals in water using Carbon Dots (CDs) as
selective optical reagents is presented. The synthesized CDs have different surface functionalization and exhibit
selective fluorescence quenching by heavy metal ions, that combined with the use of microfluidics, provide
sensitivity, ease of automation and reproducibility to the method. Moreover, they present maximum excitation
wavelengths around 350 nm, allowing multiparametric analysis with a single light source. Although quantum
yields range from 16 % to 78 % depending on the type of CDs, enough sensitivity is achieved for each heavy
metal using the same measurement conditions of the optical detection system (lock-in modulating frequency,
signal amplitude and measurement frequency). The microanalyzer is composed of a Cyclic Olefin Copolymer
(COC) analytical microsystem, a flow management system, and a miniaturized customized optical detection
system. In this paper, we demonstrate that our proposed system can be used as a toxicity control system by
selectively measuring five different heavy metal ions (Co®", Cu®*, Hg?*, Ni®*, and Pb?*) with detection limits
ranging from 2 to 12 ppb. Spiked tap water samples were analyzed, giving recoveries from 98 % to 134 %.
Polluted samples containing four of the five heavy metal ions studied (Co?*, Cu®*, Ni?*, and Pb®*) were also
analyzed with no significant differences observed between both methods, the proposed microanalyzer and the
reference method (ICP-OES).

1. Introduction

Contamination of water by heavy metals, coming from human ac-
tivities like mining or industrial wastes, has been a critical environ-
mental concern for decades. One of the main preoccupations is their
toxicity caused by the non-biodegradability and potential of bio-
accumulation in different tissues and organs. The commonly employed
techniques for heavy metals detection (mainly atomic absorption spec-
trometry (AAS) and inductively coupled plasma mass spectroscopy (ICP-
MS)) require complex and expensive instrumentation and are not suit-
able for on-site analysis [1-5]. Currently, it is very difficult to analyze
simultaneously several heavy metal ions in water with low detection
limits without using these techniques and it is still a challenge to develop
a sensor for on-site and real-time monitoring of various heavy metal ions
with high selectivity and sensitivity [6]. There is consequently great
demand for regular water quality monitoring to identify and assess
heavy metal pollution in water [5].

The tendency towards on-site analysis requires new approaches and

* Corresponding author.
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new instrumentation capable of procuring analytical information
rapidly and with high sensitivity. The miniaturization of analytical
procedures brings some important advantages for environmental
continuous monitoring like enhanced portability and reduced reagents
consumption and waste generation [7,8]. In this sense, microfluidic
devices are broadly used because of the increase in surface area to vol-
ume ratio that improves process-control, reproducibility, allows the
integration of different processes and yields faster reaction times [5,
9-12]. In the area of environmental pollution control and early warning
systems, the combination of microelectronics and microfluidics with
optical sensors is gaining importance, because of the simplicity of the
integration [12,13].

Photoluminescent nanoparticles have attracted a lot of interest in
recent years due to their potential applications in optical sensing [14,
15], as well as in medical and biological fields [16,17]. The use of these
nanoparticles as analytical reagents enhances sensitivity, improves
detection limits, and improves the stability of optical reagents [18].
Carbon Dots (CDs) show unique characteristics as optical reagents
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because of their excellent optical properties (tuneable fluorescence
emission properties, high quantum yields, and photochemical stability)
[19-21] and other outstanding properties like their solubility in water,
chemical inertness [22], ease of functionalization, and good biocom-
patibility [23]. Additionally, CDs’ low toxicity highlights them as an
alternative to other luminescent nanoparticles as quantum dots [24,25].
Regarding the aim of this work, N-modified CDs have also been
demonstrated to provide sensitivity to heavy metals, and an easy syn-
thesis based on cheap precursors [26,27].

In this sense, we propose an automated microanalyzer for the
determination of heavy metal ions as an on-site warning system based on
the fluorescence quenching effect of these ions on the emission of CDs.
For the multiparametric determination and as demonstrators of heavy
metal pollution, we selected five different types of CDs from the bibli-
ography with proven selectivity to Co?*, Cu®*, Hg?*, Ni2*, and Pb2*.
Hydrothermal and microwave-assisted bottom-up methods [28-32]
were performed to synthesize five types of CDs as reagent demonstrators
of heavy metals pollution. The microanalyzer is composed of a micro-
fluidic platform and a customized miniaturized optical detection system.
The platform is fabricated in cyclic olefin copolymer (COC), which is
ideal for optical detection methods because of its high transparency in
near-ultraviolet and visible regions compared to other polymers [9,33]
and suited to multi-layered microfabrication techniques. Signal acqui-
sition is computer controlled and the analytical method is based on a
continuous flow strategy, specifically reverse Flow Injection Analysis
(rFIA). The sample is continuously flowing as a carrier, into which a
specific volume of the different CDs is periodically injected [34]. In this
way, a transient signal is obtained with maximum emission when the
sample does not contain heavy metals, and fluorescent quenched signal
when heavy metals are present in the sample [35-38]. Fluorescence
(measured as the peak height) is related to the analyte concentration
following the Stern-Volmer equation. Finally, FIA systems procure
reproducibility and automatic baseline recovery [39].

Chemical and hydrodynamic parameters of the developed micro-
analyzer have been optimized to achieve the lowest limit of detection of
all the heavy metals and the highest repeatability by analyzing standard
solutions. Finally, its applicability has been demonstrated by measuring
heavy metals in spiked tap water and extracts of polluted soil samples
from areas near a lead-zinc metal smelter, increasing confidence in the
accuracy and validity of the results.

2. Material and methods
2.1. Chemicals and materials

Acrylic acid, citric acid, ethylenediamine, glycerol, imidazole-2-
carboxylic acid, quinine sulphate, sodium citrate, urea, the metal salts
mercury (II) nitrate, nickel (II) nitrate, cobalt (II) nitrate, lead (II) ni-
trate, copper nitrate, zinc nitrate, cadmium nitrate, sodium nitrate,
calcium nitrate, magnesium nitrate, potassium chloride and potassium
carbonate were purchased from Sigma-Aldrich (Barcelona, Spain). Pol-
yethyleneimine, branched, was purchased from Fisher Scientific
(Madrid, Spain). All the CDs synthesized were purified by dialysis
against MilliQ water using a Pur-A-Lyzer Mega 1000 dialysis kit with a
cut-off of 1 kDa.

Dispersions for the CDs syntheses and citric/citrate buffer were
prepared in MilliQ water. All solutions for the microanalyzer charac-
terization and the metal ion sensing were buffered at pH 4 with a 0.1 M
citric/citrate buffer.

Cyclic Olefin Copolymer (COC) sheets were supplied from TOPAS
Advanced Polymers GmbH (Florence, KY, USA).

2.2. Apparatus

A Labolan IDL.AI36 oven (Navarra, Spain) was used for the hydro-
thermal synthesis processes and a Bifinett KH 1106 domestic microwave
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oven for the microwave-assisted processes.

Absorption spectra were acquired with a Shimadzu UV-3101PC UV-
Vis-NIR double beam spectrophotometer (Kyoto, Japan) and fluores-
cence spectra were registered with a Horiba Jobin Yvon Fluorolog
FL3-11 spectrofluorometer (Longjumeau, France). Dynamic Light
Scattering (DLS) measurements were performed in a Microtrac Nanotrac
Flex nanoparticle size analyzer (Krefeld, Germany). High-Resolution
Transmission Electron Microscopy (HR-TEM) images were taken on a
high-resolution JEOL JEM-2011 Microscope (Tokyo, Japan).

2.3. Microfluidic platform and experimental setup

The fabrication process of the microfluidic platform starts with the
design of the different layers with Computer-Aided Design (CAD) soft-
ware. Every COC layer substrate was machined on an LPKF Laser and
Electronics Protomat S63 Computer Numerical Control (CNC) micro-
milling machine (Garbsen, Germany). The different layers were ther-
molaminated using a Talleres Francisco Camps hydraulic press
(Granollers, Spain). The microfluidic platform is formed by a structural
layer of TOPAS 5013, which was previously laminated with two films of
lower glass transition temperature (TOPAS 8007) acting as sealing
layers [40], and two outer layers of TOPAS 5013. Once overlapped and
aligned, COC tapes were laminated to obtain the final device. As it can
be seen in Fig. 1A, the microfluidic platform (30 mm wide, 50 mm
height, and 2 mm depth) has two inlets, a two-dimensional meander
micromixer (0.8 mm wide and 1 mm depth), an optical flow cell (4.5 mm
diameter and 1 mm depth), and an outlet.

The experimental setup is based on a rFIA, where CDs are sequen-
tially injected into a blank (buffer solution) and samples (standard so-
lutions, spiked tap water and soil extracts). The microfluidic set-up
allows the pre-buffering of the samples by an in-line T connector mixer
(sample/buffer solution in 1:1 proportion). For continuous flow injec-
tion, the microfluidic platform was connected with 0.8 mm internal
diameter Teflon tubing (Tecnyfluor, Barcelona, Spain), to a Gilson
Minipuls 2 peristaltic pump (Middleton, W1, USA) fitted with 1.14 mm
internal diameter Tygon tubing (Ismatec, Wertheim, Germany). Con-
nections were secured with O-rings FPM75 (Epidor, Barcelona, Spain). A
Hamilton MVP TMI-6116 six-port injection valve (Bonaduz,
Switzerland) was used to inject the CDs.

The microfluidic platform is inserted in a customized miniaturized
optical detection system (Fig. 1B) by using an Optical Lock and Key
Reader approach [8]. It consists of a LED emitting at 365 nm (OSA Opto
Light GmbH EOLD-365-525), a Thorlabs 460,/60 25 mm band-pass filter
(Munich, Germany), and a PIN photodetector (Hamamatsu
$1337-66BR) with 33 mm? of active area mounted and integrated on a
printed circuit board (PCB). The optical detection system is modulated

Fig. 1. (A) Microfluidic platform fabricated for the heavy metal ions detection.
(B) Customized miniaturized optical detection system with the microfluidic
platform inserted.
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with a digital lock-in amplifier to avoid light interferences and the signal
is obtained with a NI USB-6211 Data Acquisition Card (National In-
struments, Austin, TX, USA).

2.4. CDs synthesis and optical characterization

Five different CDs were synthesized following published synthesis
procedures: CDs synthesized with citric acid and ethylenediamine (ED
CDs) [28], CDs synthesized with citric acid and polyethyleneimine (PEI
CDs) [29], CDs synthesized with glycerol and ethylenediamine (EA CDs)
[30], CDs synthesized with citric acid, urea, and imidazole (UREA CDs)
[31], CDs synthesized with acrylic acid and ethylenediamine (ACR CDs)
[32]. All batches were dialyzed against MilliQ water using a dialysis
membrane with a cut-off of 1 kDa for their purification and kept in a
refrigerator. Since the concentration of the CDs is unknown, dilution
factors in citric/citrate buffer are used as an approximate measurement.

Absorption spectra and photoluminescence spectra (excitation and
emission) of CDs’ water dispersions were obtained. Quantum Yields
(QYs) were calculated with the optically dilute measurement method
[41] using quinine sulphate in 0.1 M sulphuric acid as a standard.

2.5. Optimization of the chemical and hydrodynamic parameters of the
microanalyzer

Some chemical and hydrodynamic parameters were optimized using
a univariate optimization procedure taking as compromise signal to
noise ratio and sensitivity for all the five target heavy metals.

Citric/citrate buffer solutions prepared at four different pH values (3,
4, 5, and 6) and four different concentration levels (0.001, 0.01, 0.1 and
1 M) were tested to obtain the maximum fluorescence signal and taking
into account the solubility of the different heavy metal ions.

Regarding hydrodynamic parameters, the flow rate of the sample
(carrier) was tested from 0.5 to 2 mL/min and CDs injection volume
from 0.1 to 1 mL. Moreover, some operational parameters of the optical
detection system like signal amplification and integration time were
optimized. In this case, CDs were injected into buffer solution and
0.01 ppm heavy metal standard solutions to evaluate the signal to noise
ratio and detection limit.

Finally, different dilution factors of the CDs dispersions were also
tested. For the five types of CDs, 10, 50, 100, 500 and 1000 dilutions in
buffer solution, were prepared.

2.6. Characterization of CDs selectivity

Before performing photoluminescence studies of the synthesized
CDs, a dilution was done to obtain an absorption of 0.05 a.u. and avoid
possible self-absorption effects.

Selectivity of the different CDs was firstly tested in batch against
different heavy metal ion solutions (Cd%*, Co?*, cu®*, Hg?", Ni?*, Pb?",
Zn?"), and other potentially interfering ions present in water (Na*,
Mg2+, Ca2+, Cl, CO%’). Emission spectra of 0.5 mL of the corresponding
CD dispersion at the optimized dilution factor showing an absorption of
0.05 a.u. with the addition of 2.5 mL of citric/citrate buffer at pH 4 were
compared with the same CDs dispersion with the addition of 2.5 mL of a
buffered solution containing a specific ion at a concentration of 10 ppm
(in the case of the heavy metal ions) or at a concentration of 1000 ppm
(for other potentially interfering ions) after the dilution in the cuvette.
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2.7. Analytical quality parameters of the microanalyzer

Selectivity was tested in the microfluidic system using several stan-
dard solutions with a 0.5 ppm concentration of the target heavy metal
(Co?*, cu®", Hg?*, Ni%*, and Pb?* in each case). Every standard solution
also contained the rest of the heavy metal ions tested at a concentration
of 10 ppm and the other potentially interfering ions tested at a con-
centration of 1000 ppm.

Limit of detection was evaluated from the calibration curves ob-
tained by injecting per triplicate each type of CDs in standard solutions
containing increasing concentrations of the five heavy metals studied
(0.01, 0.05, 0.1, 0.5, and 1 ppm) and the other interfering ions. Fluo-
rescence quenching of the CDs was studied through the Stern-Volmer
equation [42].

Repeatability of the analytical system was evaluated by performing
ten injections of each CD into a standard solution containing 0.5 ppm of
each target heavy metal and the other studied ions.

2.8. Samples analysis

To assess the applicability of this method, spiked tap water samples
and extracts of polluted soil samples were tested. Tap water samples
were spiked to obtain concentrations of 0.03, 0.06, 0.1, 0.4, and 0.8 ppm
of the target heavy metals. They were also spiked with the rest of the
heavy metal ions tested at a concentration of 10 ppm and the other
potentially interfering ions tested at a concentration of 1000 ppm.

Nitric acid extracts of polluted soil samples coming from the neigh-
bourhood of a smelter plant (located in Torreon, Mexico) and containing
high concentrations of four of the five heavy metals studied (Hg?* is not
present), were directly supplied, and analyzed by the reference method
ICP-OES and the proposed microanalyzer, for comparison purposes.
0.5 g of the samples were digested with 10 mL of nitric acid in a Mile-
stone Ultrawave microwave digestion system at 175°C for 15 min.
Samples were filtered with a 0.45 pm filter, diluted to 50 mL with MilliQ
water, and finally analyzed with a Perkin-Elmer Optima 4300DV
spectrometer.

Calibration curves were performed with standard solutions at higher
concentrations (different concentration ranges depending on the ana-
lyte). As stated, to avoid pH changes of these acid extracts, samples were
automatically buffered in the system before the injection of the CDs.
Moreover, an exhaustive cleaning of the microsystem consisting of
flowing buffer solution for 2 min was necessary between samples.

3. Results and discussion
3.1. CDs characterization

As reproducibility and characteristics of the synthesized CDs will
impact directly on the analytical results and reproducibility of the
analytical method, CDs were fully characterized. Regarding optical
properties, they show similar absorbance and photoluminescence
spectra, with a wide absorption band around 350 nm and a wide emis-
sion band around 450 nm, obtaining Stokes’ shifts of approximately
100 nm in all cases, as it can be seen in Fig. 2. Therefore, all of them
could be used as optical reagents with the same miniaturized optical set-
up.

QYs were calculated, obtaining values of 78 % for ED CDs, 32 % for
PEI CDs, 16 % for EA CDs, 44 % for UREA CDs, and 25 % for ACR CDs.
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Fig. 2. Excitation and emission spectra of the five synthesized CDs.

Size and shape were obtained with HR-TEM images and DLS measure-
ments. Results showed spherical shape nanoparticles with sizes ranging
from 2 to 4 nm. Although high-quality contrast images are difficult to
obtain with CDs with HR-TEM, we observed two populations of CDs, one
with a crystalline structure, where the diffraction planes could be
distinguished and the other amorphous one.

3.2. CDs selectivity tests in batch

First, the quenching effect of different heavy metals, and other
potentially interfering ions present in water was investigated in batch. A
great number of publications demonstrate that different types of N-
modified CDs present very strong interactions towards different heavy
metal ions through the surface functional groups (-COOH, -OH, -CONH-)
[28-32]. According to the bibliography and as shown in the supple-
mentary information (Fig. S2A-E), each CD dispersion was selective to a
specific heavy metal. ED CDs show good selectivity to Hg?>*, PEI CDs to
Cu?*, EA CDs to Pb*", UREA CDs to Ni?*, and ACR CDs to Co?*. The
quenching effect of all the other tested ions was not significant. In these
experiments, it could also be noticed the different sensitivity of the
synthesized CDs to the target heavy metal, which would affect the
optimization of the measurement conditions of the optical detection
system of the microanalyzer for multiparametric measurements.

3.3. Optimization of the microanalyzer

Different chemical, hydrodynamic and optical measuring variables
of the microanalyzer were optimized to make possible the multi-
parametric detection of heavy metals in water, as a compromise between
the best S/N, limits of detection, response time and reagents saving.
Tested values intervals and the final optimal selected values are shown
in Table 1.

Table 1
Optimization of chemical, operational and hydrodynamic parameters.

Parameter Tested interval Optimal value
Buffer concentration (M) 0.001 - 1.000 0.100
Buffer pH 3-6 4
Injection volume (mL) 0.1-1.0 0.5
Carrier flow rate (mL/min) 0.5-2.0 1.5
Signal amplification 1-100 10
Integration time (s) 0.1-1.0 0.1
ED CDs dilution factor 10-1000 100

PEI CDs dilution factor 10-1000 50

EA CDs dilution factor 10-1000 10
UREA CDs dilution factor 10-1000 50
ACR CDs dilution factor 10-1000 10

As an example, Fig. 3A shows optimization of the buffer pH. The
optical properties of CDs are sensitive to pH due to the ionizable func-
tional groups on the surface. Therefore, the analytical system must
operate at a constant pH. In general, the higher the pH, the higher the
fluorescence of the CDs. However, the selected pH must ensure to have
heavy metal species free in solution. As it can be seen, the highest
fluorescence intensity is obtained at pH 4 for all the different CDs. On the
other hand, the effect of the flow rate on the measured signal can be seen
in Fig. 3B with the injection of 0.5 mL of a dilution of 100 of ED CDs into
a 0.1 M citric/citrate buffer at pH 4 as an example. A faster flow rate
implies a more rapid analysis and therefore, higher sample throughput,
which are desirable. However, slightly less intense peaks are obtained
because the sample is less time in contact with the CDs. The lower is the
flow rate, the wider and more intense are the obtained peaks until
achieving the steady-state signal. Therefore, a 1.5 mL/min sample flow
rate was chosen as the optimal one for subsequent experiments. At this
flow rate, response time is calculated in 50 s

3.4. Analytical quality parameters of the microanalyzer

Analytical quality parameters were calculated from calibration
curves obtained performing the separate analysis of each heavy metal at
the optimized operational values. Fig. 4A show the transient response of
the microsystem by injecting the five optimized CDs dispersions into
buffer solution and into 0.5 ppm standard solutions of the target heavy
metal (Co?", Cu?*, Hg?", Ni2*, and Pb?") which also contained the rest
of the heavy metal ions tested at a concentration of 10 ppm and the
other potentially interfering ions tested at a concentration of 1000 ppm.
Results obtained confirm the selectivity of the different CDs tested in
batch. The fluorescence signal quickly returned to the baseline after
each signal peak and there was not any significant signal drift of the
baseline. This demonstrates the robustness of the microanalyzer for the
proposed application.

Calibration curves showed a good linear correlation between 0.01
and 1 ppm, as can be seen in Fig. 4B. And even though the Stern-Volmer
model has some limitations that affect the accuracy, caused by de-
viations at high concentrations [43,44], concentration ranges as high as
50-600 ppm were tested for real polluted samples, showing also good
linear correlation but lower sensitivity.

Detection limits, LODs (Table 2) were calculated as 3 SD/Kgy (where
SD is the standard deviation of the blank and Kgy (Stern-Volmer con-
stant) is the slope of the linear fit near to unity).

Repeatability was calculated as relative standard deviation (RSD)
obtained with 10 repeated injections of the same CDs into the 0.5 ppm
heavy metal standard solutions. Data is detailed in Table 2, showing
values under 1.2%.
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Fig. 3. (A) Normalized fluorescence intensity obtained by injecting the five CDs at their optimal dilution factor into 0.1 M citric/citrate buffer solutions of different
pH values. (B) Effect of flow rate into the obtained signal for an injection of 0.5 mL of ED CDs (100 dilution factor) into buffer solution.
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Fig. 4. (A) Transient response of the microsystem by injecting the CDs into buffer solution (as intensity value with no quencher) and to different standard solutions of
heavy metals containing potential interferents (Zn?", Cd%*, Na*, Mg?*, Ca%*, CI,, CO%). (B) Stern-Volmer representation of quenching effect of the target heavy

metals on the fluorescence of the five types of CDs.

Table 2

Results summarizing the analytical performance of the proposed microanalyzer for the monitoring of heavy metals in water samples.
Type of CDs Selectivity Ksy (ppm™1) Detection Limit (ppb) RSD (%)
ED CDs Hg>" 0.3800 5.9+0.8 0.5
PEI CDs Cu?t 0.2782 11.7 £ 0.7 1.2
EA CDs Pb**+ 0.3293 8.8+ 0.8 1.1
UREA CDs Ni%* 0.2405 25+0.3 0.4
ACR CDs Co** 0.2883 3.9+05 0.9

3.5. Samples analysis

Spiked tap water samples were analyzed at the optimized conditions
and after performing a calibration experiment for each heavy metal.
Table 3 shows recovery rates. In general, an overestimation is noticed
for the less concentrated samples near the limit of detection. At this
concentration level, results are also less precise because the error of the
interpolated signal is higher at lower concentrations. However, as a
warning system, results allow determining the estimated value of heavy
metals as indicators of pollution.

To validate the usability of the developed microanalyzer, real
polluted soil samples taken from areas surrounding a metallurgic in-
dustry were analyzed. Nitric acid extracts were prepared and analyzed
by a reference method (ICP-OES) and the proposed microanalyzer. Fig. 5
shows, as an example, the calibration curve for Co?" at a higher con-
centration range (10-70 ppm) where it can be noticed from the slope of
the calibration curve a lower sensitivity. Fig. 6 shows the comparative
test for the measurement of Co?" in 8 different samples. Regression
equations of the comparison test (intercept, slope, and correlation co-
efficient) for the five heavy metal ions as well as tcy) values obtained
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Table 3
Determination of the heavy metals studied in spiked tap water samples.

Analyte recovery rates

Sample Concentration of the analyte in the sample (ppm) Hg>" cu?t Pb%* Ni%+ Co**
0.03 129 % 131 % 134 % 123 % 120 %
Spiked 0.06 116 % 112 % 120 % 110 % 111 %
tap 0.1 105 % 103 % 105 % 104 % 105 %
water 0.4 101 % 100 % 102 % 100 % 100 %
0.8 99.1 % 99.0 % 101 % 98.8 % 98.2 %
9
8 y =0.1043x + 1.2132
R?=0.993
7
6
[V
=5
[T
4
2
1

0 20 40 60 80
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Fig. 5. Stern-Volmer representation of quenching effect of Co?" on the fluorescence of ACR CDs in a higher concentration range (10-70 ppm).
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Fig. 6. Comparative study between the results for the analysis of Co?* in polluted soil samples (n = 8) obtained by the developed microanalyzer and the reference
method (ICP-OES).
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Table 4

Concentration of the heavy metals studied in polluted soil samples determined
by the reference method (ICP-OES) and with the proposed method, and accuracy
expressed as (% error).

2+ 24
Sample [Cu®"] gf;lpo:ed % [Pb*"] gf:po:ed %
ICP-OES ICP-OES
number (ppm) method error (ppm) method error
(ppm) (ppm)
1 576.2 587.0 1.9 11.5 12.0 4.8
2 255.7 251.1 1.8 4.8 4.9 2.1
3 511.7 507.3 0.9 5.3 5.2 1.7
4 119.7 116.2 29 3.7 3.9 7.4
5 231.9 236.5 2.0 4.0 4.0 1.0
6 458.3 477.9 4.3 7.1 7.0 1.3
7 90.5 92.2 1.9 0.8 0.8 4.0
8 95.7 92.4 3.4 2.2 2.3 7.5
mizt) N oty €0
Sample proposed % proposed %
ICP-OES ICP-OES
number (ppm) method error (ppm) method error
(ppm) (ppm)
1 42.3 42.8 1.0 49.4 49.1 0.5
2 31.8 31.6 0.7 34.2 36.0 5.1
3 61.3 61.9 1.0 61.3 63.9 4.3
4 35.8 35.9 0.3 24.8 26.0 4.8
5 57.9 58.7 1.4 39.1 37.9 3.1
6 33.4 329 1.4 43.3 41.4 4.4
7 25.7 26.4 3.1 13.6 14.3 4.5
8 33.9 35.4 4.4 19.9 21.0 5.7

with the paired t-test are shown in the Supplementary Information
(Table S1). From the statistical data treatment, it can be concluded re-
sults obtained with the developed microanalyzer were not significantly
different from the ones measured with the reference method according
to the paired t-test (teae < tiap) for the four heavy metals analyzed.

Table 4 shows accuracy expressed as % error for the differences
between results obtained with both methods. As it can be seen, accuracy
is different for each heavy metal and, as it is more affected at lower
concentrations, the determination of Pb?" is less accurate. However, a
maximum value of 7.5% error is calculated.

4. Conclusions

In this paper we have developed a new multiparametric micro-
analyzer as a warning system for heavy metals pollution monitoring.
Thanks to the reduced dimensions of the fluidic system, it consumes
small volumes of reagents and has a fast analysis time. Although sample
treatment (buffering) must be performed, which for acid extracts was
crucial, this is performed by the same flow management systems before
CDs are injected. Performance of the microanalyzer, tested with stan-
dard solutions, spiked tap water and real samples, combined with the
stability of the luminescent reagents (N-modified CDs) demonstrates its
potential application for long-term and continuous monitoring of heavy
metals in water. Five different heavy metals (Co?*, Cu®", Hg?*, Ni?* and
Pb?") have been selectively detected. However, it is possible to expand
the analytes to determine, as far as other selective CDs (with absorption
bands around 350 nm) could be synthesized. In most of the cases, LODs
comply with the regulation [5] concerning heavy metal pollution in
water (between 2 and 12 ppb) but in the case of Hg?", the established
LOD is still lower. Some future work must be conducted in order to
finally validate the real applicability of the proposed methodology for
heavy metals monitoring, such as long-term studies. Despite current
maintenance criteria of quality control stations is approximately every
15 days and no critical issues are expected regarding the stability of CDs,
this should be assessed. Taking into account results for repeatability,
selectivity, recoveries of spiked tap water samples and accuracy of real
polluted samples, we demonstrate its applicability as an on-site warning
system of heavy metals contamination.

Sensors and Actuators: B. Chemical 368 (2022) 132180

Although the presented set-up requires bulky components for flow
management in continuous mode, such as a peristaltic pump, the
equipment can be further miniaturized, and it is easily automatable. We
are currently working on the development of an automatic and
computer-controlled microanalyzer based on the use of solenoid peri-
staltic micro-pumps and three-way solenoid valves, enabling automa-
tion of the whole analytical procedure.
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Abstract

A new strategy integrating the straight synthesis of carbon dots (CDs) and their direct use for the determination of heavy
metals by means of fluorescence quenching is presented. The proposal consists of a modular analyzer, which includes a low
temperature co-fired ceramics (LTCC) microreactor for the synthesis of CDs and a cyclic olefin copolymer (COC) microflu-
idic platform, which automatically performs a reverse flow injection analysis (rFIA) protocol for the determination of heavy
metal ions in water by CD fluorescence quenching. As a proof of concept, nitrogen-doped CDs were synthesized from acrylic
acid and ethylenediamine (ED) with quantum yields (QYs) of up to 44%, which are selective to cobalt. With the described
system, we synthesized homogeneous CDs without the need for further purification and with the minimum consumption
of reagents, and optimized fluorescence measurements can be performed with freshly obtained luminescent nanomaterials
that have not undergone decomposition processes. They have an average hydrodynamic diameter of 4.2+ 0.9 nm and maxi-
mum excitation and emission wavelengths at 358 nm and 452 nm, respectively. The system allows the automatic dilution
and buffering of the synthesized CDs and the sample prior to the determination of cobalt. The concentration of cobalt was
determined with good sensitivity and a limit of detection of 7 pg-L ™" with a linear range of 0.02—1 mg-L~" of Co*". Spiked
tap water and river water samples were analyzed, obtaining recovery from 98 to 104%. This demonstrates the potential of
the equipment as an efficient on-site control system for heavy metal monitoring in water.

Keywords Microreactor - Carbon dots - Fluorescence quenching - Microfluidics - Cobalt determination

Introduction

Environmental pollution is receiving more attention in the
last decades. One of the most critical polluting agents are
heavy metals, considering that they are not biodegradable
and tend to accumulate in the ecosystem and different tissues
of living beings [1]. Different heavy metals can be found nat-
urally in the environment, but the rise of some human activi-
ties like mining, manufacturing, smelting, and the improper
disposal of industrial wastes is contributing to an increase
in their negative environmental and health impact [2-5].
The most common techniques used to analyze heavy met-
als include inductively coupled plasma mass spectrometry
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(ICP-MS), inductively coupled plasma optical emission
spectrometry (ICP-OES), and atomic absorption spectrom-
etry (AAS) [6, 7]. These techniques offer high analytical
features in terms of sensitivity, accuracy, and precision but
show some disadvantages for on-site monitoring because
of the complexity and dimensions of the instrumentation,
which hinders the possibility of carrying out measurements
outside a laboratory and the need for specialized personnel
[4]. In this sense, the miniaturization of analytical proce-
dures through microfluidic devices solves some of the men-
tioned problems, increasing the portability and enabling the
on-site continuous monitoring of a wide variety of analytes,
including heavy metals [5, 8, 9].

Currently, with the fast expansion of nanotechnology,
different photoluminescent nanoparticles have been inves-
tigated due to their potential applicability in sensing [10]
and bioimaging [11], to list just a few fields. Their use as
fluorescent probes for heavy metals analysis has proven to
lead to better sensitivity and selectivity, improved detec-
tion limits, and faster response time [3, 12]. One type of
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photoluminescent nanoparticles that have recently drawn
great attention from the scientific community are carbon
dots (CDs). They are carbon nanoparticles with sizes below
10 nm [13] and have different characteristics to highlight
as optical probes like their distinctive photoluminescence
(strong fluorescence with tunable emission) [14] and good
biocompatibility [15]. Compared to other luminescent mol-
ecules, CDs do not suffer from photobleaching, which is
one of the major drawbacks of the formers, and compared
to other luminescent nanomaterials such as quantum dots
(QDs), CDs are water soluble directly from a one-pot syn-
thesis [13], so it is not necessary to proceed with solubiliza-
tion steps before its use. Due to their carbonaceous nature,
they present lower toxicity than QDs [16, 17], which is in
accordance with green chemistry. Finally, CDs have been
successfully used to selectively detect different heavy metal
ions in water by easy methods of preparation and function-
alization [18, 19]. CDs can be easily modified by element
doping [1]. More specifically, nitrogen doping originates an
increase in fluorescence intensity of CDs, caused by changes
in the electronic structure, and also leads to the formation
of active sites [2, 20], which are useful for further surface
functionalization in order to provide them with selectivity.
However, the main bottom-up synthetic methods of CDs
(hydrothermal synthesis and microwave-assisted synthesis)
[1, 21] lack the required reproducibility to produce materials
for analytical applications [21], which will directly impact
the reliability of the final analytical result.

In order to face this issue, microreactor technology arises
for synthesis process intensification [22-24]. It allows for
enhancing reagents mixing and heat and mass transfer effi-
ciency. In consequence, better control over the particle size
distribution and a reduction in the consumption of energy
and reagents are achieved. From the different substrate mate-
rials for microreactor fabrication, low temperature co-fired
ceramics (LTCC) technology has some advantages like the
capability to withstand harsh temperature and pressure con-
ditions, chemical inertness, and compatibility with screen
printing technology, which enables the easy integration of
electrical components [11, 25, 26].

Taking this context into account, our proposal was the
development of a modular automatic analyzer consisting of
a cyclic olefin copolymer (COC) microfluidic system, which
was optimized for the determination of heavy metals in
water, and an LTCC microreactor for the direct synthesis of
CDs and their use as fluorescent probes, without the need of
any purification steps. The synthetic strategy used, an adap-
tation of a hydrothermal batch method, based on the use of a
microreactor, takes profit of the advantages of a microfluidic
continuous strategy that allows much better control of the
chemical variables of the reaction (minimizing temperature
gradients, increasing the speed of mixing, and controlling
the reaction times), which improves the reproducibility of

@ Springer

the synthesis processes. As an example of the integration of
the optical probe synthesis and the water quality parameter
analysis in a single unit, the microreactor was optimized to
synthesize N-doped CDs, which were selective to cobalt(Il),
from two precursors, acrylic acid and ethylenediamine (ED)
[27]. Therefore, the analytical microsystem was optimized to
determine cobalt(Il) in water samples, taking advantage of
its fluorescence quenching effect on the CDs. Cobalt, which
at trace levels is an essential element in the human body
[28], is harmful at high concentrations, causing asthma, rhi-
nitis, gastritis, and, in severe cases, cardiomyopathy [28, 29].
Although it is not a heavy metal that causes great concern,
its determination in water served us perfectly as a model to
validate our proposal.

Experimental
Reagents, materials, and preparation of precursors

All reagents, namely acrylic acid (99%), ethylenediamine
(99%), citric acid (99%), sodium citrate tribasic (99%),
quinine sulfate (90%), sulfuric acid (95%), and the metal
salts Co(NO3), - 6H,0, Hg(NO3), - H,0, Pb(NO;),, FeCl, -
6H,0, Cu(NO,), - 3H,0, Ni(NO;), - 6H,0, Cd(NO;), -
4H,0, Zn(NOy), - 6H,0, NaNO;, CaCl, - 2H,0, MgCl, -
6H,0, and Cr(NO;); - 9H,0 (> 98% for all the metal salts)
were supplied from Merck Sigma-Aldrich (Barcelona,
Spain) (https://www.sigmaaldrich.com/ES/en).

Solutions of the precursors for the CD synthesis and
0.1 M citric/citrate (pH 4) buffer were prepared in MilliQ
water. The solutions used for the CD characterization, selec-
tivity, and cobalt ion determination were prepared in the
mentioned buffer.

For the different syntheses of N-doped CDs, 1.6 mL
of acrylic acid (99%, density 1.05 g-mL~") was dissolved
in 10 mL of MilliQ water (2.33 M) and loaded in a glass
syringe (Hamilton series Gastight 1000 TLL). Three dif-
ferent concentrations of the nitrogen source precursor were
prepared: 0.5 mL, 1.0 mL, and 1.5 mL of ED (99%, density
0.9 g-mL_l) were dissolved in 20 mL of MilliQ water in
each case (0.37, 0.75, and 1.12 M, respectively). For each
synthesis process, two glass syringes were loaded with the
same nitrogen source precursor.

LTCC 951 green tapes with various thicknesses were
supplied by DuPont Corporation (Wilmington, DE, USA)
(https://www.dupont.es/) and used to fabricate the microre-
actor: 254 pm thick DuPont 951PX green tapes and 114 pm
thick DuPont 951PT green tapes. DuPont 5742 gold co-
fireable conductor paste was used to print the gold resistor,
and DuPont 6141 silver co-fireable paste was used to print
the contact pads.
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The microfluidic platform was fabricated with COC
sheets of diverse thicknesses and grades, which were pur-
chased from TOPAS Advanced Polymers GmbH (Florence,
KY, USA) (https://www.topas.com/): 400 um Topas 5013
COC and 25 pym Topas 8007 COC layers.

Fabrication of the low temperature co-fired ceramics
(LTCC) and cyclic olefin copolymer (COC) microfluidic
platform

The LTCC microreactor was fabricated by a procedure pre-
viously developed by our research group [11]. Briefly, the
different layers of the microreactor were designed with com-
puter-aided design (CAD) software. The microfluidic chan-
nels and other elements were cut in the LTCC green tapes
using a Nd: YAG Protolaser 200 (LPKF Laser and Electron-
ics, Garbsen, Germany) (https://www.lpkf.com/en/). Then,
the processed layers were aligned and thermolaminated with
a hydraulic press (Talleres Francisco Camps, Granollers,
Spain) (http://www.tallerescamp.com/). Fluidics comprises
three inlets for the introduction of the synthesis precursors,
a spiral-shaped microfluidic channel, and an outlet. The
cross-section dimensions of the channel are 525 pm width
and 290 pm height, while the total length is 630 mm. With

this, the total volume of the microreactor channel is approxi-
mately 100 pL.

The heating resistor, which occupies the same area as
the microfluidic channel to reduce energy consumption, was
screen-printed on the reverse of the fluidic inlets and out-
let. Another LTCC green tape was laminated on top of the
resistor, where the connecting pads were also screen-printed.
The device with all the layers laminated was then sintered in
a CBCWF11/23P16 programmable box furnace (Carbolite
Gero, Hope Valley, England) (https://www.carbolite-gero.
com/) following a two-step thermal profile, includinga 1 h
organic burnout at 350 °C and 1 h firing at 850 °C. Finally,
a PT100 temperature sensor (Innovative Sensor Technol-
ogy, Ebnat-Kappel, Switzerland) (https://www.ist-ag.com/
en) was adhered to the microreactor using EPO-TEK H20E
epoxy paste (Epoxy Technology, Billerica, MA, USA)
(https://www.epotek.com/). The final device (Fig. 1b) has a
thickness of 3 mm and a diameter of 6 cm.

The COC microfluidic platform that can be seen in
Fig. 1b is 30 mm wide, 50 mm high, and 2 mm deep and
has two inlets, a two-dimensional meander micromixer (0.8
mm wide and 1 mm deep), an optical flow cell (4.5 mm
diameter and 1 mm deep), and an outlet. It was fabricated
with a multilayered approach in the same way as the LTCC
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Fig.1 (a) Experimental setup used, including the synthesis of the
CDs (part 1), their automated dilution (part 2), and the determination
of Co** (part 3). The fluidic management equipment is also depicted.
(b) Detailed image including the microreactor with fluidics (secured

with a custom-built aluminum connector) and electrical connections,
and the custom-made miniaturized optical detection system with an
inserted microfluidic platform
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microreactor was. The process was also developed in our
research group [8, 30], and the first step was the CAD design
of the layers. Then, the different layers were micromachined
on a Protomat S63 Computer Numerical Control (CNC)
micromilling machine (LPKF Laser and Electronics Garb-
sen, Germany). As for the LTCC microreactor, when micro-
fluidics were integrated into the COC substrate, the differ-
ent layers were thermolaminated with the hydraulic press to
obtain the final device.

Carbon dots characterization and selectivity test

Absorption spectra of the synthesized CDs were registered
with a UV-3101PC UV-Vis-NIR double beam spectropho-
tometer (Shimadzu, Kyoto, Japan) (https://www.shimadzu.
com/), and fluorescence excitation and emission spectra
were obtained with a Fluorolog FL3-11 spectrofluorometer
(Horiba Jobin Yvon, Longjumeau, France) (https://www.
horiba.com/int/scientific/). QY values were determined
by applying the optically dilute measurement method [31]
using quinine sulfate in 0.1 M sulfuric acid as a reference
as follows:

IX St ’1X
P, =P, X = x L x =
! i I, A, ”I%

where ¢ is the photoluminescence QY, / is the integrated
area of the corrected emission spectrum, A is the absorb-
ance, and 7 is the refractive index of the solvent. The subin-
dexes x and st refer to the sample and the reference standard,
respectively. Considering that both the standard and sample
were dissolved in water, the last term of the equation was
ignored.

Fourier transform infrared (FTIR) spectra of the CDs
were acquired with a Tensor 27 FTIR spectrophotometer
(Bruker, Billerica, MA, USA) (https://www.bruker.com/
en.html). High-resolution transmission electron micros-
copy (HR-TEM) images were collected using a Tecnai G2
F20 HR(S)TEM (Field Electron and Ion Company, Hills-
boro, OR, USA) (https://www.fei.com), and dynamic
light scattering (DLS) measurements were carried out in
a Zetasizer Nano ZS (Malvern Panalytical, London, Eng-
land) (https://www.malvernpanalytical.com/en) to check
morphology and particle size distribution of the CDs.

To test the selectivity of the CDs, their emission spec-
tra in the presence of different heavy metal ion solutions
(Cd>*, Co*, Cu*t, Cr*t, Fe**, Hg**, Ni2t, Pb*t, Zn?*) at a
concentration of 10 mg-L~" and other metal ions normally
present in water (Na*, Mg?*, Ca*") at a concentration of
1000 mg-L~! were acquired per triplicate.

@ Springer

Emission spectra were recorded by mixing in a cuvette
0.5 mL of CD dispersion at the optimized dilution factor (to
have an approximate absorption of 0.05 a.u. and avoid possi-
ble self-absorption effects) and 2.5 mL of citric/citrate buffer
as reference emission value and with 2.5 mL of buffered
solutions containing the mentioned metallic ions.

Experimental setup

The complete system setup (Fig. 1a) is computer-controlled
and consists of three main parts: (1) an automatic system
for the synthesis of CDs (containing a fluidic management
system and a temperature-controlled microreactor), (2) an
interface (including the automated dilution of the CDs), and
(3) the determination system of Co** (containing a fluidic
management system and the COC microfluidic platform
integrated into a miniaturized optical detection system).

Part 1): For the synthesis of the CDs, three syringes were
filled with the precursors. The syringes were mounted on
three NE-500 OEM syringe pumps (New Era Pump Systems
Inc., Farmingdale, NY, USA) (https://www.newerainstrumen
ts.com/) and connected to the microreactor using 0.8 mm
internal diameter Teflon tubing (Tecnyfluor, Barcelona, Spain)
(https://www.tecnyfluor.com/). The connections were secured
with FPM75 O-rings (Epidor, Barcelona, Spain) (https://
epidor-srt.com/) and a custom-built aluminum connector.
To improve mixing, acrylic acid (the carbon source) was
introduced through the central inlet, while ED (the nitrogen
source) was introduced through the other two inlets, as can
be seen in Fig. 1a. The pressure inside the microreactor was
regulated by a back-pressure regulator connected to the outlet.
A pressure of 17 bars was applied to all the syntheses, and
three different working temperatures were tested (150 °C,
170 °C, and 190 °C). The synthesis precursors were pumped
at a flow rate of 3.33 pL-min~"! for each inlet (total flow rate
of 10 uL-min™"), and considering that the internal volume of
the microreactor is about 100 pL, the residence time of the
reagents is of approximately 10 min. The temperature was
controlled by means of a proportional-integral-derivative
(PID) system implemented on a PIC18F4431 microcontroller
(Microchip Technology Inc., Chandler, AZ, USA) (https://
www.microchip.com/), receiving the sensor input [32].

Part 2): CDs from the synthesis were automatically diluted
and buffered at pH 4 with the help of a 161T031 three-way
solenoid valve (NResearch, West Caldwell, NJ, USA) (https://
www.nresearch.com/). They were diluted 100 times with
0.1 M citric/citrate buffer; 0.8 mm internal diameter Teflon
tubing was used for fluidic connections. A FlowTest automated
controller (BioTray, Villeurbanne, France) (https://www.biotr
ay.fr) controlled the operation of the solenoid valve. It was
programmed through the dedicated CosDesigner software.
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Part 3): For the determination of Co?*, a reverse flow
injection analysis (rFIA) strategy was applied [30]. The
diluted CDs were sequentially injected into the buffer (blank)
and different Co?*-containing solutions. The microfluidic
setup includes a pre-buffering step of samples that is auto-
matically performed by using an in-line T connector mixer,
through which the sample and the buffer are introduced in a
1:1 ratio. The flow management is performed with a Gilson
Minipuls 2 peristaltic pump (Middleton, WI, USA) (https://
es.gilson.com/), 0.8 mm internal diameter Teflon tubing,
and 1.14 mm internal diameter Tygon tubing (Ismatec,
Wertheim, Germany) (https://heidolph-instruments.com/es/
start). An MVP six-port injection valve (Hamilton Company,
Bonaduz, Switzerland) (https://www.hamiltoncompany.
com/) was used to inject the CDs, and the connections with
the microfluidic platform are secured with FPM75 O-rings.
The microfluidic platform is introduced in a custom-made
miniaturized optical detection system previously reported [8,
30]. Briefly, it contains an LED emitting at 365 nm, a band-
pass filter, and a PIN photodetector integrated into a printed
circuit board (PCB). The insertion of the platform is based
on a “lock-and-key” concept [8] that allows a reproducible
positioning of the device with respect to the LED and the
photodetector. The signal is obtained with a data acquisition
card. Some parameters affecting signal-to-noise ratio were
previously optimized [30]. To summarize, for this specific
work, the following conditions were applied: CD injection
volume of 500 pL, flow rate of 1.5 mL-min~!, signal ampli-
fication of 10, and integration time of 0.1 s.

With this method, a continuous photoluminescent signal
was established, with a maximum value when CDs were
injected into a solution without cobalt, and quenched val-
ues when the solution contained cobalt. The fluorescence
intensity, which is obtained as the peak height, was corre-
lated with the Co®* concentration using the Stern—Volmer
equation [33].

Analytical characterization for Co?* determination
in water

The relative fluorescence intensity can be plotted against the
quencher concentration (in this case, cobalt), according to
the Stern—Volmer equation.

FO
= =1+ Ky x[Q]

where F is the fluorescence intensity of the CDs in the
absence of the quencher, F is the fluorescence intensity of
the CDs in the presence of the quenching species Q (Co?™),
and Ky, is the Stern—Volmer quenching constant, which
indicates the sensitivity of the method. According to the

literature, the CD quenching mechanism of Co** can be
associated with static quenching [27].

Calibration plots were obtained by injecting per triplicate
100-time diluted CDs in standard solutions with different
concentrations of cobalt, namely 0.01 mg~L'1, 0.05 mg-L'l,
0.1 mg:-L7!, 0.5 mg-L™!, and 1 mg-L~!. This CD dilution
ensures a good signal-to-noise ratio and avoids the inner
filter effect (the absorbance is less than 0.04 at the maxi-
mum excitation wavelength of 365 nm). The repeatability of
the measurement, calculated as relative standard deviation
(RSD), was checked by performing ten injections of CDs
into a solution containing 0.05 mg-L~!' of Co**. The limit
of detection (LOD) and limit of quantification (LOQ) were
calculated as three times and ten times the standard devia-
tion of the blank signal (citric/citrate buffer) divided by the
slope of the calibration plot (Kgy), respectively.

To assess the practical applicability of the synthesized
CDs to determine Co?", spiked tap water and river water
(Besos river, Spain) samples were evaluated. The spiking
process was done to undiluted samples prior to their analy-
sis, and the concentration range was chosen, taking into con-
sideration the maximum admissible limit of cobalt in drink-
ing water set at 0.1 mg-L™! by the US EPA. Therefore, four
spiked concentrations of Co** (0.10 mg-L~!, 0.25 mg-L~!,
0.50 mg-L~!, and 0.75 mg-L~") were tested. Recovery rates
and % RSD were calculated for three measurements, con-
sidering these concentrations as the true value because the
concentration of Co?" in tap and river water samples was
under the LOD (1 pg-L™!) determined by ICP-OES.

Results and discussion
Synthesis of carbon dots optimization

The modification of the reaction conditions such as tem-
perature, pressure, reaction time, and molar fraction of the
precursors allows modulating QYs because different pro-
portions of the two fractions of CDs (crystalline and amor-
phous) can be obtained, but these do not affect significantly
the maximum excitation and emission wavelengths. The
effect of the concentration of the nitrogen precursor and
the temperature over the resulting CDs were evaluated by
comparing the corresponding QYs; 17 bars were the pres-
sure chosen for all the syntheses due to channel occlusion
observed at lower pressures [11].

As can be seen in Fig. 2, the temperature of the synthesis
had an important effect on the QY of the CDs obtained,
showing a maximum at 170 °C. Performing the reaction at
higher temperatures can increase the carbonization, obtain-
ing a carbon core-based product, which is more photostable
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Fig.2 Comparison of the QYs of the CDs under different tempera-
tures and different concentrations of nitrogen precursor (ED). All the
syntheses were performed at 17 bars and with a solution of 2.33 M of
carbon precursor (acrylic acid)

but has a lower QY [34]. Additionally, the effect of the
precursor concentration was also noticeable. When the
concentration of the ED solution was 0.37 M, lower QY
values were obtained, indicating that the reaction was
incomplete, while when the concentration of the ED solu-
tion was 1.12 M, the QY was lower than that obtained with
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the solution containing 0.75 M of ED, which means that an
excess of ED in solution was affecting the final CDs QY.

Therefore, the optimal synthetic conditions to obtain the
highest QY (44%) were using a solution containing 0.75 M
of the nitrogen precursor and performing the synthesis at
170 °C and 17 bars.

Characterization of carbon dots and selectivity tests

To follow the optical performance of the synthesized CDs,
fluorescence emission and excitation spectra were examined
(Fig. 3a). CDs showed wide excitation and emission bands
with maximum intensities at 358 nm and 452 nm, respec-
tively, obtaining a Stokes shift of approximately 100 nm.
An FTIR spectrum (Fig. 3b) was taken to character-
ize the functional groups present on the surface of the
CDs. The following peaks can be observed, which can be
assigned to different functional groups: the broad peak in the
35002500 cm™! area comes from stretching vibrations of
O-H groups. Bands at 3170 cm ™" and 3010 cm™! correspond
with N-H of an amide group and with C-H stretching vibra-
tions, respectively. The peak at 1646 cm™! can be assigned
to the stretching vibration of C=0, the peak at 1550 cm™ to
the C =C stretching vibration, the peak at 1388 cm™! belongs
to the bending vibration of N-H, the one at 1278 cm~! s
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Fig.3 (a) Photoluminescence spectra of the synthesized CDs diluted 100 times to have an approximate absorption of 0.04a.u; (b) FTIR spec-
trum of the undiluted CDs; (¢) HR-TEM image of the undiluted CDs; and (d) DLS measurement of the undiluted CDs
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from the asymmetric stretch of C-N, and, finally, the peak
at 1044 cm™! is attributed to C-O aromatic stretching [35].

Results indicated that nitrogen functionalization was
successful and that carboxyl, hydroxyl, amino, and amide
bonds exist on the surface of the CDs, which can act as
anchor sites to adsorb more Co?* on the CDs’ surface to
enhance the analysis sensitivity [27].

The morphology and size distribution of the CDs were
studied through HR-TEM images and DLS measurements
(Fig. 3c, d, respectively). Results show that the CDs have
a quasi-spherical shape and an average hydrodynamic
diameter of 4.2+0.9 nm. However, it was very difficult
to obtain high-quality contrast TEM images due to the
formation of two fractions of CDs, one with a crystalline
structure (carbon core particles) that can be identified
thanks to the observation of the diffraction planes and
another one that is amorphous and suggests the forma-
tion of polymer dots. These polymer dots have molecular
fluorophore moieties embedded, causing the enhancement
of the QY and making it more difficult to obtain TEM
images [34]. Both fractions determine the optical char-
acteristics of the final nanomaterial to be employed as an
optical probe. In this sense, the use of the microreactor
is of special importance because it allows better control
of the synthetic conditions (temperature, pressure and
precursors mixing) than batch methods. This assures to
obtain not only more homogeneous CDs but also a high
reproducibility between the different syntheses [36].

Selectivity is an important issue to assess the applica-
tion of synthesized CDs as fluorescent probes. To evaluate
selectivity, emission spectra of the CDs in the presence of
different metal ion solutions (Ca>*, Cd**, Co’*, Cu’*, Cr*t,
Fe’*, Hg>*, Mg?*, Na*t, Ni**, Pb>*, Zn**) were recorded.
As can be seen in Fig. 4, the fluorescence intensity of CDs
was only quenched by Co?* among all the other metal ions
studied, suggesting that the synthesized CDs are selective to
Co?*. The interactions between Co”" ions and the functional

groups of the surface of the CDs (-COOH, -OH, -CONH-)
formed non-luminescent complexes, which can explain the
observed decrease in fluorescence intensity [29, 33].

Analytical performance

Different concentrations of cobalt were used to evaluate the
analytical performance of the system. Figure 5a shows the
transient fluorescence intensity signal of the microsystem by
injecting the 100-time diluted CD dispersions into 0.1 M citric/
citrate buffer (blank) and solutions of different concentrations
of Co**. The obtained calibration plot (Fig. 5b) shows a good
linear correlation (R*>=0.996) in the range of 0.02 to 1 mg-L ™!
of Co**. The Stern—Volmer quenching constant, which is
equivalent to the sensitivity, obtained is 0.31 +0.01 L-mg~".

The repeatability of the system was calculated as the %
RSD, obtaining a value of 1.3%, thus indicating good repeata-
bility. Additionally, the LOD and LOQ were calculated, obtain-
ing the values of 7 pg-L ™! and 21 pg-L ™! of Co®*, respectively.
The maximum admissible limit of cobalt in drinking water is
not mentioned by the World Health Organization (WHO) nor
the European Union (EU). As a reference value, the United
States Environmental Protection Agency (US EPA) has fixed
the maximum admissible limit at 0.1 mg~L_1 [5].

The analytical features of other reported CD-based opti-
cal methods are summarized in Table 1. As it can be seen,
these methods reach slightly lower LODs and wider linear
ranges. However, the method presented in this work allows
obtaining CDs with the highest QY, which ensures a strong
signal even in case of possible reagent decomposition and
as optical probes in the developed analyzer; they procure an
LOD that is well below the reference value for Co>* set by
the US EPA for drinking water. The automated synthesis of
the CDs in the LTCC microreactor and its direct use for the
determination of Co*" without any purification saves time
and manual intervention. Compared to the reported manual
methods based on batch fluorescence measurements, the
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Fig.5 (a) Fluorescence intensity signal of the microsystem (obtained
with an excitation source emitting at 365 nm, a CDs injection volume
of 500 pL, and a flow rate of 1.5 mL-min~"), where different peaks
appear when the CDs were injected into the buffer (intensity value

in the absence of the quencher (F)) and different standard solutions
of the quencher (F). (b) Stern—Volmer plot of the quenching effect of
Co?* on the fluorescence of the CDs

Table 1 An overview of

recently reported CD-based Precursors QY LOD » Linear_rlange Reference

optical methods for the %) (el ™) (mg-L ™)

determination of Co®* ions Pyridoxal 5-phosphate and ethanediamine 15 3 0-3.5 [15]
L-cysteine 27 2 0.06-2.9 [37]
p-phenylenediamine and asparagine 16 1 0.02-3.8 [7]
Carbopol 934 and diethylenetriamine 39 27 0-2.4 [29]
Citric acid and L-cysteine - 5 0.005-5.9 [38]
Acrylic acid and ethylenediamine 23 15 0.06-3.5 [27]
Acrylic acid and ethylenediamine 44 7 0.02-1.0 This work

proposed analytical method fulfills other analytical features
such as automation and portability.

Regarding the Stern—Volmer quenching constant (Ky), it
has been doubled (0.31+0.01 L-mg™!) compared with the
synthetic method in batch (0.14 L-mg~") [27] indicating an
improvement in the sensitivity.

Taking into consideration that the response time of the
CDs-Co”" interaction to generate the analytical signal is
approximately 2 min, the overall sample throughput was
calculated at 30 h™!. If, for monitoring purposes, an analyte
was determined in the process solution to be monitored 4
times a day and the analyzer was calibrated with 5 standard
solutions and the blank, all of them per triplicate, once a
day, 30 measurements a day would be necessary to perform.
This involves the synthesis of 150 puL. of CDs a day (they are
diluted 100 times in the system before the injection). In this
situation, the microreactor would continuously perform the
synthesis during 15 min. If other monitoring schedules were
performed, the synthetic procedure would last differently.

The present modular prototype also has some limitations.
To demonstrate its applicability for on-site monitoring, it would

@ Springer

be necessary to compact the whole instrumentation to make it
more portable, robust, automatic, and autonomous. Long-term
studies of the performance in continuous operation of the system
should be carried out to detect possible instrumental instability
problems related to the fluidic microsystem or other interfer-
ence effects derived from analyzing complex polluted sample
matrices. Accuracy should also be assessed by comparison with
a reference method for Co>* determination in water samples.

Real sample analysis

The high selectivity and sensitivity of the synthesized CDs
toward Co>" suggest that the current fluorescent sensor based
on CDs can be applied for measuring Co?" in real water sam-
ples. To confirm that, spiked tap water and river water sam-
ples were analyzed. The results obtained are summarized in
Table 2. The calculated recoveries are in the range between
98 and 104 %, and RSD for three measurements is lower than
4% in all cases. This validates the application of the proposal
for online Co** determination in real water samples.
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Table 2 Determination of Co?* in spiked tap and river water samples
(n=3)

Sample [Co™ [Co**] found Recovery RSD
added (mgL™") (%) (%)
(mg-L™")

Tap water  0.10 0.104 £0.007 104 2.8
0.25 0.25+0.02 101 2.5
0.50 0.50+0.02 100 1.6
0.75 0.77 £0.05 102 2.5

River water 0.10 0.10+0.01 102 3.8
0.25 0.24+0.02 98 2.9
0.50 0.49+0.02 99 2.0
0.75 0.75+0.04 100 2.0

Conclusions

In this work, we describe a new analytical strategy for the
direct use of freshly synthesized nanoparticles by microreac-
tor technology as optical probes in automatic microanalyz-
ers. The complete system is modular and consists of three
main parts: a CD synthesis module with an LTCC microreac-
tor, a dilution interface for the CDs obtained, and a fluores-
cence detection module containing a COC microsystem. All
of this is computer-controlled for the automatic determina-
tion of heavy metals by fluorescence quenching. As a model
system for the validation of the proposal, we synthesized
highly efficient (high QYs) N-doped CDs from acrylic acid
and ED to selectively determine Co®" ions in water samples.

To demonstrate the adequate performance of the sys-
tem, Co*" was selectively detected among other heavy
metal and metal ions usually present in water with
high sensitivity and an LOD and LOQ of 7 pg-L~! and
21 ug-L7!, respectively, that are well below the reference
value set by the US EPA for drinking water. The target
analyte was successfully determined in spiked tap water
and river water samples with good accuracy and precision,
thus demonstrating the viability to integrate the synthesis
of the CDs prior to the analysis and their application as
optical probes for Co>* determination in water. This rep-
resents an advantage not only in terms of automation of
the synthesis but also in terms of the use of a fresh opti-
cal material that has not undergone any degradation prior
to analysis. The reduced dimensions of the microreactor
and the microfluidic platform allow for minimizing the
amounts of reagents, which would favor less maintenance
in a real application for heavy metals monitoring.

The proposed system offers the possibility of expanding the
number of analytes to determine by synthesizing other types of
selective CDs by alternating other precursors (containing N, S, P,
etc.) and the reaction conditions (molar ratios and temperatures).

Further miniaturization and integration of the different
modular parts are currently being performed for fluidic

management by using computer-controlled micropumps
and microvalves to improve portability and robustness. To
demonstrate the applicability of the equipment in real on-site
monitoring and for validation purposes, it will be necessary
to evaluate the effect of organic matter present in water sam-
ples in the fluorescence quenching of the CDs, to perform
long-term studies, compare results with a reference method,
and analyze certified reference materials.
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